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IP1

Model Reduction for Nonlinear Control Systems
Based on (Differential) Balancing and Data

We present the standard balancing theory for nonlinear
systems, which is based on an analysis around equilib-
rium points. Its extension to the contraction framework
offers computational advantages, and is presented as well.
We provide definitions for controllability and observability
functions and their differential versions which can be used
for simultaneous diagonalization procedures, providing a
measure for importance of the states, as can be shown by
the relation to the Hankel operator. In addition, we pro-
pose a data-based model reduction method based on differ-
ential balancing for nonlinear systems whose input vector
fields are constants by utilizing its variational system. The
difference between controllability and reachability for the
variational system is exploited for computational reasons.
For a fixed state trajectory, it is possible to compute the
values of the differential Gramians by using impulse and
initial state responses of the variational system. There-
fore, differential balanced truncation is doable along state
trajectories without solving nonlinear partial differential
equations.

Jacquelien M. Scherpen
Rijksuniversiteit Groningen
j.m.a.scherpen@rug.nl

IP2

Epidemic Control using Group Testing, Com-
pressed Sensing and Machine Learning

Testing populations using for instance Quantitative Poly-
merase Chain Reaction (qPCR) testing is a key component
in controlling an epidemic. The testing can be significantly
fastened by pooling samples together. This pool testing has
its theoretical foundations in Group testing (GT). There
are limitations in sampling rates and performance of algo-
rithms in GT that the series of works stated below, attempt
to improve through compressed sensing (CS) and machine
learning (ML) approaches. Firstly, we propose a CS-based
testing approach with a practical measurement design and
a tuning-free and noise-robust algorithm for detecting in-
fected persons. Due to nonnegativity of virus loads and an
appropriate noise model, the compressed sensing problem
can be solved with the non-negative least absolute devia-
tion regression (NNLAD) algorithm. NNLAD requires the
same number of tests as current state of the art GT meth-
ods and provably detects a small number of infected per-
sons among a possibly large number of people. Moreover,
CS approaches also allow to recover the viral load, but the
underlying noise models are not common in CS and not well
understood. Therefore, in our second improvement work,
we study hybrid approaches that combine methods from
CS and GT on various noise models. We compare the per-
formance of such approaches with classical decoders from
CS and GT. Our results show that combined strategies can
improve the error rates and provide viral load estimation.
These combined strategies exposed the strengths and limi-
tations of each of these methods. In our final improvement
attempt, we sought to exploit the strengths and overcome
the limitations of these approaches by developing a decod-
ing pipeline which terminates with a ML decoder using
various noise models and their combinations. This frame-
work allows for the ML decoder to learn a data-driven non-
linear decision boundaries that improves upon the GT and
CS predictions. COVID-19 pandemic was used as a case
study, but these results will apply generally to all epidemics

with similar characteristics to COVID.

Bubacarr Bah
Medical Research Council Unit The Gambia
bubacarr.bah1@lshtm.ac.uk

IP3

Cultivating a Culture of Inclusion

Science, technology, engineering, and mathematics
(STEM), being the backbone to progress and growth
throughout the world, require a variety of skillsets and
mindsets from diverse individuals. It is essential for or-
ganizations to emphasize inclusivity, diversity, equity, and
accountability in its workforce to maximize the potential of
the organization. The impact of an inclusive workforce in-
cludes improved organizational learning and development,
competitive advantage, and better problem-solving capa-
bilities, among other advantages. This presentation ex-
plores one organizations inclusion journey, strategies used,
and benefits of a diverse and inclusive workforce.

Tony Baylis
Lawrence Livermore National Laboratory
baylis3@llnl.gov

IP4

Splitting Methods Revisited

Operator-splitting techniques are useful in scientific com-
puting, image processing, and optimization. To solve chal-
lenging problems from science and engineering, the goal
is to exploit separable structures by solving in parallel in-
dividual sub-problems which are then coordinated by per-
forming a simple algebraic step (typically, a projection onto
a linear subspace). The popular ADMM and the Pro-
gressive Hedging algorithms are instances of such an ap-
proach, when applied to large-scale optimization. While
parallelism is the strength of splitting methods, their weak
points are the adjustment of certain proximal parame-
ter and the lack of a fully implementable stopping test.
These difficulties, which date back to Douglas-Rachford’s
method, stem from the very design of these approaches,
which were created to find zeroes of operators. We discuss
how to endow some splitting methods with an optimization
perspective that introduces knowledge about the objective
function throughout the iterative process. The resulting
new family of methods la bundle incorporates a projective
step to coordinate parallel information while allowing the
variation of the proximal parameters and the construction
of a reliable stopping test. A Bundle Progressive Hedging
algorithm, derived from the general theory, illustrates the
interest of proposal.

Claudia Sagastizabal
IMECC-Unicamp and CEMEAI
sagastiz@unicamp.br

IP5

How Open-Source is Changing Scientific Comput-
ing in Industry and Research: Lessons Learned
from 25 years of Deal.II

Open source software has had a profound impact on many
areas of life and it is likely to continue to shape the way
we work, live, and innovate in the future. In the Com-
putational Science and Engineering community we have
witnessed giant steps forward in the last decades, thanks
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to wider and wider adoption of open-source tools and soft-
wares. This talk will revolve around one of the most suc-
cessful examples of open-source community-driven devel-
opment in CSE: the successor of the Differential Equations
Analysis Library – deal.II – a modular and flexible adap-
tive finite element library that provides tools for massively
parallel multi-physics simulations. Deal.II is a 25-year-
old worldwide open-source collaboration, driven by a large
group of developers from all over the places, with thousands
of downloads each month, and it is the basis for thousands
publications. It provides researchers and engineers with a
high-quality tool for solving PDEs, it facilitates collabo-
ration, and it promotes transparency and reproducibility
in research, enabling small businesses and entrepreneurs
to compete with larger companies, and empowering indi-
viduals to learn, create, and innovate in ways that were
previously not possible. I will introduce the library, its
history, and its design principles, together with some ex-
amples of applications in research and industry, and I will
discuss how the deal.II library has had a significant impact
on the field of CSE.

Luca Heltai
SISSA: International School for Advanced Studies
Trieste, Italy
luca.heltai@sissa.it

IP6

AI for Science and the Implication for Mathematics

For many years, progress in scientific modeling has been
hindered by the curse of dimensionality (CoD). Deep learn-
ing has provided a new effective tool for overcoming the
CoD problem. This has given birth to a new paradigm,
namely the AI assisted paradigm, for scientific research. In
this talk, we will discuss the main issues and review some
of the major progresses that have a been made in AI for
Science. We will also discuss some of the new opportunities
that arise for applied mathematics.

Weinan E
Peking University
weinan@math.princeton.edu

IP7

The Data Behind Human Appearance and Motion:
What are the MetaHumans?

Humans as individuals present an ongoing data generation
systems. When we talk, when we express emotions, when
we engage in expressions that influence our blood flow,
when we move our eyebrows that fold the skin and form the
wrinkles on our forehead, These are only illustrative activ-
ities continuously generating a comprehensive dataset that
defines our appearance and motion. This dataset is ever-
growing and expanding on a daily basis as we age, leading
to change of our skin properties and maturing of our facial
muscle structure. In this talk we will dig into which data
is being captured and how it is analyzed in order to build
digital models that can represent the data rich appearance
and motion of individuals. We will go through principles
from the domain of 3D and computer graphics, all in or-
der to explain how vastly complex human facial simulators
can be stored and driven on computers, cellphones, gaming
consoles and similar memory and computationally limited
hardware. We will introduce MetaHumans with their DNA
file format, as a new data standard applied for representa-
tion of an individual’s face. MetaHuman applications span
across the entertainment industry, diverse artificial intelli-

gence use cases, all the way to the currently relevant and
often confusing metaverse concepts.

Uros Sikimic
3Lateral, Serbia
uros.sikimic@3lateral.com

IP8

Fast Solution Methods for Wave Propagation
Problems: From Classical Domain Decomposition
Solvers to Learning

Wave propagation and scattering problems are of huge im-
portance in many applications in science and engineering
- e.g., in seismic and medical imaging and more gener-
ally in acoustics and electromagnetics. Large scale sim-
ulations of those applications are one of the hard prob-
lems from computational point of view since requires an
interplay between the parsimonious but sufficiently accu-
rate discretisation methods and more sophisticated solu-
tion methods. Our aim is to show on one side, how classi-
cal domain decomposition methods developed in the latest
years coupled with carefully chosen discretisations can help
in this endeavour. On the other side, we would like to pro-
pose some openings towards the very attractive package
of approximation-solution-optimisation offered by the new
methods in scientific machine learning.

Victorita Dolean Maini
University of Strathclyde, UK and Universite Cot̂e dAzur
victorita.dolean@strath.ac.uk

SP1

James H. Wilkinson Prize for Numerical Software:
The BLAS-Like Library Instantiation Software

The BLAS-Like Library Instantiation Software (BLIS) is
a framework for instantiating high-performance dense lin-
ear algebra (DLA) operations on new CPU architectures
quickly and effectively. BLIS has been ported to dozens
of architectures, often as the first high-performance, open-
source implementation. However, BLIS is also much more
than just a BLAS implementation. Numerous intellectual
and technical innovations within the BLIS framework make
it possible to instantiate a far wider range of operations
beyond traditional DLA, and to (re-)combine algorithmic
pieces in myriad ways without a combinatorial explosion
of complexity or effort. In this talk, I discuss the history
and development of BLIS and the scientific achievements
which led to its success, as well as some of the nuts and
bolts of how BLIS does and will continue to enable such a
diverse repertoire of functionality.

Devin Matthews
Southern Methodist University
damatthews@smu.edu

Field G. Van Zee
Department of Computer Sciences
The University of Texas at Austin
field@cs.utexas.edu

SP2

SIAM Activity Group on Computational Science
and Engineering Best Paper Prize

To follow.

Andrew Horning
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MIT
phros23@gmail.com

SP3

SIAM Activity Group on Computational Science
and Engineering Early Career Prize

To follow.

Kaibo Hu
University of Oxford
kaibo.hu@maths.ox.ac.uk

SP4

2023 SIAM/ACM Prize in Computational Science
and Engineering

To follow.

Carol S. Woodward
Lawrence Livermore National Laboratory
woodward6@llnl.gov

MS0

Mathematical Challenges at the Heart of One of
Earths Lungs

The Southern Ocean is known as one of Earths lungs as it is
both a massive carbon sink and an oxygen factory. If that
wasnt enough, it also soaks up much of the excess heat
produced by human activities. But the Southern Ocean
is changing rapidly in response to warming temperatures
and a key scientific question is how long it can continue to
slow climate change. Numerical models are the sole means
to predict future scenarios for the complex Southern Ocean
environment, which is governed by rich multi-scale dynam-
ics spanning microscale turbulent mixing to the evolution
of floating ice shelves as large as countries. Breakthroughs
in understanding Southern Ocean dynamics are needed to
generate higher confidence in models, and hence better re-
silience for global communities against climate change. I
will present a selection of the mathematical challenges at
the heart of this grand scientific challenge for our genera-
tion.

Luke Bennetts
University of Adelaide
luke.bennetts@adelaide.edu.au

MS0

Math: The Secret Key to Unlock Solutions to Cli-
mate Change

There are many angles to how our planet experiences cli-
mate change, and the grand challenge to understand, adapt
to, and mitigate its effects will require every tool in our
toolbox. Thankfully, applied mathematics is being put
to use to prepare Earth and its neighborhoods for chal-
lenges of a warming world. This talk will focus on how
math enables us to study the flow of water around the
globe, tracking individual cloud droplets, continent-sized
weather events, ocean gyres, and ice sheet flow with pre-
cision. Changes in water patterns lead to deluges and
droughts, so we use math to recreate and analyze ocean
and atmosphere behavior using the worlds largest super-
computers.

Katherine J. Evans

Oak Ridge National Laboratory
evanskj@ornl.gov

MS0

In Control of Life

All organisms, including humans, are continuously under
attack. The attacks can e.g. be intrusions by foreign
pathogens, or they can result from some internal part of
the living system that goes rogue and threatens the stabil-
ity of the entire system. Still many of us enjoy stable and
healthy existences over extended time-periods. The goal of
biomedicine is to support and prolong those healthy states.
I will describe how, over the last decades, detailed and mas-
sive measurements on living systems, in combination with
systems biology models, have revolutionized our under-
standing of some fundamental life processes. Furthermore
we will look at several examples of how, in biomedicine,
this new knowledge has led to precise and successful inter-
ventions to support and control human health. Finally, I
will discuss what the future might hold in store for us in
terms of controlling and prolonging Life.

Magnus Fontes
Roche
magnus.fontes@roche.com

MS0

Mathematics: From Smoothies to the Stars

Ever wonder how blenders manage to chop fruit and smash
ice into tiny particles to make the perfect smoothie? Or
perhaps youve looked up at the night sky and pondered
how scientists claim to know what a planet is made of, even
though it is hundreds of light-years away? Both of these
problems, as well as countless others, can be studied and
explained using applied mathematics. Novel mathemati-
cal models allow scientists to simulate complex, physical
processes that describe how our world works. In this talk,
we will discuss some of the many ways that maths can be
applied to further our understanding of the universe, from
everyday tasks such as making a smoothie, to unlocking
the secrets of the cosmos by searching for signs of life.

Caoimhe Rooney
NASA, US and Mathematigals,
rooney@baeri.org

MS0

Digital Twins: The Personalized Future of Com-
puting for Complex Systems

Could you imagine one day having a dynamically evolving
virtual replica of yourself that your doctor could use to
drive personalized decisions to optimize your health and
well-being? In engineering, these personalized dynamic
computational models are known as digital twins, and are
already being used to drive predictive maintenance deci-
sions for aircraft and aircraft engines. This talk will discuss
the computational science that goes into creating a digital
twin, and will discuss exciting new directions for digital
twins in engineering, geosciences and medicine.

Karen E. Willcox
UT Austin
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kwillcox@oden.utexas.edu

MS0

Designing the Smart Grid of the Future

The power grid has been one of the most significant en-
gineering achievements in the history of mankind. It has
kept our lights on for over a century, but is currently fac-
ing immense transformations. To combat climate change,
countries increasingly rely on renewable energy generated
by solar and wind, but these sources of energy are not
always available. How do we keep the lights on in an af-
fordable way, and how do we manage the increasing risk of
blackouts? To facilitate this transition, the electricity net-
work needs a radical transformation to deal with increased
levels of usage, variability, and decentralization. Indeed,
the future smart grid will look dramatically different from
the current electricity network, just like todays internet
looks nothing like the 20th-century telephone network. In
addition to the many technical, economic, regulatory, and
societal challenges, the design and analysis of the future
smart grid requires the development of novel mathematical
foundations. This talk will discuss some of the challenges
that arise across the entire spectrum of mathematics, in-
cluding geometry, optimization, dynamical systems, and
probability.

Bert Zwart
Centrum Wiskunde & Informatica, Amsterdam
and Eindhoven University of Technology, The Netherlands
a.p.zwart@tue.nl

MS1

Edge Computing as a Missing Link in the Post
Moore Era

In the first part of this talk we discuss the concept of ex-
treme performance HPC where the applications often in-
clude latencies below 100 ms or even below 10 ms. To
facilitate low latency computation has to be placed in the
vicinity of the end users by utilizing the concept of Edge
Computing. We present the novel failure resilience mech-
anisms applied to Edge systems considering timeliness,
hyper-heterogeneity and resource scarcity. We discuss our
machine learning based mechanism that evaluates the fail-
ure resilience of a service deployed redundantly on the Edge
infrastructures. Our approach learns the spatiotemporal
dependencies between Edge server failures and combines
them with the topological information to incorporate link
failures by utilizing the concept of the Dynamic Bayesian
Networks (DBNs). In the second part we discuss the po-
tential impact of Edge Computing in the current rise of
highly specialized architectures ranging from neuromorphic
to quantum computing. As we experience the paradigm
shift from generalized architectures of the Von Neumann
era to highly specialized architectures in the Post-Moores
law era we expect the coexistence of multiple types of ar-
chitectures specialized for different types of computation.
We define the two of the architectures that attracted the
most interest in the research community, where we witness
not only theoretical developments but also first implemen-
tations and practical use cases.

Ivona Brandic
Vienna University of Technology

ivona.brandic@tuwien.ac.at

MS1

Robust Science Roadmap: Challenges in Software
Systems and High Throughput Computing Appli-
cations

While trust in and reproducibility of scientific artifacts
are generally application-dependent and require correct-
ness, numerical, and sensibility evaluations, the perfor-
mance reproducibility is more architecture- and runtime-
dependent (i.e., heterogeneous architectures and systems
causing deadlocks, non-deterministic MPI runtime, unpre-
dictable behaviors due to the increasingly complex software
stacks). Moreover, systems have been increasing in com-
plexity over the past two decades. Accelerators, SoCs, and
other configurations are exponentially increasing the diver-
sity of hardware resources. In this talk we will discuss how
all these system architecture features should be leveraged
to facilitate robust science by moving in new research di-
rections. Specifically, we will outline how system architec-
ture is not an isolated area but must be considered in con-
junction with system software; hardware and system soft-
ware configurations can be voluminous and very detailed
in terms of organization; and documenting hardware and
system software configurations can also exhibit inconsisten-
cies. We will also present (a) case studies in which, at the
execution phase, computation and frequent nondetermin-
ism are not easy to measure, verify, or reproduce, and (b)
tentative solutions to these case studies that require engag-
ing the system architecture and system software properties
(e.g., by establishing consistent metrics and methods).

Ewa Deelman
Information Science Institute
University of Southern California
deelman@isi.edu

Michela Taufer
The University of Tennessee
taufer@utk.edu

MS1

Environmental Energy-Aware Computing applied
High Throughput Applications

Environmental research comes in many different flavors and
on a variety of topics. Many of these requires highest per-
formance from todays supercomputers, which are demand-
ing corresponding high levels of energy and thus affect our
environment. As a consequence, we need to balance the
needs and costs for environmental computing, such that
more computing is available at lower energy consumptions.
This leads to innovative approaches in energy-efficient com-
puting with heterogeneous architectures. The talk provides
use cases on environmental research and showcases some
of the ideas pursued at Leibniz Supercomputing Centre
(LRZ) for energy reduction, such as hot-water cooling and
waste heat usage, applied to high throughput applications.

Dieter Kranzlmueller
Ludwig-Maximilians-Universität München
kranzlmueller@ifi.lmu.de

MS1

High-throughput Applications in Computational
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Medicine

Computational medicine combines recent advances in com-
puting, to build predictive models for diagnosis and treat-
ment of diseases, and combines computer simulations with
artificial intelligence. While these complementary ap-
proaches typically require different computing technologies
(traditional HPC vs GPU computing for machine learn-
ing), both of them often need an additional level of high-
throughput computing (HTC) to achieve meaningful re-
sults. In the case of modeling and simulation approaches,
an important step in development of models which can be
translated into clinical practice, is the verification, valida-
tion and uncertainty quantification (VVUQ). This process
requires running the model with a large number of param-
eters, which calls for high-throughput computing. In the
case of AI-based models, the typical HTC workload results
from hyperparameter optimization in machine learning, ar-
chitecture search in deep neural networks, or large-scale
studies in federated learning. Finally, the models in com-
putational medicine can be used to run large studies called
in-silico trials, which aim to experiment with various mod-
els and treatment strategies on a set of real or virtual pa-
tients. Examples of the tools which support such studies
on HPC and cloud environments are the Model Execution
Environment or CloudVVUQ library.

Maciej Malawski
AGH University of Science and Technology
m.malawski@sanoscience.org

MS3

Blessing of Nonconvexity in Factorized Models

Factorized models, from low-rank matrix recovery to deep
neural networks, play a central role in many modern ma-
chine learning problems. Despite their widespread appli-
cations, problems based on factorized models are deemed
difficult to solve in their worst case due to their inherent
nonconvexity. Our talk is inspired by the recent observa-
tions in the optimization and machine learning communi-
ties that many realistic and practical instances of factor-
ized models are far from their worst case scenarios. We
study a natural nonconvex and nonsmooth formulation of
two prototypical factorized models, namely low-rank ma-
trix factorization and deep linear regression, where the goal
is to recover a low-dimensional model from a limited num-
ber of measurements, a subset of which may be grossly
corrupted with noise. On the negative side, we show that
this problem does not have a benign landscape: with high
probability, there always exists a true solution that is not
a global minimum of the loss function. However, on the
positive side, we show that a simple subgradient method
with small initialization is oblivious to such problematic
solutions; instead, it converges to a balanced solution that
is not only close to the ground truth but also enjoys a
flat local landscape. Lastly, we empirically verify that the
desirable optimization landscape of factorized models ex-
tends to other robust learning tasks, including deep matrix
recovery and deep ReLU networks with L1-loss.

Salar Fattahi
University of Michigan
fattahi@umich.edu

MS4

How Dark Is the Unilluminable Room?

The 1958 Christmas issue of The New Scientist contained

two pages with puzzles posed by Sir Roger Penrose (and his
father S. L. Penrose). One of these puzzles asks the reader
to design a smooth closed reflecting surface (mirror) which
contains two regions with the property that a source of
light placed in one cannot be seen from the other. This
”room” has become known as the unilluminable room and
there are now numerous fascinating solutions to the prob-
lem. The original puzzle assumes that the light is described
by rays (a so-called billiards problem) so that the light can-
not bend around corners. Here we model light by solving
the Helmholtz equation with a point source in one of the
regions of the room and study (among other things) how
dark the other region of the room actually is as we change
the frequency of the light-source.

Daniel Appelo
Michigan State University
appeloda@msu.edu

MS4

On the Stable Discretization of the Vectorial Equa-
tions of Stellar Oscillations

We consider the time-harmonic equation of stellar oscil-
lations, which is a Galbrun-like equation with additional
rotational and gravitational terms. The main difficulty of
this equation is that it is not only indefinite, but it contains
differential operators with opposite signs, and recently its
well-posedness was analyzed in [M. Halla, T. Hohage, On
the well-posedness of the damped time-harmonic Galbrun
equation and the equations of stellar oscillations, SIAM J.
Math. Anal. 53(4) (2021), pp. 40684095]. In this talk we
discuss how to construct and analyze convergent discretiza-
tions. To this end we report a new weak T-compatibility
framework and apply it to certain H1-conforming finite
element methods. The main assumption on the finite ele-
ment spaces is a uniformly stable invertibility of the diver-
gence operator, which is ensured under certain conditions
on the meshes and the polynomial degree. Thus we ob-
tain a family of reliable finite element methods, for which
we present computational results. Details can be found
in the report [M. Halla, C. Lehrenfeld, P. Stocker, A new
T-compatibility condition and its application to the dis-
cretization of the damped time-harmonic Galbrun’s equa-
tion, arXiv:2209.01878].

Martin Halla
Max Planck Institute for Solar System Research
University of Goettingen
m.halla@math.uni-goettingen.de

MS4

Stabilisation Using Control Theory of Spurious
High Frequencies for High-Order Discretisations of
the Wave Equation

The objective of this work is to propose and analyze numer-
ical schemes to solve transient wave propagation problems
that are exponentially stable (i.e. the solution decays to
zero exponentially fast). Applications are in data assimila-
tion strategies or the discretisation of absorbing boundary
conditions. More precisely the aim of our work is to pro-
pose a discretization process that enables to preserve the
exponential stability at the discrete level as well as a high
order consistency when using a high-order finite element
approximation. The main idea is to add to the wave equa-
tion a stabilizing term which damps the high-frequency
oscillating components of the solutions such as spurious
waves. This term is built from a discrete multiplier analy-
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sis that proves the exponential stability of the semi-discrete
problem at any order without affecting the order of con-
vergence.

Sébastien P. Imperiale
Inria
sebastien.imperiale@inria.fr

MS4

Dispersion of Torsional Surface Waves in a Three-
fold Concentric Compounded Cylinder with Imper-
fect Interface

The present paper investigates the torsional wave propa-
gation in a threefold concentric pre-stressed compounded
cylinder with imperfect contact conditions. The three-
dimensional linearized theory of elastic waves and the
piecewise homogeneous body model has been employed to
formulate the problem. The mathematical modelling has
been carried out in two independent cases. In the first case
a solid cylinder encased in a hollow cylinder embedded in
an infinite elastic medium has been considered. Whereas
second case comprises of hollow cylinder of finite thickness
in place of solid cylinder. By means of Murnaghan poten-
tial the mechanical characteristics of the three materials
have been used. Further, the dispersion relations for both
the cases have been obtained in terms of the Bessel and
modified Bessel functions. In order to validate the present
findings, two particular cases have derived which matches
with the previous works. The first case is obtained by re-
moving the outermost cylinder while the second case has
been derived by removing the imperfection in addition to
that. To summarize the computations, a complete numeri-
cal simulation has been carried out, and graphical illustra-
tions have been shown to aid the mathematical analyses.

Sumit K. Vishwakarma
Indian School of Mines, Dhanbad, Jharkhand,
India-826004
sumo.ism@gmail.com

MS5

Community Software Usage on the UK National
Supercomputing Service, ARCHER2 from Analy-
sis of Slurm Data

In this presentation we analyse the use of software by dif-
ferent research communities on the UK national supercom-
puting service, ARCHER2. We use data from the Slurm
scheduler along with a tool that matches usage to software
packages that has been developed over the past two UK
national supercomputing services. We see clear differences
between how different research communities approach de-
veloping, supporting and using software on large scale fa-
cilities from the analysis for example, some communities
have a small number of general-purpose software packages
used by many researchers, other communities have a much
broader range of software packages used by smaller num-
bers of researchers. We provide some initial thoughts as
to why these differences exist and their potential implica-
tions from a researcher and service productivity perspec-
tive. The analysis tool has recently been extended to pro-
vide insight into differences in energy use by different com-
munities and software packages and we present initial find-
ings from this data and how it can potentially support the
transition of large-scale HPC facilities to net zero emis-
sions.

Andrew Turner

EPCC, UK
a.turner@epcc.ed.ac.uk

Michael Bareford
University of Edinburgh, UK
m.bareford@epcc.ed.ac.uk

MS5

Productivity of Large Community Codes on the Su-
percomputer Fugaku

Fugaku is a supercomputer jointly developed by RIKEN
and Fujitsu. It features Arm-based A64FX CPU, TOFU-
D high-performance network interconnect, etc. to It has
been made available for shared use since March, 2021, and
many achievements have already been made with Fugaku
in various fields. In this talk, I will show you some efforts
to make the supercomputer more usable and productive in
the viewpoint of the software environment. First, we have
been working to support important open-source software
(OSS) packages including libraries, tools, and applications,
some of which are optimized for Fugaku. These OSS pack-
ages are provided via Spack. Second, we are working to
port and support commercial software on Fugaku in co-
operation with Fujitsu and software vendors. Gaussian is
the first example and available since Nov. 2022. Finally,
we contribute to develop the Arm software ecosystem for
HPC. For example, we started a work of improving the
LLVM compiler by implementing more effective optimiza-
tion feature for A64FX. With these efforts, users are and
will be able to use Fugaku to achieve better productivity
and performance.

Hitoshi Murai
RIKEN
h-murai@riken.jp

MS5

Simulations of Human-Scale Mars Lander Descent
Trajectories

To achieve human exploration on Mars, new approaches to
entry, descent, and landing are necessary in order to sup-
port delivery of substantially larger payloads to the sur-
face. In this presentation, large-scale computational fluid
dynamics (CFD) simulations of a human-scale Mars lander
configuration descending through the Martian atmosphere
with the use of retropropulsion are described. The CFD
solver is coupled with a trajectory analysis package which
is used to provide the necessary control inputs to maintain
the desired flight path. Simulations are performed using
thousands of GPUs on the Summit system located at the
Oak Ridge Leadership Computing facility. An overview of
the GPU-based implementation is presented, and aerody-
namic performance and characteristics of the highly dy-
namic flowfield are compared with those observed at static
freestream conditions as studied in prior computational
campaigns.

Eric Nielsen
NASA Langley
eric.j.nielsen@nasa.gov

Brad Robertson, Hayden Dean, Zach Ernst
Georgia Tech
bradford.robertson@asdl.gatech.edu, hdean@gatech.edu,
zernst@gatech.edu

Kevin Jacobson, Gabriel Nastac, Aaron Walden
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NASA Langley
kevin.e.jacobson@nasa.gov, gabriel.c.nastac@nasa.gov,
aaron.c.walden@nasa.gov

Patrick Moran
NASA Ames
patrick.moran@nasa.gov

Alexandra Hickey
Georgia Tech
ahickey7@gatech.edu

MS5

Adapting Experimental Science Tools and Tech-
niques to Computational Sciences

As computational mathematics, science, and engineering
problems become larger, more ambitious, and more com-
plex, it is increasingly important to develop and use tools
and techniques that ensure that computational science re-
search is based on a strong foundation of general, low-level
scientific best practices. In this talk, I will relate my expe-
rience of transitioning from working in the worlds of exper-
imental and observational sciences to the world of compu-
tational sciences as well as my experience adapting experi-
mental tools and techniques to computational research. In
particular, I will discuss the role of lab notebooks in exper-
imental sciences as well as the challenges associated with
adapting lab notebooks to computational sciences research.
Rather than develop this adaptation in isolation, lab note-
books will be addressed within the larger scope of computa-
tional laboratory environments designed and implemented
for executing reproducible computational science studies
with solid scientific rigor.

Jared O’Neal
Argonne National Laboratory
joneal@anl.gov

MS5

Nwchemex: Challenges Faced in Designing An
Electronic Structure Program for the Exascale

For over 20 years,the original NWChem package has been
synonymous with massively parallel computational chem-
istry. Unfortunately the exascale-era version of the high-
performance computing (HPC) landscape is dramatically
different from the HPC landscape which was present
when NWChem was originally designed. Of specific note:
HPC hardware is increasingly heterogeneous, C/C++ has
replaced Fortran as the dominant HPC language, and
object-oriented programming is now the prevailing design
paradigm. Ultimately, in order to adopt NWChem to
the exascale era, the decision was made to write an en-
tirely new program from scratch.The result is NWChemEx.
NWChemEx is written in modern object-oriented C++
(presently C++ 17, with the intent to adopt newer C++
standards as compiler support allows). All user-facing
C++ application programming interfaces (APIs) are mir-
rored in Python 3. From a software architecture stand-
point, NWChemEx takes separation of concerns to an ex-
treme. The entire package is written as a series of plugins,
where each plugin consists of self contained code modules.
To the extent possible, the entire code is written using a
single instruction, multiple data design paradigm, in turn
allowing parallelism to be treated separately from the im-
plementation of new functionality. This talk will explain
the architecture and design of NWChemEx in more detail
including the rationale underpinning our decisions and the

challenges faced in implementing NWChemEx.

Ryan Richard
Iowa State University
ryanmrichard1@gmail.com

MS6

High Order Approximation of Non Linear Hyper-
bolic Systems by Mean of a Virtual Finite Element

There exist many ways of approximating non linear hy-
perbolic problems: finite difference (FD), continuous finite
elements (CFEM), discontinuous Galerkin method (dG),
finite volume (FV), Residual distribution methods (RD),
etc. All rely, in a manner or another, on an explicit rep-
resentation of the numerical solution, either on a stencil
(FD), or within an element (all the others), and then from
this one compute the elements of the scheme by differen-
ciating basis functions, or reconstructing the variables by
means of polynomials. If this strategy is very successful,
this paper intends to go beyong, by following ideas arising
from the Virtual Finite Elements methods (VEM) intro-
duced by Bezzi and his collaborators a few years ago. Here
also, even for polygonal meshes, the solution is thought as
globaly continuous. No explicit representation of the solu-
tion is introduced, only its polynomials approximation on
the polygonal elements that compose the mesh, and some
moments of the solution. We will describe several methods
to achieve this goal, for the compressible Euler equations.
Our method has several common points with the Active
Flux method developped recently by Roe et al. It has also
several differences, in particular a wider flexibility in the
choices of variables, as well as the shape of the elements.
Acknowledgement: We acknowledge several important dis-
cussions with W. Barsukow (CNRS, Talence, France)

Remi Abgrall
University of Zurich
remi.abgrall@math.uzh.ch

Mario Ricchiuto
INRIA
mario.ricchiuto@inria.fr

MS6

Subcell Limiting Strategies for Split-Form DG
Schemes

In this talk, we present ideas from the recently published
paper [Rueda-Ramrez, A. M., Pazner, W., Gassner, G.J.
Subcell Limiting Strategies for Discontinuous Galerkin
Spectral Element Methods. Computers and Fluids (2022).
https://arxiv.org/abs/2202.00576.] and explain how
to construct a compatible subcell finite volume scheme
that can be seamlessly blended with a high order spec-
tral element discontinuous Galerkin method. We focus
on the discretization of (non-linear) conservation laws,
such as the KPP equation and the compressible Euler
equation. Starting with an entropy-dissipative split-form
discontinuous Galerkin scheme on collocated Legendre-
Gauss-Lobatto (LGL) nodes, we show how to carefully
design a finite volume type discretization on the LGL
subcell grid such that it is (i) still provably entropy-
dissipative/stable/conservative and (ii) compatible to the
high order DG scheme in the sense that we can blend be-
tween the low order finite volume and the high order DG
discretization on a per element level, or a per node level.
This new hybrid scheme enables us to do shock capturing
and preserve positivity of the solution. We present sev-
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eral strategies including heuristic troubled cell indicators
and positivity preserving mechanisms, as well as sophisti-
cated positivity techniques from Flux Corrected Transport
schemes including Invariant Domain Preservation a poste-
riori stabilization and discuss their advantages and disad-
vantages.

Gregor Gassner, Andres Rueda-Ramirez
University of Cologne
ggassner@uni-koeln.de, aruedara@uni-koeln.de

Will Pazner
Center for Applied Scientific Computing
Lawrence Livermore National Laboratory
pazner@pdx.edu

MS6

Kinetic Energy Preservation and Entropy Stable
Modal Flux Reconstruction Formulations

The flux reconstruction method has gained popularity in
the research community as it recovers promising high-order
methods through modally filtered correction fields, such
as the Discontinuous Galerkin (DG) method, on unstruc-
tured grids over complex geometries. Under a class of en-
ergy stable flux reconstruction (ESFR) schemes also known
as Vincent-Castonguay-Jameson-Huynh (VCJH) schemes,
the flux reconstruction method allows for larger time-steps
than DG while ensuring linear stability on linear elements.
Alternatively, for nonlinear problems, split forms emerged
as the popular approach proving nonlinear stability for un-
steady problems on coarse unstructured grids; albeit only
having been proved for the strong form DG scheme and
numerically shown for the g2-lumped Lobatto strong form
ESFR scheme for the Euler equations. Incorporating split
forms with VCJH schemes, alike Ranocha and Abe, gener-
ally lead to unstable discretizations. Over the past year we
have developed a new Nonlinearly Stable Flux Reconstruc-
tion approach based on modal uncollocated ESFR schemes
in split forms that ensure energy and entropy stability.
This new approach simplifies to VCJH type schemes for
linear problems, but for nonlinear problems, it ensures non-
linear stability and the correct orders of convergence. In
this work, we show analytically that with a suitable inter-
face flux the scheme guarantees kinetic energy preserva-
tion for the stated Nonlinearly Stable Flux Reconstruction
framework.

Siva Nadarajah, Alexander Cicchino
McGill University
siva.nadarajah@mcgill.ca, alexan-
der.cicchino@mail.mcgill

MS6

Accurate Numerical Solutions of the Three-
Dimensional Bratu’s Problem by Simple Dis-
cretization

In this manuscript, a simple discretization algorithm for
computing the different solutions to the three-dimensional
Bratu problem is developed. The proposed numerical
scheme is applied to compute/approximate the different
critical values of the transition parameter. The aim of the
study is to provide highly-accurate reliable results, given
the scarcity of proven accurate results in the literature.
Numerical simulation shows that the proposed algorithm
has the capability of accurately computing the solutions of
the three-dimensional Bratu problem, as well as the crit-
ical values of the transition parameter. Furthermore, the

bifurcated behavior of the solution is presented by investi-
gating the infinity norm of the solution for different values
of the transition parameter.

Helmi Temimi
Gulf University for Sience and Technology, Kuwait
temimi.h@gust.edu.kw

MS6

Quantification of Numerical Uncertainty via Non-
linear Dynamics Approach

For the last three decades I and collaborators have worked
extensively on nonlinear behavior of spatial & temporal dis-
cretizations related to the predictability and reliability of
nonlinear simulations via the dynamical system approach.
The so-called stiff source term problem of LeVeque & Yee
(1990) is one well-known example. This problem mani-
fests itself as discontinuities that propagate with the wrong
speed when the numerical solution is under resolved and/or
too diffusive in both space and time. The construction of
numerical methods for (a) stable and accurate simulation
of turbulence with strong shocks, and for (b) obtaining the
correct propagation speed of discontinuities in the pres-
ence of stiff reacting terms share one important ingredient
- minimization of numerical dissipation while maintaining
numerical stability. The dual requirement to achieve both
numerical stability and minimal numerical dissipation are
often conflicting for existing shock capturing schemes for
flows with turbulence and discontinuities or stiff source
terms. During the last decade, Wang et al., Yee et al.,
Sjogreen & Yee have developed highly accurate structure
preserving numerical methods with very small numerical
dissipation that maintain nonlinear stability for compress-
ible turbulence with strong shocks. This talk gives a brief
overview of the quantification of numerical uncertainty via
a nonlinear dynamics approach to complement existing un-
certainty quantification in numerical simulations.

H.C. Yee
NASA Ames Research Center
Helen.M.Yee@nasa.gov

MS7

Sparse Matrix Kernels for Parallel Graph Algo-
rithms

Sparse matrix algebra has emerged as an expressive and
powerful framework for designing parallel algorithms for
graph problems including all-pairs shortest paths, between-
ness centrality, and connectivity. We employ this frame-
work to design scalable routines for two key sparse kernels
arising in parallel minimum spanning forest (MSF) and
single-source shortest path (SSSP) algorithms. In particu-
lar, we target the hooking step of the Awerbuch-Shiloach
MSF algorithm and the nearest neighbor search leveraged
by the low hop emulator SSSP construction (Andoni, Stein,
Zhong, STOC 20). We introduce a multilinear kernel that
operates on an adjacency matrix and two vectors to elim-
inate a write bottleneck common to both steps. This ker-
nel updates vertices by simultaneously using information
from an edge and its two adjacent vertices. We implement
these routines with Cyclops, a distributed-memory library
for generalized sparse tensor algebra. We analyze the par-
allel scalability of our implementations on the Stampede2
supercomputer.

Tim Baer
University of Illinois at Urbana-Champaign
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tbaer2@illinois.edu

MS7

Randomized Linear Algebra can Accelerate Spec-
tral Graph Partitioning

Spectral partitioning uses eigenpairs of the graph Laplacian
to compute a partitioning. The eigencomputation is the
most expensive part, but low accuracy is often sufficient for
partitioning. We show that a randomized eigensolver can
speed up the partitioning time by a factor 5-50X, without
much difference in quality for certain types of graphs. Our
approach can easily be adapted to spectral clustering.

Erik G. Boman
Center for Computing Research
Sandia National Labs
egboman@sandia.gov

Jennifer A. Loe
Sandia National Laboratories
jloe@sandia.gov

Heliezer J. Espinoza
California Polytechnic State University, Pomona
dhespinoza@cpp.edu

MS7

Parallel Graph Algorithms for Fixed-Parameter
Tractable Problems

Although many useful graph problems, such as subgraph
isomorphism, are NP-hard in general, they are solvable in
polynomial time for certain families of sparse graphs. As
these algorithms might still require significant resources,
providing parallel algorithms can further raise the scale of
problems solvable within a given time limit. For example,
subgraph isomorphism becomes tractable on planar graphs
and other apex-minor-free families of graphs. Moreover,
searching for maximum cliques becomes tractable in pla-
nar and other bounded-degeneracy graphs. This talk dis-
cusses our recent advances in parallel algorithms for these
problems. Our algorithms must avoid large sequential
graph traversals and instead quickly break apart the graphs
into independent parts. We provide algorithms whose work
grows only linearly with the size of the target graph and
whose depth grows poly-logarithmically with the size of
the target graph. These results imply more work-efficient
algorithms for other problems, such as vertex connectivity
in planar graphs.

Lukas Gianinazzi
ETH Zurich
lukas.gianinazzi@inf.ethz.ch

MS7

Observability of Consensus of Multi-Agent Net-
works Under Signed Laplacian Dynamics

Signed multi-agent networks have been an area of recent in-
terest in networks and control community as they involve
both cooperative and competitive interactions among its
agents. This work establishes the observability conditions
of consensus problem of such networks when their agents
agrees on signed Laplacian dynamics on a continuous time-
scale. The interconnection topology is time-invariant. Un-
der leader–follower framework, where, the agents of the
network are classified into leaders and followers, the nec-

essary and sufficient observability conditions are obtained.
Graphical interpretations are provided to gain more insight
on the interactions among the agents of the network and
network topology. In addition, the developed results are
generic, in the sense that they are not only applicable to
signed networks but also to unsigned networks, since un-
signed networks are the particular case of signed networks
that only contain cooperative agents. Furthermore, we
prove that, if the signed multi-agent network is structurally
balanced, then the obtained observability conditions will
become equivalent to that of the corresponding unsigned
multi-agent network, under some special leaders selection.
Numerical examples are given to illustrate the obtained
theoretical results.

Muhammed Rafeek K V
Research Scholar, Department of Mathematics,
Central University of Karnataka, India
rafeekkv997@gmail.com

Vijayakumar S Muni
Assistant Professor. Department of Mathematics
Sri H.D . Devegowda Government First Grade College.
vijayakumarmuni0@gmail.com

G. Janardhana Reddy
Assistant Professor
Department of Mathematics, Central University of
Karnataka.
gjr@cuk.ac.in

MS7

Theoretically and Practically Efficient Parallel Nu-
cleus Decomposition

This paper studies the nucleus decomposition problem,
which has been shown to be useful in finding dense sub-
structures in graphs. We present a novel parallel algo-
rithm that is efficient both in theory and in practice.
Our algorithm achieves a work complexity matching the
best sequential algorithm while also having low depth
(parallel running time), which significantly improves upon
the only existing parallel nucleus decomposition algorithm
(Sariyuce et al., PVLDB 2018). The key to the theoretical
efficiency of our algorithm is the use of a theoretically-
efficient parallel algorithms for clique listing and bucket-
ing. We introduce several new practical optimizations, in-
cluding a new multi-level hash table structure to store in-
formation on cliques space-efficiently and a technique for
traversing this structure cache-efficiently. On a 30-core ma-
chine with two-way hyper-threading on real-world graphs,
we achieve up to a 55x speedup over the state-of-the-art
parallel nucleus decomposition algorithm by Sariyuce et
al., and up to a 40x self-relative parallel speedup. We are
able to efficiently compute larger nucleus decompositions
than prior work on several million-scale graphs for the first
time.

Jessica Shi
Massachusetts Institute of Technology
jeshi@mit.edu

MS8

European Research Council (ERC) Panel: How
and Why Applying to ERC Funding?

The ERC’s mission is to support excellent frontier research
through competitive funding to creative researchers of any
nationality and age, to run projects based across Europe
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or associated countries. The purpose of this special panel,
co-organized by the Committee for Applications and Inter-
disciplinary relations of EMS, is to encourage mathemati-
cians working in the areas connected with applications to
prepare very competitive proposals and submit them to
ERC for evaluation. During the first part of this session,
Maria Gonzalez, the ERC Mathematics Panel coordinator,
will give an overview of the funding opportunities offered
by the ERC as well as some general information on funded
projects and the application and evaluation process. This
will be complemented during the second part by the testi-
monies of Annalisa Buffa and Daniel Peterseim, AdG and
CoG grantees respectively.

Maria Gonzalez
European Research Council Executive Agency
ERCEA.B.4 Physical Sciences and Engineering
maria-teresa.gonzalez-cerveron@ec.europa.eu

Daniel Peterseim
Universität Augsburg
daniel.peterseim@uni-a.de

Annalisa Buffa
Institute of Mathematics
École polytechnique fédérale de Lausanne, Switzerland.
annalisa.buffa@epfl.ch

MS9

A Systematic Approach to Constructing Precon-
ditioners for the Hp-Version Mass Matrix on Un-
structured and Hybrid Finite Element Meshes

We present a systematic approach to building uniform pre-
conditioners for the mass matrix on unstructured meshes
composed of higher dimensional elements using only pre-
conditioners for lower dimensional simplices. In particular,
we show that the resulting preconditioners are automati-
cally uniform with respect to both the mesh size, h, and
polynomial degree, p, and that the preconditioners can be
implemented efficiently by exploiting the structure of the
preconditioners on the lower dimensional elements. We
illustrate the approach by developing preconditioners for
prismatic elements and for the challenging case of hybrid
meshes of hexahedra, prisms, and tetrahedra.

Mark Ainthworth
Brown University
mark ainsworth@brown.edu

MS9

NekRS, Next Generation Spectral Element Navier-
Stokes Solver

This talk is about our next generation CFD code nekRS
targeting CPUs and accelerators like GPUs. An overview
of the project will be provided including on-going develop-
ments and various performance studies.

Stefan Kerkemeier
Argonne National Laboratory
stgeke@gmail.com

MS9

Efficient Exascale Discretizations: High-Order Fi-
nite Element Methods

Efficient exploitation of exascale architectures requires re-

thinking of the numerical algorithms used in many large-
scale applications. These architectures favor algorithms
that expose ultra fine-grain parallelism and maximize the
ratio of floating point operations to energy intensive data
movement. One of the few viable approaches to achieve
high efficiency in the area of PDE discretizations on un-
structured grids is to use matrix-free / partially-assembled
high-order finite element methods, since these methods can
increase the accuracy and/or lower the computational time
due to reduced data motion. In this paper we provide an
overview of the research and development activities in the
Center for Efficient Exascale Discretizations (CEED), a co-
design center in the Exascale Computing Project that is
focused on the development of next- generation discretiza-
tion software and algorithms to enable a wide range of finite
element applications to run efficiently on future hardware.
CEED is a research partnership involving more than 30
computational scientists from two US national labs and five
universities, including members of the Nek5000, MFEM,
MAGMA and PETSc projects. We discuss the CEED co-
design activities based on targeted benchmarks, miniapps
and discretization libraries and our work on performance
optimizations for large-scale GPU architectures.

Tzanio V. Kolev
Center for Applied Scientific Computing
Lawrence Livermore National Laboratory
tzanio@llnl.gov

MS9

Dft-Fe: Massively Parallel Hybrid CPU-GPU
Based Computational Methodologies for First
Principles Material Modelling Using Finite-
Element Discretization of Density Functional The-
ory

Kohn-Sham density functional theory (DFT) calculations
have been instrumental in providing many crucial insights
into materials behaviour and occupy a sizable fraction
of the world’s computational resources today. However,
the stringent accuracy requirements required to compute
meaningful material properties, in conjunction with the
asymptotic cubic-scaling computational complexity of the
underlying eigenvalue problem, demand enormous compu-
tational resources. Thus, these calculations are routinely
limited to material systems with at most a few thousand
electrons. In this talk, recent advances in enabling fast
and accurate large-scale real-space Kohn-Sham DFT cal-
culations -via- the development of DFT-FE, a massively
parallel open-source finite-element(FE) based DFT code on
hybrid CPU-GPU architectures will be discussed. DFT-FE
employs adaptive FE discretisation that handles pseudopo-
tential and all-electron calculations while accommodating
periodic, non-periodic and semi-periodic boundary condi-
tions. The talk will highlight novel HPC-centric numeri-
cal strategies that significantly reduce the data movement
costs and increase arithmetic intensity on evolving hybrid
architectures, considerably delaying the onset of cubic scal-
ing computational complexity to system sizes comprising
30,000 electrons. These advances have wide-ranging im-
plications for tackling various scientific problems involving
large-scale material systems in the areas of energy storage,
catalysis, alloy design etc.

Phani S. Motamarri
Indian Institute of Science Bangalore
phanim@iisc.ac.in

Sambit Das
Department of Mechanical Engineering
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University of Michigan Ann Arbor
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Vikram Gavini
Mechanical Engineering, University of Michigan
vikramg@umich.edu

MS9

Accelerating Very High-Order Finite Element Op-
erations with GPU Matrix-Cores

We will discuss the challenges in achieving high perfor-
mance for the DOE ECP CEED bake-off problems on the
latest NVIDIA and AMD server grade GPUs. In particular
we will consider matrix-free algorithms for very high-order
finite element and spectral element discretizations of el-
liptic problems. We will introduce specialized asymmetric
streaming benchmarks that establish attainable through-
put goals for these memory bound finite element opera-
tions. We will finally illustrate the importance of exploiting
intrinsic matrix instructions to reach empirically calibrated
device memory bandwidth rooflines at very high order.

Tim Warburton
Virginia Tech
tcew@vt.edu

Noel Chalmers, Damon Mcdougall
AMD Research
noel.chalmers@amd.com, damon.mcdougall@amd.com

Jason R. Wilson
Virginia Tech
jasonwil@math.vt.edu

MS10

Extremum Seeking Control Systems as a Mean to
Study Real Time Dynamic Optimization Phenom-
ena in Biology: An Example of Soaring Birds Op-
timized Flight

Extremum seeking control (ESC) systems have been
around for decades. They are very powerful special type
of systems as they automatically steer a given dynami-
cal system to the extremum (minimum/maximum) of an
objective function that we do not have its mathematical
closed form a priori. In fact, ESC systems only require
access to measurements of said unknown objective func-
tion. We hypothesize that ESC systems are able to cap-
ture, describe and replicate many biological optimization
phenomena. Unlike many dynamic optimization methods
and optimal control solvers used in modeling/studying bi-
ological optimization phenomena, ESC systems are real-
time, stable and operable through access to measurements
(sensing); this matches the nature of biological optimiza-
tion phenomena. As a proof of concept, we provide an ex-
ample of work we done on capturing and mimicking soaring
birds optimized flight maneuvers. Our results show the ef-
fectiveness of ESC systems as a mean to study real time
dynamic optimization phenomena in biology.

Sameh Eisa
University of California, Irvine
eisash@ucmail.uc.edu

MS10

Quantifying the Shape and Growth of Colliding
Tissues via Continuum Models and Bayesian In-

ference

Although tissues are usually studied in isolation, this situ-
ation rarely occurs in biology, as cells, tissues, and organs,
coexist and interact across scales to determine both shape
and function. Here, we take a quantitative approach com-
bining data from recent experiments, mathematical mod-
elling, and Bayesian parameter inference, to describe the
self-assembly of multiple epithelial sheets by growth and
collision. We use two simple and well-studied continuum
models, where cells move either randomly or following pop-
ulation pressure gradients. After suitable calibration, both
models can reproduce the main features of single tissue
expansions. However, our findings reveal that whenever
tissues are not isolated from others, and hence interactions
become relevant, the random motion assumption can lead
to unrealistic behaviour. Under this setting, a model ac-
counting for population pressure from different cell popula-
tions is more appropriate and can help to compare with ex-
perimental measures. Finally, we discuss how tissue shape
and pressure affect multi-tissue complex collisions.

Carles Falco
Mathematical Institute
University of Oxford
falcoigandia@maths.ox.ac.uk

MS10

Bacterial Communication in Space - An Interplay
of Nonlinear Dynamics and Spatial Inhomogeneity

Many bacterial species use the so-called Quorum sensing,
a communication system, to coordinate their behaviour,
e.g. for pathogeneity or other substantial changes of their
life-style. Gene regulation systems are the basis for such
systems. They often contain positive and negative feed-
back loops. This may allow under certain conditions for
bistability. As the communication involves the diffusion
or transport of molecules, we find more interesting phe-
nomena due to the combination of diffusion and non-linear
reactions. We aim in understanding this from both, the
mathematical and the biological perspective, including a
short view on treatments like classical antibiotics but also
Quorum quenching - a kind of inhibition of Quorum sens-
ing.

Christina Kuttler
The Technical University of Munich
kuttler@ma.tum.de

MS10

Modeling Physcal Limits in Cell Migration

Migrating cells choose their preferential direction of mo-
tion in response to different signals and stimuli sensed by
spanning their external environment. However, the pres-
ence of dense fibrous regions, lack of proper substrate, and
cell overcrowding may hamper cells from moving in cer-
tain directions or even from sensing beyond regions that
practically act like physical barriers. I will first describe a
non-local kinetic model in which the sensing radius is not
constant, but depends on position, sensing direction and
time as the behaviour of the cell might be determined on
the basis of information collected before reaching physically
limiting configurations. I will then describe a continuum
model to deal with the transmigration through basal mem-
branes.

Luigi Preziosi
Politecnico di Torino
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MS10

Multilevel Markov Chain Monte Carlo Sampling
Methods for Bayesian Inverse Problems in Cardiac
Electrophysiology

In modeling of cardiac arrhythmias, an important prob-
lem is to use medical data tune the model parameters to
represent an individual patient. Since the amount of mea-
surement data is limited, not only a optimal parameter fit
is needed, but also an estimate on the uncertainty of this
optimal fit. In this talk, we study the use of multlilevel
Monte Carlo methods to sample the posterior parameter
distribution of a Mitchell-Schaeffer model for cardiac ar-
rhythmia. To validate the computational procedure, we
will work synthetic data, simulated via the same model, to
which we will add measurement noise with different sizes
and covariance structures. The goal is to recover the (spa-
tially homogeneous) model parameters that were used to
generate the data, and to assess the importance of the size
and the correct quantification of measurement noise. To
measure similarity between measurement data and model
output, we use the LAT as a summary statistic, effectively
resorting to an Approximate Bayesian Computation. Since
PDE models for biological systems typically contain lots of
modeling error, we also study the effect of model error on
the posterior distribution.

Giovanni Samaey
Department of Computer Science, K. U. Leuven
giovanni.samaey@cs.kuleuven.be

MS11

Algorithms for Extension Along Normals

Function extension is a useful technique for efficiently eval-
uating a particular solution of a constant coefficient PDE
on a smooth domain, by evaluating a convolutional integral
in ”free space”. This strategy avoids specialized quadra-
ture in the volume and utilizes high throughput fast algo-
rithms that are available in simple geometries. Recently,
methods for function extension have been proposed which
leverage the relative simplicity of one dimensional function
extrapolation: extrapolation is performed only in the di-
rection normal to the domain boundary and interpolation
is performed tangentially. We propose a high order and
efficient framework for extrapolation in this style which is
suitable for both uniform and adaptive discretizations. Ex-
amples will be presented in 2 and 3 dimensions.

Travis Askham
New Jersey Institute of Technology
askham@njit.edu

MS11

An FMM Accelerated Poisson Solver for Compli-
cated Geometries in the Plane Using Function Ex-

tension

We present a potential theory-based adaptive solver for the
Poisson equation in complicated geometries in the plane,
accelerated with a fast multipole method (FMM). The solu-
tion is given explicitly as the sum of a volume potential and
a double layer potential. To simplify the evaluation of the
volume potential over the complicated domain, we extend
the source data to a geometrically simpler domain, which
contains the original geometry. It remains only to solve the
homogeneous Laplace equation, with modified boundary
data, to obtain the full solution. This is done with existing
fast and accurate boundary integral methods. The novelty
of our solver is the scheme used for creating the extension.
The source data is represented on boxes in an adaptive
quad-tree. For leaf boxes intersected by the boundary we
extend the source data locally to a subset of its colleagues.
The extension is created by sampling data from neighbor-
ing boxes and using a box-independent precomputed in-
terpolation matrix. The resulting potential induced by the
extended source data can then be efficiently computed with
existing volume-integral FMMs. We demonstrate speed,
robustness and high-order convergence through several ex-
amples, including piecewise smooth domains.

Fredrik Fryklund
New York University, U.S.
nf2235@nyu.edu

Leslie Greengard
New York University
Flatiron Institute
greengar@cims.nyu.edu

MS11

Monolithic AMG Preconditioners for Stokes Equa-
tions

Advanced discretizations and complex meshes are becom-
ing increasingly commonplace in a range of coupled physics
and engineering applications, from weather prediction to
fluid flow to graph problems. These discretizations also
place increased demands on the underlying solvers, focus-
ing on key properties of the PDE models - e.g., underlying
conservation laws. While algebraic multigrid methods ef-
fectively tackle some PDEs and some discretizations on un-
structured meshes, the presence of higher-order basis func-
tions and multiple coupled unknowns makes the algebraic
coarsening a challenging endeavor. This talk will highlight
several new monolithic algebraic multigrid precondition-
ing approaches targeting high-order and non-standard dis-
cretizations of Stokes flow problems on structured and un-
structured meshes. We will demonstrate how the robust
monolithic AMG preconditioners can be constructed to
precondition higher-order Taylor-Hood and Scott-Vogelius
discretizations.

Alexey Voronin
Department of Computer Science
University of Illinois Urbana-Champaign
voronin2@illinois.edu

MS12

Neural Ideograms: Unsupervised Learning of Geo-
metric Symbols via Kendall Shape Space VAEs

A picture speaks a thousand words, which is poetically
beautiful, but highly problematic from a practical point of
view. That is why in our daily lives we work with symbols,
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ideograms in general, to convey information as efficiently as
possible. In this work, we show that the idea of compress-
ing information into geometric symbols is not only compu-
tationally feasible with artificial neural networks, but also
that it allows for learning effective and interpretable neural
representations. Kendall shape VAEs can learn shapes that
are translation, rotation, and scale invariant in an unsuper-
vised manner. We qualitatively inspect the learned sym-
bols and observe that they consistently represent classes of
images that are equivalent by group actions and semantic
meaning. In a quantitative comparison to other types of
VAEs, we show that Kendall shape VAEs are more effi-
cient in learning compressed representations and that the
learned representations convey more information for down-
stream tasks such as classification.

Erik Bekkers
Amsterdam Machine Learning Lab (AMLab)
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MS12

Topological Structures in Neural Activity

To be updated.

Benjamin Dunn
Norwegian University of Science and Technology
benjamin.dunn@ntnu.no

MS12

Graph-Based Nearest Neighbour Search in Hyper-
bolic Spaces

The nearest neighbour search (NNS) problem is widely
studied in Euclidean space, and graph-based algorithms
are known to outperform other approaches for this task.
However, hyperbolic geometry often allows for better data
representation in various domains, including graphs, words,
and images. In this paper, we show that graph-based ap-
proaches are also well suited for hyperbolic geometry. From
a theoretical perspective, we rigorously analyze the time
and space complexity of graph-based NNS, assuming that
an n-element dataset is uniformly distributed within a d-
dimensional ball of radius R in the hyperbolic space of
curvature −1. Under some conditions on R and d, we de-
rive the time and space complexity of graph-based NNS
and compare the obtained results with known guarantees
for the Euclidean case. Interestingly, in the dense setting
(d � log n) and under some assumptions on the radius R,
graph-based NNS has lower time complexity in the hyper-
bolic space. This agrees with our experiments: we consider
datasets embedded in hyperbolic and Euclidean spaces and
show that graph-based NNS can be more efficient in the
hyperbolic space. We also demonstrate that graph-based
methods outperform other existing baselines for hyperbolic
NNS. Overall, our theoretical and empirical analysis sug-
gests that graph-based NNS can be considered a default
approach for similarity search in hyperbolic spaces.
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MS12

From Neural Manifolds to Neural Lie Groups: Un-
covering Group Structure in Neural Data with Ge-
ometric Machine Learning

An emerging set of findings in sensory and motor neuro-
science is beginning to illuminate a new perspective on
neural coding. Across sensory and motor regions of the
brain, neural circuits appear to mirror the geometric and
topological structure of the systems they represent–either
in their synaptic structure, or in the implicit manifold gen-
erated by their activity. This suggests a general computa-
tional strategy that is employed throughout the brain to
preserve the geometric structure of data throughout stages
of information processing. In parallel, there has been a
growing recognition of the importance of respecting the
geometry of data in deep neural network architectures for
learning useful representations for downstream tasks. This
has given rise to the nascent sub-field of Geometric Deep
Learning. There is high potential for synergy between these
two emerging fields. In this talk, I present results applying
novel geometric machine learning methods to the analysis
of neural data, revealing latent group structure in neural
population codes and providing explicit parameterizations
of Riemannian neural manifolds. These findings suggest
fruitful territory for the application of differential geome-
try and group theory to the understanding of the neural
representations that subserve perception and action.

Sophia Sanborn
University of California, Santa Barbara
sanborn@ucsb.edu

MS12

Lie Groups and Hierarchical Composition in Neu-
ral Representations

Mounting evidence in both neuroscience and deep learn-
ing indicates that an understanding of neural representa-
tion is an essential component of robust intelligence. In
the natural world, sense data is highly structured, arising
from the symmetry and geometry of the space in which ob-
jects lie. In vision for example, objects undergo transfor-
mations such as translation, rotation, scaling, and defor-
mation. Further, visual scenes themselves are composed
of many objects, objects are composed of parts, and so
on down to low-level image features. Thus, understanding
how to represent transformations and rich part-whole rela-
tionships in neural architectures has been a longstanding
challenge in both deep learning and visual neuroscience.
However, this aim has been complicated by the fact that
sensory data alone is not sufficient to disambiguate be-
tween distinct world states. In this work, I propose a model
for learning compositional representations of visual scenes
which leverage Lie group structure, hierarchical composi-
tion, and bayesian inference. I demonstrate the many use-
ful properties of this model on a variety of tasks such as
object classification, scene segmentation, visual analogy,
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and video compression. Further, I connect this work to
many well-studied phenomena in primate visual cortex.

Christian Shewmake
University of California, Berkeley
cshewmake2@berkeley.edu

MS13

A Fast and Accurate Domain-Decomposition Non-
linear Reduced Order Model Using Shallow
Masked Autoencoders

Training reduced order models (ROMs) from data typi-
cally requires access to high-dimensional full order model
(FOM) simulation data. However, for so-called ”extreme-
scale” problems, the storage of such high-dimensional FOM
simulation data renders ROM training infeasible. Domain-
decomposition (DD) alleviates this issue by solving the
FOM on smaller subdomains, thereby generating training
data of more manageable sizes. Model reduction can then
be applied to each subdomain, and the separate ROMs can
be reassembled to compute a global ROM for the DD FOM.
A promising model reduction approach for the DD problem
is the so-called nonlinear-manifold ROM (NM-ROM). NM-
ROM has provided improved accuracy over linear-subspace
ROMs (LS-ROMs), particularly for advection-dominated
problems. NM-ROM approximates the FOM state in a
nonlinear-manifold, which is learned from training a shal-
low, sparse-masked autoencoder using the FOM simulation
data. The shallow, sparse architecture of the autoencoder
allows for hyper-reduction to be applied, yielding compu-
tational speedup. In this talk, the DD formulation of the
FOM and the application of NM-ROM to each subdomain
are discussed. The results of the DD NM-ROM approach
with hyper-reduction are numerically compared to DD LS-
ROM with hyper-reduction for the 2D steady-state Burg-
ers’ Equation.

Alejandro N. Diaz
Rice University
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MS13

Intelligent Fire Evacuation Navigation Algorithm-
Based on Internet of Things

With the huge complex electrical systems in the hospitality
sector, problems such as imbalanced electrical loads, over-
loaded circuits, faulty fuses, etc., are common and may
cause fire and eventually risk human life especially in high-
rise buildings. The interior environments in such infras-
tructure can be complicated and diverse, which makes it
important to safeguard people in the event of a fire and
get them to the nearest safe exit quickly. Hence, in this
work, we propose a Q-learning based approach to find a
deadline-aware adaptive emergency navigation strategy in
buildings with WSNs, which informs each customer about
a hazard-avoided evacuation path to successfully reach safe
exit gates within the specified deadline under all circum-
stances. For this, the proposed approach analyzes the in-
tensity of fire to predict the specific limited evacuation time
and then, an online navigation strategy is proposed based
on a real-time adaptive routing algorithm to maximize and
ensure the user’s safety. The proposed approach is evalu-
ated by conducting extensive simulations and prototype
experiments.
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MS13

Derivative Informed Neural Operators for PDE-
Constrained Optimization under Uncertainty

We present a novel framework for solving PDE-constrained
optimization problems under uncertainty through the use
of derivative informed neural operators. When optimiz-
ing the performance of systems governed by PDEs, uncer-
tainty in the model parameters lead to optimization under
uncertainty (OUU) problems, where the optimization cost
is defined in terms of risk measures of a quantity of inter-
est. OUU problems are often orders of magnitude more
expensive to solve compared to their deterministic coun-
terparts due to the need to evaluate the risk measure by
stochastic integration. This can require many evaluations
of the governing PDE at every optimization iteration. To
this end, we propose to use a reduced-basis network to ap-
proximate the PDE mapping from the input spaces of the
uncertain parameter and the optimization variable to the
output state, where derivative information of the PDE is
used to determine the reduced-bases. We also incorporate
the PDE derivatives into a Sobolev-type training loss to
ensure that the neural operator has accurate derivatives
with respect to the optimization variable, such that they
are amenable to derivative based optimization algorithms
when solving the OUU problem. In this talk, we will dis-
cuss the construction of such neural operators and its use as
surrogates for OUU. We also demonstrate its performance
and computational speed-ups over a suite of numerical ex-
amples.
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MS13

Context-Aware Learning of Stabilizing Controllers
in the Scarce Data Regime

Stabilizing dynamical systems in science and engineering
is a challenging task, especially in edge cases and limit
states where typically little data are available. In this
work, we propose a data-driven approach that guarantees
finding stabilizing controllers from as few data samples as
the dimension of the unstable dynamics, which typically
is orders of magnitude lower than the state dimension of
the system. The key is learning stabilizing controllers di-
rectly from data without learning models of the systems,
which would require larger numbers of data points. Nu-
merical experiments with chemical reactors and fluid dy-
namics behind obstacles demonstrate that the proposed
approach stabilizes systems after observing fewer than five
data samples even though the dimension of states is orders
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of magnitude higher.

Steffen W. R. Werner, Benjamin Peherstorfer
Courant Institute of Mathematical Sciences
New York University
steffen.werner@nyu.edu, pehersto@cims.nyu.edu

MS13

Learning Stabilizing and Optimal Controllers from
Data: An Informativity Approach

Learning accurate models of complex dynamical systems is
a daunting task that requires large amounts of data. At
the same time, robust control theory teaches us that near-
perfect modelling is not required in all situations. Often,
control policies can be obtained from data as long as the
uncertainty is ”not too large”. Therefore, taking into ac-
count the eventual purpose of the data is of paramount
importance when learning dynamics. In this talk, I will in-
troduce the concept of data informativity for control. This
concept captures the richness of data that is required for
various data-based control problems. We will then dis-
cuss necessary and sufficient conditions under which a given
dataset is informative for stabilization and for optimal con-
trol. These conditions also lead to new methods to design
(optimal) controllers directly from given data via semidef-
inite programming.

Henk van Waarde
University of Groningen
h.j.van.waarde@rug.nl

MS14

Efficient Eigensolvers for Ab Initio Nuclear Physics
Calculations

Microscopic calculations of the structure of atomic nuclei
using the Configuration Interaction (CI) approach require
computing the lowest eigenvalues and eigenvectors of a very
large but extremely sparse symmetric matrix. The size of
these matrices can be in the (tens of) billions, which require
efficient algorithms and implementations on current HPC
platforms. Many-Fermion Dynamicsnuclear (MFDn) is a
CI code that obtains the lowest eigenpairs in large-scale ab-
initio nuclear physics calculations, using either a Lanczos
iterative eigensolver or Locally Optimal Block Precondi-
tioned Conjugate Gradient (LOBPCG) solver. Rapid con-
vergence of the iterative LOBPCG algorithm is achieved
by a suitable initialization in combination with an efficient
(both in term of convergence and in terms of computational
cost) preconditioner. MFDn is a hybrid MPI/OpenMP
Fortran 95 code, with OpenACC for GPU offloading. I
discuss some of the challenges and solutions for an effi-
cient GPU implementation, and its performance on Perl-
mutter at NERSC. For large-scale calculations, data move-
ment and in particular inter-node communication becomes
a bottleneck, both with the Lanczos algorithm and with
LOBPCG. On GPU systems, we have therefore also im-
plemented a matrix-free version of the solver; furthermore,
we are exploring the feasibility of compressing (and decom-
pressing) the vectors in order to reduce the MPI overhead.

Pieter Maris
Iowa State University
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MS14

Finding Quasiparticles in Dynamically Correlated
Systems

Capturing the dynamics of electronic excitations in realis-
tic systems containing more than a few electrons is one of
the outstanding theoretical challenges. Dynamical quan-
tum correlations mediate interactions and couplings be-
tween multiple excited states in materials and represent
an important driver of their optoelectronic characteristics.
Practical simulations resort to a quasiparticle picture in
which the large-scale (and practically intractable) many-
body problem is downfolded onto an effective single or
few quasiparticle systems. This low-dimensional represen-
tation requires space-time non-local operators (capturing
the renormalization of one- and two-body interactions) and
leads to non-linear eigenvalue problems. I will discuss the
first-principles techniques for studying individual excited
states within the quasiparticle picture in molecules and
large-scale condensed systems and outline the challenges
associated with these approaches. I will exemplify these
methods by exploring the correlated phenomena for local-
ized moire states in twisted bilayer graphene and quantum
defects.
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MS14

Perspective on High-Performance Algorithms for
Eigenvalue Problems in Physical Simulations

Eigenvalue problems (EVPs) are ubiquitous in physical
simulations and often represent a formidable computa-
tional bottleneck when simulating systems of growing size.
Many forms of EVPs are commonly encountered in these
simulations, ranging from large scale linear EVPs stem-
ming from fundamental laws of physics, to non-linear
EVPs which arise from dimensionality reduction and re-
quire application of robust numerical optimization algo-
rithms to find physically-realizable solutions. In this work,
we will examine several applications of large scaling EVPs
in physical simulations which will be discussed in this min-
isymposium, the physically-motivated algorithmic motifs
which make them computationally tractable, and the high-
performance algorithms and software used to solve them on
large computing resources.
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Lawrence Berkeley National Laboratory
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MS14

Nucleon Structure from a Light-Front Hamiltonian
Approach

Nucleon structure encodes key information on the strong
interaction, one of the four fundamental interactions in na-
ture. Understanding the structure of the nucleon in terms
of the quantum many-body problem of its constituents
is at the frontier of particle and nuclear physics. Light-
front quantum field theory provides a viable framework
for accessing nucleon structure through large scale eigen-
value problems of the Hamiltonian of Quantum Chromo-
dynamics (QCD), the fundamental theory of the strong
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interaction. In this talk, I will introduce our parallel ap-
plication named BLFQ (Basis Light-front Quantization)
through which the nucleon structure problem is formulated
as a large sparse symmetric eigenvalue problem of the QCD
Hamiltonian. I will discuss the computational challenges
in constructing and solving the eigenvalue problem of the
QCD Hamiltonian as well as the features from the QCD
Hamiltonian which can be exploited to boost the numer-
ical efficiency. Finally I will demonstrate the numerical
results as well as the scaling of BLFQ on high-performance
computing platforms.
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MS15

Advances in Volume Penalization Methods for
Multiphase Flows and FSI

The volume penalization method (VP), also known as
the Brinkman penalization method, reduces the numerical
complexity of solving PDEs defined over irregular domains
by embedding them inside larger, regular domains. Most
commonly, the VP method is used to solve FSI problems,
although it has also been used to solve scalar advection-
diffusion PDEs. The original VP technique was inspired
by Brinkman’s work and treats solids embedded in a fluid
as porous media. The velocity boundary condition on the
fluid-solid interface, which is of Dirichlet type, is imposed
through a volumetric feedback force that is inversely pro-
portional to the penalty parameter κ. Since both fluids
and solids are represented on a single Eulerian grid, the VP
method can be implemented in parallel codes much more
easily than the dual grid (Lagrangian-Eulerian) IB method.
VP method research has largely focused on understanding
the accuracy of the penalized Dirichlet solution. There is
a little research on (1) developing efficient solvers for the
volume penalized fluid solvers, especially when the system
becomes stiff as κ → 0; and (2) imposing spatially varying
Neumann and Robin boundary conditions on geometrically
complex interfaces. In this talk we discuss recent advances
in the VP method that address both of these issues.
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MS15

Lubricated Immersed Boundary Method with Ap-

plication to Fiber Bundles

Fluid-mediated near contact of elastic structures is a re-
curring theme in biofluids. The thin fluid layers that
arise in applications such as the flow of red blood through
blood vessels are difficult to resolve by standard computa-
tional fluid dynamics methods based on uniform fluid grids.
A key assumption of the lubricated immersed boundary
method, which incorporates a subgrid model to resolve thin
fluid layers between immersed boundaries, is that the aver-
age velocity of nearby boundaries can be accurately com-
puted from under-resolved simulations to bridge between
different spatial scales. Here, we present a one-dimensional
numerical analysis to assess this assumption and quantify
the performance of the average velocity as a multiscale
quantity. We explain how this analysis leads to more ac-
curate formulations of the method and present examples
from two-dimensional simulations, including applications
to filament bundles.
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MS15

Multirate Sharp-Interface Methods for Fluid-
Structure Interaction

This talk will describe ongoing work to create sharp-
interface immersed boundary (IB) type methods for sim-
ulating the dynamics of fluids and immersed elastic struc-
tures. In such fluid-structure systems, it is common for
the intrinsic timescales of the fluid and structure to dif-
fer, sometimes by orders of magnitude. However, it can be
challenging to decouple these time scales in conventional
IB formulations of fluid-structure interaction (FSI). This
talk will outline a new sharp-interface approach to FSI
that leverages a coupling scheme based on the immersed
interface method. We use a penalty method to couple the
fluid and structure that makes it straightforward to ad-
vance fluid and structure variables at different time step
sizes, and we investigate the impact of multi-rate schemes
on the accuracy and efficiency of the methodology in a
range of benchmark cases and large-scale applications.
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MS15

Immersed Boundary Double Layer Method for
Flows with Rigid Bodies

The Immersed Boundary (IB) method is useful for prob-
lems that involve fluid-structure interactions or complex
geometries. By using a regular Cartesian grid that is inde-
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pendent of the geometry, the IB framework yields a robust
scheme that can efficiently handle immersed deformable
structures. The IB method has also been adapted to prob-
lems with prescribed motion. IB methods for these prob-
lems traditionally involve penalty forces or they are for-
mulated as constraint problems. In the latter approach,
one must find the unknown forces by solving an equation
that corresponds to a poorly conditioned first-kind integral
equation. This operation can require a large number of it-
erations of a Krylov method, and since a time-dependent
problem requires this solve at each time step, this method
can be prohibitively inefficient without preconditioning. In
this talk, we introduce a new, well-conditioned IB formu-
lation for flows with rigid bodies, which we call the Im-
mersed Boundary Double Layer (IBDL) method. In this
formulation, the equation for the unknown boundary dis-
tribution corresponds to a well-conditioned second-kind in-
tegral equation that can be solved efficiently with a small
number of iterations of a Krylov method without precon-
ditioning. Furthermore, the iteration count is independent
of both the mesh size and boundary point spacing. Addi-
tionally, while the original constraint method applies only
to Dirichlet problems, the IBDL formulation can also be
used for Neumann problems.
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MS15

A Discrete Leray Projection for Solving a Semi-
Implicit Immersed Boundary Method in a Stag-
gered Grid

In many real-world applications involved with interaction
problems between a fluid and an immersed interface, the
effects of high inertia and elasticity are very important.
In this talk, we present an efficient and stable immersed
boundary (IB) method for solving the motion of elastic in-
terface, in particular, when the fluid has high inertia and
the interface has strong elasticity. Our contributions are
three folds. First, an iteration-free semi-Lagrangian ap-
proach is used in Navier-Stokes equations so that the high
inertial effect of fluid is more stably simulated. Second, the
elastic interfacial force is treated semi-implicitly allowing
to handle strong elasticity and also to construct a result-
ing linear system. Last but not least, in solving the origi-
nal linear system, we transform the 3-by-3 block matrix to
a reduced 2-by-2 block matrix after eliminating the fluid
pressure term. Such rank reduction is possible by applying
the discrete Leray projection operator in a staggered MAC
grid. By virtue of this feature, we call our method as a
reduced immersed boundary method (rIBM). The equiva-
lence between the rIBM and the original problem is proved
in a theorem. Then an efficient algorithm for finding two
unknowns is suggested using the Schur complement. We
provide numerical results which show that the proposed
rIBM improves both the numerical stability and the com-
putational speed when solving more realistic problems.
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MS17

Assessing the Performance of Data-Based and
Physics-Based Model Order Reduction Techniques
for nonlinear problems

Model order reduction aims to reduce the complexity of
solving high-fidelity problems by projecting the entire sys-
tem of equations onto a lower-dimensional subspace. In
this contribution, we consider two ways of generating
these projection functions data-based and physics-based
approaches. In a data-based method called Proper Orthog-
onal Decomposition (POD), Singular value decomposition
(SVD) is applied to training data to obtain the projec-
tion function. In contrast, in the physics-based approach,
named Linear manifold(LM), the dynamic eigenmodes of
the system are extended using modal derivatives that can
capture the effect of nonlinear kinematics. In this contri-
bution, we intend to model quasi-statics of the same high-
fidelity problem to observe the difference between these
methods. To this extent, we propose a residual parame-
ter in the reduced space for both these methods and an
additional mode selection algorithm for the physics-based
method(LM). As a start, we assess the performance of
both these methods on problems involving geometric non-
linearity. The results showed that the displacement error
for these methods for problems involving simple loading
scenarios falls below 1 %, and an approx. time gain of
30 % with the original FE calculation. The difference in
these methods has been visible in complex loading scenar-
ios, where LM takes less number of modes in comparison
to POD to reach an error below 1 %, but the time gain
remained the same.
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MS17

Towards Efficient Dynamical Low-Rank Approxi-
mation of Collisional Kinetic Equations

Kinetic equations are of great importance to application
areas such as plasma physics and rarefied gas dynam-
ics. In regimes where collisions are very strong, efficient
model reductions to hydrodynamic systems can be de-
rived from asymptotic arguments such as the Chapman-
Enskog expansion, reducing the dimensionality from 6 to
3. At the same time, dynamical low-rank approxima-
tion (DLRA) algorithms are particularly promising for ki-
netic equations because of their high dimensionality and
the “tensor-friendly’ nature of their terms. However, it
is not obvious how to combine the hydrodynamic model
reduction approach with dynamical low-rank approxima-
tion algorithms, because the zeroth-order solution—the
Maxwellian—is not a low-rank function of its arguments.
We present a DLRA strategy based on an alternative low-
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rank decomposition, focusing on a model plasma kinetic
equation, which can capture the Maxwellian limit with a
very small numerical rank. Our approach yields multiple
orders of magnitude speedups on a 2D2V problem, while
preserving the system’s dynamics across a range of regimes.
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Tensor Rank Reduction via Coordinate Flows

We present a new tensor rank reduction method that lever-
ages coordinate flows and can greatly increase the efficiency
of high-dimensional tensor approximation algorithms. The
idea is very simple: given a multivariate function, deter-
mine a coordinate transformation so that the function in
the new coordinate system has smaller tensor rank. We
restrict our analysis to linear coordinate transformations,
which give rise to a new class of functions that we refer to as
tensor ridge functions. By leveraging coordinate flows and
tensor ridge functions, we develop an optimization method
based on Riemannian gradient descent that yields a quasi-
optimal linear coordinate transformation for tensor rank
reduction. The theoretical results we present for rank re-
duction via linear coordinate transformations can be gen-
eralized to larger classes of nonlinear transformations. We
demonstrate the effectiveness of the proposed new tensor
rank reduction method on prototype function approxima-
tion problems, and in computing the numerical solution of
the Liouville equation in dimension three and five
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MS17

Low-Rank Approximations for Dynamic Particle
Transport Problems

Dynamical low rank methods applied to particle transport
problems have several open questions that I will address
in this talk. Firstly, there is the question of whether or
not typical problems actually have low rank structure and
how this varies as a system evolves. We will answer this
with examples from common test problems. One interest-
ing result is that if the particle transport problem is de-
composed into different octants based on the direction of
particle travel there are different ranks in each octant. We
show how this can be exploited to have more efficient cal-
culations. Furthermore, we demonstrate that the adaptive
low rank method recently developed can be used to find
approximately the correct rank during a calculation.
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MS17

A Hybrid AMR Low-Rank Tensor Approach for

Solving the Boltzmann Equation

The Boltzmann equation describes the time evolution of a
particle distribution function in six- dimensional position-
velocity phase space. The exponential growth in computa-
tional complexity often challenges a grid-based approach
to modeling the Boltzmann equation as the dimension-
ality grows. To mitigate such issues, scalable low-rank
tensor decomposition techniques have recently been devel-
oped with applications to high-dimensional PDEs. De-
spite the remarkable progress made in the community,
low-rank structures in the phase-space are not evident
in realistic engineering systems with complex geometries
(e.g., electric propulsions systems and fusion reactors),
where discontinuities, shocks, complex boundary condi-
tions, and material-dependent physics (e.g., collisions, fu-
sion reactions, ionization/excitation, charge-exchange pro-
cesses) pose formidable challenges. In this talk, we pro-
pose a novel hybrid algorithm where quad-tree adaptive
mesh refinement (AMR) is applied in real space while a
low-rank approximation is applied in the velocity space.
The AMR algorithm efficiently handles challenges pertain-
ing to complex structures in real space, while the low-rank
formulation targets dimensionality challenges in the veloc-
ity space. We present preliminary results on the new algo-
rithm applied to challenging multi-dimensional gas kinetics
problems.
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MS18

A Nonconforming Substructuring Approach for
Thermo-Mechanical Analysis of Micro-Electronics

Thermo-mechanical analysis of micro-electronics requires
the coupled evaluation of multiple chips and solders to a
single PBC. This problem is expensive to evaluate through
full order finite-element (FE) models, as each chip can eas-
ily contain more than one million degrees-of-freedom. Even
classical model order reduction methods struggle in this
setting as reducing the full system model directly might
be overly expensive. A solution to this would be to apply
substructuring methods, where each chip and solder con-
nection is reduced separately and then coupled together.
However, in this case the large interfaces between the chips
and solder, which leads to relatively large reduced order
models. We propose the use of an inexact substructur-
ing approach where the interfaces are described through
a penalty formulation. This inexact interface enables ad-
ditional flexibility on two fronts: on the one hand we are
not bound by a consistent FE discretization on matching
surfaces, and on the other hand we do not need to have
conforming deformation modes on the interfaces. We ex-
ploit this framework to analyze transient thermal loads on a
structural response of a PCB with multiple chips attached.
We demonstrate the low computational cost of this ap-
proach obtained by the independence of the ROM size on
the interface discretization, and the flexibility with which
design changes can be evaluated due to the possibility of
inconsistent discretizations on the interfaces.

Babak Bozorgmehri
DMMS Lab, Flanders Make at KU Leuven
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MS19

Convergence Analysis of Multi-Step One-Shot
Methods for Linear Inverse Problems

We consider general linear inverse problems for parame-
ter identification where the corresponding forward and ad-
joint problems are solved iteratively. More precisely, we
are interested in one-shot methods, which iterate at the
same time on the forward/adjoint problem solution and on
the inverse problem unknown. We analyze two variants
of the so-called multi-step one-shot methods and establish
sufficient conditions on the descent step for their conver-
gence, by studying the eigenvalues of the block matrix of
the coupled iterations. We illustrate numerically the con-
vergence of these methods for a Helmholtz inverse problem
and compare them with the classical usual and shifted gra-
dient descent methods. In particular, we observe that very
few inner iterations on the forward problem are enough to
guarantee good convergence of the inversion algorithm.
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MS19

A Matrix-Free Parallel Two-Level-Deflation Pre-
conditioner for the Two-Dimensional Helmholtz
Problems

We propose a matrix-free parallel two-level-deflation pre-
conditioner combined with the Complex Shifted Laplacian
preconditioner(CSLP) for the two-dimensional Helmholtz
problems. The Helmholtz problem, widely studied in seis-
mic exploration, is hard to solve both in terms of ac-
curacy and convergence, due to the scalability issues of
the numerical solvers. For large-scale applications, high-
performance parallel scalable methods are also indispens-
able. In our method, we use the preconditioned Krylov
subspace methods to solve the linear system obtained from
finite-difference discretization. The CSLP preconditioner
is approximately inverted by one parallel geometric multi-
grid V-cycle. Motivated by the observation that the eigen-
values of the CSLP-preconditioned system shift towards
zero for large wavenumbers, deflation with multigrid vec-
tors and further high-order vectors were incorporated to
obtain wave-number-independent convergence. We also
compare Galerkin coarsening method and high-order re-
discretization on the coarse grid. The matrix-vector prod-
ucts and the inter-grid operations are implemented based
on the finite-difference grids without constructing the coef-
ficient matrix. These adjustments lead to direct improve-

ments in terms of memory consumption. Numerical ex-
periments show that wavenumber independence has been
obtained for medium wavenumbers. The matrix-free paral-
lel framework shows satisfactory parallel performance and
weak scalability.
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MS19

A Hybridizable Discontinuous Galerkin Method
with Characteristic Variables for Helmholtz Prob-
lems

We will present a new hybridizable discontinuous Galerkin
method, called CHDG, for solving time-harmonic scalar
wave propagation problems. This method relies on a stan-
dard discontinuous Galerkin scheme with upwind numer-
ical fluxes. Auxiliary unknowns corresponding to char-
acteristic variables are defined at the interface between
the elements, and the physical fields are eliminated to
obtain a reduced system. The reduced system can be
written as a fixed-point problem that can be solved with
stationary iterative schemes. Numerical results with 2D
benchmarks will be presented to study the performance
of the approach. Compared to the standard HDG ap-
proach, the properties of the reduced system are im-
proved with CHDG, which is more suited for iterative so-
lution procedures with e.g. GMRES or CGN. Reference:
https://arxiv.org/abs/2212.11529
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MS19

Scalable Machine Learning to Analyze Rocket
Combustion Data

Scalable machine learning algorithms were used to ana-
lyze hybrid rocket combustion experiments. Recently, com-
bustion tests with different paraffin-based fuels have been
performed at the German Aerospace Center (DLR) and
the whole process has been recorded with a high-speed
video camera. This has led to a larger number of images
that needs to be automatically analyzed [Ruettgers et al.,
Clustering of paraffin-based hybrid rocket fuels combustion
data. Exp. Fluids, 61:4 (2020)]. Since data analysis of mil-
lions of images is very demanding with respect to comput-
ing time and memory requirement, HeAT, the Helmholtz
Analytics Toolkit, is used on a parallel cluster at DLR to re-
duce the computing time. HeAT is an open source Python
library (https://github.com/helmholtz-analytics/heat) for
parallel machine learning. It is jointly developed by
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Juelich Research Center, Karlsruhe Institute of Technol-
ogy and DLR [Goetz et al., HeAT-a Distributed and GPU-
accelerated Tensor Framework for Data Analytics. 2020
IEEE International Conference on Big Data (2020), pp.
276–287]. In this talk, machine learning algorithms are
used to identify different flow phases and to detect anoma-
lies [Ruettgers and Petrarolo, Local Anomaly Detection in
Hybrid Rocket Combustion Tests. Exp. Fluids, 62:136
(2021)]. Furthermore, we present results on the parallel
scaling behaviour of Heat compared to other existing par-
allel machine learning libraries.
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MS19

Analysis of a Domain Decomposition Method for
Convected Helmholtz Like Equation

In this work, we are interested in solving a convected
Helmholtz like equation. This type of PDE occurs in sev-
eral contexts (acoustic flow, Schrdinger equation, Wave-
ray method...), and it raises similarly difficulties as the
classical Helmholtz equation. Indeed, in the case of con-
stant parameter, one can show that with an appropriate
change of variable the PDE can be reformulated as the clas-
sical Helmholtz equation. This reformulation allows to get
several byproducts, such as the construction of absorbing
boundary conditions, a PML formulation, and in particu-
lar to apply the Fourier analysis to study the convergence
properties of an iterative Schwarz algorithm. In this talk,
we will detail the Fourier analysis and emphasise the im-
pact of the boundary conditions to end the computational
domain.

Antoine Tonnoir
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MS20

On the Surface Effect and the Imposition of the Bc
in Peridynamics

Peridynamics is a non-local continuum theory: two inter-
related problems affect it at the boundary of the domain:
the surface effect and a difficulty in the imposition of the
boundary conditions. Since the points near the boundary
are characterised by an incomplete neighbourhood we ob-
serve an unrealistic variation of the stiffness properties in
the most external layers of the domain, the surface effect.
Two main methods are used to correct it: the definition
of modified bonds in the external layers of the domain or
the introduction of a fictitious layer of nodes around its

boundary. The imposition of the boundary conditions is
often achieved by using a fictitious layer, in the case of
displacement bc, or by distributing the external tractions
as body forces applied to a certain number of nodes on or
close to the boundary. Imposing the boundary conditions
as one would do in a local model, generates large fluctu-
ations of the solution. There is no general agreement on
the way to distribute the boundary loads or displacements
over some finite layer. We will present 1-2-3D examples
of the application of a recently proposed version of the
Taylor-based extrapolation method that makes use of the
nearest-node strategy. The method uses a fictitious layer
of points around the body where the displacements are de-
termined as functions of the displacements of their closest
true nodes by means of multiple Taylor series expansions.
The examples will include as well dynamic cases.

Ugo Galvanetto
University of Padova
ugo.galvanetto@unipd.it

MS20

Algebraic Multigrid Solver for Nonlocal Equations

The naive discretization of nonlocal operators leads to ma-
trices with significant density, as compared to classical
PDE equations. This makes the efficient solution of nonlo-
cal models a challenging task. In this presentation, we will
discuss on-going research into assembly using hierarchical
matrices and algebraic multigrid solution techniques that
are suitable for nonlocal models.
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MS20

A Hybrid Meshfree Discretization to Improve the
Numerical Performance Of Linearized Peridynamic
Elasticity And Corrosion Models

The numerical computation of spatial integrals is crucial
in determining the accuracy and efficiency of peridynamic
models. In this work, we propose a meshfree discretiza-
tion scheme based on a collocation approach, which takes
a significantly smaller number of neighborhood nodes as
compared to the classical particle-based scheme, in order
to achieve a certain accuracy while maintaining the same
length scale. Our proposed discretization procedure is em-
ployed within the regions of the computational domain,
where the field variable can be approximated by smooth
basis functions inside the neighborhood. In the hybrid ap-
proach, our method is then combined with the classical
scheme, the latter being applied within the regions subject
to discontinuities and material damage. We illustrate the
increase in efficiency of our proposed discretization scheme
due to the reduced number of neighborhood nodes and eval-
uate the convergence behavior. As numerical examples of
the hybrid approach, we adopt the brittle fracture prob-
lem by means of bond-based peridynamics as well as the
peridynamic corrosion model in two and three dimensions,
respectively.

Alexander Hermann
Institutes of the Helmholtz-Zentrum Hereon
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MS20

Peridynamics Computations at the Exascale

Peridynamics is a nonlocal reformulation of classical con-
tinuum mechanics suitable for material failure and dam-
age simulation, which has been successfully demonstrated
as an effective tool for the simulation of complex fracture
phenomena in many applications. However, the nonlo-
cal nature of peridynamics makes it highly computation-
ally expensive, compared to classical continuum mechanics,
which often hinders large-scale fracture simulations. In this
talk, we will present a GPU-enabled, performance portable,
and exascale-capable peridynamics code designed to run
on United States Department of Energy’s supercomputers,
in particular Frontier (currently ranked #1 in the TOP500
list) and Summit (currently ranked #4 in the TOP500 list),
the two fastest supercomputers in the United States, both
at Oak Ridge National Laboratory.

Pablo Seleson
Oak Ridge National Laboratory
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MS21

Asymptotic Analysis Applied to Small Volume In-
verse Shape Problems

We consider two inverse shape problems coming from dif-
fuse optical tomography and inverse scattering. For both
problems, we assume that there are small volume subre-
gions that we wish to recover using the measured Cauchy
data. We will derive an asymptotic expansion involving
their respective fields. Using the asymptotic expansion, we
derive a MUSIC-type algorithm for the Reciprocity Gap
Functional, which we prove can recover the subregion(s)
with a finite amount of Cauchy data. Numerical examples
will be presented for both problems in two dimensions in
the unit circle.
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Purdue University
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MS21

Regularization of the Factorization Method with
Applications

In this talk, we discuss a new regularized version of the
Factorization Method. The Factorization Method uses Pi-
cards Criteria to define an indicator function to image an
unknown region. In most applications, the data operator
is compact which gives that the singular values can tend to
zero rapidly which can cause numerical instabilities. The
regularization of the Factorization Method presented here
seeks to avoid the numerical instabilities in applying Pi-
cards Criteria. This method allows one to image the inte-
rior structure of an object with little a priori information
in a computationally simple and analytically rigorous way.
Here we will focus on an application of this method to dif-
fuse optical tomography which will prove that this method
can be used to recover an unknown subregion from the
Dirichlet-to-Neumann mapping.
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MS21

Single Mode Multi-Frequency Factorization
Method for the Inverse Source Problem in
Acoustic Waveguides

This talk is to address the inverse source problem with
a single propagating mode at multiple frequencies in an
acoustic waveguide. The goal is to provide both theoretical
justifications and efficient algorithms for imaging extended
sources using the sampling methods. In contrast to the ex-
isting far/near field operator based on the integral over the
space variable in the sampling methods, a multi-frequency
far-field operator is introduced based on the integral over
the frequency variable. This far-field operator is defined
in a way to incorporate the possibly non-linear dispersion
relation, a unique feature in waveguides. The factorization
method is deployed to establish a rigorous characteriza-
tion of the range support which is the support of source in
the direction of wave propagation. A related factorization-
based sampling method is also discussed. These sampling
methods are shown to be capable of imaging the range
support of the source. Numerical examples are provided
to illustrate the performance of the sampling methods, in-
cluding an example to image a complete sound-soft block.
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MS21

Using New Sets of Eigenvalues to Image Obstacle
Density

The Linear Sampling Method (LSM) aims to image the
shape of defects in a known medium from measurements
of scattered fields and generally provides satisfactory so-
lutions if multi-static (far field) data is available. How-
ever, this method becomes less effective for cluttered de-
fects (for instance a network of cracks). In this talk, we
shall present a recently introduced imaging method based
on the LSM formalism but that exploits the spectrum of an
eigenvalue problem. This eigenvalue problem is specifically
designed by the introduction of a modified background so
that its analysis in terms of defects size is possible. We
prove that the eigenvalues of this problem can be identified
from multi-static data. We then exploit this fact to con-
struct an indicator function of the defects density based on
the sensitivity of the eigenvalues to the presence and size
of these defects. We shall illustrate the obtained inverse al-
gorithm and its performances on some synthetic numerical
experiments.
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MS22

Machine Learning-Enhanced Refinement and Ag-
glomeration Strategies for Polygonal and Polyhe-
dral Methods

In this talk we discuss how to enhance the accuracy and
performance of Polyhedral Finite Element Methods based
on designing suitable Machine Learning-aided numerical
algorithms to handle the process of grid refinement and
agglomeration. More specifically, we propose new strate-
gies to handle polytopal grid refinement, to be employed
within an adaptive framework. Specifically, Convolutional
Neural Networks are employed to classify the shape of an
element so as to apply ad-hoc refinement criteria or to en-
hance existing refinement strategies at a low online compu-
tational cost. We test the proposed algorithms considering
two families of finite element methods that support arbi-
trarily shaped polytopal elements, namely the Virtual El-
ement method and the Polytopal Discontinuous Galerkin
method. In the second part of the talk ML-aided grid ag-
glomeration techniques are presented. Mesh agglomeration
strategies are important both within adaptive refinement
algorithms and to construct multilevel algebraic solvers.
We propose to use Graph Neural Networks (GNNs) to au-
tomatically perform grid agglomeration. GNNs have the
advantage to process naturally and simultaneously both
the graph structure of mesh and the geometrical informa-
tion. We assess the performance of the proposed agglom-
eration algorithm and demonstrate its effectiveness when
employed within multigrid solvers in a Polytopal Discon-
tinuous Galerkin framework.
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MS22

Divergence-Conforming Pressure Robust Methods
for Fluid Flow

This talk presents new matrix finite elements for approx-
imating viscous stresses in fluids. These stress finite ele-
ments have shear continuity. Such stress spaces pair natu-
rally with velocity approximations in H(div), the space of
vector fields with square integrable components and diver-
gence. This work can be viewed as natural continuation of
a series of developments by multiple authors in the treat-
ment of the incompressibility constraint using the Sobolev
space H(div). The stress finite element space can be seen as
arising from a nonstandard Sobolev space H(curl div). We
will show that structure-preservation properties like mass
conservation and pressure robustness are immediate in the
newly introduced mixed finite element methods.
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MS22

Fem Approximations of the Operator Lyapunov
Equation Have Low Rank

We present a low-rank adaptive hp-finite element algorithm
for computing a low rank approximation to the solution of
the Lyapunov operator equation. Our adaptive finite el-

ement algorithm is based on the auxiliary subspace error
estimation technique. The use of hp-adapted finite element
methods in this context is justified by showing that the
eigenfunctions of the solution operator are A-analytic func-
tions. Here A denotes the coefficient operator for the Lya-
punov equation. A spectral theoretic setting of Babuska
and Osborn is used both to define measures of the approx-
imation error as well as to prove the reliability of the error
estimator. On the example of the Laplace operator on the
dumbbell domain we achieve eight figures of accuracy for
computing the trace of the solution of the Lyapunov equa-
tion using a finite element space of dimension of only 1e4
degrees of freedom. Even more surprising is the observa-
tion that hp-refinement has an effect of reducing the rank
of the numerical approximation of the solution.
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MS23

Close Evaluation of Layer Potentials

I will discuss propulsion by flexible appendages, as in
swimming or flying. A small-amplitude flow model com-
bined with an efficient Chebyshev PDE solver and con-
formal mapping techniques enables efficient numerical so-
lutions. These solutions elucidate the performance bene-
fits garnered by optimizing flexibility characteristics of ap-
pendages. The method also generalizes to multiple flapping
bodies through the so-called prime function. New results
shed light on flow-mediated collective behavior, such as
schooling and flocking.
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MS23

Steklov-Poincar Analysis of the Basic Three-
Domain Stent Problem

The Steklov-Poincar problem was previously considered in
the artery lumen and wall setting with a single interface.
Here the analysis is expanded to incorporate solute behav-
ior in the presence of a fixed-volume, solid, simple stent. In
this geometry, a third domain is added to the two-domain
structure of wall and artery. Through this intersecting do-
main volume setting there are three interfaces: lumen-wall,
stent-lumen, and wall-stent. Steady-state incompressible
Navier-Stokes equations are used to explain the behavior
of blood through the lumen, while advection-diffusion dy-
namics are considered for the solute mechanics across the
lumen, wall, and stent. Having a fixed blood velocity value,
Steklov-Poincaré decomposition of the advection-diffusion
equations is applied locally to each of the interfaces. To
unify these instances on a global scale, their overall in-
tersection is explored in a smaller manifold, reducing the
problem to one previously solved by Quarteroni, Veneziani,
and Zunino. Through finite element analysis (FEM), the
solution is discretized and found to be convergent. Finally,
computational simulations of different types of stent of one,
three, and five stent rings of different thickness, placed
between straight and curved volumes of inner and outer
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cylindrical meshes, were performed using NGSolve, con-
firming the convergence of the solution and its relation to
the coarseness of the mesh.
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MS23

Propulsion by Flexible Appendages and Hydrody-
namic Schooling

I will discuss propulsion by flexible appendages, as in
swimming or flying. A small-amplitude flow model com-
bined with an efficient Chebyshev PDE solver and con-
formal mapping techniques enables efficient numerical so-
lutions. These solutions elucidate the performance bene-
fits garnered by optimizing flexibility characteristics of ap-
pendages. The method also generalizes to multiple flapping
bodies through the so-called prime function. New results
shed light on flow-mediated collective behavior, such as
schooling and flocking.
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MS23

Reduced-Order Model of Hydrodynamically Inter-
acting Flapping Swimmers

Fish schools are examples of collective motion in which
hydrodynamic interactions play a role in dynamical be-
havior and self-organization principles. However, the
long-time evolution of hydrodynamically interacting col-
lectives is challenging to investigate due to the persis-
tent influence of long-lived vortical structures, and the
high-resolution requirements of direct numerical simula-
tion at large Reynolds numbers. Reduced-order models
have therefore played an important role in theoretical in-
vestigations. We introduce a new reduced-order model of
swimmers that self-propel by flapping, i.e., executing a pre-
scribed periodic rigid body motion. The model is an ex-
tension of a discrete-time dynamical system developed by
Oza, Ristroph and Shelley in which flapping swimmers in-
teract through periodically shed vortices. Our work allows
a variable separation distance between swimmers and also
describes more faithfully the wing-wing interactions of our
dynamical system. The model is used to investigate condi-
tions under which hydrodynamic interactions lead to stable
swimming configurations. Preliminary numerical results
are presented.
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MS24

High Dynamic Range Tomography via Modulo
Radon Transform

The topic of high dynamic range tomography is starting to
gather attention due to recent advances in hardware tech-
nology. The issue is that registering high-intensity projec-

tions that exceed the dynamic range of the detector cause
sensor saturation. While existing methods typically rely
on the fusion of multiple exposures, we propose a one-shot
computational imaging solution based on the novel Modulo
Radon Transform (MRT). The MRT generalizes the con-
ventional Radon Transform and is obtained via computing
modulo of the line integral of a two-dimensional function
at a given angle. In this way, the MRT encodes folded
Radon projections and avoids information loss arising from
saturation or clipping effects. In this talk, we rigorously
introduce the Modulo Radon Transform and propose a se-
quential reconstruction algorithm for finitely many Modulo
Radon projections, which is backed by mathematical guar-
antees. Our recovery strategy makes use of a property we
call compact λ-exceedance, which is motivated by prac-
tice; in applications the object to be recovered is of finite
extent and the measured quantity has approximately com-
pact support. Our theoretical results are illustrated by nu-
merical simulations, where we report the reconstruction of
target functions with Radon projections 1000-times larger
in amplitude than the assumed modulo threshold. This
talk is based on joint work with Ayush Bhandari (Imperial
College London) and Felix Krahmer (Technical University
Munich).
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MS24

Instabilities of Relative Pose Estimation and the
Role of RANSAC

Structure-from-motion in computer vision leads to prob-
lems in 3D geometry. These are cast as multivariate poly-
nomial systems, which need to be solved many times for one
scene reconstruction. In this talk, I will present a frame-
work for quantifying the numerical stability of such sys-
tems. It relates the 3D world scene to the 2D image data.
Configurations with infinite condition number are charac-
terized both in the world and in the image. In particular,
this gives explicit formulas for certain discriminant hyper-
surfaces. We connect the theory to standard estimation
procedures in computer vision, and argue that there exists
a real opportunity for improvements. Based on joint work
with Hongyi Fan (Cognex) and Ben Kimia (Brown).
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MS24

Robust Rotation Averaging via Quadratic Pro-
gramming

We propose a novel quadratic programming formulation
for estimating the corruption levels of the relative camera
orientations, and use these estimates to solve rotation av-
eraging problem. Our objective function exploits the cycle
consistency of the relative rotations and we thus refer to
our method as detection and estimation of structural con-
sistency (DESC). This general framework can be extended
to other algebraic and geometric structures. Our formula-
tion has the following advantages: it can tolerate corrup-
tion as high as the information-theoretic bound, it does
not require a good initialization for the estimates of abso-
lute orientations, it has a simple interpretation, and under
some mild conditions the global minimum of our objective
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function exactly recovers the corruption levels. We demon-
strate the competitive accuracy of our approach on both
synthetic and real data experiments of rotation averaging.
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Counting Objects by Diffused Index: Geometry-
Free and Training-Free Approach

Counting objects is a fundamental but challenging prob-
lem. In this paper, we propose diffusion-based, geometry-
free, and learning-free methodologies to count the number
of objects in images. The main idea is to represent each
object by a unique index value regardless of its intensity or
size, and to simply count the number of index values. First,
we place different vectors, referred to as seed vectors, uni-
formly throughout the mask image. The mask image has
boundary information of the objects to be counted. Sec-
ondly, the seeds are diffused using an edge-weighted har-
monic variational optimization model within each object.
We propose an efficient algorithm based on an operator
splitting approach and alternating direction minimization
method, and theoretical analysis of this algorithm is given.
An optimal solution of the model is obtained when the
distributed seeds are completely diffused such that there
is a unique intensity within each object, which we refer
to as an index. We refer to this approach as Counting
Objects by Diffused Index (CODI). We explore scalar and
multi-dimensional seed vectors. For Scalar seeds, we use
Gaussian fitting in histogram to count, while for vector
seeds, we exploit a high-dimensional clustering method for
the final step of counting via clustering. We present count-
ing results in various applications such as biological cells,
agriculture, concert crowd, and transportation. Some com-
parisons with existing methods are presented.
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MS25

Extreme-Scale CSE Challenges: Progress via Com-
munity Solutions

Extreme-scale CSE projects involve many people and skill
sets, and complex hardware and software environments.
Technical excellence is essential in these environments,
but success also hinges on collaboration, complementarity,
and coordination of efforts within and across teams and
communities. In this talk, we discuss efforts in the Ex-
ascale Computing Project to produce community-driven
ecosystems and team structures that support our abilities
to holistically pursue the goals of extreme-scale computa-
tional science. We highlight ongoing efforts to create hi-
erarchical software organizations and stacks, and emerging
efforts to improve scientific software development and use
via the application of social and cognitive sciences to soft-
ware teams and communities.
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MS25

Combining HPC, AI and RDM: Challenges and
Approaches

The availability of large amount of digital data, computa-
tional power combined with new approaches of data analy-
sis and so called artificial intelligence created the potential
of new scientific discoveries in almost all scientific fields.
However, to realize the potential a number of challenges
need to be addressed. The amount, quality and accessi-
bility of data has to be suitable. In short, the FAIR prin-
ciples need to be implemented in a proper manner and
the meta data has to be suitable and sufficient for the se-
lected machine learning method. Many of the challenges
can only be addressed if the IT infrastructure offers suit-
able and comprehensive support in the fields of HPC, AI,
and RDM. This talk will present the approach taken by
RWTH Aachen University and its partners to address the
challenges. The approach includes 1. Engagement in sev-
eral projects of the German Initiative for Research Data
Management (NFDI) with a focus on engineering. 2. Cre-
ation of a data integration platform Coscine implementing
the FAIR principles and FAIR Digital Object interfaces.
3. Process Mining technologies to discover similarities be-
tween data sets and reveal otherwise undetected workflows
4. Data stewards in large, long time collaborative projects
(CRCs) 5. Integration of HPC and RDM platforms to ex-
ploit data analytics capabilities of HPC. Besides the scien-
tific content the talk will cover the technical, financial, and
human resources of the activities.
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h3-Open-BDEC: Innovative Software Infrastruc-
ture for Scientific Computing in the Exascale Era
by Integrations of (Simulation + Data + Learning)

We propose an innovative method for computational sci-
ence for sustainable promotion of scientific discovery by
supercomputers in the Exascale Era by combining (Sim-
ulation + Data + Learning (S+D+L)). In May 2021,
we started operation of the Wisteria/BDEC-01 system
with 33+PF at University of Tokyo. It is a Hierarchi-
cal, Hybrid, Heterogeneous (h3) system, which consists
of computing nodes for CSE with A64FX and those for
Data Analytics/AI with NVIDIA A100 GPUs. We de-
velop a software platform h3-Open-BDEC for integration
of (S+D+L) and evaluate the effects of integration of
(S+D+L) on the Wisteria system. The h3-Open-BDEC is
designed for extracting the maximum performance of the
supercomputers with minimum energy consumption focus-
ing on (1) innovative method for numerical analysis with
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high-performance/high-reliability/power-saving based on
the new principle of computing by adaptive precision, ac-
curacy verification and automatic tuning, (2) Hierarchical
Data Driven Approach (hDDA) based on machine learn-
ing, and (3) Software for heterogeneous systems, such as
Wisteria/BDEC-01. Integration of (S+D+L) by h3-Open-
BDEC enables significant reduction of computations and
power consumption, compared to those by conventional
simulations.
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On the Road to Brain-Scale Datasets and Applica-
tions for Post-Exascale Supercomputers

Several machine learning methods, such as Graph Convo-
lutional Networks, would manipulate graphs with dozens
of billions of nodes. Such brain-scale datasets are repre-
sented by very large sparse adjacency matrices, often as-
sociated with Laplacian or transition matrices. Moreover,
rectangular skinny matrices may store features of nodes.
Analyses of those data, such as rankings, homophily eval-
uations, and clusters detections, for example, are often re-
quired by those applications and methods. Moreover, the
highly hierarchical architectures of the supercomputers al-
lowing such computation, from multicore chips having net-
work on chip, to distributed nodes and data storage units,
are not always well-adapted for such computation manip-
ulating non-structured data. Understanding the behaviors
of such methods is important and lead to large number of
experiments, asking to have fast accesses to many different
datasets. In this talk, we first present two dataset gen-
erators, directly computed in parallel, allowing to experi-
ment very large problems without any I/O. We introduce
an open source software which generates very large datasets
inspired from an easy brain structure, experimented on dis-
tributed platform and supercomputers. Then, as an exam-
ple of applications on such graphs, we present results of
PageRank methods experimented on several supercomput-
ers. We conclude with analyses of obtained performances
with respect of the dataset structures and of the supercom-
puter architectures
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Jülich Supercomputing Centre
xin.wu@fz-juelich.de

Nicolas Hochart
CRSITAL, University of Lille
nicolas.hochart@polytech-lille.net

MS26

Exploring Mesh Partitioning with the Coupe Par-
titioning Platform

Coupe is a dedicated mesh partitioner, written in Rust.
It implements, in parallel using shared memory, different
partitioning models for load balancing mesh based scientific
simumations. We will present how coupling a number of
partitioning algorithms along with geometric partitioning
and topological refinement can become an alternative to

classical multi-level graph partitioners.
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Design and Implementation of Multi-Threaded and
Hybrid Parallel Graph Partitioning Algorithms in
Scotch v7

Graph partitioning is a ubiquitous problem which has
many applications in scientific computing. Due to the
ever increasing size of the problems to solve, many par-
allel implementations of graph partitioning algorithms
have been proposed in the literature, whether for shared-
memory multiprocessors or distributed-memory multicom-
puters. This paper describes the design and implemen-
tation of multi-threaded algorithms in version 7 of the
Scotch partitioning package. These algorithms concern
both the formerly sequential version, Scotch, and the par-
allel, distributed-memory version, PT-Scotch. Notably, a
hybrid parallel (MPI+threads) graph coarsening algorithm
is proposed, which is used to accelerate the classic multi-
level partitioning framework. In order to provide scientific
reproducibility, deterministic algorithms have been imple-
mented whenever possible, and can be selected at the user’s
choice. Concurrent execution is made possible by the en-
capsulation of partitioning tasks within execution contexts.
While a global linear speedup is out of reach due to the
many remaining non-parallel sections, the multi-threaded
algorithms evidence high scalability themselves, and pro-
vide for a significant improvement in run time, without any
loss in partition quality.
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Recent Advances in Streaming (Hyper)Graph Par-
titioning

Partitioning a (hyper)graph into balanced blocks such that
few edges run between blocks is a key problem for large-
scale distributed processing. Currently there is a gap in the
space of available algorithms. On the one hand, stream-
ing algorithms have been adopted to partition massive
graph data on small machines. In the streaming model,
vertices arrive one at a time and then are directly as-
signed to a block. These algorithms partition huge graphs
quickly with little memory, but produce partitions with
low solution quality. On the other hand, there are of-
fline (shared-memory) multilevel algorithms that produce
partitions with high quality but also need a machine with
enough memory to partition huge networks. In this talk,
we present recent advances in streaming algorithms for the
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problem. First, we present a buffered streaming approach:
this model allows to read more than one node and its neigh-
borhood at the time. This enables our algorithm to lever-
age multilevel techniques, and thus significantly improve
solution quality while surprisingly also enhancing the over-
all complexity of the algorithm. On the other hand, we
present a shared-memory streaming multi-recursive parti-
tioning scheme that performs recursive multi-sections on
the fly without knowing the overall input graph to com-
pute hierarchical partitionings. If the topology of a dis-
tributed system is known, it is possible to further optimize
the communication costs by mapping partitions onto pro-
cessing elements.
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Pebbling Game and Alternative Basis for High Per-
formance Matrix Multiplication

Matrix multiplication is one of the most extensively used
kernels in scientific computing. Although sub-cubic algo-
rithms exist, most high performance implementations are
based on the classical Θ

(
n3

)
matrix multiplication. De-

signing an algorithm that obtains even modest improve-
ments in performance over existing implementations, re-
quires carefully addressing challenges such as reducing
computation costs, communication costs, and memory
footprint. We provide the first high performance general
matrix-matrix multiplication that utilizes the alternative
basis method on Strassen’s algorithm. We reduce the basis
transformations overheads and decrease the memory foot-
print of the bilinear phase by using the pebbling game op-
timization scheme, consequentially improving both arith-
metic and communication costs. Our algorithm outper-
forms DGEMM on feasible matrix dimensions starting at
n = 1024. It obtains an increasing speedup up to nearly
×2 speedup for larger matrix dimensions. Joint work with
Oded Schwartz.
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Solving the Integro-Differential Equation of Super-
cooled Liquid Dynamics Using Machine Learning

We introduce a machine-learning approach to predict the
complex non-Markovian dynamics of supercooled liquids
from their static averaged quantities. Our method is based
on a theoretical framework that uses as input and out-
put system-averaged quantities and descibe the dynamics
as an integro-differential equation. Compared to a par-
ticle resolved approach, our methd is easier to apply in
an experimental context where particle specific informa-
tion is not available. First, using a deep neural network
we predict the self intermediate scattering function of the
binary mixtures we investigate. While its performances

are excellent when training data across all the tempera-
ture range are available, we also show that the model re-
tains some transferability being able to make decent pre-
dictions at temperatures lower than the one it was trained
for, or when we use it for similar systems. Then, we de-
velop an evolutionary strategy that is able to predict the
elusive memory function underlying the integro-differential
equation describing the observed dynamics. This method,
which is much easier than any Laplace inversion of the
memory equation, lets us conclude that the memory func-
tion of supercooled liquids can be effectively parameterized
as the sum of two stretched exponentials, which physically
corresponds to two dominant relaxation modes.
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Adaptive Marking for Adaptive Mesh Refinement
via Reinforcement Learning

Adaptive mesh refinement in the context of adaptive finite
element methods (AFEM) requires an often overlooked and
time-consuming offline effort: tuning parameters that con-
trol which elements are marked for refinement. To auto-
mate this effort and improve efficiency of adaptive meth-
ods, we recast adaptive mesh refinement as a partially-
observed Markov decision process that can be optimized
using methods from reinforcement learning. This recast-
ing delivers a tractable optimization framework that can
be tuned once by automated training and then deployed
successfully in contexts outside the training regime. We
use the Poisson equation to demonstrate various applica-
tions of our framework including representative h- and hp-
refinement AFEM simulations on non-convex polyhedra.
Our experiments indicate that superior marking policies
remain undiscovered for many canonical AFEM applica-
tions. An unexpected observation is that marking policies
trained on one family of PDEs can be robust enough to
perform well on problems far outside the training family.
For instance, we show that a simple hp-refinement policy
optimized on 2D problems can be used for 3D problems
without significant performance loss. Extensions of these
ideas to transient PDEs and multi-objective optimization
frameworks will also be discussed.
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MS27

Mutual Information Based Uncertainty Quantifica-
tion in Scientific Machine Learning

Neural networks (NNs) are currently changing the com-
putational paradigm on how to combine data with math-
ematical laws in physics and engineering in a profound
way, tackling challenging inverse and ill-posed problems
not solvable with traditional methods. However, quan-
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tifying errors and uncertainties in NN-based inference is
more complicated than in traditional methods. We have
presented a comprehensive framework that includes uncer-
tainty modeling, new and existing solution methods, as
well as evaluation metrics and post-hoc improvement ap-
proaches in the review work Uncertainty Quantification in
Scientific Machine Learning: Methods, Metrics, and Com-
parisons. In this talk, we will present a new approach
for UQ in scientific machine learning based on the mutual
information theory. Some numerical examples are tested
to demonstrate the applicability and reliability of the new
method.
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Bayesian Learning of Reduced-Order Dynamics

Two probabilistic methods for the learning of reduced-
order dynamics will be discussed. The first method is the
Bayesian reduced-order operator inference, a non-intrusive,
glass-box approach that inherits the formulation structure
of projection-based, reduced-state governing equations yet
without requiring access to the full-order solvers. The
reduced-order operators are learned using Bayesian infer-
ence with Gaussian priors and recovered as posterior Gaus-
sian distributions conditioning on projected state data,
which provides a quantification of modeling uncertainties
and a naturally embedded Tikhonov regularization. The
second method employs deep kernel learning, a manifold
Gaussian process with a deep neural network embedded
inside, for the data-driven reduced-order modeling from
high-dimensional measurements given by noise-corrupted
images. Such a probabilistic deep learning model is utilized
for both dimensionality reduction and the representation of
reduced-order dynamics. Numerical results show the effec-
tiveness of deep kernel learning in the denoising and uncer-
tainty quantification of reduced models. The first method
is a joint work with S. A. McQuarrie and K. E. Willcox
(UT Austin), while the second with N. Botteghi and C.
Brune (UTwente).
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Posterior Sampling Methods with Stochastic Gra-
dients

I will discuss the usage of stochastic gradients in sampling
methods for Bayesian statistical models. When sampling
from Bayesian posterior distributions, widely used schemes
such as Langevin Dynamics or Hamiltonian Monte Carlo
quickly become unfeasible as the data sets (and models)
grow. This is because their dynamics is governed by the
gradient of the log-posterior, whose computational com-
plexity is linear in the size of the data set. I will present
some work on using stochastic gradients in the samplers,
obtained by data set subsampling, in order to decrease
computational cost (an approach that is well-known from
the neighbouring field of loss function optimization in neu-
ral network training). In particular, I will focus on the use
of Metropolis correction of the bias introduced by gradient
noise and highlight efficiency related issues.
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Deep Kernel Learning of Dynamical Models from
High-Dimensional Noisy Data

This work proposes a Stochastic Variational Deep Ker-
nel Learning method for the data-driven discovery of
low-dimensional dynamical models from high-dimensional
noisy data. The framework is composed of an encoder
that compresses high-dimensional measurements into low-
dimensional state variables, and a latent dynamical model
for the state variables that predicts the system evolution
over time. The training of the proposed model is carried
out in an unsupervised manner, i.e., not relying on labeled
data. Our learning method is evaluated on the motion of
a pendulum – a well studied baseline for nonlinear model
identification and control with continuous states and con-
trol inputs – measured via high-dimensional noisy RGB
images. Results show that the method can effectively de-
noise measurements, learn compact state representations
and latent dynamical models, as well as identify and quan-
tify modeling uncertainties.
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Deep Learning Based Surrogate Models for Flow
over Non-Parametric Perforated Structures

In many engineering applications design optimization is
a time-consuming task which, combined with the limited
time in the design phase, often leads to sub-optimal solu-
tions. The use of deep learning based surrogate models can
accelerate the design phase with close to real-time simula-
tions. In this talk we will focus on deep learning surrogate
models for its use in the design of offshore wind turbine
support structures with perforations. Here, the develop-
ment of surrogate model faces three main challenges: first,
we have incompressible turbulent flows with transient in-
flow conditions; second, the geometries resulting from arbi-
trary number/shape of perforations are complex and mesh
generation might be time-consuming; and third, we need
surrogate models that are able to deal with non-parametric
geometries, e.g. geometries that cannot be parametrized by
the same parametric variables used in the training phase.
Here we propose surrogate models based on Convolution
Neural Networks (CNN) for flow over objects with arbi-
trary geometry together with the use of unfitted Finite
Element method, the Shifted Boundary Method, that ad-
dresses the three challenges.
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Latent Space Data Assimilation with Uncertainty
Quantification Using Deep Learning

In recent years, neural networks have shown great perfor-
mance in reduced order modeling for PDEs. With these
computational speed-ups, real-time solutions to problems
where conventional methods often struggle, such as data
assimilation, is now possible. In this talk, we will present
how a neural network-based forward solver is embedded
into a Bayesian data assimilation framework. Specifically,
we will show how a particle filter approach can be sped-up
by several orders magnitude without sacrificing accuracy
by using neural network surrogates. The general idea is
to reduce the dimension of the high-fidelity state using an
autoencoder and then perform time-stepping in the low-
dimensional latent space using a transformer neural net-
work. The data assimilation then takes place in the latent
space instead of the high-fidelity space. To do so efficiently,
it is helpful to incorporate certain properties into the la-
tent space, such as distributional and smoothness to enable
sampling. The result of the data assimilation is a latent
space posterior distribution that characterizes the assim-
ilated latent state. This information is then transformed
back to the high-fidelity state to get the final estimates and
uncertainties. The methodology is showcased on a leak de-
tection problem in pipelines. This problem is modeled by
a set of nonlinear hyperbolic PDEs with a discontinuous
source term, which makes it difficult to solve for conven-
tional methods in a satisfying timeframe.
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A Convolutional Graph Neural Network Ap-
proach to Model Order Reduction for Nonlinear
Parametrized PDEs

The development of efficient reduced order models (ROMs)
from a deep learning perspective enables users to overcome
the limitations of traditional approaches. Convolutional
autoencoder structures gained popularity in the ROM com-
munity as an extension to linear compression procedures
[K. Lee and K. Carlberg. Model reduction of dynami-
cal systems on nonlinear manifolds using deep convolu-
tional autoencoders. JCP, 2020] and [S. Fresca, L. Dede,
and A. Manzoni. A comprehensive deep learning-based
approach to reduced order modeling of nonlinear time-

dependent parametrized PDEs. JSC, 2021]. One drawback
of these approaches is the lack of geometrical information
when dealing with complex domains defined on unstruc-
tured meshes. The present work proposes a framework for
nonlinear model order reduction based on Graph Convolu-
tional Autoencoders (GCA) to exploit emergent patterns
in different physical problems, including those that show
a bifurcating behavior [F. Pichi, B. Moya, and J. S. Hes-
thaven. A convolutional graph neural network approach to
model order reduction for non-linear parametrized PDEs.
In preparation, 2022]. The proposed structure exploits the
autoencoder paradigm to extract the evolution of the latent
space while handling consistently the underlying geomet-
rical domain and alleviating the learning process through
pooling and unpooling operations. We present the capa-
bility of this novel architecture w.r.t. classical benchmarks
and bifurcating phenomena.
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Physics-Based and Data-Driven Models for the
Response to Momentum-Injection Actuation on a
Stalled Airfoil

Active flow control techniques can be useful for improv-
ing the performance of aerodynamic structures, such as by
providing transient lift enhancement, or mitigating the ef-
fects of flow separation or airfoil stall. This work employs
data-driven and physics-based modeling techniques to cap-
ture and predict the response to burst-type momentum-
injection actuation near the leading edge of a stalled
NACA0009 airfoil, utilizing data from direct numerical
simulations. The response to this type of actuation can be
decomposed into two components: a short-time response
that is characterized by an initial decrease followed by an
increase in the lift, and a long-time response that can be
sensitive to the instantaneous wake state at the onset of ac-
tuation. Theoretical models are developed using assump-
tions from classical unsteady aerodynamic theory, which
provide insight into the form that the data-driven models
should take. The data-driven models, which are identified
using variants of dynamic mode decomposition, are capa-
ble of capturing both the short- and long-time response
of the system to actuation. We additionally show how
physics-based approaches can extract spectral content from
systems with limited data available, with applications for
vortex interactions in wake flows.
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Time-Localized Resolvent Analysis of Fluid Flows:
Numerical Methods and Analytic Approximations

This talk will discuss extensions of resolvent analysis that
allow for the identification of time-localized forcing and
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response structures corresponding to high energy amplifi-
cation. We discuss two methods for enabling such analysis.
In the first, the resolvent analysis optimization problem is
formulated in a space-time setting, and is then modified
to include an L1-norm term to promote temporal sparsity.
The resulting optimization problem can be formulated as
a nonlinear eigenproblem, which in turn can be solved nu-
merically using a generalized inverse power method. In the
second approach, forcing or response modes are assumed
to take the form of Gabor wavelets in time, allowing for
resolvent gains to be computed as a function of wavelet pa-
rameters. We relate the two approaches by demonstrating
that temporal wavepackets with this structure (correspond-
ing to Fourier modes modulated by Gaussian envelopes)
naturally emerge when applying the sparsity-promoting
methodology. We additionally demonstrate that this as-
sumed temporal structure can be analyzed analytically
in certain situations. Results from both approaches will
be compared for statistically-stationary turbulent channel
flow, and for a turbulent Stokes boundary layer, where the
mean velocity profile varies with time.
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A Co-Kurtosis Based Dimensionality Reduction
with Neural Network Based Reconstruction of
Chemical Kinetics in Reacting Flows

Dimensionality reduction aims to shrink the feature space
of high-dimensional data while effectively retaining the in-
formation and dynamics of the original system. The widely
used principal component analysis (PCA) achieves this
for combustion data by transforming the original thermo-
chemical state space into a low-dimensional manifold with
eigenvectors of the data covariance. However, this may not
effectively capture the stiff chemical dynamics when the re-
action zones are spatiotemporally localized. Alternatively,
a co-kurtosis PCA (CoK-PCA), wherein the principal com-
ponents are obtained from singular value decomposition
(SVD) of the matricized co-kurtosis tensor, demonstrated
greater accuracy in capturing the stiff dynamics. However,
both methods incur significant errors due to a linear re-
construction of data onto the original manifold. Nonlinear
methods such as artificial neural networks (ANNs) can im-
prove reconstruction accuracy over linear methods, thereby
allowing further dimensionality reduction of the original
manifold. We use homogeneous reactor data of premixed
ethylene-air to investigate (1) the efficacy of CoK-PCA-
ANN relative to PCA-ANN and (2) ANN reconstruction
relative to linear reconstruction by comparing reconstruc-
tion errors of the thermo-chemical state, species produc-
tion, and heat release rates. Our results show that, while
ANN outperforms linear reconstruction in general, the pro-
posed CoK-PCA-ANN captures the stiff dynamics better
than PCA-ANN.
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Data-Driven Reduction of Chemical Input-Output
Libraries in Simulations of Hypersonic Flows in
Non-Equilibrium

Hypersonic flows are of great interest in a wide range
of aerospace applications and are a critical component
of many technological advances. Accurate simulations of
these flows in thermodynamic (non)-equilibrium (account-
ing for high temperature effects) rely on detailed thermo-
chemical gas models. While accurately capturing the un-
derlying aerothermochemistry, these models dramatically
increase the cost of such calculations. In this paper, we
present a novel model-agnostic machine-learning technique
to extract a reduced thermochemical model of a gas mix-
ture from a library. A first simulation gathers all relevant
thermodynamic states and the corresponding gas prop-
erties via a given model. The states are embedded in
a low-dimensional space and clustered to identify regions
with different levels of thermochemical (non)-equilibrium.
Then, a surrogate surface from the reduced cluster-space
to the output space is generated using radial-basis-function
networks. The method is validated and benchmarked on a
simulation of a hypersonic flat-plate boundary layer with
finite-rate chemistry. The gas properties of the reactive air
mixture are initially modeled using an open-source library.
Substituting the library with the light-weight, machine-
learned alternative improves the performance of the solver
by 50% while maintaining overall accuracy.
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clement.scherding@sorbonne-universite.fr

Georgios Rigas
Imperial College London
g.rigas@imperial.ac.uk

Peter Schmid
KAUST
peter.schmid@kaust.edu.sa

Denis Sipp
ONERA, France
denis.sipp@onera.fr

Taraneh Sayadi
Sorbonne Université
taraneh.sayadi@sorbonne-universite.fr

MS29

Unravelling the Linear and Nonlinear Mechanisms
in Flow Around a Stalled Airfoil

The Navier-Stokes equations linearised around the mean
(time-averaged) flow can successfully identify the energetic
frequencies in variety of flows. One particular example is
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the flow around a stalled airfoil where linear analysis iden-
tifies two important frequencies: the vortex shedding in
the wake and the Kelvin-Helmholtz instability in the shear
layer. Although the frequencies are a good match with
experimental data obtained from particle image velocime-
try (PIV), the structures computed from linear analysis do
not agree with those computed directly from the PIV data.
The discrepancy can be explained by the limitations of the
linear analysis which only accounts for energy exchange
mechanisms between the mean and fluctuations. Inter-
scale energy exchanges are neglected resulting in structures
which extend too far into the wake. In this talk, the non-
linear energy exchanges are unravelled by isolating the key
triadic interactions underpinning the flow. In addition, the
regions of the flow where these nonlinear energy exchanges
take place are identified in order to develop suitable eddy
viscosity models that mimic nonlinear energy transfer.
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MS30

Application of Co-Kurtosis Based Reduced Order
Models for Combustion Datasets

Principal Component Analysis (PCA) is a frequently em-
ployed dimensionality reduction technique in numerical
simulations of combustion processes. However, it could
be argued that the co-variance eigenvectors of the thermo-
chemical state space used for PCA may be unable to fully
capture information about important, extreme-valued lo-
calized chemical dynamics like ignition-kernel-formation.
In such situations, a useful approach may be to consider
a dimensionality reduction procedure where the required
principal vectors are computed from high-order joint sta-
tistical moments and may enable improved identification
of the state space directions corresponding to stiff dynam-
ics. This talk presents one such procedure, namely the
co-kurtosis PCA (CoK-PCA), that is based on the fourth-
order joint statistical moment i.e. the co-kurtosis tensor.
Apriori analysis of combustion datasets corresponding to
spontaneous ignition of premixed ethylene-air in a sim-
ple homogeneous reactor and ethanol-fueled homogeneous
charged compression ignition (HCCI) engine demonstrates
that the co-kurtosis based reduced manifold is able to rep-
resents the original thermo-chemical state in the regions
where chemical reactions are important with significant ac-
curacy.
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MS30

Time-Dependent Subspaces for Reduced-Order
Modeling (ROM) of Compressible Reacting Flows
with Non-Trivial Boundary Conditions

The performance of the dynamically bi-orthogonal (DBO)
decomposition for the reduced order modeling of compress-
ible reacting flows is assessed. DBO is an on-the-fly low-
rank approximation technique, in which the instantaneous
composition matrix of the reactive flow field is decom-
posed into a set of orthonormal spatial modes, a set of
orthonormal vectors in the composition space, and a fac-
torization of the low-rank correlation matrix. This ap-
proach bypasses the need to solve the full-dimensional set
of species transport equations to generate high-fidelity data
as is commonly performed in data-driven dimension reduc-
tion techniques such as the principal component analysis
(PCA). Because of these features, DBO can adapt on-the-
fly to intrinsic and externally excited transient changes in
state of the transport variables. A demonstration case
of DBO-based ROM of reacting transport equations ex-
hibiting strongly transient combustion phenomena includ-
ing flame propagation, end-gas auto-ignition and develop-
ing detonation is presented using a 39-species gasoline sur-
rogate mechanism. A-posteriori comparisons against the
data generated via full-rank direct numerical simulation
(DNS) as well as the PCA reduction of the DNS data is
carried out to highlight the effectiveness and accuracy of
the DBO based ROM of compressible reacting flows.
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MS30

Adaptive, Physics-Based Digital Twins of Practical
Combustion Systems

The combination of simulation and experimental data is
key for developing accurate and reliable Reduced Order
Models that can serve as digital twins (DT) of practical
combustion systems to forecast combustion evolution in
real-time and act as soft sensors. Dimensionality reduc-
tion in combination with non-linear regression has proven
powerful in building reduced-order models from Compu-
tational Fluid Dynamics simulations. In this work, we
demonstrate the development of a physics-based digital
twin for a furnace operating in flameless combustion condi-
tions, in a wide range of operating conditions deriving from
the modification of the equivalence ratio, the air injection
velocity (controlling the internal recirculation degree) and
the fuel composition (from pure methane to pure hydro-
gen). Integrating heterogeneous data streams in the DT
development process and continuous improvement is also
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discussed, using a combination of methodologies based on
sparse sensing and data assimilation.
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Université Libre de Bruxelles
Università di Pisa
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MS30

Topological Characteristics of Low-Dimensional
Manifolds in Reduced-Order Modeling of Turbu-
lent Combustion

Dimensionality reduction techniques are used in turbulent
combustion to find low-dimensional manifolds (LDMs) in
high-dimensional reacting systems to build reduced-order
models (ROMs), where only the low-dimensional parame-
ters are transported. We achieve a substantial reduction
in the number of parameters needed to visualize, describe
and predict complex systems, but some topological prop-
erties of LDMs can hinder their practical application. For
instance, ROMs often require training a nonlinear regres-
sion model to predict physical quantities of interest from
the reduced representation, and accurate reconstruction of
minor species as well as projected source terms (both of
which can exhibit large gradients) is challenging. In this
talk, we explore the challenges that remain in ROM of
turbulent combustion. We focus on the topological issues
that the LDMs present. We discuss our recent advances in
characterizing manifold quality, generating improved man-
ifold topologies and improving nonlinear regression perfor-
mance. We demonstrate novel quantitative tools for char-
acterizing the quality of LDMs from the perspective of non-
uniqueness and steep gradients in the physical quantities
of interest. We show applications of the manifold assess-
ment tools in optimization algorithms that yield improved
manifolds. We discuss novel local kernel regression models
that achieve better predictive performance than the cur-
rent state-of-the-art models.
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MS31

Contact Problems in Porous Media

In this talk, we consider a Biot contact problem, i.e.
Biot equations with Signorini contact conditions. The
corresponding two-field variational inequality problem
is analyzed and a finite element discretization is pre-

sented. Robust numerical discretization, and correspond-
ing parameter-robust a posteriori analysis is of paramount
importance in applications involving porous media. An a
posteriori analysis in the spirit of is therefore presented for
our Biot contact problem. Numerical results underline the
theory and demonstrates that our adaptive strategy leads
to optimal convergence rates.
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A Numerical Method for Subglacial Cavity Forma-
tion

Water-filled cavities form in the interface between the ice
and the bedrock as an ice sheet or glacier slides along an
obstacle. Over sufficiently long timescales, ice is assumed
to flow as a viscous flow with a nonlinear rheology. Sub-
glacial cavity formation is an important mechanism in sev-
eral glaciological applications: 1) the determination of a
relationship between sliding speed and basal shear stress
(the sliding law), 2) the evolution of subglacial hydrology
systems, which act as porous media under an ice sheet
through which meltwater flows, 3) the filling and drainage
of subglacial lakes, which are essentially large cavities un-
der ice sheets coupled to the subglacial hydrology system.
In this talk, we present a numerical model for subglacial
cavitation which couples the Stokes equations to a free
boundary equation. The opening and closing of a cav-
ity is a time-dependent problem in which the ice detaches
and reattaches from the bedrock. Detachment is achieved
in the model by solving the Stokes equations with contact
boundary conditions; as a result, a Stokes variational in-
equality must be solved at each time step.
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Adaptive Meshing Strategies for Sea-Ice Simula-
tion

A very influential simplification of the general governing
equation of sea-ice behaviour is the so-called dynamical
sea-ice model by Hibler. This model has been intensively
discussed in the last half-century and is used in many cli-
mate models. Many models use finite-difference methods
to approximate the model equations and therefore are re-
stricted to quadrilateral meshes. Therefore in recent years,
there was some development to use finite-element methods
for this kind of simulation. This approach allows the use
of more general meshes, in particular triangular meshes.
We want to extend this development to the next step. We
present an a posteriori error estimator, which allows us to
derive an adaptive mesh refinement algorithm. This is par-
ticularly useful for saving computing power and guarantees
good approximation in cases of low regularity solutions.
This is especially useful for higher order methods which
accelerate the convergence.
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Stress and Flux Equilibration for Biot’s Consolida-
tion Problem in Porous Media

The Biot consolidation model of flow and deformation in
porous media involves the fluid flux and solid stress as im-
portant variables which one may focus on in the numer-
ical approximation. While there are variational formula-
tions which focus on flux and stress as independent vari-
ables, one may also reconstruct these quantities from the
pressure-displacement formulations which are more com-
monly used. Such reconstructions can be obtained by
an equilibration technique involving Raviart-Thomas ele-
ments on a vertex patch decomposition. This talk will fo-
cus on the H1-conforming Taylor-Hood finite element com-
bination, consisting of polynomial degrees k+1 for the dis-
placements and the fluid pressure and k for the total pres-
sure from [J.J. Lee, K.A. Mardal, R. Winther, Parameter-
robust discretization and preconditioning of Biot’s consoli-
dation model. SIAM J. Sci. Comput. 39, A1–A24 (2017)].
It is concerned with the equilibration technique imposing
weak symmetry on the stresses studied in [F. Bertrand,
G. Starke, A posteriori error estimates by weakly symmet-
ric stress reconstruction for the Biot problem. Comp. &
Maths. with Appl. 91, 3–14 (2021)]. Numerical results for
the resulting a posteriori error estimator will be presented
to illustrate the practical viability of the method.

Gerhard Starke
University of Duisburg-Essen
Fakulty of Mathematics
gerhard.starke@uni-due.de

Fleurianne Bertrand
University of Twente
f.bertrand@utwente.nl

MS32

Tackling Application Portability in Julia

In research software engineering we face a plethora of hard-
ware (new and old) that are being used to solve scientific
problems at many scales. From the researches new lap-
top, over institutional resources, to national supercomput-
ers. Scientific applications need to be portable across these
architectures, but also exploit specific capabilities of the
hardware to reach maximum performance. The Julia pro-
gramming language is a high-level programming language
used for technical programming (science, engineering, ...)
and many scales. It provides capabilities to program a
range of accelerators from different vendors, as well as sup-
porting hardware based reduced precision and vectoriza-
tion. In this talk we will explore the interplay between
writing general programs that are specialized by the com-
piler, using examples from computational fluid dynamics.
The two focus topics are (1) the challenge of supporting
reduced precision and (2) targeting multiple GPU vendors
from a single-source program.
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Towards Everything-Flexible Climate Models in
Julia: Productivity Meets Performance

Weather and climate models range in complexity from
simple and conceptual to large high-performance com-
puting applications. The middle ground of intermediate-
complexity models has received inadequate attention: Such
models are simple enough for rapid prototyping to test new
concepts, but simultaneously complex enough for research
results to be meaningful for operational weather and cli-
mate models. We present SpeedyWeather.jl, a spectral at-
mospheric model which is developed as a computational
playground for research. Using Julia, its development
itself is an investigation into how productivity, flexibil-
ity and performance can be combined for next-generation
weather and climate models. With minimal code redun-
dancies SpeedyWeather.jl supports different number for-
mats and numerical precisions; different architectures; dif-
ferent physical equations; different spatial grids across a
wide range of horizontal resolutions. Among those, a 16-
bit dynamical core that runs efficiently on GPUs and au-
tomatic differentiation are in development. Julias ability
to abstraction leverages code composability. With multi-
ple dispatch, types like the number format or the spatial
grid are not hard-coded and become essentially a parame-
ter to the model. Such high modularity in Julia is key for
research models as new ideas can be quickly combined and
tested, without penalising performance.
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High Performance Particle Simulations and Simu-
lation Analysis Tools with CELLLISTMAP.JL

N-body simulations andtrajectory analysisrely on the cal-
culation of attributes that depend on pairwise particle dis-
tances within a cutoff. Interparticle potential energies,
forces, distribution functions, neighbor lists, and distance-
dependent distributions, for example, must be calculated.
Cell lists are widely used to avoid computing distances
outside the cutoff. However, efficient cell list implemen-
tations are difficult to customize. Here, we provide a fast
and parallel implementation of cell lists in Julia that al-
lows the mapping of custom functions dependent on par-
ticle positions in 2 or 3 dimensions. Arbitrary periodic
boundary conditions are supported. Automatic differ-
entiation andunit propagationcan be used. The imple-
mentation provides a framework for the development of
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new analysis tools and simulations with custom potentials.
The performance of resulting computations is comparable
to state-of-the-art implementations of neighbor list algo-
rithms and cell lists, available in specialized software. Ex-
amples are provided for the computation of potential en-
ergies, forces, distribution of pairwise velocities, neighbor
lists and other typical calculations in molecular and astro-
physical simulations. The Julia package is freely available
athttp://m3g.github.io/CellListMap.jl. Interfacing with
Python and R with minimal overhead is possible.
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High-Performance Computing with TRIXI.JL

Clean and understandable code, an extensible design, and
a fast implementation are common goals for scientific soft-
ware development. They are, however, difficult to achieve
simultaneously, since they often require contradictory im-
plementation strategies. In this talk, we will discuss how
the Julia programming language can help to overcome some
of the typical challenges that arise when trying to develop
a high-performance research code that can be easily used
and extended by other scientists. We will demonstrate how
Trixi.jl, an adaptive high-order numerical simulation pack-
age for conservation laws, was designed as a software li-
brary with modular components, but with the necessary
infrastructure code to make it usable as a standalone frame-
work. The code extensibility afforded by the multiple dis-
patch mechanism of the Julia language is leveraged to at-
tain high-performance implementations without having to
sacrifice accessibility for new users. Finally, we will show
how the seamless interoperability with C libraries allows
us to scale our Julia code to thousands of cores.
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Uncertainty Quantification for Random Field
Quantities Using Multi-Fidelity Karhunen-Love
Expansions with Active Learning

Sampling-based uncertainty quantification is often compu-
tationally prohibitive when using high-fidelity (HF) mod-
els. One approach to alleviate this cost is by building
multi-fidelity (MF) surrogate models that combine a small
number of HF simulations with a larger number of less
expensive lower-fidelity (LF) simulations. We focus on us-
ing Karhunen-Love expansions (KLEs) as surrogate mod-
els, which are based on low-rank spectral approximations
that can effectively characterize random field (e.g., spatio-
temporal) quantities. We build KLEs in a multi-fidelity
manner by retaining the connections to the physical sources
of uncertainty through the use of polynomial chaos expan-
sions inside an LF KLE and an additive correction KLE.
Predictions can then be generated rapidly for any input
parameter value, and greatly accelerate the UQ compu-
tations. When additional high-fidelity simulations can be
performed to further improve the surrogate model, we pro-
pose an active-learning framework to strategically select
new simulation points in the input parameter space. We
achieve this by using a Gaussian Process (GP) to represent
the current MF surrogate error, and use Expected Improve-

ment to find the point with the highest expected surrogate
error for performing the next HF simulation. We show the
advantages of the overall method on benchmark problems
and field quantities from a turbulent round jet application.
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Gaussian Process Regression with Kernels Learned
from Data

The design performance given by the manufacturers may
usually differ from the operational performance, due to the
variability of some operational parameters. Usually, the de-
sign development is divided into two different phases. The
first phase is to determine the pre-optimal design. Through
the use of numerical software, the best design is chosen
considering some ideal performances to be achieved. The
second phase is to certify through full-scale experiments
that the design determined previously is valid. In this way,
the post-optimal design is specified. This second phase is
the most costly one. In that respect, manufacturers seek
to lower the utilization of full-scale experiments. Optimal
Uncertainty Quantification (OUQ) is a powerful mathe-
matical tool which can be used to rigorously bound the
probability of exceeding a given performance threshold for
uncertain operational conditions or system characteristics.
This mathematical framework can be very computation-
ally demanding. The use of a metamodel is highly desir-
able. Moreover, the robustness of the bounding obtained in
this framework will strongly depend on the quality of this
metamodel. Therefore, one needs to build a metamodel
which is quick to evaluate and as accurate as possible. An
algorithm, named Spectral Kernel Ridge Regression, is in-
troduced to design kernels from available data in Gaussian
process regression surrogate modeling techniques. This al-
gorithm is illustrated on several numerical examples.
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Optimization-Based Confidence Interval Construc-
tion for Ill-Posed Inverse Problems in the Physical
Sciences

The difficulty of uncertainty quantification (UQ) for inverse
problems in the physical sciences is compounded by various
statistical challenges. These problems are often ill-posed,
and even with linear forward models, the rank-deficient
forward matrices may only be implicitly available through
computationally demanding simulators. Typically, some
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of these challenges can be addressed via regularization, but
this biases inference and thus affects UQ guarantees. Thus,
standard statistical solutions to these types of problems are
often either intractable, unreliable or fail to use relevant in-
formation. We propose that some of these challenges can
be handled by simply incorporating physical constraints,
but this approach leads to challenges of its own. In this
talk, I present optimization-based confidence intervals re-
lated to the strict bounds interval methodology, address-
ing some of the aforementioned challenges by incorporating
physical constraints. In particular, I present the intervals
through the lens of the log-likelihood ratio, allowing con-
nections to constrained inference. Finally, I discuss a few
physical science applications.
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Lasso Monte Carlo, a Novel Method for High Di-
mensional Uncertainty Quantification

High-dimensional uncertainty quantification (UQ) is an ac-
tive area of research, applicable to virtually all domains
of science and engineering. In particular in the field of
nuclear engineering, simulation codes use nuclear data li-
braries with tens of thousands of uncertain values, that
need to be propagated to the output of the simulations.
The most common methods used for UQ are Monte Carlo
and surrogate-modelling. The former method is dimen-
sionality independent but has a slow convergence, while
the latter method has been shown to yield large compu-
tational speedups with respect to Monte Carlo. However,
surrogate models are biased and suffer from the curse of di-
mensionality, becoming costly to train for high-dimensional
problems. We present a new technique, Lasso Monte Carlo
(LMC), which combines surrogate models and the mul-
tilevel Monte Carlo technique, to perform UQ in high-
dimensional problems. We prove the unbiasedness of LMC,
and that it can converge faster than simple Monte Carlo.
The method is numerically tested on a variety of problems:
high-dimensional linear functions, the Sobol function where
LMC is compared to PCE, the FPUT lattice problem, and
on a nuclear physics problem of calculations for spent nu-
clear fuel involving over ten thousand dimensions. The
LMC method has faster convergence than simple Monte
Carlo in all tests, and reduces the computational cost of
UQ by up to a factor of 5.
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Low-Dimensional Models with Nonlinear
Parametrizations for Systems of Transport-
Dominated Evolution Equations

Latent dynamics of transport-dominated evolution phe-

nomena such as described by hyperbolic conservation laws
typically exhibit nonlinear structures that make tradi-
tional linear dimensionality reduction methods in low-
dimensional subspaces inefficient. In this presentation,
we build on Dirac-Frenkel variational methods to propa-
gate forward in time nonlinear parametrizations such as
deep neural networks that efficiently describe the latent
dynamics of transport-dominated problems. The key con-
tribution is an extension of previous work to handle sys-
tems of equations. Each variable, e.g., pressure and ve-
locity, is described by a separate nonlinear parameteriza-
tion, which are subsequently coupled together. Numerical
results demonstrate that the proposed approach requires
few degrees of freedom to accurately describe and predict
transport-dominated dynamics.
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Information-Theoretic Approaches for Model Iden-
tifiability in Inverse Problems

An information-theoretic estimator is proposed to assess
the global identifiability of statistical models in a practi-
cal setting. No assumptions are made on the structure of
the statistical model or the prior distribution while con-
structing the estimator. The estimator has the follow-
ing notable advantages: first, no controlled experiment
or data is required to conduct the practical identifiabil-
ity analysis; second, different forms of uncertainties, such
as model-form, parameter, or measurement can be taken
into account; third, the identifiability analysis is global,
rather than being restricted to a local region of the param-
eter space. If an individual parameter is unidentifiable, it
can belong to an identifiable subset such that parameters
within the subset have a functional relationship with one
another and thus have a combined effect on the statistical
model. The practical identifiability framework is extended
to highlight the dependencies between parameter pairs that
emerge a posteriori, with the goal of finding identifiable
parameter subsets. The applicability of the proposed ap-
proach is demonstrated using a linear Gaussian model and
a non-linear methane-air reduced kinetics model.
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Automating Hyperparameter Tuning for Deep
Neural Network Training

Deep neural networks (DNN) have become central to sci-
entific machine learning (SciML) due to their ability to
approximate a wide range of functions and thereby act as
surrogate models. Despite their success and prevalence,
DNNs are notoriously difficult to train. In this talk, we
will address the DNN training challenge of choosing hy-
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perparameters, such as the learning rate and regularization
parameter, which often are chosen by trial-and-error. Our
approach will automate the choice of hyperparameters dur-
ing training using iterative sampling techniques. We will
demonstrate the efficacy of our approach on various tasks
vital to SciML, including surrogate modeling and dimen-
sionality reduction.
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Performance-Portable Matrix-Free Finite Element
Solvers with SYCL

In this talk, we discuss and demonstrate how performance-
portable matrix-free finite element solvers can be developed
in SYCL and how the algorithms can be adapted to match
the performance characteristics of the target hardware. For
that, we present a performance model that can guide the
choice of algorithm and optimization strategies to apply.
The performance model takes into consideration both im-
plementation aspects and hardware performance metrics
such as arithmetic peak performance. Finally, we will
present performance results for different CPU and GPU ar-
chitectures, including AMD Milan and Intel Icelake CPU
nodes, and NVIDIA A100 and AMD Instinct MI100 ac-
celerators. The numerical experiments together with the
performance model show that our SYCL implementation is
able to achieve a reasonable fraction of peak performance
on a wide variety of platforms, however it may require not
only different kernels implementations for different devices
but also different algorithms.
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Vision and Scope of the SYCL Minisymposium

SYCL is a heterogeneous parallel programming model,
stewarded by the Khronos Group. The open standard of-

fers portable heterogenenous parallel programming in mod-
ern C++. For scientific and engineering simulation and
analysis codes, SYCL therefore offers the potential for ap-
plications to be performance portable, i.e., for the codes
to attain high levels of performance across a range of CPU
and GPU devices from different vendors, in a productive
way. This talk will briefly introduce the key concepts in the
SYCL programming model itself, so this minisymposium
will be accessible to tall no matter their prior experience
of SYCL. Heterogeneous programming models needs to be
able to describe the underlying hardware, and enable pro-
grammers to write programs which control the location of
their data, and the location of computation on that data. I
will discuss how these abstractions in the SYCL program-
ming model enable portability and create the potential for
performance, and hence strive for performance portabilily.
I will finish this talk with a survey of how the current SYCL
ecosystem stands with respect to this goal. This will set
the stage for this minisymposium, where SYCL will be ex-
plored in a wide range of different application areas.
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Performance-Portable Earthquake Simulation with
SeisSol and SYCL

SeisSol is a high-performance simulation package for large-
scale simulation of earthquakes and seismic phenomena. It
solves the seismic wave equations in various material mod-
els using high-order discontinuous Galerkin with ADER
time stepping. To tackle the demands of managing model
variations and achieving high performance on various CPU
and GPU architectures, SeisSol uses a custom-built DSL
and code generator, YATeTo (Yet Another Tensor Toolkit),
as an abstraction layer for implementation. We will report
on recent work and results obtained with a SYCL back-
end for YATeTo and we will discuss benefits of SYCL over
OpenMP for the implementation of dynamic rupture sim-
ulation in SeisSol.
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Making HiCMA Hardware-Agnostic with SYCL

This talk reports on user experiences and performance
analysis of porting the Hierarchical Computations on
Manycore Architectures (HiCMA) software to SYCL. We
target systems including x86 and hardware accelerators
from various vendors. We assess performance portabil-
ity using scientific applications powered by HiCMA, while
achieving high user-productivity.
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The C*-Dynamical System of Amenable Quasi-
Lattice Ordered Groups and Positive Elements

Let (G,P ) be a quasi-lattice ordered group. In previous
work, the author constructed a universal covariant repre-
sentation (A,U) for (G,P ) in a way that avoids some of
the intricacies of the other approaches. Then showed if
(G, P ) is amenable, true representations of (G,P ) gener-
ate C∗-algebras which are canonically isomorphic to the
C∗-algebra generated by the universal covariant represen-
tation. In this paper, we show that amenability of (G,P )
can be established by showing that the universal covariant
representation of the C∗-dynamical system is faithful on
the positive elements of the algebra BV .
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MS36

Adaptive Continuation Methods for Nonlinear
PDEs in Deforming Domains

Many problems in mechanics require the solution of par-
tial differential equations within deforming domains; for
example, fluid flows containing drops and bubbles, or flows
within elastic tubes and channels. The deformation of the
domain typically leads to nonlinearities within the system,
even when the bulk equations are linear, which can give
rise to complex bifurcation structures that connect multi-
ple solution branches. Another aspect of such systems is
that fine-scale features of the solutions are often localised
in space and time, meaning that mesh adaptivity is advan-
tageous for efficient numerical solution. Traditional con-
tinuation methods designed to follow solution branches are
generally formulated from discrete, rather than continu-
ous, systems, which presents problems if the discretisa-
tion is not fixed over the parameter range of interest. In
this talk, I will explain the generic implementation of spa-
tially adaptive continuation methods within the software
library oomph-lib (https://www.oomph-lib.org) and how
these methods can be used to explore the complex solu-
tion structures that arise when solving nonlinear PDEs in
deforming domains.
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MS36

Torsional Flows of Convection in Rotating Fluid

Spheres: Computation of the Critical Region, the
Periodic Solutions, and Their Stability

It is known that the onset of convection in rotating fluid
spheres and spherical shells usually gives rise to rotating
waves, which can travel in the prograde or retrograde direc-
tion relative to the frame of reference rotating with the bulk
of the fluid. It was discovered recently that axisymmet-
ric periodic regimes can also be preferred at low Prandtl,
Pr, and Ekman, Ek, numbers. These flows are known as
torsional. In order to determine the parameter-space re-
gion where the axisymmetric flows are the first bifurcated
solutions from the conduction state, the curves of double
Hopf points corresponding to simultaneous transitions to
azimuthal wave numbers (m1,m2) = (0, 1), (1,1), (0,2),
etc. were computed. These curves form the skeleton of
the bifurcation diagram, separating the regions of differ-
ent preferred azimuthal wave numbers. Their intersections
are triple Hopf points, several of which were found. It
turned out that the region of interest was limited by the
curves (m1, m2) = (0, 1) and (0,2). The torsional solutions
emerging form the conduction state were computed for sev-
eral pairs (Pr,Ek) inside the above mentioned region, and
their stability to azimuthal dependence was studied using
Floquet multipliers.
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MS36

Recent Developments in Numerical Continuation
and Bifurcation for Nonlinear PDEs

Numerical continuation and bifurcation methods have
become important tools to study PDEs in 2D and
higher space dimension, with some general purpose
toolboxes available, for instance BifurcationKit.jl
[Veltz, https://hal.archives-ouvertes.fr/hal-02902346,
2020], coco–interfaces for PDEs [Dankowicz and Schilder,
Recipes for continuation, SIAM 2013], and pde2path
[Uecker, Numerical continuation and bifurcation for
nonlinear PDEs, SIAM 2021]. The main applications
are in pattern formation for classical semilinear PDEs,
e.g., reaction diffusion systems. Here we explain the
numerical challenges for geometric PDEs such as constant
mean curvature surfaces, for instance liquid bridges and
triply periodic surfaces, and some higher order problems
such as shape equations for vesicles, and present some
recent solutions, and bifurcation results for such problems
obtained with pde2path.

Hannes Uecker, Alexander Meiners
Department of Mathematics
University of Oldenburg
hannes.uecker@uni-oldenburg.de, alexander.meiners@uni-
oldenburg.de

MS36

Pattern Formation in a Nonlocal Model for Micro-
bial Motility

We study a model of aggregation of organisms in two spa-
tial dimensions. The uninhibited motion of the organisms
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is represented by a transport equation for the organism
density, while the sensing of the environment, for instance
by auditory clues or chemotaxis, is represented by spatial
convolutions. The sensing mechanism includes a cut-off
at low signal intensity and a saturation at high intensity.
We investigate the patterns that arise at critical values of
the parameters that regulate the sensing, as well as their
spectra and the secondary bifurcations they produce.

Lennaert van Veen
UOIT, Canada
Lennaert.vanVeen@ontariotechu.ca

Pietro-Luciano Buono
University of Ontario Institute of Technology
Oshawa, Ontario Canada
Pietro-Luciano.Buono@uoit.ca

MS37

Non-Intrusive Implementation of Multiscale Finite
Element Methods

The multiscale finite element method (MsFEM) is a fi-
nite element method (FEM) that allows to solve partial
differential equations (PDEs) with highly oscillatory coef-
ficients on a coarse mesh, i.e. a mesh with elements of
size much larger than the characteristic scale of the het-
erogeneities. To do so, MsFEMs use pre-computed basis
functions, adapted to the differential operator, thereby tak-
ing into account the small scales of the problem. Standard
FEM software is based on problem-independent (e.g. poly-
nomial) basis functions, so that the resolution of the FEM
can be automated for a large variety of problems. Such
software cannot easily be adapted to deal with specific ba-
sis functions for each new problem; the MsFEM approach
is intrusive. In this talk, we shall propose adaptations of
the MsFEM that allow for a non-intrusive approximation
strategy: our MsFEM leads to an effective PDE with slowly
varying coefficients, hence can be solved by means of stan-
dard FEM software. We hope this will facilitate the imple-
mentation of the MsFEM outside academic environments.
The support of DIM Math INNOV and Inria is gratefully
acknowledged.
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MS37

Optimal Computational Boundary Conditions for
Linear Elliptic Equations in Random Media

We consider a model problem of conductivity in a random
heterogenous medium taking the form of a uniformly ellip-
tic equation with random coefficient. We will present in
this talk two recent works proposing high accuracy meth-
ods to compute the solution based on optimal computa-
tional boundary conditions. First, we consider the case of
highly oscillatory coefficient fields, putting the problem in
the homogenization regime. We will describe a method for
computing the homogenised matrix based on representa-
tive volume elements with periodic boundary conditions.
We will compare two different approches: periodising the
realisations versus periodising the law of the coefficients,
and explain how the second approach leads to a higher ac-
curacy. This is a joint work with Marc Josien, Felix Otto
and Qiang Xu. Second, we will consider the problem of
computing the electrical field generated by a charge distri-

bution localized on scale � in a situation where the medium
is only known in a box of diameter L > � around the sup-
port of the charge. We study the artificial Dirichlet bound-
ary condition proposed in [Wang, Otto, Ju,Optimal artifi-
cial boundary conditions based on second-order correctors
for three dimensional random elliptic media] in the case
where the medium is a sample from a stationary ensemble
with slowly decaying correlations.This is a joint work with
Lihan Wang and Quinn Winters.
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Multiscale Discretization of Nonlinear
Schroedinger Equations with Application to
Bose-Einstein Condensates

The Gross-Pitaevskii equation (GPE) is a nonlinear
Schroedinger equation which is used in quantum physics to
model the dynamics of Bose-Einstein condensates (BECs).
It is well known that this equation has important time
invariants such as the total energy of the system. Pre-
serving the energy under numerical discretization can be
of great significance in many practical situations. In this
talk we consider numerical approximations of the GPE
based on multiscale approaches. More precise, we choose a
generalized finite element space which is based on the lo-
calised orthogonal decomposition method and which allows
to capture the energy with a 6th order accuracy. Paired
with energy-preserving time integrators we demonstrate
how such an approach can lead to an efficient solver for
the GPE and so for simulating the dynamics of BECs on
larger time scales.
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Fully Discrete Heterogeneous Multiscale Method
for Parabolic Problems with Multiple Temporal
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and Spatial Scales

Problems with multiple spatial and temporal scales occur
in a variety of different considered phenomena and materi-
als like saltwater intrusion or storage of radioactive waste
products. In the parabolic case, where the microscopic
scales are additionally periodic, the heterogeneous multi-
scale method provides a framework for efficiently solving
such problems. We consider the critical case where the cell
problem is also a parabolic one and we replace the periodic
boundary and time conditions by Dirichlet boundary and
initial values. Further, we give a detailed a priori error
analysis of the fully discretized, i.e., in space and time for
both the macroscopic and the cell problem, method.
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Convergence of High-Order Numerical Schemes for
the Euler Equations via Dissipative Weak Solutions

It is well known that for the Euler system, a large class of
solutions remain smooth only on a certain maximal time
interval. Dissipative weak solutions (DWS) have demon-
strated their capability analytically and numerically to be
the right solution concept to the Euler equations of gas
dynamics when strong solutions are not attainable. In
this talk, I will talk about the notion of DWS in the con-
text of Euler equations. Furthermore, in this talk, I will
present a convergence analysis of the MUSCL scheme and
a high-order finite method, the spectral difference method.
Namely, we show that structure preserving properties, such
as positivity preservation and entropy inequality hold. We
demonstrate how to ensure them and prove the conver-
gence of our multidimensional high-order scheme via dis-
sipative weak solutions. Lastly, we demonstrate our the-
oretical findings with numerical simulations of turbulent
flows.
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Regularly Hyperbolic Action Principles and Their
Discontinuous Galerkin Discretization

Discontinuous Galerkin methods provide a flexible and
general approach to approximating initial-boundary value
problems defined by first order Friedrichs systems. How-
ever, physical systems are often described by action prin-
ciples associated with Euler-Lagrange equations in second
order form. Although in many cases it is possible to asso-
ciate these equations with first order systems, the change in
form requires additional initial and boundary conditions,
so that their sollutions will agree only if certain (possi-
bly nonlinear) constraints are satisfied. In this talk we
will present a construction of discontinuous Galerkin dis-
cretizations which can be directly applied to the second or-
der Euler-Lagrange equations. We consider as our model
systems the so-called regularly hyperbolic systems intro-
duced by Christodoulou (The Action Principle and Partial
Differential Equations, 2000). These possess leading order
terms satisfying an energy equality which we can use to de-
fine numerical fluxes and establish stability of the schemes.
Some examples from gravitational wave theory are given to

illustrate the construction.
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Local Time-Stepping Schemes for Linear Wave
Equations

For the spatially discretized linear acoustic wave equation,
stability of explicit time integration schemes such as the
leapfrog scheme can only be guaranteed under a CFL con-
dition of the form τ � hmin, where τ denotes the time-step
size and hmin the diameter of the smallest element in the
underlying mesh. In the case of locally refined meshes,
where only a few mesh elements are small compared to the
remaining coarse ones, this condition is the main bottle-
neck for the efficiency of explicit schemes. To overcome
this issue, we introduce local time-stepping (LTS) schemes
which rely on the leapfrog scheme on the coarse part of
the mesh. On the fine part we employ two variants: a sta-
bilized leapfrog-Chebyshev scheme leading to an explicit
LTS scheme and θ-schemes resulting in (locally) implicit
LTS schemes. For the space discretization we focus on
a symmetric interior penalty discontinuous Galerkin dis-
cretization. After the construction of these schemes we
show that their CFL condition only depends on the coarse
part of the mesh and that they converge with second order
in time. Moreover, we present some numerical examples
confirming our theoretical results.

Marlis Hochbruck, Constantin Carle
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Elastodynamic Response of Sh Wave Dispersion in
a Multi-Layered Concentric Cylinders Composed
of Reinforced and Piezo-Materials

The present study fundamentally focuses on analyzing the
limitations and transference of horizontally polarized Shear
waves in a four-layered compounded cylinder. It com-
prises of concentric cylinders of infinite length composed of
self-reinforced, fibre-reinforced, piezo-magnetic, and piezo-
electric materials. The entire structure is assumed to be
pre-stressed along the azimuthal direction. In order to
make the structure sensitive to the application pertaining
to sensors and actuators, the PM and PE cylinders have
been categorically placed in the outer part of the geome-
try. Whereas in order to provide stiffness and stability to
the structure, the inner part consists of self-reinforced and
fibre- reinforced media. The common boundary between
each of the cylinders has been essentially considered as im-
perfectly bounded. At the interface of PE and PM media,
mechanical, electrical, magnetic, and inter-coupled types
of imperfections have been exhibited. The closed-form
of dispersion relation has been deduced for two contrast
cases i.e. EOMS and ESMO circuit conditions. Dispersion
curves have been plotted to illustrate the salient features
of parameters like normalized imperfect interface parame-
ters, initial stresses, and radii of the concentric cylinders.
Graphs have been plotted to compare the effects of these
parameters using two consecutive modes. This theoretical
study may be implemented to improvise the performance



40 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 39

of surface acoustic wave (SAW) sensors and actuators.
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Fast and Scalable Computation of Reduced-Order
Nonlinear Solutions for PDEs

We develop a method for fast and scalable computa-
tion of reduced-order nonlinear solutions (RONS). RONS
is a framework to build reduced-order models for time-
dependent partial differential equations (PDEs), where
the reduced-order solution depends nonlinearly on time-
varying parameters. With RONS we obtain an explicit set
of ordinary differential equations (ODEs) to evolve the pa-
rameters. These ODEs minimize the instantaneous error
between dynamics of the governing PDE and dynamics of
the reduced-order solution. Additionally, conserved quan-
tities of the PDE are easily enforced in the reduced so-
lution using the RONS framework. For a reduced-order
model with n parameters, naive calculation of ODEs pro-
duced by RONS requires evaluating O(n2) integrals. By
exploiting the structure of the RONS equations and using
symbolic computation, we reduce the computational cost
to O(K2) where K � n. With this approach we apply
RONS to problems which require many parameters in the
reduced-solution, including simulation of vortex dynamics
in turbulent fluid flow and the Fokker-Planck equation in
high dimensions.
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Spectral/hp Element Methods for Industry: Some
Challenges on the Way

We present the evolution of spectral/hp element methods
over the past several years, and their recent successful de-
ployment to industrial problems. To this end, we present
some of the milestones that we developed to achieve this
result, from high-order mesh generation to numerical sta-
bility, robustness, and computational efficiency. We then
present the success story of the high-fidelity Large-Eddy
Simulation (LES) of a real automotive car, namely the El-
emental Rp1 model. The simulation presents the common
challenges of an industry-relevant simulation, namely high
Reynolds number and complex geometry.
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On the Robustness of Time Integration Schemes
Coupled with Adaptive High-Order Spatial Dis-
cretizations with the Sbp Property

We report the performance of explicitly Runge–Kutta
schemes that are equipped with time step adaptivity and
possibly coupled with the relaxation procedure to achieve
entropy stability for computational fluid dynamics. The
goal is to verify the robustness of the overall adaptivity
procedure and the computational costs for practical and
complex flow problems discretized with an hp-adaptive col-
located entropy stable discontinuous Galerkin solver.
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A Convergent Finite-Volume Scheme for an Alter-
native Navier-Stokes System

The ultimate target for any numerical scheme aspiring to
solve a PDE is convergence. That is, by refining the grid,
ever more accurate approximate solutions are obtained.
This property is the sole guarantee that a numerical so-
lution can be trusted to track the true solution. For con-
sistent approximations of linear PDEs, the celebrated Lax-
Richtmyer Theorem, states the equivalence of stability, e.g.
a single L2 bound, and convergence. One may nurture the
hope that a non-linear bound, such as a bounded entropy,
has the same effect for non-linear conservation laws. Un-
fortunately, this is generally not the case. In this talk, I
will discuss why proving convergence (to any reasonably
defined solution) for the compressible Navier-Stokes equa-
tions is such a challenging problem and show that it is a
consequence of the derivation of the equations. Drawing
from these insights, I will present an alternative Navier-
Stokes model with the same modelling capabilities as the
standard Navier-Stokes system (and point to references
where it has been validated). Furthermore, and without
any a priori stability assumptions, I will outline a proof
showing that the numerical solutions to a finite-volume
scheme converges to a weak solution. That is, I will have
demonstrated the existence of weak solutions to the al-
ternative Navier-Stokes system. Finally, I will show some
numerical results produced by the scheme.
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Entropy-Split Multidimensional Summation-By-
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Parts Discretization of the Euler and Navier-Stokes
Equations

High-order Hadamard-form entropy conservative or stable
spatial discretizations of the Euler and Navier-Stokes equa-
tions are considerably more expensive than the divergence-
form discretization. In search of a more efficient entropy
conservative scheme, we investigate and analyze properties
of a discretization based on the idea of entropy-splitting.
The main ingredients of the scheme are Harten’s entropy
functions, diagonal-E summation-by-parts operator with
diagonal norm matrix, and entropy conservative or stable
simultaneous approximation terms (SATs). We show that
the scheme is high-order accurate and entropy conserva-
tive on general curvilinear unstructured grids for the Euler
equations. In the special cases of constant density or zero
heat conductivity, the scheme remains entropy stable for
the Navier-Stokes equations if appropriate viscous SATs
are used. Due to the splitting of the inviscid fluxes, the
method is not conservative in the sense of Lax-Wendroff.
To mitigate the effects of this loss of conservation, we pro-
pose a strategy to enforce local conservation in the vicin-
ity of discontinuities without loss of entropy stability. To
support the theoretical findings, several numerical investi-
gations involving both smooth and discontinuous solutions
are presented. Preliminary efficiency comparison studies in
terms of the time required to compute the spatial residual
terms are also included.
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Approximation As a Paradigm for Designing Par-
allel Graph Algorithms

We describe a paradigm for designing parallel algorithms
by approximation techniques. Instead of solving a problem
exactly, for which parallel algorithms may not exist, we
seek a solution with provable approximation guarantees.
Furthermore, we design these algorithms to be concurrent.
We discuss several matching and edge cover problems for
which such algorithms have been designed, and describe
their use in solving problems in sparse matrix computations
and load balancing problems in quantum chemistry.

Alex Pothen
Purdue University
Department of Computer Science
apothen@purdue.edu

MS40

Intelligent Rendezvous Point Selection for Improv-
ing Network Performance in SDIoT

Software-defined networking is a critical enabler of the In-
ternet of Things. The wireless sensor network is a network
of specialized embedded devices that have limited power
and storage which provide sensing services to the Software
Defined Internet of Things (SDIoT). The radio unit in a
sensor node consumes the most energy, hence, an efficient
routing strategy is essential to enhance the network life-
time. Most IoT-based WSN environments suffer from tra-
ditional clustering and routing methods, which cause data

loss, energy hole issues, and sensor premature death. If it
did not use adaptive learning methodologies and contin-
ued to use the existing protocol in IoT environment, the
network’s performance would degrade. In order to over-
come these issues, a clustering algorithm based on double
Q-learning algorithm is proposed to improve network life-
time and decrease delay in the IoT with uncertain commu-
nication links. The simulation findings demonstrate that
it outperforms existing clustering and routing algorithms,
particularly in terms of performance parameters such as
network lifetime, data collection delay and learning rate.
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How Good Is Approximately Solving Graph Prob-
lems As Width-Constrained Positive Linear Pro-
grams in Parallel?

Graph problems, like those of s-t path and densest sub-
graph, are frequently employed to solve a wide range of
applied problems. A number of these graph problems can
be expressed either approximately or exactly as a width-
constrained positive linear program (LP), and this formu-
lation may also admit further approximation by using low-
hop emulators or hopsets. Furthermore, many of these
problems can be solved with a (1 + �) approximation fac-
tor in a highly parallel way. In recent years, novel algo-
rithms using these techniques have been developed and an-
alyzed theoretically, but their practical implications are not
well understood in the literature. In this talk, we will ex-
plore some of the practical implications of these algorithms
for large-scale distributed graph problems. In particular,
we have implemented and analyzed the parallel (1 + �)-

approximate with Õ(n) parallel depth s-t path algorithm
from Andoni, Stein, and Zhong (STOC 2020) and the Mul-
tiplicative Weights Update (MWU) method from Mahoney
et. al (ICALP 2016) that finds a (1 + �)-approximate so-

lution to a positive LP in Õ(�−3) time (this is a joint work
with Caleb Ju and Serif Yesil.) We show that, for certain
types of problems, the novel methods trades vastly supe-
rior performance for a small decrease in accuracy, while for
others the gains are insubstantial. We also present some
implementation-specific enhancements.
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GraphZeppelin: Linear Sketching for Dynamic
Graph Connectivity

Existing graph stream processing systems must store the
graph explicitly in RAM which limits the scale of graphs
they can process. The graph semi-streaming literature
offers algorithms which avoid this limitation via linear
sketching data structures that use small (sublinear) space,
but these algorithms have not seen use in practice to date.
In this talk I will present GraphZeppelin, a streaming
graph system for computing the connected components of
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a dynamically changing graph. I will show how GraphZep-
pelin uses linear sketching to efficiently process graphs too
large to store explicitly in RAM, and why existing linear
sketching algorithms for this and other graph problems fall
short in practice. I will show how these sketching tech-
niques scale incredibly well in the the distributed setting,
with provably near-optimally low network communication
overhead. Finally, I will discuss what these results mean for
the semi-streaming model and what is required for linear
sketching algorithms to be practical.
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Algebraic and Humble Programming

We first recall the concept of a ”humble programmer” and
contrast it to that of a ”hero programmer”. Classically,
the former focuses on achieving high productivity, while
the latter focuses on extracting peak performance on a
given system. Given that both the complexity of program-
ming novel architectures increases, and that the trend of
producing heterogeneous systems that combine multiple
such complex architectures is becoming normal, humble
programming that achieves scalable performance close to
peak on a variety of architectures is becoming a necessity–
yet remains challenging. This talk introduces the free and
open-source Algebraic Programming (ALP) paradigm as
such a candidate solution, and ALP/GraphBLAS specifi-
cally. Here, programmers must annotate their code with
algebraic information, which the compiler then exploits in
optimization, the detection of programmer errors, and un-
scalable behaviour. Beyond sparse linear algebra, we addi-
tionally extend ALP to cover dense linear algebra as well
as vertex-centric programming. Finally, we demonstrate
the ALP platform’s efficiency and scalability, thus arriving
at a humble programming model for both numerical linear
algebra, graph algorithms, and beyond.
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Nektar++: Re-Design of a Spectral/HP Element
Solver for Streaming and Vectorized Architectures

The software design ethos of Nektar++ mimics the math-
ematical construction of the spectral/hp element method.
This involves a hierarchy of libraries that: i) represent poly-
nomial expansions in a standardised element, ii) a map
from a standard to a local element and iii) a library which
contained geometric properties for integration and differ-
entiation in the local element. To construct a piecewise ex-
pansion over a domain of multiple local elements we then
built a library of multiple local expansions which contains
connectivity information for a CG or DG scalar field. We
also chose to hold the local expansion coefficients and oper-
ators such as differentiation and integration over the whole
computational domain in this last library. We are cur-
rently revisiting this library structure since it is not appro-
priate on modern streaming architectures such as GPUs.
A necessary step of our re-design is to remove the under-
lying operators and scalar field storage from the top level
library level. Our new design is essentially inverting the
current top level concept so that the operators hold the
necessary expansion information about connectivity and is

passed a storage field that contains multiple scalar fields
in different layouts depending on the target architecture.
In this presentation we discuss our strategy to take our
legacy code, maintain backwards compatibility for our cur-
rent users whilst evolving this new structure for efficient use
of GPUs and vectorised CPUs.
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Performance Optimizations of High-Order Matrix-
Free Algorithms for CPU Architectures

My talk will present efficient algorithms for high-order fi-
nite element and discontinuous Galerkin discretizations on
CPU architectures, which are implemented in the deal.II fi-
nite element library. The core algorithm is the matrix-free
evaluation of the discretized partial discretization, com-
puting the cell and face integrals of high order continu-
ous and discontinuous finite elements on general curved
meshes on the fly with sum-factorization techniques. I
will contrast the algorithm selection for achieving a high
throughput on GPUs and CPUs, with a focus on the lat-
ter in terms of SIMD vectorization and cache behavior.
As modern implementations involve an arithmetic inten-
sity of one to five Flop/byte, the most pressing limit is
the memory bandwidth. I will present available options
to reduce the memory access and increase data locality,
such as computation of metric terms on the fly and the
fusion of vector operations into the operator evaluation.
The performance will be assessed in the context of multi-
grid algorithms with point-Jacobi and fast-diagonalization
smoothers as well as iterative solvers with simple precon-
ditions. These node-level optimizations will then be eval-
uated in terms of their strong-scaling efficiency on super-
computer scale, with a particular focus on implicit time
stepping with stage-parallel Runge-Kutta methods.

Martin Kronbichler
University of Augsburg
martin.kronbichler@uni-a.de

MS41

3D Full Waveform Inversion with Tetrahedral
Adapted Meshes and High-Order Hexahedron
Spectral Elements Based on Firedrake

This presentation focuses on the implementation of open-
source software for full waveform inversion (FWI). FWI
is used mainly for imaging the earth’s subdomains, but
also has applications in noninvasive neuroimaging and
high-resolution ultrasound breast imaging. The 3D FWI
is an inverse approach that requires several iterations of
costly acoustic or elastic wave propagations and gradi-
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ent calculations. Here we describe an open-source FWI
software implementation, based on the Firedrake Frame-
work, that runs on unstructured triangular and tetrahedral
meshes and employs higher-order mass lumped elements,
and we compare its performance with high-order spectral
element methods on quadrilateral and hexahedron struc-
tured meshes. For the unstructured mesh, we reduce de-
grees of freedom based on an automatic mesh refinement
that adapts to subsurface material heterogeneity. We illus-
trate our results of FWI on different realistic geophysical
examples while discussing computational performance on
different computer architectures. This research was carried
out in association with the ongoing R&D project registered
as ANP 20714-2, Software technologies for modeling and
inversion, with applications in seismic imaging (University
of Sao Paulo / Shell Brasil / ANP).

Alexandre Olender, Thiago D. dos Santos
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Daiane I. Dolci
Universisty of São Paulo
dolci@usp.br
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MS41

Exascale Workflows

With leadership class computing facilities commissioning
powerful computers that are getting closer to exascale,
users of these facilities are trying to solve much harder and
larger problems as fast as possible. There are numerous
challenges faced by users in adapting their code, algorithms
and workflow in preparation for future exascale systems.
Looking at state of the art pre-exascale systems in the U.S.,
we can see that these systems increasingly use accelerators
or General Purpose Graphic Processing Units (GPGPUs).
Developing scalable algorithms and implementing them ef-
ficiently on these systems is a challenging task, partly due
to complicated memory hierarchies of GPGPUs and the
complexity of programming models involved. With exas-
cale computers reaching large number of processors, users
also have to pay extra attention to how to decompose their
problem and communicate efficiently among different pro-
cessors in these distributed memory parallel computers. In
this talk, we go through the challenges faced when port-
ing spectral element codes to efficiently utilize leadership
class computing systems in preparation for exascale ma-
chine and how we manage to solve them for exascale and
beyond.

Thilina Rathnayake
University of Illinois
thilinarmtb@gmail.com

MS42

Statistical Analysis of Neonatal Mortality in
Ghana: A Case Study in Ashanti Region

The study’s goal was to identify the variables influencing
newborn mortality in Ghana. A 2017 survey was used for
the analysis, with the major events occurring between 2012
and 2017. Using R software, an analysis using logistic re-
gression approaches was performed to assess the impact of
socioeconomic and proximate factors on infant mortality.

The dependent variable of the study was whether the infant
was alive or dead, while the independent variables were di-
vided into socioeconomic and proximate factors. According
to the findings, some proximate factors have a significant
connection with whether the infant is dead or living. The
child’s weight had a strong relationship with whether the
child was alive or dead. The sex of the newborn was the
final proximate factor that showed a significant connection
with the child being dead or alive. In the Ashanti Re-
gion, most of the neonatal deaths were due to low birth
weight. Also, 62.7% of the babies that died were males.
The study revealed that if the significant elements under
the proximate factors are considered, newborn mortality
will be reduced.

Elizabeth D. Amankwah
Kwame Nkrumah University Of Science and Technology
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MS42

Stochastic Collocation for Neural Field Equations
with Random Data

Neural fields equations model the activity of the brain
cortex subject to an external stimulus. These spatially-
extended dynamical systems are specified by modelling
brain characteristics such as the synaptic kernel and firing
rate of neurons, which are generally only partially avail-
able in experiments. Tools from uncertainty quantification
are key to understanding neuronal behaviour and making
predictions of how the brain responds to external stimuli,
crucial problem in healthcare and biological applications.
Motivated by these considerations, we build a numerical
scheme for neural fields with random data (input, synap-
tic kernel, firing rate, or initial conditions) producing a
pointwise approximation of the expectation and variance
of neural activity at any space-time coordinate. Our ap-
proach consists in casting the system into a set of ODEs
on a Banach space, and using a two steps scheme to ap-
proximate the solutions mean and variance. The imple-
mented algorithm performs a spatial projection followed
by a stochastic projection. In this talk, we explain and
motivate possible choices for the projectors (interpolator
and orthogonal) and the corresponding quadrature rules to
approximate the integrals. In particular, we demonstrate
optimal convergence of stochastic collocation analytically
and present numerical results.

Francesca Cavallini
Vrije Universiteit Amsterdam
f.cavallini@vu.nl

MS42

Uncertainty Quantification in Data-Driven Model
Learning in Biology

Equation learning aims to infer differential equation mod-
els from data. While a number of studies have shown that
differential equation models can be successfully identified
when the data are sufficiently detailed and corrupted with
relatively small amounts of noise, the relationship between
observation noise and uncertainty in the learned differen-
tial equation models remains unexplored. We demonstrate
that for noisy data sets there exists great variation in both
the structure of the learned differential equation models as
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well as the parameter values. We explore how to combine
data sets to quantify uncertainty in the learned models,
and at the same time draw mechanistic conclusions about
the target differential equations. We generate noisy data
using a stochastic agent-based model and combine equation
learning methods with approximate Bayesian computation
(ABC) to show that the correct differential equation model
can be successfully learned from data, while a quantifica-
tion of uncertainty is given by a posterior distribution in
parameter space.

Simon Martina Perez
University of Oxford
martinaperez@maths.ox.ac.uk

MS42

Modeling Cell Behavior with Hybrid Cellular Potts
and Continuum Models

To form the patterns and behaviors that we see in multi-
cellular development, cells must carefully coordinate their
behavior through biophysical and biochemical cues. Nu-
merical modeling and theory are essential tools for ana-
lyzing the mechanism of such coordinated, collective cell
behavior. To do so, single-cell models must be sufficiently
detailed so they correctly capture essential aspects of in-
dividual cells and do not oversimplify. At the same time,
single-cell models must be sufficiently simple and compu-
tationally efficient so they can be upscaled to multicellular
systems. Here I will present a series of our recent hybrid
cellular Potts models for modeling individual cell behav-
ior, and show how these can be used to study the coordi-
nated cell behavior that is seen in biological development.
I will discuss single cell models used to analyze observa-
tions such as anomalous cell migration patterns of immune
cells, mechanical cell and extracellular matrix interactions,
and models of anisotropic force generation. I will end by
presenting stategies for using these hybrid CPMs to study
collective cell behavior.

Roeland Merks
Universiteit Leiden
merksrmh@math.leidenuniv.nl

MS42

An Adaptive, Two-Scale Scheme for Precipitation-
Dissolution Models in Porous Media with Evolving
Pore-Scale Geometry

We consider a two-scale model for precipitation and disso-
lution processes in a porous medium. Such processes deter-
mine a micro-structural evolution, leading to free bound-
aries separating the fluid from the solid inside each pore.
This evolution impacts the flow, which, on its turn, af-
fects the solute transport, the precipitation/dissolution
processes and, ultimately, the micro-scale geometry. To
avoid difficulties related to the evolving geometry inside
pores, we propose a phase-field pore-scale model. Employ-
ing formal homogenization, a two-scale model is derived,
in which the pore-scale and the Darcy-scale model compo-
nents are coupled through the cell problems, providing the
effective parameters. For the resulting model, we discuss
an adaptive two-scale scheme. It involves iterations be-
tween the scales, linear iterations for solving the nonlinear
cell problems, an adaptive selection of the elements wherein
the effective parameters are computed, and adaptive mesh
refinement.

Manuela Bastidas

Diabatix, Belgium
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MS43

An Accelerated, High-Order Direct Solver for the
Lippmann-Schwinger Equation

Scattering problems in variable media are often best-
handled by first reformulating the problem as an inte-
gral equation, known as the Lippmann-Schwinger equation.
This has numerous advantages, such as better condition-
ing, automatic enforcement of radiation boundary condi-
tions, and mitigation of dispersion errors. However, the
resulting coefficient matrices are dense which poses a chal-
lenge in the development of efficient solvers, especially in
applications with backscattering where iterative solvers can
take prohibitively large numbers of iterations. In this talk,
we present a new direct solver for the Lippmann-Schwinger
equation in the plane. The solver requires O(N3/2) floating
point operations, where N is the total number of degrees
of freedom in the problem and is capable of achieving high
accuracy. We demonstrate that our solver is capable of
solving problems hundreds of wavelengths in size to high
accuracy in just a few hours on a workstation.

Abinand Gopal
Yale University
abinand.gopal@yale.edu
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MS43

A Fast Multilevel Fourier Method for the Potential
Evaluation

A fast multilevel Fourier method is constructed for the
potential evaluation with discrete and continuous sources.
The method is applicable to non-oscillatory radially sym-
metric kernels. The method is dimension independent,
though it suffers from the curse of dimensionality naturally.
The performance of method is illustrated with several nu-
merical examples.

Shidong Jiang
Department of Mathematical Sciences
New Jersey Institute of Technology
sjiang@flatironinstitute.org
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Nonlinear Waves and Entropy Stable Iteration

Long time simulations of nonlinear wave equations have
applications in the study of light propagation in optical
fibers, surface gravitation and deep water waves. A com-
mon feature of such equations is the presence of high order
spatial derivatives, rendering implicit methods necessary
for their simulation. The equations considered here are
accompanied by an entropy conservation principle. It is
known that simulations based on entropy conservative dis-
cretizations display favorable error growth (typically linear
in time) compared to non-conservative alternatives (typi-
cally quadratic). This result assumes that the nonlinear
systems of equations arising from the implicit scheme are
solved exactly, or nearly so. However, in practice the dis-
crete solution is approximated using iterative methods that
are terminated after a finite number of iterations. Since it-
erative methods have not been derived with entropy conser-
vation in mind, entropy conservation is generally violated,
thus compromising the favorable error growth. We discuss
techniques based on relaxation and modifications of exist-
ing methods for reclaiming entropy conservation with iter-
ative solvers that otherwise violate this principle. Certain
iterative methods, as well as relaxation techniques, impact
on the flow of time. This can be exploited to improve the
quality of long time simulations. Numerical experiments
indicate that accurate solutions can be obtained with com-
parably large tolerances on the iterations.

Viktor Linders, Philipp Birken
Lund University
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Differentiable Poisson Solver for Cosmological Sim-
ulations

Rapid advances in deep learning have brought not only a
myriad of neural network models, but also breakthroughs
in automatic differentiation (AD) tools and computational
accelerators like GPUs that benefit scientific researches.
For example, analyses of future cosmological large-scale
structure observational data sets requires performant and
differentiable simulations as forward models. We develop
fast algorithms for the Poisson solver in cosmological simu-
lations, and implement them in JAX and CUDA. Using the
adjoint method and the reversed time integration, we are
able to greatly reduce the memory cost of the reverse mode
AD. Our work enables larger and more accurate forward
modeling, and thus will improve gradient based optimiza-
tion and inference.

Libin Lu, Yin Li
Flatiron Institute
llu@flatironinstitute.org, yinli@flatironinstitute.org

MS44

Deep Dive - Exascale System Software and Pro-
gramming Models

HPC applications are rising in complexity, to address prob-
lems such as climate, medicine, and digital twins, and
to combine numerical simulation with HPDA and AI. In-
creased system performance and energy efficiency leads
to complex system architectures, with accelerators, mul-

tiple kinds of memory device, and processing in memory
and/or storage. These developments put a high demand on
the system software and programming environment. This
talk will discuss the approaches of three related research
projects in Europe: DEEP-SEA, IO-SEA and RED-SEA.
The projects address Software for Exascale Architectures,
driven by application use cases, from the perspectives of
heterogeneity and the modular supercomputer architec-
ture, I/O and storage, and the interconnect. This talk will
outline the main software research directions. Performance
portability and productivity are key challenges, requiring
compiler and runtime intelligence, and a separation of the
source code from its optimizations. Heterogeneous mem-
ory systems are targeted through APIs and automated data
placement. All layers, including resource management mid-
dleware, are being updated to support malleability, i.e. to
allow jobs to dynamically adjust their resource usage. Data
management and hierarchical storage are being updated to
span NVMe and NVRAM down to the least active data
on tape. This talk with highlight these and other research
directions, the results achieved so far and the impact on
the future of European HPC.

Paul Carpenter
Barcelona Supercomputing Centre
paul.carpenter@bsc.es

MS44

Deep Dive - Exascale I/O and Storage Systems

The future arrival of Exaflop supercomputers raises several
major challenges for the HPC storage systems. Besides the
scale of such systems (hundreds of thousands of nodes), the
volume of data created by applications running on them,
and the need for highest energy efficiency, root causes in-
clude new hardware and new paradigms involved in super-
computers, evolution of software methods, use cases that
were previously impossible to handle and only now become
feasible. This talk will identify these new constraints and
challenges and propose tracks and solution in order to ad-
dress them and build future, highly efficient Exascale stor-
age systems. In particular, solutions involving non-Posix
interfaces like Object Stores, I/O resource scheduling and
storage hierarchies will be analysed and investigated.

Philippe Deniel
CEA
philippe.deniel@cea.fr
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Deep Dive - Next Generation Interconnects

Next generation of interconnect networks defined will have
to scale to hundreds of thousands of nodes to enable Ex-
ascale computing and target advanced HPC, HPDA and
AI applications. The RED-SEA RD project will lever-
age the BXI technology from ATOS, defined as the key
production-proven European Interconnect, which features
smart Network Interface Cards (NICs) capable of achiev-
ing high bandwidth communications. Other KPI (Key Per-
formance Indicators) such as scalability, reliability or con-
gestion management are also central to cope with issues
raised in an Exascale environment. Future environments
are likely to feature multiple NICs thus increasing sub-
stantially bandwidth capabilities that are yet to be taken
advantage of for BXI networks. To abstract these net-
work complexities to the developer, MPI (Message Passing
Interface) has become the de facto standard in the scien-
tific community. In this presentation, we propose to in-
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troduce our implementation of the multi-rail feature in the
MPC SW framework, embedding CEA’s implementation
of the MPI standard. In particular, we will explain the
software architecture and design choices that were made to
efficiently support the protocols needed to communicate on
multiple network cards while taking advantage of the hard-
ware capabilities of the BXI NICs. Performance results on
BXI networks with multiple NICs will be shown demon-
strating the benefits of multiplexing communications for
very large message sizes.

Gilles Moreau, Hugo Taboada
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MS44

Exascale - Introduction and Principal Challenges

The enormous computational performance of Exascale ma-
chines offers new opportunities for industrial and scien-
tific users, but also presents them with difficult challenges.
Many of these challenges stem from the heterogeneity of the
hardware. On the processing side, the main source of com-
puter performance is accelerators (e.g., general-purpose
graphics cards) that are combined with CPUs (which in
turn already contain a variety of arithmetic/logic units and
vector processing engines). On the memory side, not only
are cache hierarchies deepening, but the diversity of tech-
nologies and devices in the overall memory and storage
subsystems is growing: from fast SRAM to tape, almost
every type of memory and storage technology in existence
is in use. HPC users should be aware of the heterogeneity of
modern system architectures, but should not be left alone
in the face of it. Ideally, most of the hardware complexity
should be handled by the middleware and software stack,
while interfaces to applications become hardware agnostic
and standardised. This approach facilitates the long-term
sustainability of applications, as well as their portability
across platforms. However, today we are far from this sit-
uation. To improve it, the SEA projects are developing a
software stack with the functionality and tools needed to
cope with heterogeneous resources and share them more
dynamically between users.

Estela Suarez, Hans-Christian Hoppe
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Inspired by Nature: Dynamic Graphs and Their
Applications

While graphs have always been an important area of math-
ematical study, recent work focuses on a range of creative
variations on these simple structures. Dynamic graphs,
i.e. graphs that change over time, capture graph struc-
tures in dynamical systems. These structures can provide
insight into a given problem, whether from a theoretic per-
spective or for a practical application. Recently, dynamic
graphsin conjunction with machine learning and statistical
modelshave been used to analyze a wide range of natural
data, e.g. human behavior, embryos, animal cohorts, and
organism connectomes. In this talk, we will uncover a few
basic and important concepts in dynamic graphs and how

they can be used for understanding the world around us.

Devavrat V. Dabke
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Spatio-Temporal K-Means

Spatio-temporal data is readily available due to technolo-
gies, such as GPS and IOT, that track the positions of
moving objects of interest. Many spatio-temporal cluster-
ing methods exist to efficiently discover patterns in mov-
ing object behavior without human supervision. Our focus
is the discovery of moving clusters, where clusters have a
static identity, but their location and content can change
over time. It is informative to know both which individ-
uals associate at every time step, as well as in the long-
term. We propose a two phase spatio-temporal cluster-
ing method, spatio-temporal k-means (STKM), to analyze
the multi-scale relationships within spatio-temporal data.
Phase 1 of STKM outputs the temporary associations be-
tween objects. The clustering objective function provides a
unified formulation over space and time and less parameter
tuning compared to existing methods. Phase 1 also tracks
cluster paths without any post-processing, allowing it to
identify long-term point behavior even in a dynamic envi-
ronment. Phase 2 can be optionally applied to output the
stable associations between objects. The combination of
both phases allows us to analyze the interaction of short-
and long-term point behavior. Unlike previous work, we
evaluate STKM against baseline methods on a recently de-
veloped benchmark dataset and show that STKM performs
competitively in extracting the multi-scale relationships of
moving objects, particularly outperforming other methods
in the low-data domain.
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Geomstats: Current State and Future Works

To be updated.

Luis Gomes-Pereira
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Geometries of Covariance and Correlation Matri-
ces

Many data from neuroscience can me modeled by covari-
ance matrices (EEG, MEG, MRI). This talk tackles two
important challenges: decoupling the correlation part from
the scaling part in the covariance matrix, and computing
with singular covariance matrices. To do so, we present
new geometries of the set of full-rank correlation matrices
and we present the Bures-Wasserstein geometry of sym-
metric positive semi-definite matrices.

Yann Thanwerdas
INRIA
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Models and Algorithms for Grouping in Trajectory
Data

The collective motion of a set of moving entities like people,
birds, or other animals, is characterized by groups arising,
merging, splitting, and ending. Given the trajectories of
these entities, we define and model a structure that cap-
tures all of such changes using the Reeb graph, a concept
from topology. The trajectory grouping structure has three
natural parameters that allow more global views of the data
in group size, group duration, and entity inter-distance. In
this talk, I will present on the latest models and algorithms
for grouping in trajectory data.

Marc van Kreveld
Utrecht University
m.j.vankreveld@uu.nl

MS46

TNet: A Tikhonov Neural Network Approach to
Deterministic and Bayesian Inverse Problems

Deep Learning (DL) by design is purely data-driven and
in general does not require physics. This is the strength of
DL but also one of its key limitations. DL methods in their
original forms are not capable of respecting the underlying
mathematical models or achieving desired accuracy even
in big-data regimes. On the other hand, many data-driven
science and engineering problems, such as inverse prob-
lems, typically have limited experimental or observational
data, and DL would overfit the data in this case. Leverag-
ing information encoded in the underlying mathematical
models not only compensates missing information in low
data regimes but also provides opportunities to equip DL
methods with the underlying physics and hence obtaining
higher accuracy. This talk introduces a Tikhonov Network
(TNet) that is capable of learning Tikhonov regularized
inverse problems. We rigorously show that our TNet ap-
proach can learn information encoded in the underlying
mathematical models, and thus can produce consistent or
equivalent inverse solutions, while naive purely data-based
counterparts cannot. Furthermore, we theoretically study
the error estimate between TNet and Tikhhonov inverse
solutions and under which conditions they are the same.
Extension to statistical inverse problems will also be pre-
sented.
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Variable Shape Parameter Strategy for Radial Ba-
sis Function Approximation Using Neural Net-
works

The choice of the shape parameter highly effects the be-

haviour of radial basis function (RBF) approximations, as
it needs to be selected to balance between ill-condition of
the interpolation matrix and high accuracy. In this work,
we demonstrate how to use neural networks to determine
the shape parameters in RBFs. In particular, we con-
struct a multilayer perceptron trained using an unsuper-
vised learning strategy, and use it to predict shape param-
eters for inverse multiquadric and Gaussian kernels. We
test the neural network approach in RBF interpolation
tasks and in a RBF-finite difference method in one and
two-space dimensions, demonstrating promising results.
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Learning the Electrical Impedance Tomography In-
version Operator

Electrical impedance tomography (EIT) is a class of non-
invasive imaging techniques with uses in medical and geo-
physical applications. EIT may be mathematically ab-
stracted as the severely ill-posed nonlinear inverse problem
of recovering the interior conductivity coefficient (the pa-
rameter, a function) of an elliptic partial differential equa-
tion from its Dirichlet-to-Neumann boundary map (the
data, a linear operator). Existing methods for this prob-
lem are highly sensitive to noisy boundary measurements
and tend to suffer from low accuracy. This work bypasses
expensive iterative optimization or Bayesian inference so-
lution approaches by instead directly learning the data-to-
parameter solution operator of the inverse problem from
training data. Theoretical analysis based on rigorous di-
rect reconstruction algorithms for EIT establishes that the
solution operator is well-approximated by a new class of
neural operators suitable for operator-valued data. Numer-
ical evidence suggests that incorporating theoretical and
EIT-specific problem structure into these neural operator
architectures can lead to highly accurate trained models.
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Leveraging Multifidelity in Scientific Machine
Learning for Inverse Design

Wide adoption of inverse design requires global surrogate
models that can simulate desired real-world outcomes for
all feasible inputs. With the universal approximation theo-
rem and fast evaluations, neural networks (NN) are promis-
ing. However, by the curse of dimensionality, with many
input variables, NNs become too data greedy for practical
usage. For many problems in engineering, there exist data
and/or models with multiple fidelity levels. This multifi-
delity knowledge can be exploited to make data-efficient
models that are accurate enough for inverse design. I will
present a recently developed physics-enhanced deep surro-
gate (PEDS) that combines a NN generator, trained end-
to-end with a low-fidelity PDE solver, to match costly high-
fidelity data. PEDS saves at least two orders of magnitude
in data needed to inverse design. The solver is inaccurate
but fast and enforces inductive biases that make PEDS de-
signs always satisfy the PDE knowledge. When only mul-
tifidelity data is available, the low-fidelity solver can be
replaced by a learned operator on the low-fidelity dataset.
To finish, we will present inverse design results for thermo-
electrics where we compare two optimization approaches:
one relying on topology optimization of the continuous re-
laxation of the problem, another based on derivative-free
genetic algorithm.
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MS46

Sampling Strategies for Training Machine Learning
Emulators of Gravity Wave Momentum Transport

With the goal of developing a data-driven parameteriza-
tion of gravity waves (GWP) for use in general circulation
models, we train various machine learning architectures to
emulate an existing GWP scheme. We diagnose the dispar-
ity between online and offline performance of the trained
emulators by identifying a subspace of the phase space that
is prone to large errors and sparse samples, and develop
a sampling algorithm to treat biases that stem from un-
derrepresentation.This strategy can be used for regression

tasks over long-tailed (and other imbalanced) distributions.
We find that error-prone samples often have larges shears
in the wind profile this is corroborated with physical intu-
ition as large shears indicate many breaking levels, which
requires a more complex, nonlocal computation. To rem-
edy this, we develop a sampling strategy that performs a
parameterized histogram equalization. The sampling algo-
rithm uses a linear mapping from the original histogram
to the uniform histogram parameterized by t ∈ [0, 1]. Pa-
rameters t and “maximum repeat’ assign each bin a new
probability. The new probability is applied in two differ-
ent implementations: 1) by sampling the bins to adjust the
training set distribution; 2) by weighting the loss function
to achieve the same effect in expectation.We find that this
strategy improves the errors at the tail of the distribution
except at the extreme end, while maintaining minimal loss
of accuracy at the peak of the distribution.
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Q-Next: A Fast, Parallel, and Diagonalization-Free
Self-Consistent Field Algorithm

As computer systems dedicated to scientific calculations
become massively parallel, the poor parallel performance
of the Fock matrix diagonalization becomes a major imped-
iment to achieving larger molecular sizes in self-consistent
field (SCF) calculations. In this Lecture I will present a
novel, highly parallel, and diagonalization-free algorithm
for the accelerated convergence of the SCF procedure is
presented. The algorithm, called Q-Next, draws on the
second-order SCF, quadratically convergent SCF, and di-
rect inversion of the iterative subspace (DIIS) approaches
to enable fast convergence while replacing the Fock ma-
trix diagonalization SCF bottleneck with higher parallel
efficiency matrix multiplications. Performance results on
both parallel multicore CPU and GPU hardware for a va-
riety of test molecules and basis sets are presented, showing
that Q-Next achieves a convergence rate comparable to the
DIIS method while being, on average, one order of magni-
tude faster.
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Scalable Eigenvalue and Density Matrix Solutions
in ELSI

The ELSI Infrastructure provides uniform, general inter-
faces to several frameworks for serial and parallel (includ-
ing GPU) eigenvalue and density matrix solutions. The
primary target application is electronic structure theory
but any other application making use of parallel eigenvalue
solutions can equally benefit from access to solvers such
as Lapack, ELPA, SlePc, EigenExa and others through a
common interface. We review recent progress in ELSI, es-
pecially related to mixed-precision solution and GPU solu-
tions of large eigenvalue problems.

Volker Blum
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Latest Improvements of the Elpa Eigenvalue
Solvers

In the electronic structure community, the solution of
eigenvalue problems lies at the core of the numerical ap-
proaches and in most simulation packages the numerical
eigenvalue solver can consume a substantial fraction of the
complete runtime. Since more than a decade the ELPA
library for dense, symmetric (hermitian) eigenvalue prob-
lems tackles this computationally severe challenge, by pro-
viding optimized and scalable algorithms and is used by re-
searchers on high-performance computing (HPC) systems
worldwide. Nowadays, with the transition to Exascale
HPC systems being on it’s way and the enormous com-
pute power provided by the upcoming HPC machines, re-
searchers will be able to tackle problems in material sci-
ences which were not possible before. In this presentation,
we will discuss the path of the ELPA library to support ex-
ascale simulations, and we will discuss the latest improve-
ments of the ELPA eigenvalue solver library. In particular,
we will present and show some results for the extreme-scale
GPU support of the ELPA library of AMD, Nvidia, and
Intel GPUs, which will be available in the upcoming HPC
systems.

Peter Karpov, Andreas Marek
Max Planck Computing and Data Facility
petr.karpov@mpcdf.mpg.de, an-
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Economic Quasi-Newton Self Consistent Field
Solver

We present an efficient Quasi-Newton solver for calculat-
ing Hartree-Fock (HF) and Kohn-Sham Density Functional
Theory (KS-DFT) single determinant wavefunctions free of
any matrix diagonalization (except possibly when generat-
ing the initial guess). The solver combines the L-BFGS
hessian update with trust region step restriction to mini-
mize the need for line search and thus greatly reduce the
number of gradient (i.e., Fock matrix) evaluations. Solving
the trust region problem leverages the low-rank structure
of the L-BFGS inverse hessian. Robust performance of
the solver has been assessed for standard benchmark sets
of molecules. Particular utility of the solver for locating
physically-reasonable (but non-aufbau) KS-DFT solutions
in biopolymers will be illustrated.

Edward F. Valeev
Virginia Tech
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MS48

Towards Models of Blood Clotting on Moving Sur-

faces

Blood clotting is a complex phenomenon which involves in-
terplay between biochemistry and fluid-structure interac-
tions. For example, subclinical leaflet thrombosis is a po-
tentially serious complication of aortic valve replacement
in which clots form on the replacement valve. Clots in
the left atrial appendage can dislodge during atrial fibril-
lation, which leads to an increased risk of strokes. Models
of thrombosis in these kinds of systems must take into ac-
count the motion of both the structure and thrombus as
well as the biochemistry to accurately describe formation
of the thrombus. Herein, we describe recent approaches
to model the clotting process within the context of fluid-
structure interaction. We focus on two key components of
thrombus modeling: deposition of material onto surfaces,
and the growth of the thrombus into the lumen. While
the methods presented are applied to clotting problems,
these methods can also be used to model deposition and
absorption along other moving boundaries, such as drug
absorption in the gut or particulate deposition in the lungs.

Aaron Barrett
University of Utah
barrett@math.utah.edu

Boyce E. Griffith
University of North Carolina at Chapel Hill
boyceg@email.unc.edu

Aaron L. Fogelson
University of Utah
fogelson@math.utah.edu

MS48

Phase-Field Modelling of Evolving Adhesive Inter-
faces

Computational phase-field modelling is a powerful and ver-
satile mathematical technique to describe and solve prob-
lems that involve evolving interfaces. In this contribution,
we present a new phase-field model for adhesion and discuss
its underlying foundations in terms of thermomechanical
consistency. The interaction between adhesive interfaces
is modelled by the introduction of a coupling term in the
classical free energy. The resulting phase-field model is a
stiff, higher-order, non-linear partial differential equation,
in which adhesive interaction is regularized onto the mov-
ing interfaces. We characterize the singular limit of the ad-
hesion problem. Under the assumption of the existence of
a smooth limiting interface, we identify the limiting sharp-
interface energy of our adhesion problem and demonstrate
that its minimisers are geometric surfaces with a non-trivial
adhered part. Lastly, we provide numerical examples of
adhesion and show how unconditionally energy-stable re-
sults can be obtained by using the scalar auxiliary variable
approach as time-discretization scheme. Furthermore, we
discuss application of the presented model to problems in
cell biology, which is vital in understanding numerous bi-
ological processes, including cell migration, structural in-
tegrity and signal transduction. We show how the model
can be extended to account for the protein dynamics at a
cells membrane, which govern the binding and unbinding
of a cell to its extracellular environment.

Anne M. Boschman, Bindi S. Brook, Matteo Icardi,
Kristoffer G. van der Zee
University of Nottingham
anne.boschman@nottingham.ac.uk,
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How Fluid Rheology Shapes Microorganism Swim-
ming Gait in Viscoelastic Fluids

Many important biological functions depend on microor-
ganisms’ ability to move in viscoelastic fluids such as mu-
cus and wet soil. The effects of fluid elasticity on motil-
ity remain poorly understood, partly because, the swim-
mer strokes depend on the properties of the fluid medium,
which obfuscates the mechanisms responsible for observed
behavioral changes. Gait adaptation is essential for bio-
logical function, but how organisms adapt their gait and
the significance of these changes for biological function are
not known. We use computational and mathematical mod-
eling to (1) disentangle these affects by changing the gait
and fluid rheology independently and to (2) examine how
the swimmer gait emerges from the properties of the en-
vironment. We present a series of problems of increasing
complexity: prescribed gait, prescribed motor activity, and
fully emergent motion. We also discuss methodological ad-
vances to the Immersed Boundary method involved in per-
forming these simulations.

Robert D. Guy
Mathematics Department
University of California Davis
guy@math.ucdavis.edu
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Effects of Transmural Pressure on Clot Structure
and Occlusion Times

Hemostasis is the process by which a blood clot forms to
prevent bleeding at the site of an injury. The formation
time, size, and structure of a blood clot depends on the
local hemodynamics, transmural pressure, and the nature
and size of the injury. We have previously developed com-
putational models to study intravascular clotting, a process
confined to the interior of a vessel. Modeling extravascular
injuries, where blood leaks from a vessel into extravascu-
lar space, requires a set of new computational tools for
the complex geometries that simulate the injury. Similar
to our previous intravascular model, our new model of ex-
travascular clotting uses a continuum approach to track
the advection, diffusion, and aggregation of platelet den-
sities in a dynamic fluid environment. The transport of
platelet densities into any spatial location is limited by the
platelet fraction that already resides within that location,
i.e., the densities satisfy a maximum packing constraint us-
ing a hindered transport coefficient. We used a finite vol-
ume method in a T shaped geometry where blood flows in
through a top channel and can escape through a downward
injury channel. Portions of the walls of the injury channel
are reactive and can initiate platelet adhesion and aggre-
gation. We varied transmural pressures across the injury
channel and injury channel diameters and to study their ef-
fects on injury channel occlusion times and clot densities.
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Colorado School of Mines
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Using IBFE to Simulate Muscle Driven Swimming
of Blue Blubber Jellyfish

Jellyfish swimming is well-studied in the scientific commu-
nity. Numerical simulations are commonly used to under-
stand the mechanism of bell propulsion and the result-
ing fluid dynamics. These simulations use simplified jel-
lyfish models, typically only simulating the jellyfish bell
and neglecting the oral arms. However, a blue blubber jel-
lyfishs oral arms are prominent; together, the oral arms
are close to the diameter of the jelly bell. Neglecting the
oral arms would result in overly idealized fluid dynamics,
not considering the vortex shedding from the bell inter-
acting with passive elastic structures. This work uses the
immersed boundary finite element (IBFE) method to sim-
ulate a fully 3D swimming blue blubber jellyfish, including
the oral arms. Additionally, swimming is driven using a
muscle model rather than with prescribed motion, allow-
ing for emergent behavior. The work is implemented in
IBAMR, an adaptive, parallelizable implementation of the
immersed boundary method with IBFE capabilities. The
methodology and modeling will be discussed in addition to
the challenges and need for improved methods.

Matea Santiago
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MS50

Towards a Task-Based SPH Simulation Code for
Exascale Computing

Future supercomputing architectures will exhibit unprece-
dented hardware parallelism that needs to be harvested
on the software side, which will most likely involve radical
changes to supercomputer software architectures. Hence,
traditional global loop-based parallelism and notably the
bulk-synchronous/BSP paradigm will become insufficient,
and developers might have to go back to the drawing board
and uncover alternatives to equip their code with higher
concurrency. A candidate solution for this is task paral-
lelism, which frames an algorithm in terms of tasks that
can be executed concurrently by different processors. In
this talk, I will introduce a newly developed, task-based
Smoothed Particle Hydrodynamics (SPH) code integrated
within the Peano/ExaHyPE framework. I will discuss the
main features of the code such as the modelling of the com-
pute steps and tasks in terms of the transversal of mesh hi-
erarchies (dubbed spacetrees) as well as simulation results
for standard SPH benchmarks. Furthermore, I will discuss
the integration of a C++ extension with a memory-centric
specification language into the SPH code which adds fea-
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tures that can improve the performance of large-scale simu-
lations, such as reordering data temporarily from an array
of structures (AoS) into a structure of arrays (SoA) and
the compression of floats with arbitrary precision.

Cristian Barrera Hinojosa
Durham University
United Kingdom
cristian.g.barrera@durham.ac.uk

MS50

Experiences with Running the Flash Multiphysics
Simulation Code on Ookami, An A64FX Testbed
Platform

We present lessons learned from porting and tuning
FLASH, originally developed at the University of Chicago
for multi-scale multi-physics applications, for Ookami, an
HPE Apollo 80 machine featuring the A64FX processors
developed by Fujitsu. We report performance and scaling
results for different compilers, memory limitations, our ef-
forts at effectively using the Scalar Vector Extensions and
NUMA architecture, and use of Huge Pages to minimize
translation lookaside buffer misses. We found that FLASH
readily ran on this architecture, but obtaining good perfor-
mance requires some effort. This research and the machine
Ookami are supported by the US National Science Foun-
dation (NSF) grant OAC 1927880. This research was also
supported in part by the US Department of Energy (DOE)
under grant DE-FG02-87ER40317.
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Extending Science Codes to Quantum Computers

There has been a growing recent interest in quantum com-
puting as a way to solve scientific problems that are cur-
rently intractable through classical resources alone. Here
I will discuss the work our classical supercomputing insti-
tution (the National Energy Research Scientific Comput-
ing Center, or NERSC) is doing to incorporate quantum
resources into our traditional supercomputing workflows,

and which algorithmic areas we expect to benefit the most
as quantum hardware matures. I will also discuss specific
quantum algorithms we are developing for efficient eigen-
value calculation, applicable to studying chemical and ma-
terials systems.

Katherine Klymko
Lawrence Berkeley National Laboratory
Computational Chemistry, Materials and Climate Group
kklymko@lbl.gov
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Iterative Solutions and Tuning Accuracy for Inter-
polatory Reduced Models in Inverse Problems

Medical image reconstruction presents huge computational
challenges due to the quantity of data generated by modern
equipment. In this talk, we focus on diffuse optical tomog-
raphy (DOT) in medical imaging. In DOT, each stage of
processing requires the solution of more than a thousand
large, three-dimensional problems. Moreover, as rapid ad-
vances in technology allow for larger numbers of sources
and detectors and using multiple frequencies, these prob-
lems become computationally prohibitively expensive. In
a recent study, we combined two powerful methods, ran-
domization and reduced order models (ROM) to drastically
reduce this cost. While ROM provides a way to drastically
reduce the cost of many expensive linear solves, randomiza-
tion can drastically reduce the number of large linear solves
needed for constructing the global ROM bases. Since the
size of a realistic linear system in DOT is at least O(106),
we use iterative methods to handle the large linear systems.
Hence, further computational savings are also possible by
reducing the solver tolerance. In this talk, we provide a nu-
merical study on how sensitive the quality of the reduced
order model is to the chosen tolerance.

Selin Aslan
Argonne National Laboratory
selin@vt.edu

Eric De Sturler
Virginia Tech
sturler@vt.edu

Serkan Gugercin
Virginia Tech
Department of Mathematics
gugercin@vt.edu

MS51

New Robust-to-Stiffness Low-Rank Techniques for
Sylvester-Like Equations

In this talk, we present a new technique for solving the dy-
namical low-rank approximation of stiff differential equa-
tions. It is specific to stiff Sylvester-like differential equa-
tions that often appear after discretising parabolic PDEs.
The new method keeps all computations low-rank and is
obtained from exponential integrators. An efficient tech-
nique is proposed for computing the order one and order
two schemes in a large-scale setting. Theoretical guaran-
tees are given with numerical experiments.

Benjamin Carrel
University of Geneva
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A Local Macroscopic Conservative Low Rank Ten-
sor Method for the Vlasov Dynamics

In this talk, we introduce a novel Local Macroscopic Con-
servative (LoMaC) low rank tensor method for simulating
the Vlasov-Poisson (VP) and Vlasov-Maxwell (VM) sys-
tems. The LoMaC property refers to the exact local con-
servation of macroscopic mass, momentum and energy at
the discrete level. This is a follow-up work of our previous
development of a conservative low rank tensor approach
for Vlasov dynamics (arXiv:2201.10397). In that work, we
applied a low rank tensor method with a conservative sin-
gular value decomposition (SVD) to the high dimensional
VP/VM system to mitigate the curse of dimensionality,
while maintaining the local conservation of mass and mo-
mentum. However, energy conservation is not guaranteed,
which is a critical property to avoid unphysical plasma self-
heating or cooling. The new ingredient in the LoMaC low
rank tensor algorithm is that we simultaneously evolve the
macroscopic conservation laws of mass, momentum and
energy using a flux-difference form with kinetic flux vec-
tor splitting; then the LoMaC property is realized by pro-
jecting the low rank kinetic solution onto a subspace that
shares the same macroscopic observables by a conservative
orthogonal projection. The algorithm is extended to the
high dimensional problems by hierarchical Tuck decompo-
sition of solution tensors and a corresponding conservative
projection algorithm. Extensive numerical tests on the VP
and VM systems are showcased for the algorithm’s efficacy.

Wei Guo
Texas Tech University
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MS51

Parallel Randomized Algorithms for Tucker De-
compositions

The Tucker decomposition is a low-rank tensor decompo-
sition generalizing the matrix SVD to higher dimensions.
Traditional algorithms used to compute Tucker decompo-
sitions can be computationally expensive as they involve
computing the SVD of mode unfolding, which can be quite
large. Existing randomized and parallel algorithms have
reduced this cost, but computational challenges remain.
We propose new randomized parallel algorithms to ad-
dress these challenges. Using randomized matrix tech-
niques, we accelerate a distributed-memory implementa-
tion of the Tucker decomposition to obtain an efficient algo-
rithm that avoids communication. Specifically, we employ
a new sketching method that exploits Kronecker structure
to accelerate a key computation. We also present proba-
bilistic analysis of the error resulting from the algorithm, as
well as numerical results demonstrating the computational
benefits of this approach.
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Dynamical Low-Rank Approximation for Second-
Order Matrix Differential Equations

In this talk, we introduce a new dynamical low-rank inte-
grator for second-order matrix differential equations

A′(t) = F
(
A(t)

)
, A(0) = A0, A′(0) = B0, t ∈ [0, T ],

typically stemming from space discretizations of wave
equations. The integrator is constructed by combining
the projector-splitting integrator introduced in [2] with a
Strang splitting ansatz. We also present a variant of the
new integrator which is tailored to stiff second-order prob-
lems. The performance of the new schemes is illustrated
by numerical experiments.

Stefan Schrammer
Karlsruhe Institute of Technology
stefan.schrammer@kit.edu

Marlis Hochbruck, Markus Neher
Institute for Applied and Numerical Mathematics
Karlsruhe Institute of Technology
marlis.hochbruck@kit.edu, markus.neher@kit.edu

MS52

Non-Linear Surrogate Models Solving Variational
PDE Formulations with Sobolev Cubatures

We address the problem of solving Partial Differential
Equations (PDEs) with general boundary conditions by
proposing (weak) variational PDE formulations resulting
in a soft-constrained optimization problem. We theoreti-
cally prove and empirically show that, due to the formu-
lation, solutions of linear, non-linear, forward, and inverse
PDE problems can be efficiently and numerically stable
computed. Moreover, under the same formulation, opti-
mal domain decomposition for approximating discontinu-
ous shocks can be given. We investigate the properties and
performance of two kinds of variational solvers: Physics
Informed Neural Networks (PINNs) and Polynomial (spec-
tral) Surrogate Models (PSMs). While already linear PDEs
result in non-linear and non-convex optimization problems
when addressed with PINNs, the corresponding PSM op-
timization problems maintain linear and convex. By com-
puting the PDE losses on a generalization of classic Gauss-
Legendre cubatures, termed Sobolev cubatures, we can
show that PSMs models are as flexible as PINNs for gen-
eral (inverse) non-linear problems, with several orders of
magnitude of better accuracy and computational efficiency,
opening up the discussion regarding When are PINNs nec-
essary? How can we enhance existing methods with hybrid
formulations? Our approach is intended to be a unifying
framework of the classic numerical methods, together with
the novel machine learning ones, exploiting the best of each
field.
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Stochastic Gradient Descent Alternating Least
Square Method for High-Order Tensor Decompo-
sition

High-order tensors have applications in many areas (biol-
ogy, finance, engineering, etc.). One of the key issues in
high-order tensor research is the optimal rank one decom-
position of a tensor, which is comparable to the singular
value decompositions (SVD) for matrices. Unlike SVD,
the rank one decomposition problem for high-order tensors
is NP-hard. The Stochastic Gradient Descent Alternating
Least Squares (SALS) method is a generalization of the
well-known Alternating Least Squares (ALS) method that
approximates the canonical decomposition of averages of
sampled random tensors. Its simplicity and efficient mem-
ory usage make the SALS algorithm an ideal tool for de-
composing tensors in an online setting. This talk will dis-
cuss the convergence of the SALS as well as its application
to scientific data analysis.

Yanzhao Cao
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Defining a Trend from a MultiScale Time Series

We propose criteria that define a trend for time series with
inherent multi-scale features. We call this trend the ten-
dency of a time series. The tendency can represent an ex-
ecutive summary of a complex time series, and as such can
be viewed of a dimension-reduced representation of origi-
nal signal. The tendency is defined empirically by a set of
criteria and captures the large-scale temporal variability of
the original signal as well as the most frequent events in
its histogram. Among other properties, the tendency has
a variance no larger than that of the original signal; the
histogram of the difference between the original signal and
the tendency is as symmetric as possible; and with reduced
complexity, the tendency captures essential features of the
signal.
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Random Weight Factorization Improves the Train-
ing of Continuous Neural Representations

Continuous neural representations have recently emerged
as a powerful and flexible alternative to classical discretized
representations of signals. However, training them to cap-
ture fine details in multi-scale signals is difficult and com-
putationally expensive. Here we propose random weight
factorization as a simple drop-in replacement of conven-
tional dense layers for accelerating and improving the train-
ing of coordinate-based multi-layer perceptrons (MLPs).
We show that this factorization essentially alters the loss
landscape and effectively enables each neuron in the net-
work to learn its own self-adaptive learning rate. As a
result, it not only helps with mitigating spectral bias, but
also allows networks to quickly recover from poor initial-

izations and reach better local minima. We demonstrate
how random weight factorization can be leveraged to ac-
celerate and improve the training of neural representations
on a variety of tasks, including image regression, shape
representation, computed tomography, inverse rendering,
solving partial differential equations, and learning opera-
tors between function spaces.
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Lagrange α-Exponential Synchronization of Non
Identical Fractional Order Complex Valued Neural
Networks

In this article, Lagrange α-exponential synchronization of
non-identical fractional-order complex-valued neural net-
works (FOCVNNs) is studied. Numerous favorable con-
ditions for achieving Lagrange a-exponential synchroniza-
tion and a-exponential convergence of the descriptive net-
works are constructed using additional inequalities and the
Lyapunov method. Furthermore, the structure of the a-
exponential convergence ball, in which the rate of conver-
gence is linked with the systems characteristics and order
of differential, has also been demonstrated. These findings,
which do not require consideration of the existence and
uniqueness of equilibrium points, help to generalize and
improve previous works and may be used to mono-stable
and multi-stable of the FOCVNNs. The salient feature
of the article is the graphical exhibition of the effective-
ness of the proposed method by using numerical simulation
for synchronization of a particular case of the considered
fractional-order drive and response systems.
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MetaNO: A Meta-Learnt Nonlocal Neural Opera-
tor Approach for Efficient Material Modeling

In real-world material modeling problems, the data ac-
quisition is often very challenging and expensive, which
makes learning the material model with a limited num-
ber of measurements critical. Herein, we propose a meta-
learnt approach for transfer-learning between neural oper-
ators, Meta-NO, based on the implicit Fourier neural op-
erator (IFNO) approach. The overall goal is to efficiently
provide accurate solution surrogates for new and unknown
material-learning tasks (e.g., with different microstructure
or mechanical parameters), from multiple training tasks
where each task corresponds to different materials. The
proposed sample-efficient meta-learning algorithm consists
of two phases: (1) learning a common representation by
sharing the same iterative integral layers from existing
tasks; and (2) transferring the learned knowledge and
rapidly learning surrogate operators for new and unseen
tasks with a different material, where only a few test sam-
ples are required. The result demonstrates that the meta-
learnt representation would handle complex and nonlinear
material response learning tasks, while greatly improving
the sampling efficiency in new and unseen microstructures.
Hence, it would substantially reduce the cost on lab testing
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for new materials.
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Parallel-In-Time Solver for the All-At-Once
Runge-Kutta Discretization

Time-dependent PDEs arise quite often in many scientific
areas, such as mechanics, biology, economics, or chemistry.
Of late, researchers have devoted their effort in devising
parallel-in-time methods for the numerical solution of such
PDEs, adding a new dimension of parallelism and allowing
to speed-up the solution process on modern supercomput-
ers. In this talk, we present a fully parallelizable precon-
ditioner for the all-at-once linear system arising when em-
ploying a Runge-Kutta (RK) method in time. The result-
ing system is solved iteratively for the numerical solution
and for the stages. The proposed preconditioner results in
a block-diagonal solve for the stages, accelerated by a novel
block-preconditioner based on the SVD of the RK coeffi-
cient matrix, and a Schur complement obtained by solving
again systems for the stages. Preliminary parallel results
on the heat equation show the robustness of the precondi-
tioner with respect to the discretization parameters and to
the number of stages, as well as very promising scalability
and parallel efficiency indices.
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Parallel-in-Time Multilevel Krylov for Solving Hy-
perbolic Wave Equations

Parareal, introduced by Lions, has opened ways of com-
puting solution of evolutionary differential equations in a
non-traditional way: instead of sequentially marching in
time from the initial time, Parareal algorithm allows com-
putation of solutions in parallel over time subintervals inde-
pendently. Connection between time subintervals is estab-
lished through sequential solution using larger time step,
which is used to define and improve the initial solution for
each time subinterval. A few interpretations of Parareal
have been derived, and one of them links Parareal with a
special type of multigrid. The latter paves the way to the
development of parallel-in-time multigrid methods, such as
MGRIT. Borrowing a similar structure to multigrid, it is
also possible to construct a parallel-in-time method based
on Krylov methods with projection-like preconditioners.
Out of several possible implementations, this talk focuses
on shift operator, which, like multigrid, allows multilevel
solution procedure in a stable way. The coarse time-level

system can still be modified so that parallel computation
can be performed at the second level, resulting in a parallel-
in-time two-level method. Numerical results will be pre-
sented for linear time-domain wave equations, discretized
using a finite-difference method in combination with theta-
scheme for time integration.
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Plug and Play is a Convergent Regularization
Method for Inverse Imaging Problems

A characteristic feature of image reconstruction problems
is the non-uniqueness and instability against data pertur-
bations. Therefore, it is necessary to develop regulariza-
tion methods that aim to find an approximate but stable
solutions. A regularization method consists of a family of
stable reconstruction methods that converge, as the noise
level tends to zero, to an exact solution of the inverse prob-
lem. The standard approach is variational regularization,
which minimizes a data discrepancy term augmented by
a regularizer. The actual numerical implementation ap-
plies iterative methods, often involving proximal maps of
the regularizer. In recent years, Plug and Play (PnP) itera-
tions have been developed as a new powerful generalization
by replacing proximal mappings in variational regulariza-
tion with general image denoisers. While PnP iterations
achieve excellent results, neither stability nor convergence
in the sense of regularization have been investigated so far.
In this paper, we extend the idea of PnP by considering
families of PnP iterations, each accompanied by its own
denoiser. As main theoretical result, we show that such
PnP methods leads to a stable and convergent regulariza-
tion method for decreasing noise level. This demonstrates
that the PnP method is mathematically equally justified
as the variational model for convergent and stable image
reconstruction.
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MS55

Hybrid Projection Methods for Solution Decompo-
sition in Large-Scale Bayesian Inverse Problems

We develop hybrid projection methods for computing so-
lutions to large-scale inverse problems, where the solution
represents a sum of different stochastic components. Such
scenarios arise in many imaging applications (e.g., anomaly
detection in atmospheric emissions tomography) where the
reconstructed solution can be represented as a combination
of two or more components and each component contains
different smoothness or stochastic properties. In a deter-
ministic inversion or inverse modeling framework, these as-
sumptions correspond to different regularization terms for
each solution in the sum. Although various prior assump-
tions can be included in our framework, we focus on the
scenario where the solution is a sum of a sparse solution
and a smooth solution. For computing solution estimates,
we develop hybrid projection methods for solution decom-
position that are based on a combined flexible and gener-
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alized Golub-Kahan processes. This approach integrates
techniques from the generalized Golub-Kahan bidiagonal-
ization and the flexible Krylov methods. The benefits of
the proposed methods are that the decomposition of the
solution can be done iteratively, and the regularization
terms and regularization parameters are adaptively chosen
at each iteration. Numerical results from photoacoustic to-
mography and atmospheric inverse modeling demonstrate
the potential for these methods to be used for anomaly
detection.
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MS55

Convergence Analysis of Critical Point Regulariza-
tion with Non-Convex Regularizers

In recent years, several methods using regularizers defined
by neural networks as penalty terms in variational meth-
ods have been developed. One of the key assumptions in
the stability and convergence analysis of these methods is
the ability of finding global minimizers. However, such
an assumption is often not feasible when the regularizer is
a black box or non-convex, making the search for global
minimizers of the involved Tikhonov functional a challeng-
ing task. Instead, standard minimization schemes are ap-
plied which typically only guarantee that a critical point is
found. To address this issue, we study stability and conver-
gence properties of critical points of Tikhonov functionals
with a possible non-convex regularizer. We show that even
in such cases a full convergence analysis can be given and
we provide numerical simulations which support our find-
ings.
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Inverse Source Problem for Linearly Anisotropic
Sources in Absorbing and Scattering Medium

We considered in a two dimensional absorbing and scatter-
ing medium, an inverse source problem in the stationary ra-
diative transport, where the source is generated by a scalar
and vector field.The medium has an anisotropic scattering
property, the attenuating and scattering properties of the
medium are assumed known and the unknown scalar and
isotropic vector field sources are to be reconstructed. For

scattering kernels of finite Fourier content in the angular
variable, we show how to simultaneously recover the scalar
and vector field sources from boundary measurements. The
approach is based on the Cauchy problem for a Beltrami-
like equation associated with A-analytic maps in the sense
of Bukhgeim.
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On Regularization in L∞

Many inverse problems arise as parameter identification
problems for PDE coefficients which are naturally assigend
to L∞. However, this space is non-smooth, non-reflexive
and non-separable which hinders the application of stan-
dard Banach space methods. In this talk we present a novel
regularisation method which generates uniformly bounded
iterates as approximate solutions to locally ill-posed equa-
tions and for which the regularisation property holds with
respect to weak-* convergence. Numerical examples from
Full Waveform Inversion will complete our analysis.
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Comparative Study of Profiling Tools on Fugaku
Supercomputer

The overhead of several commonly used performance mon-
itoring tools are measured when profiling a Fast Fourier
transform based solver for the Klein Gordon equations. Fi-
nal aim is to see if profiling can help provide an explanation
for the better large scaling of FFTE as compared to 2DE-
COMP&FFT.
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MS56

Updates on FFTX and NTTX

We present an update on the design of API of FFTX and
introduce NTTX. The FFTX is developed as part of the
DOE ExaScale effort by LBL, Carnegie Mellon Univer-
sity, and SpiralGen, Inc. We aim at translating the LA-
PACK/BLAS approach from the numerical linear algebra
world to the spectral algorithm domain. FFTX is extend-
ing and updating FFTW for the exascale era and beyond
while providing backwards compatibility. NTTX is a vari-
ant of FFTX aimed at the number theoretical transform
(NTT). We apply the same design methodology across both
packages. In both cases we utilize the SPIRAL code gen-
eration system as backend, and while initially we targeted
offline code generation, we started investigating run time
compilation.
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Implementation of Parallel Number-Theoretic
Transform on Manycore Clusters

In this talk, we propose an implementation of parallel
number-theoretic transform (NTT) on manycore clusters.
The butterfly operation of the NTT can be performed us-
ing modular addition, subtraction, and multiplication. We
show that a method known as the six-step fast Fourier
transform (FFT) algorithm can be applied to the NTT.
We parallelized the six-step NTT using MPI and OpenMP.
Performance results of parallel NTTs on manycore clusters
are reported.
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Machine Learning of Nonlocal and Fractional Mod-
els for Subsurface Transport in Heterogeneous Me-
dia

Anomalous behavior is ubiquitous in subsurface solute
transport due to the presence of high degrees of heterogene-
ity at different scales in the media. Nonlocal and fractional
models are the best candidates to capture such a multiscale
behavior. In this talk, we propose a data-driven framework
for the discovery of optimal nonlocal kernels or fractional
orders on the basis of very small and sparse data sets in
the context of anomalous subsurface transport. Using spa-
tially sparse breakthrough curves recovered from fine-scale
particle-density simulations, we learn the best coarse-scale
nonlocal or fractional model using operator regression tech-
niques. Several numerical tests illustrate the effectiveness
of our approach.
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Granular Media and the Effect of Grain Shape on
Dynamics

We examine the effect of grain shape on the dynamics of
granular media. Grain shape influences the dynamics of
hopper flow, the interaction between vehicle tire and gravel
road, avalanches, mudslides, etc. In this talk we discuss a
model for mesoscopic modeling of the granular flow that is
focused on grain shape and strength. The dynamics is rep-
resented by an ode in terms of nonlocal constitutive laws
relating force to deformation. Here the length scale of non-
locality is taken on the particle length scale and is smaller
than the mesoscopic length scale characterizing the flow.
We provide a method for solving these odes and several
simulations of road bed dynamics are provided. This is in
collaboration with Debdeep Bhattacharya at LSU.
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A Nonlocal Model for the Numerical Solution to
Richards Equation

We present a nonlocal, derivative free model for tran-
sient flow in unsaturated, heterogeneous, and anisotropic
soils based on the peridynamic formulation of continuum
mechanics. In the proposed model, we consider a spec-
tral method based on the implementation of Chebyshev
polynomials to approximate numerically the solution of
the model. We show the convergence of the method and
present several simulations to study the properties of the
solutions.
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Physics-Guided Nonlocal Neural Operators

Neural operators, which emerge as implicit solution op-
erators of hidden governing equations, have recently be-
come popular tools for learning responses of complex real-
world physical systems. Nevertheless, the majority of neu-
ral operator applications has thus far been data-driven,
which neglects the intrinsic preservation of fundamental
physical laws in data. In this paper, we introduce a
novel integral neural operator architecture, to learn phys-
ical models with fundamental conservation laws automat-
ically guaranteed. In particular, by replacing the frame-
dependent position information with its invariant counter-
part in the kernel space, the proposed neural operator is
by design translation- and rotation-invariant, and conse-
quently abides by the conservation laws of linear and an-
gular momentums. As applications, we demonstrate the
expressivity and efficacy of our model in learning complex
material behaviors from both synthetic and experimen-
tal datasets, and show that, by automatically satisfying
these essential physical laws, our learned neural operator
is not only generalizable in handling translated and rotated
datasets, but also achieves state-of-the-art accuracy and ef-
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ficiency as compared to baseline neural operator models.
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Analysis of the Transmission Eigenvalue Problem
with Two Conductivity Parameters

In this talk, we show the existence and discreetness of the
transmission eigenvalue problem with two conductivity pa-
rameters. In previous studies, this problem was analyzed
with one conductive boundary parameter, while in this
study we consider the case of two parameters. The under-
lying physical model is given by the scattering of a plane
wave for an isotropic scatterer. We will study the depen-
dance on the physical parameters and the monotonicity of
the first transmission eigenvalue with respect to the pa-
rameters. Lastly, we will consider the limiting procedure
as the second boundary parameter vanishes and present
numerical results.
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Interior Transmission Eigenvalue Trajectories

Properties of complex-valued eigenvalue trajectories for the
interior transmission problem parametrized by a constant
index of refraction are investigated. At first, the unit disk
is considered and several properties are derived such as that
the only intersection points with the real axis are Dirichlet
eigenvalues of the Laplacian. Then, for general sufficiently
smooth scatterers also the only trajectorial limit points are
shown to be Dirichlet eigenvalues of the Laplacian as the
refractive index tends to infinity. Numerical results for
several scatterers are presented which even give rise to an
underlying one-to-one correspondence. Finally, a conjec-
ture on the link between these two eigenvalue families is
given.
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Jülich Supercomputing Centre
a.kleefeld@fz-juelich.de

Lukas Pieronek
Karlsruhe Institute of Technology
lukas.pieronek@kit.edu

MS59

Synergies Between Neural Networks and Finite El-
ements

The direct numerical approximation of PDEs using neural
networks is gaining lots of attraction, but many problems
still need to be solved. One is the numerical integration of
the resulting terms (which involves integrating the neural
network and its derivatives). Monte Carlo is the most com-
mon approach but suffers a low convergence rate. Another
problem is the required regularity of the neural network
to end up with a differentiable functional. E.g., ReLU ac-
tivation functions are not regular enough, even for weak
formulations. In this presentation, we will discuss how to
design effective adaptive quadratures for smooth enough

activation functions and compare the proposed approach
with Monte Carlo methods. Alternatively, we explore us-
ing interpolated neural networks on finite element spaces
to compute the PDE loss function instead of dealing with
the neural network itself. Doing this, the integration is
straightforward. However, this approach relies on a mesh.
In this situation, we also discuss the ill-posedness of stan-
dard PDE losses and how to design well-posed precondi-
tioned losses. We show how by combining standard finite
element preconditioners and neural networks, we can sub-
stantially accelerate the training process, one of the most
severe issues of neural network PDE approximations.
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CutFEM for Acoustic Shape Optimization: Fea-
tures and Surprises

Fictitious-domain methods like CutFEM are nonstandard
but attractive alternatives for shape optimization, as they
bypass the need for mesh deformation or regeneration.
The so-called boundary expressions for shape directional
derivatives turn out to be exact for fictitious-domain meth-
ods. However, when mesh deformations are used, only
the more cumbersome volume expressions turn out to be
exact. Recent numerical experiences using CutFEM to-
gether with level-set geometry descriptions indicate less
parameterization-induced artificial stiffness along bound-
aries compared to previously used methods. Rerunning
previous optimization studies with the new method led to
the discovery of unexpected but acoustically very beneficial
subwavelength patterns when optimizing acoustic horns.
In a 3D application, an analogous CutFEM approach was
used to optimize the shape of the phase plug of a compres-
sion driver, the standard sound source of acoustic horns.
The optimization used a base design that currently is as-
sumed to be unpractical, due to the lack of simple design
guidelines. However, after shape optimization, it turned
out that this base design very well may be superior to the
industry standard design.
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A Data-Oriented Programming Model for Mas-
sively Parallel Finite Element Computations

The development of MPI-based finite element (FE) appli-
cations is significantly more involved than for their sequen-
tial counterparts. Some bugs can be tracked with conven-
tional tools in a single MPI rank, but genuine parallel errors
often need to be debugged in parallel. Fixing an applica-
tion that requires at least 100 ranks to crash can be very
challenging, even with state-of-the-art parallel debuggers.
We developed a novel data-oriented parallel programming
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model that allows one to express parallel algorithms in a
generic way, without explicitly relaying on MPI communi-
cation directives. This makes possible to use different back-
ends to run the generic parallel algorithms. With a sequen-
tial back-end, the data structures are logically parallel from
the user perspective, but they are processed using a single
rank. This makes possible to use serial debuggers for code
development, which dramatically improves the user experi-
ence. Once the code has been debugged with the sequential
back-end, it can be deployed in a supercomputer using a
MPI back-end. Using the new model, we have implemented
distributed vectors, sparse matrices, and other functional-
ity needed in distributed-memory FE computations. They
are implemented in Julia and made freely available in
github [github.com/fverdugo/PartitionedArrays.jl]. With
these tools, we were able to solve large FE computations
with nearly optimal weak and strong scaling up to tends
of thousands of CPU cores [doi.org/10.21105/joss.04157].
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Neural Control of Discrete Weak Formulations:
Galerkin, Least-Squares and Minimal-Residual
Methods with Quasi-Optimal Weights

There is tremendous potential in using neural networks
to optimize numerical methods. In this talk, I will in-
troduce and analyse a framework [1] for the neural op-
timization of discrete weak formulations, suitable for fi-
nite element methods. The main idea of the framework
is to include a neural-network function acting as a con-
trol variable in the weak form. Finding the neural control
that (quasi-) minimizes a suitable cost (or loss) functional,
then yields a numerical approximation with desirable at-
tributes. In particular, the framework allows in a natural
way the incorporation of known data of the exact solu-
tion, or the incorporation of stabilization mechanisms (e.g.,
to remove spurious oscillations). The main result of the
analysis pertains to the well-posedness and convergence of
the associated constrained-optimization problem. In par-
ticular, under certain conditions, discrete weak forms are
stable, and quasi-minimizing neural controls exist, which
converge quasi-optimally. The analysis results are special-
ized to Galerkin, least- squares and minimal-residual for-
mulations, where the neural-network dependence appears
in the form of suitable weights. Elementary numerical ex-
periments support our findings and demonstrate the po-
tential of the framework. [1] Brevis, Muga, Van der Zee,
Neural Control of Discrete Weak Formulations: Galerkin,
Least-Squares and Minimal-Residual Methods with Quasi-
Optimal Weights, arXiv:2206.07475, (2022)
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Statistical Shape Analysis of Shape Graphs with
Applications to Retinal Blood-Vessel Networks

This paper provides theoretical and computational devel-
opments in statistical shape analysis of shape graphs and
demonstrates them using analysis of data from complex
retinal blood-vessel (RBV) networks. The shape graphs
are represented by a set of nodes and a set of edges (planar
articulated curves) connecting some of these nodes. The
goals are to utilize shapes of edges and connectivities and
locations of nodes to: (1) characterize full shapes, (2) quan-
tify shape differences, and (3) model statistical variability.
We develop a mathematical representation, elastic Rieman-
nian shape metrics, and associated tools for such statistical
analysis. Specifically, we derive tools for graph matching,
shape geodesics, shape summaries, and shape modeling.
One key challenge here is the registration of nodes across
large graphs and we develop a novel multi-scale representa-
tion of shape graphs to handle this challenge. We utilize the
concepts of (1) ”effective resistance” to cluster nodes and
(2) elastic shape averaging of edge curves, to change graph
details while maintaining overall structures. Registration is
then performed by bringing graphs to similar scales before
matching. We demonstrate these ideas on Retinal Blood
Vessel (RBV) networks taken from the STARE and DRIVE
databases.
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Data - Driven Continuum Modeling of Active Ne-
matics via Sparse Identification of Nonlinear Dy-
namics

Data-driven modeling methods have recently shown great
potential in determining accurate continuum models for
complex systems directly from experimental measure-
ments. One such complex system is the active nematic
liquid crystal system consisting of microtubule-motor pro-
tein assemblies immersed in a fluid. This system exhibits
rich non-equilibrium behavior, including spontaneous cre-
ation and annihilation of topological defects. Although
several models have been proposed for the system, the gov-
erning equations remain under debate. We here present a
model extracted directly from experimental image data via
the ”sparse identification of nonlinear dynamics” (SINDy)
data-driven modeling technique. This model discovery pro-
cess includes extracting appropriate data for a continuum
model from experimental data, constructing a plausible li-
brary of model terms, and solving a sparse regression prob-
lem. A number of issues arise in this process, including
strong correlations between library terms and instabilities
in the discovered models. We present numerical simula-
tions and the results of some modern statistical and clas-
sical pen-and-paper analyses which combine to clarify the
discovery results. We then discuss the physical implica-
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tions of the learned model, and compare the model with
those proposed previously.
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Fluid-Solid Interaction Inspired by the Lotus Leaf

We present theory and develop a fast and accurate bound-
ary integral method for the computation of incompressible
Stokes flow over a superhydrophobic (SH) surface, such as
occurs during rainwater shedding on a lotus leaf. Boundary
integral methods have several advantages in SH flow com-
putations. However, such problems exhibit flow singulari-
ties due to complex surface microstructure, which leads to
mixed boundary conditions and geometric corners. Stan-
dard quadrature rules for smooth integrals result in a severe
loss of accuracy. Adaptive mesh refinement mitigates the
issue, however, the size of the discrete problem grows signif-
icantly with refinement level, and it can still be difficult to
obtain satisfactory accuracy due to the ill-conditioning of
the linear system. To resolve these issues, we combine the
recently developed Recursively Compressed Inverse Pre-
conditioning (RCIP) method with a scaling technique and
the Fast Multipole Method to obtain a fast and accurate
numerical scheme for SH flow computations. Several ex-
amples are presented to illustrate the performance of the
method.
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Self-Organization of Microtubules Through Hydro-
dynamic Interactions Drives Robust and Oscilla-
tory Rotational Flows

The piconewton forces generated by microtubules polymer-
izing against the cell cortex or other artificial boundaries
are sufficient to deform long microtubules. When micro-
tubules are sparse, their deformations are disordered, char-
acterized by high-frequency buckling and inducing only lo-
calized flows. When many microtubules are present the
nature of the microtubule deformations and induced flows
can change dramatically, giving rise to long-range order
and coherent flows. Using a combination of experiments,
large-scale simulations of microtubules interacting hydro-
dynamically through a viscous fluid, and a coarse-grained
theory for dense beds of filaments, we elucidate the mech-
anisms that underlie the self-organization of microtubule
ensembles and their subsequent generation of rotation in
artificially confined asters in Xenopus Laevis extract.
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Rigid and Non-Rigid Multi-Way Point Cloud
Matching via Late Fusion

Correspondences fuel a variety of applications from
texture-transfer to structure from motion. However, simul-
taneous registration or alignment of multiple, rigid, articu-
lated or non-rigid partial point clouds is a notoriously dif-
ficult challenge in 3D computer vision. With the advances
in 3D sensing, solving this problem becomes even more
crucial than ever as the observations for visual perception
hardly ever come as a single image or scan. In this talk, I
will present an unfinished quest in pursuit of generalizable,
robust, scalable and flexible methods, designed to solve
this problem. The talk is composed of two sections diving
into (i) MultiBodySync, specialized in multi-body and ar-
ticulated generalizable 3D motion segmentation as well as
estimation, and (ii) SyNoRim, aiming at jointly matching
multiple non-rigid shapes by relating learned functions de-
fined on the point clouds. Both of these methods utilize a
family of recently matured graph optimization techniques
called synchronization as differentiable modules to ensure
multi-scan / multi-view consistency in the late stages of
deep architectures. Our methods can work on a diverse set
of datasets and are general in the sense that they can solve
a larger class of problems than the existing methods.

Tolga Birdal
Imperial College London
t.birdal@imperial.ac.uk

MS61

Hierarchical Bayesian 3D Synthetic Aperture
Radar Reconstruction Using Joint Sparsity

Three-dimensional (3D) synthetic aperture radar (SAR)
imaging is a burgeoning field of research with various ap-
plications in both military and civilian domains. Meth-
ods in compressive sensing and sparse reconstruction have
proven to be effective in recovering highly resolved SAR
images. These techniques provide a point estimate for the
volumetric image. New research in the realm of Bayesian
modeling has opened the door to quantifying uncertainty
information in the image recovery. In this work, we in-
troduce a Bayesian volumetric approach to reconstruct 3D
SAR images from noisy SAR data as well as provide un-
certainty quantification for two-dimensional projections of
the volumetric image. We consider various metrics compar-
ing our technique with similar point-estimation methods.
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Refraction and Absorption for Underwater Shape
Recovery

Underwater 3D reconstruction has been gaining more at-
tention due to its profound applications in a wide range of
fields including medicine (e.g., endoscopy), marine biology,
oceanography, as well as general surveillance and naviga-
tion. The properties of water not only bring challenges,
but are also part of the solution. The transmittance of
water depends on both the distance and the wavelength,
and water has significant absorption of light in the near-
infrared wavelength range. We leverage this effect and
propose two methods for passive underwater 3D sensing.
The first method, Surface Normals and Shape From Wa-
ter, estimates dense per-pixel surface normals and shape
of underwater objects without any artificial constraint on
one another (e.g., smoothness), enabling recovering intri-
cate surface details that would otherwise be challenging
for conventional methods. The second method, Non-rigid
Shape From Water, reconstructs the holistic and consoli-
dated shape of a dynamic, non-rigid object. The shape of
an underwater object at different time instances are recov-
ered, integrated and refined as it deforms and moves in wa-
ter. In this talk, I will not only present the theory of these
methods, but also successfully validate the effectiveness of
the theory with the experimental results by applying the
methods to a number of real-world objects in water.
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Fast, Accurate and Memory-Efficient Multi-Image
Matching

Previous partial permutation synchronization (PPS) algo-
rithms, which are commonly used for multi-image match-
ing, often involve computation-intensive and memory-
demanding matrix operations. These operations become
intractable for large scale structure-from-motion datasets.
For pure permutation synchronization, the recent Cycle-
Edge Message Passing (CEMP) framework suggests a
memory-efficient and fast solution. Here we overcome the
restriction of CEMP to compact groups and propose an
improved algorithm, CEMP-Partial, for estimating the cor-
ruption levels of the observed partial permutations. It al-
lows us to subsequently implement a nonconvex weighted
projected power method without the need of spectral ini-
tialization. The resulting new PPS algorithm, Match-
FAME (Fast, Accurate and Memory-Efficient Matching),

only involves sparse matrix operations, and thus enjoys
lower time and space complexities in comparison to pre-
vious PPS algorithms. We prove that under adversarial
corruption, though without additive noise and with cer-
tain assumptions, CEMP-Partial is able to exactly classify
corrupted and clean partial permutations. We demonstrate
the state-of-the-art accuracy, speed and memory efficiency
of our method on both synthetic and real datasets.
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Reconstruction of 3D Molecular Structure from 2D
Covariance in Cryo-EM

In single-particle cryo-electron microscopy (EM), the 3D
structure of a molecule needs to be determined from its
noisy 2D projection images. Unfortunately, each of these
projection images is taken in an unknown viewing direc-
tion. The high noise level makes it challenging to accu-
rately estimate the viewing directions, ultimately affect-
ing the entire reconstruction process. In this talk, we de-
scribe an approach for obtaining a 3D model using low-
order statistics without directly estimating the viewing di-
rections based on the non-uniformity of the distribution of
viewing directions.
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ML Accelerator Hardware: A New Model For Par-
allel Sparse Computations?

A major recent development in computer hardware was the
rise of dedicated accelerator hardware for machine learn-
ing applications such as the Graphcore IPUs and Cerebras
WSE. These processors have evolved from the experimen-
tal state into market-ready products, and they have the
potential to constitute the next major architectural shift
after GPUs saw widespread adoption a decade ago. In
this talk we will present the new hardware and discuss the
programming techniques that are required to unlock their
potential. We present implementations of basic graph and
matrix algorithms and show early results on the attainable
performance, as well as comparisons to other architectures.
We follow up by discussing the wider implications of the
architecture for algorithm design and programming, along
with the wider implications of adopting such hardware.
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The Chain Rule of Differentiation Is Associative -
So What?

The Chain Rule of Differentiation is Associative - SoWhat?
... well, feasibility of backpropagation for training artificial
neural networks by some variant of stochastic gradient de-
scent is one rather obvious consequence. Adjoint algorith-
mic differentiation (AD) of numerical simulation programs
enabling large-scale error control, uncertainty quantifica-
tion or nonlinear optimization turns out to be the more
general concept. Resulting challenges are discussed briefly.
... in fact, several combinatorial optimization problems
arise when aiming to design a near-optimal AD algorithm
for a given differentiable program. We discuss the main
challenges and ideas behind AD mission planning.
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Parallel Hdbscan* on GPUs

This talk presents efficient parallel algorithms for comput-
ing HDBSCAN* (hierarchical DBSCAN) on modern GPU
and multicore architectures. HDBSCAN* is a density-
based algorithm that finds clusters of arbitrary shapes,
sizes, and densities within a single dataset. HDBSCAN*
can compute both hierarchical and flat clusterings. The
HDBSCAN* computation consists of two steps: 1) con-
struction of a minimal spanning tree (MST), and 2) con-
struction of single linkage hierarchy using the constructed
MST. Optionally, a third step to produce flat clustering
can be performed by using the stability scores on the hier-
archy. For the MST computation, we present an efficient
single-tree based algorithm that combines the simplicity
of a tree traversal with several pruning optimizations to
improve parallel efficiency. For the dendrogram computa-
tion, we present a new algorithm that exploits the den-
drograms highly chained structure using a tree-contraction
data structure that we call α-tree. The α-tree reduces the
dendrogram computation to a set of list ranking, prefix
sum, and segment sort kernels, all of which are can be effi-
ciently implemented on GPUs and multicore architectures.
Additionally, we show that the α-tree can also be used to
speed up the computation of the flat clustering on parallel
architectures.
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Towards Accelerating AI Using Fast and Feasible
Matrix Multiplication

Training DNN’s increasingly requires large resources. Sig-
nificant time is spent on matrix multiplication, typically
between 45%-95%. Most current math libraries (for CPU

and GPU) and all state-of-the-art hardware accelerators
(such as Googles TPU and Intels Habana Labs Gaudi) are
based on the cubic-time matrix multiplication algorithm,
despite more than five decades of research on sub-cubic
time algorithms. Why is that? Many of the sub-cubic time
algorithms have large hidden constants in the arithmetic
complexity. We obtain a high performance fast matrix mul-
tiplication that outperforms DGEMM of Intels MKL on
feasible matrix size - up to nearly 2 speedup. Pans 1980–
1982 algorithms have the lowest asymptotic complexity of
all algorithms applicable to matrices of feasible dimensions.
However, their large hidden constants make them impracti-
cal. We reduce these coefficients by 90% - 98%, often down
to 2. We show that these are optimal or close to optimal.
Fast matrix multiplication calls the cubic time algorithm
on small sub-blocks. We obtain a new set of algorithms
that outperform the cubic time one on small blocks, by
trading multiplications for additions. E.g., we multiply
22 blocks using only four multiplications. This seemingly
contradicts Winograd’s 1971 lower bound. We obtain a
lower bound proving our algorithm is optimal. Based on
joint work with Gal Beniamini, Nathan Yan Cheng, Yoav
Gross, Tor Hadas, Olga Holtz, Elaye Karstadt, and Noa
Vaknin.
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High Performance Sparse Tensor Contractions

Tensors are widely encountered in several application do-
mains such as scientific computing, machine learning and
data analytics. Tensor contraction is a key algebraic op-
eration in many applications involving multi-dimensional
data. It is a higher dimensional analog of matrix-matrix
multiplication. Sparse tensor contraction suffers from poor
data-locality and irregular accesses, which poses a signifi-
cant performance challenge. We explore the use of hashing-
based methods to make sparse tensor contraction operation
more efficient and performant on shared-memory systems.
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Quasi Projective Synchronization of Complex Val-
ued Cohen-Grossberg Neural Networks with Time
Varying Delay and Mismatched Parameters

In this article the quasi-projective synchronization of time-
varying delayed complex-valued Cohen Grossberg Neu-
ral Networks (CGNNs) with non-identical parameters
has been studied. As complete projective synchroniza-
tion is impossible due to parameters mismatches projec-
tive coefficient and controller, a drive has been taken
to achieve quasi-projective synchronization of distinct
complex-valued CGNNs. The purpose of this study is to
find a criterion for quasi-projective synchronization of two
non-identical CGNNs by constructing a suitable controller
and by using direct method. The important contribution is
to estimate the bound on the synchronization error. Some
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sufficient criteria for synchronization between master and
response systems are also established. The efficiency of the
proposed method is justified through numerical simulation
applied to a specific example.
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Some Mathematical Aspects of PINN-VPINN Dis-
cretization of PDEs

We introduce a Petrov-Galerkin framework to derive rig-
orous a priori and a posteriori error estimates for VPINN
discretizations of elliptic boundary-value problems. The
analysis relies on an inf-sup condition between trial and
test spaces; this allows us to control the error, in the energy
norm, between the exact solution and a suitable high-order
piecewise-polynomial interpolant of the computed neural
network. The efficiency and accuracy of the computation
depends, among other factors, on the way boundary condi-
tions are imposed. We will discuss several options for en-
forcing Dirichlet or Neumann boundary conditions, and we
will compare their behavior for both PINNs and VPINNs,
and for various types of equations.
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Thermodynamics-Informed Neural Networks

In this talk, we review the recent advances in the devel-
opment of thermodynamics-informed neural networks for
learning physical phenomena. These networks work under
a dynamical systems analogy and employ inductive biases
so as to guarantee the fulfillment of the laws of thermo-
dynamics. While for conservative dynamics a Hamiltonian
structure could be a very convenient bias, in the case of
dissipative phenomena an alternative description should
be used. We employ a metriplectic description coined as
GENERIC [Oettinger & Grmela, 1997] that ensure con-
servation of energy in closed systems and non-negative en-
tropy production. In combination with a Graph Neural
Network approach, these networks can even impose by con-
struction translational invariance and other symmetries of
the studied systems.
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Two Approaches Using Deep Learning to Solve
Partial Differential Equations

Many differential equations and partial differential equa-
tions (PDEs) are being studied to model physical phe-
nomena in nature with mathematical expressions. Re-
cently, new numerical approaches using machine learning
and deep learning have been actively studied. There are
two mainstream deep learning approaches to approximate
solutions to the PDEs, i.e., using neural networks directly
to parametrize the solution to the PDE and learning opera-
tors from the parameters of the PDEs to their solutions. As
the first direction, Physics-Informed Neural Network was
introduced in (Raissi, Perdikaris, and Karniadakis 2019),
which learns the neural network parameters to minimize
the PDE residuals in the least-squares sense. On the other
side, operator learning using neural networks has been
studied to approximate a PDE solution operator, which
is nonlinear and complex in general. In this talk, I will
introduce these two ways to approximate the solution of
PDE and my research related to them.
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Discovering Reduced Order Models from Partial
Measurements with Deep Delay Autoencoders

A central challenge in data-driven model discovery is the
presence of hidden, or latent, variables that are not di-
rectly measured but are dynamically important. We de-
velop a deep latent-model autoencoder that simultaneously
optimizes for a nonlinear transformation that projects the
measurement data on an effective coordinate system and
discovers a sparse differential equation governing the latent
variable. Our approach is motivated by Takens’ theorem
which provides conditions for when it is possible to aug-
ment partial measurements with time delayed information,
resulting in an attractor that is diffeomorphic to that of the
original full-state system. We show that the proposed ar-
chitecture can discover a coordinate transformation from
the delay embedded space into a new space where it is
possible to represent the dynamics in a sparse, closed form,
differential equation. Furthermore, we show how this ar-
chitecture can be used for discovering reduced order mod-
els from given partial or full measurements of the system.
We demonstrate this approach on the Lorenz, Rssler, and
Lotka-Volterra systems, learning dynamics from a single
measurement variable. As a challenging example, we learn
a Lorenz analogue from a single scalar variable extracted
from a video of a chaotic waterwheel experiment. Finally,
we discuss the limitations and robustness of the method
and propose future research directions.
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MS64

Non-Intrusive Physics-Informed Reduced Order
Modelling of Multiscale Computational Mechanics
Problems

Numerical methods for multiscale modelling and simula-
tion require the solution of a micro-scale problem at every
Gauss quadrature point of the macro-scale computational
domain. This renders the computational costs associated
with solving a non-linear forward problem to be exorbitant.
Furthermore, while there exist intrusive and non-intrusive
machine learning (ML) based hyper-reduction techniques,
the corresponding offline and online training phase is in-
efficient. With state-of-the-art methods in mind, a nu-
merical framework is needed that offers: (i) a significant
improvement in the generalization accuracy for the un-
known solution and the derived quantities when the full-
order training data is limited, (ii) an efficient offline train-
ing phase in the sense that an improved sampling strat-
egy is invoked to identify where to perform the full-order
solve, and (iii) an offline- and online-efficient, physically
consistent, non-intrusive affine decomposition and hyper-
reduction technique. To this end, inspired from the reduced
basis empirical quadrature procedure (RB-EQP) and sci-
entific ML techniques, we develop a novel, non-intrusive
numerical method, trained using pretraining and semi-
supervised learning strategies, to efficiently and cheaply
solve non-linear forward multiscale mechanics problems.
Finally, we demonstrate the performance of the proposed
method on a hyper elasticity and a coupled thermo-electro-
mechanical problem in a multi-scale framework.
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GPLaSDI: Identifying Autoencoders Latent Space
Dynamics with Gaussian Processes for Non-
Intrusive Reduced Order Models

Solving PDE numerically is challenging and computation-
ally costly, which motivates the development of faster re-
duced order models (ROMs). In recent years, the ad-
vance in machine learning allows the development of novel
non-linear projection methods, such as Latent Space Dy-

namics Identification (LaSDI) [Fries W., He X., Choi Y.,
LaSDI: Parametric Latent Space Dynamics Identification,
Computer Methods in Applied Mechanics and Engineer-
ing (2022)]. LaSDI maps full-order PDE solutions into a
latent space using auto-encoders and learns the system of
ODEs governing the latent space dynamics. Interpolating
and solving the system of ODEs allows for fast ROM pre-
dictions by feeding the predicted latent dynamics into the
decoder. In this talk, we present Gaussian-process-LaSDI
(GPLaSDI). GPLaSDI improves LaSDI in two ways: First,
it uses Gaussian processes to interpolate the coefficients of
the learnt latent dynamics, which allows for quantifying
the uncertainty over the ROM predictions. Second, it uses
the uncertainty to pick next parameter point where addi-
tional ROM data is collected to improve accuracy. This al-
lows us to apply GPLaSDI to problems without any known
underlying governing equations, e.g., noisy experimental
data. Our method can achieve up to a few thousand time
speed up with minimal reliance on the full order solver,
provides meaningful confidence intervals over its predic-
tion, and does not require to know the governing PDE or
have access to its residual.
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Deep Learning-Based Reduced Order Modelling
for the Real-Time Simulation of Steady-State Non-
linear Dynamics in Mems

Micro-Electro-Mechanical-Systems (MEMS) represent es-
sential components in high-end technology applications
e.g., resonators and gyroscopes. The increasing perfor-
mance demand in terms of lower power consumption and
enhanced sensitivity requires performing nonlinear dy-
namic simulations that require adequate tools. MEMS de-
signers can resort to standard full order simulation tech-
niques such as the Finite Element (FE) Method, neverthe-
less, the high computational burden is limiting their prac-
tical usage. Reduced Order Models (ROMs) provide an
appealing alternative to building reliable and efficient non-
linear dynamical models. In particular Data-Driven meth-
ods allow building a ROM starting from data and without
acting intrusively in the reduction procedure itself. Most of
these approaches aim at modelling the dynamic behaviour
of general systems, i.e. transient and steady-state regimes.
Despite the generality of these approaches, some proper-
ties typical of the steady-state regime e.g., periodicity are
difficult to reproduce. In this contribution, we propose a
technique that, through deep learning autoencoders and
harmonic decomposition, allows building efficient and ac-
curate ROMs for the steady state regime for resonating
MEMS.
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Towards Learning to Rank and Decompose Rough
Surfaces Based on Drag Penalty

Turbulent flows over irregular rough surfaces are ubiqui-
tous in both nature and industry. Roughness increases the
momentum transfer near the wall and the hydrodynamic
drag on the wall. The increase of drag depends on various
topographic features. Several studies have investigated the
effects of statistical parameters of roughness topography on
the increase of hydrodynamic drag. However, no generally
applicable statistical model exists that can accurately pre-
dict drag on various rough surfaces (e.g., gaussian surfaces,
positively and negatively skewed surfaces, etc.). Moreover,
many models struggle to properly ” rank the rough sur-
faces based on drag penalty. In practice, ranking the drag
penalties from rough surfaces is generally more critical than
estimating the absolute value of drag itself. This presenta-
tion will introduce attempts to rank rough surfaces using
various machine learning techniques based on their drag
penalties. In addition, we will discuss distinctive rough-
ness structures suspected to increase drag significantly by
decomposing modes of feature maps in convolutional neu-
ral networks.
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Super-Resolving Turbulent Flows with Machine
Learning: a Survey

Machine-learning-based super resolution has become a
powerful tool for turbulent flows. Super resolution recon-
structs fine-scale structures from their coarse input. This
concept amounts not only to sparse reconstruction but can
also be related to sub-grid scale modeling for turbulent flow
simulations. We present a case study of machine-learning-
based super-resolution analysis of turbulent flows to discuss
its capabilities and extensions for a range of fluid mechanics
problems. Convolutional neural network-based methods
are used for the present survey of machine-learning-based
super resolution. We find that embedding scale invariance
is important in the construction of machine-learning model.
Furthermore, physics-based cost function can greatly assist
with the reconstruction in terms of accuracy and robust-
ness against noisy low-resolution input. Towards the end
of the presentation, we will also discuss the challenges and
outlook of machine-learning-based super-resolution recon-
struction with turbulence.
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Submodular Optimization for Near-Optimal Sen-
sor and Actuator Placement

Adequately choosing sensors to monitor a high-dimensional
system is of utmost importance in numerous situations,
most notably for feedback control applications. Yet, opti-
mal sensor and actuator placement is a rapidly intractable
combinatorial problem. Following an optimal design strat-
egy, near-optimal selections can still be obtained using vari-
ous convex relaxations of the otherwise combinatorial prob-
lem. One major drawback however is the limited scalabil-
ity of the algorithms used to solve these convex problems
in practice, or their long time to solution. Based on the
theory of modular and submodular functions, this contri-
bution will present different algorithms for sensor selection
having extremely high computational efficiency along with
near-optimal guarantees. We will focus in particular on D-
optimality and compare the performances of a semi-definite
programming relaxation of the problem against that of the
corresponding submodular relaxation and SupSub approx-
imation.
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Interpretable Nonlinear Reduced-Order Modelling
with Autoencoders

Autoencoders are machine-learning methods that enable a
reduced- order representation of data. They consist of an
encoder, which compresses the data in a latent space, and a
decoder, which decompresses the data back to the original
space. If only linear operations are performed during the
encoding and decoding phases, an autoencoder can learn
the principal components of the data. On the other hand,
if nonlinear activations functions are employed, an autoen-
coder learns a nonlinear model of the data in the latent
space. The interpretability of the latent space, however,
is not yet fully established. In this work, we physically
interpret the latent space with simple tools from differen-
tial geometry. The interpretation is employed on canonical
turbulent flows, i.e., the Kolmogorov flow and the minimal
flow unit. The results show that the autoencoder learns the
optimal submanifold in which the reduced-order dynamics
is well represented. The latent variables are exploited for
reducing the model’s complexity whilst keeping optimal ac-
curacy on the spatiotemporal dynamics. This work opens
opportunities for extracting physical insight from the la-
tent space and for nonlinear model reduction.
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Reduced-Order Modeling with a Regression-Aware
Autoencoder

The first step in reduced-order modeling (ROM) workflows
is finding a low-dimensional representation of a highly-
dimensional system. The second step of ROM often re-
quires training a nonlinear regression model to predict
physical quantities of interest from the reduced representa-
tion. Much of the research on training ROMs thus far has
tackled those two steps separately. While they both come
with their challenges, a good-quality low-dimensional sys-
tem representation usually facilitates building a regression
model. In this work, we leverage the link between dimen-
sionality reduction and nonlinear regression. We propose
an approach where dimensionality reduction and nonlinear
regression are considered jointly within an autoencoder-like
neural-network architecture. The dimensionality reduction
(encoding) is affected by forcing accurate regression (de-
coding) of the quantities of interest. We show that such a
joint architecture leads to improved low-dimensional rep-
resentations as the two steps communicate with each other
through backpropagation. We apply our regression-aware
autoencoder on test cases coming from reacting and non-
reacting flow systems. The relevant quantities of inter-
est are the important state variables and highly nonlinear
source terms required by the reduced model. The pro-
posed approach can serve as an effective replacement of
standalone dimensionality-reduction techniques whenever
nonlinear regression is anticipated in the downstream use.
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Efficient Discretizations and Multigrid Techniques
for Coupled Hyperbolic-Parabolic Systems

For coupled hyperbolic-parabolic systems, we study their
numerical approximation and the efficient solution of the
resulting algebraic systems. The models are prototype sys-
tems of dynamic poro- and thermoelasticty. Different for-
mulations of the continuous model, including a first-order
one in space and time, are studied. Well-posedness of solu-
tions to the models in fitted functional analytical settings
is reviewed. Tailored families of space-time finite element
discretizations are analyzed for the representations of the
continuous problem. For the solution of the algebraic equa-
tions, the efficiency of preconditioning GMRES iterations
by V-cycle geometric multigrid methods is demonstrated
numerically. Therein, higher order time discretizations, in-
creasing the complexity of the block matrix structures, are

focused.

Markus Bause
Helmut-Schmidt-University
Department of Mechanical Engineering
bause@hsu-hh.de

Mathias Anselmann
Helmut-Schmidt-University Department of Mechanical
Engineeri
anselmann@hsu-hh.de

MS66

Simulation of Mixing and Reactions in a Full
Size Porous Column Using a Hybrid Eulerian-
Lagrangian Approach

We perform the largest and most highly resolved simula-
tion to date of solute transport through a laboratory scale
porous medium column. Flow and transport are simulated
using a finite volume Eulerian approach, while mixing and
spreading processes are studied using a Lagrangian ap-
proach. This hybrid approach allows us to have an un-
precedented look at the fine and larger scale processes that
impact observations and interpretations from real column
experiments. IN particular we are able to study the in-
fluence of boundary effects, which are typically neglected
in current interpretations and develop rigorous theories
that enable a more accurate interpretation of what is actu-
ally happening with the end goal of developing improved
upscaled models that account for the full range of com-
plexities that any real experiment will have. Additionally
we have developed novel approaches for interface tracking
through the porous column that provide an unprecedented
view of mixing processes that are key to understanding and
ultimately predicting mixing-driven reactions where cur-
rent predictions either overestimate the amount of reaction
or artificially and unphysical adjust reaction parameters to
match observations, but at the cost of loss of generaliza-
tion to other settings. Our novel numerical approaches and
theories overcome many previous limitations that will ben-
efit the world of scientific computing and experimentalists
alike.
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HPC Multiphysics Simulation of CO2 Geological
Storage

Safe and efficient operation of CO2 geological storage
projects requires numerical simulation of a multi-physics
problem in which compositional multiphase flow and trans-
port are tightly coupled with the porous medium defor-
mation. To simulate these processes, one needs to solve
a set of coupled, nonlinear, time-dependent partial dif-
ferential equations (PDEs) governing the conservation of
mass of each component and linear momentum of the solid-
fluid mixture. We present a scalable fully-implicit frame-
work based on a displacement/pressure/component den-
sity formulation. The discrete displacement field is ap-
proximated using nodal interpolation. Pressure and com-
ponent densities are assumed cell-wise constant, with in-
terface pressure also present if a hybridization strategy is
chosen. A Newton-Krylov approach is used to advance
the solution in time, with a finely-tuned multigrid reduc-
tion (MGR) preconditioner introduced to accelerate con-
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vergence. The solver is implemented in an open-source,
exascale-compatible, research-oriented simulator for mod-
eling fully coupled flow, transport and geomechanics in ge-
ological formations. Numerical results are presented to il-
lustrate performance and robustness of the proposed solver
on a variety of challenging test problems, including realistic
field cases.
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On a Stabilized Scheme for Biot’s Model

Nonphysical oscillations might appear in the numerical so-
lution of the fluid pressure for the quasi-static Biot’s model
for poroelasticity when standard finite element discretiza-
tions are considered for the discretization of the model.
In this work, we address the issue related to the presence
of non-physical oscillations in the pressure approximation
for low permeabilities and/or small time steps, by propos-
ing a new stabilization based in adding a term in the flow
equation. We consider different finite element discretiza-
tions and illustrate how such a stabilized scheme provides
numerical solutions that are free of non-physical oscilla-
tions. The new scheme allows us to iterate the fluid and
mechanics problems in a fashion similar to the well-known
fixed-stress split method. We also present numerical re-
sults illustrating the robust behavior of both the stabiliza-
tion and iterative solver with respect to the physical and
discretization parameters of the model.
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A Deep lLearning Approach to Reduced Order
Modeling of Partial Differential Equations for
Porous Media

In the context of parametrized PDEs, Reduced Order
Models (ROMs) allow for an efficient approximation of

the parameter-to-solution map, which is extremely useful
whenever dealing with expensive many-query routines such
as constrained optimization, sensitivity analysis and un-
certainty quantification. Recently, motivated by the limi-
tations of classical approaches such as the Reduced Basis
method, many authors have been considering the use of
neural networks and Deep Learning techniques for building
non-intrusive ROMs. We tackle the development of a con-
structive approach based on deep neural networks for the
efficient approximation of the parameter-to-solution map of
PDEs. Our work is based on the use of deep autoencoders,
which we employ for encoding and decoding a high-fidelity
approximation of the solution manifold. We study the ex-
pressivity of these deep neural networks with respect to
the solution manifold and we present some results that il-
lustrate the connection between the expressivity and the
complexity of the networks. Furthermore, we discuss its
generalization to PDEs involving complex domains, lever-
aging on the idea of sparsifying the network architecture
by means of information about the topology of the com-
putational mesh used for the full order model. Finally, we
present how these methodologies are applied to sensitiv-
ity analysis and uncertainty quantification of mathemati-
cal models for porous media such as Darcy flow in domains
with fractures or channels.
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MS67

Novel Flexible Treatment Planning Framework for
Proton Radiotherapy Using Julia and Automatic
Differentiation

Radiotherapy aims to cure or improve the quality of life of
cancer patients by depositing a precise amount of radiation
dose within the tumour while depositing only a minimal
dose to the surrounding healthy tissue. The dose distri-
bution is shaped during treatment planning, which is cur-
rently a semi-automatic process requiring human planners
with years of training and experience. State of the art plan-
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ning systems provide tools to automate and optimise the
treatment planning, but they are inflexible, which makes
it hard to incorporate advances and insights from disci-
plines like machine learning. We develop a novel treatment
planning framework in the Julia programming language.
All our computations are performed on graphics process-
ing units, reducing the planning time even further. This
allows researchers to write codes that execute quickly, facil-
itating the transition from research to the clinic. The new
planning framework is designed to optimise many quan-
tities simultaneously thanks to the state-of-the art auto-
matic differentiation libraries available in the Julia ecosys-
tem. We adopt a flexible loss-function approach that en-
ables a precise formulation of the treatment goals. The loss
function can trivially be extended to include new insights
and requirements in a short time, rendering the framework
versatile and future-proof.
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VORONOIFVM.JL - a Multiphysics Finite Volume
Solver for Elliptic and Parabolic Systems

The two point flux Voronoi finite volume method on
boundary conforming Delaunay meshes provides frame-
work for developing discretizations for nonlinear elliptic
and parabolic systems which conform to first principles
of physics like mass conservation, maximum principles,
positivity of concentrations, decay of discrete free en-
ergy. Closely oriented at the structure of this method, the
VoronoiFVM.jl package allows to specify systems of partial
differential equations on one-, two- and three-dimensional
domains by providing nonlinear reaction, boundary, stor-
age and flux functions, and a simplex grid representing the
domain geometry. Newton’s method in combination with
various linear solvers is used to solve the discrete nonlinear
problems. The package takes advantage of several features
of the Julia language which will be highlighted during the
talk:

• Automatic differentiation based on ForwardDiff.jl for
the assembly of Jacobi matrices

• Composability with ODE and DAE solvers from Dif-
ferentialEquations.jl

• Dependency managememt via the Julia package man-
ager

Among other topics, the package is used for numerically
modeling semiconductor devices, electrochemical systems.
Corresponding examples will conclude the talk.
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Scientific Supercomputing with Julia - Insights
from HPC Experts and Domain Scientists

We present an efficient approach for the development of
nonlinear multi-physics applications written in Julia which
are deployable on next generation xPU supercomputers.
Powerful costless abstractions, metaprogramming and mul-
tiple dispatch enable writing a single code that is suitable

for both productive prototyping on a single CPU thread
and large scale production runs on GPU or CPU supercom-
puters. High performance stencil computations can be ex-
pressed with math-close notation in hardware-agnostic ker-
nels for which launch parameters are automatically deriv-
able from the kernel arguments. Halo updates required for
distributed memory parallelization can be triggered with
a single function call, can fully and automatically overlap
with computations and reach performance close to hard-
ware limit. We outline the wide applicability of our ap-
proach by reporting on multiple multi-xPU solvers for geo-
sciences as, e.g., 3D solvers for poro-visco-elastic two-phase
flow and for reactive porosity waves. The solvers achieve
high performance and scale close to ideally on thousands
of NVIDIA Tesla P100 GPUs at the Swiss National Su-
percomputing Centre. Moreover, we have shown in recent
contributions that our approach is naturally in no way lim-
ited to geosciences: we have showcased a computational
cognitive neuroscience application modelling visual target
selection and a quantum fluid dynamics solver using the
nonlinear Gross-Pitaevski equation.
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The Sciml Common Solver Interface

The SciML common interface is an abstraction to automat-
ing scientific machine learning, the connection of machine
learning libraries to traditional scientific computing. In
this talk we will walk through the SciML common inter-
face and how its design connects to the intricacies of the
numerical methods. We will dive into details of how au-
tomatic differentiation is mixed with analytical adjoints of
equation solvers to achieve better performance than either
technique alone, the automation of solver choices through
open benchmarking platforms, and how abstract hierar-
chical interfaces are used to classify algorithms into new
generic forms. We will detail how these algorithms within
the SciML software suite which are leading to techniques,
such as for the automated construction of differential equa-
tion systems from agent-based based systems through new
discrete-stochastic automatic differentiation engines, along
with advancements in ODE solver software which have
come by integrating neural networks into the methods.
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A Showcase of the New Functionalities of Bifurca-
tionKit.jl

In this talk, we present a panorama of the new function-
alities of BifurcationKit.jl, a Julia package for perform-
ing automatic numerical bifurcation analysis of ODEs or
large-dimensional equations (e.g., PDEs, nonlocal equa-
tions, etc). The Julia programming language gives ac-
cess to a rich ecosystem (PDE discretizers, GPUs, auto-
matic differentiation) which serves as a basis for designing
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a performant code for numerical bifurcation. The pack-
age incorporates several continuation algorithms (pseudo-
arclength, Moore-Penrose, asymptotic numerical method,
deflated continuation) that can be used to perform fully
automated computation of bifurcation diagrams of station-
ary states. The use of the Julia programming language has
been essential to provide access to the huge variety of situ-
ations where the user can select the continuation method,
the linear / eigen solver with little code change, mainly by
relying on multiple dispatch which allows to write generic
algorithms. This paradigm is also applied to the study of
codimension 2 bifurcations and the computation of periodic
orbits with many different methods (trapezoid, orthogonal
collocation, parallel Standard / Poincar shooting). Addi-
tionally, we use automatic testing ( > 85% code coverage)
against analytics and the docs / tutorials are automatically
generated for removing errors between code versions. We
will provide applications highlighting the versatility of the
package to the computation of waves and their bifurcations.
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Decision Theoretical Uncertainty Quantification af-
ter Seeing the Data: Worst-Case Bayesian Priors
and the Accuracy-Robustness Trade-off

The need for robust UQ has lead to the development
of uncertainty quantification techniques that identify the
worst case Bayesian prior by solving two player adversarial
games. While these games were usually considered before
seeing the data and were computationally intractable, we
present a new formulation that solves the game after seeing
the data. That way, (1) the game is simplified and efficient
solutions are available and (2) the notion of risk is not av-
eraged over all possible datasets. Aditionally, the method
comes with a parameter in [0,1] that is able to optimally
navigate the accuracy-tradeoff of UQ methods. Examples
of applications of the method in the physical sciences will
be presented
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Designing Reliable AI-Based Critical Systems

Increasingly, modern domains like automotive, railway or
aerospace depend on more and more number of critical
functionalities in Embedded Critical Systems which rely
on Deep Learning (DL) models, such as ground and on-
board operations in avionics and decision-making functions
in autonomous automotive systems. However, nowadays
there are significant obstacles that must be addressed be-
fore Deep Learning solutions can be seamlessly adopted
in Embedded Critical Systems. In this talk, we will go
into the details of how to create a system based on DL
components that is reliable; by modelling all types of the
surrounding uncertainty.
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Barcelona Supercomputing Center

axel.brando@bsc.es

MS68

Hierarchical Ensemble Kalman Methods with
Sparsity-Promoting Generalized Gamma Hyper-
priors

In this talk, we introduce a computational framework to
incorporate flexible regularization techniques in ensemble
Kalman methods for nonlinear inverse problems. The pro-
posed methodology approximates the maximum a posteri-
ori(MAP) estimate of a hierarchical Bayesian model char-
acterized by a conditionally Gaussian prior and generalized
gamma hyperpriors. Suitable choices of hyperparameters
yield sparsity-promoting regularization. We propose an it-
erative algorithm for MAP estimation, which alternates
between updating the unknown with an ensemble Kalman
method and updating the hyperparameters in the regu-
larization to promote sparsity. The effectiveness of our
methodology is demonstrated in several computed exam-
ples, including compressed sensing and subsurface flow in-
verse problems.
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Lowering The Computational Barrier : Selec-
tive Bayesian Uncertainty Quantification for Trans-
parency in Medical Imaging AI

Deep Learning algorithms, including Convolutional Neural
Networks (CNN), provide clinicians with precise insights
based on patient data for high-stakes medical decision-
making such as brain tumor segmentation. However, these
algorithms are not transparent about the uncertainty in
their predictions, giving clinicians a false sense of re-
liability which may lead to grave consequences for pa-
tient care. Growing calls for Transparent and Responsi-
ble AI have promoted Uncertainty Quantification (UQ) al-
gorithms that help communicate confidence in the algo-
rithmic predictions. However, traditional Bayesian UQ
methods remain prohibitively costly for large, million-
dimensional tumor segmentation CNNs such as U-Net. In
this talk, we discuss a computationally efficient UQ ap-
proach via the partially Bayesian neural networks (pBNN).
In pBNN, a single strategically chosen layer is used for tar-
geted Bayesian inference while the rest of the network is
trained with less-expensive deterministic methods. Sensi-
tivity Analysis is employed to select the layer for Bayesian
inference. We illustrate the benefits of our approach, in-
cluding computational efficiency, and how practitioners
and model developers can use this approach to under-
stand the models uncertainty with lowered computational
resources.
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Hyper-Differential Sensitivity Analysis with Re-
spect to Model Discrepancy

Scientific machine learning has opened new avenues of
research to enable efficient outer loop analysis through
learned models of physical systems. However, these learned
models are imperfect representations of complex physical
processes. The discrepancy between such models and the
underlying truth may be amplified by outer loop analy-
sis such as optimization. We present a novel approach to
compute the sensitivity of optimization problems with re-
spect to model discrepancy and use this information to
improve the solution obtained using learned models. By
posing a Bayesian inverse problem to calibrate the discrep-
ancy, we compute a posterior discrepancy distribution and
then propagate it through post-optimality sensitivities to
compute a posterior distribution on the optimal solution.
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Learning High-Dimensional Parameters from
Sparse Observations in Tsunami Forecasting

To improve tsunami preparedness, early-alert systems
and real-time monitoring are essential. We use a novel
approach for predictive tsunami modeling within the
Bayesian inversion framework. This effort focuses on in-
forming the immediate response to an occurring tsunami
event using near-field data observation. Our forward model
is based on a coupled acoustic-gravity model (e.g., Lotto
and Dunham, Comput Geosci (2015) 19:327340). Simi-
lar to other tsunami models, our forward model relies on
transient boundary data describing the location and mag-
nitude of the seafloor deformation. In a real-time sce-
nario, these parameter fields must be inferred from a vari-
ety of measurements, including observations from pressure
gauges mounted on the seafloor. One particular difficulty
of this inference problem lies in the accurate inversion from
sparse pressure data recorded in the near-field where strong
hydroacoustic waves propagate in the compressible ocean;
these acoustic waves complicate the task of estimating the
hydrostatic pressure changes related to the forming sur-
face gravity wave. Furthermore, the forward model incurs
a high computational complexity, since the pressure waves
must be resolved in the 3D compressible ocean over a suf-
ficiently long time span. Due to the infeasibility of rapidly
solving the corresponding inverse problem for the fully dis-
cretized space-time operator, we explore options for using
surrogate operators of the parameter-to-observable map.
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New Multifidelity Sobol Estimators for Large-Scale
Multidisciplinary Systems: Application to the JW

Space Telescope

Sobol global sensitivity indices quantify how uncertainty in
model inputs contributes to uncertainty in the model out-
put. Such sensitivity indices allow inputs to be ranked
in importance and are typically computed using Monte
Carlo estimation, but the many samples required for Monte
Carlo to be sufficiently accurate can make this computa-
tion intractable when the model is expensive. This talk will
present a multifidelity Monte Carlo approach to estimat-
ing Sobol indices that combines samples from both cheaper
lower-fidelity models (e.g., models learned from data) and
expensive high-fidelity models to achieve computational ac-
celeration with accuracy guarantees. We present new mul-
tifidelity Sobol index estimators based on rank statistics
that can estimate Sobol indices for all inputs from a single
set of independent samples. This significantly reduces the
cost of Sobol analysis when the number of inputs is large.
The approach accelerates the computation time required
for sensitivity analysis of the JW Space Telescope thermal
models from more than two months to less than two days.
This demonstrates the power of the multifidelity approach
to make sensitivity analysis tractable for large-scale engi-
neering systems in the real world.
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Reinforcement Learning for Control of Spatially
Developing Distributed Systems

Even though classical optimal control tools such as linear-
quadratic ones remain widely used owing to a theoretically
well grounded framework, they are primarily designed for
deterministic evolutions, relying on the modelling of the
dynamics, and often exhibiting low robustness with respect
to noise estimation. The use of reinforcement learning
techniques relying solely on input-output data has gained
popularity in recent years with applications ranging from
robotics to portfolio management, control of chaos and sta-
bilization of fluid flows. However, the lack of uncertainty
estimates and frequent failures to converge to an optimal
control prevent its widespread use in practice. Our work
focuses on leveraging optimal control theory concepts for
Markov decision processes in view of analysis and design
of deep reinforcement learning algorithms for the control
of spatially distributed systems in an inherently stochastic
setting. We use the complex Ginzburg-Landau equation as
a test case for the stabilization of absolute instability and
the control of local convective instability from noisy mea-
surements. Limitations of the framework arising from the
lack of observability and controllability and their effect on
the convergence to efficient control strategies are discussed.
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Data-Driven Control Strategies for PDE Environ-
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ments Using Reinforcement Learning

The process of identifying optimal control policies plays a
key role in a wide range of scientific applications. While
many complex systems can be modeled effectively with nu-
merical methods, it is often difficult to determine the best
strategy for interacting with such systems based on the
forward model alone. In this poster, we explore the poten-
tial for leveraging deep reinforcement learning algorithms
to automate the decision-making process in the context of
scientific applications. In particular, we show that a proxi-
mal policy optimization algorithm can successfully identify
a near-optimal strategy for positioning sinks within a sim-
plified PDE model of contaminant flow. The generality of
the underlying learning scheme, along with the promising
results from initial experiments, suggest that reinforcement
learning may provide an effective framework for optimiz-
ing the decision-making process in a wide range of scientific
applications.
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Implementing a SYCL Backend for Kokkos

Aurora, to be deployed at Argonne National Laboratory,
is expected to be the next exascale computer in the United
States. Just as with Frontier, the first exascale computer
at Oak Ridge National Laboratory, Aurora’s main perfor-
mance will come from GPUs by a new vendor. Kokkos’
(main) choice for supporting these GPUs developed by In-
tel is leveraging DPC++, Intel’s implementation of the
SYCL standard. In this talk, I discuss my experience while
developing a SYCL backend for Kokkos and issues appli-
cations using this backend encounter. In particular, I will
compare features that work better or worse in Kokkos than
with the HIP or CUDA backend.
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A Summary of the Parallel Implementation Pro-
cesses of Milc-Dslash Benchmark Using SYCL

Milc-Dslash is a benchmark derived from the Milc code
which simulates four-dimension SU(3) lattice-gauge theory
(or lattice quantum chromodynamics). The sequential ver-
sion of Milc-Dslash basically consists of the execution of
five nested for loop structures in order to calculate mul-
tiple matrix-vector product operations, whose entries are
complex numbers of double-precision. The parallel Milc-
Dslash implementation explores the loop-level parallelism

with and without dependencies between iterations. In this
talk, we will describe the parallel implementation processes
of Milc-Dslash using the SYCL programming model. We
will show whether, and if so how, different parallel strate-
gies and index orders can impact the SYCL performance
of Milc-Dslash on the NVIDIA A100 GPU as well as its
dependence on work-group size. Some examples of parallel
strategies include: using atomic operations, local variable,
synchronization barrier, unified shared memory with ex-
plicit and implicit data movement, buffers and accessors,
and SYCL complex library. A comparative performance
analysis between SYCL and CUDA programming models
will also be provided for some cases, in addition to high-
lighting their main differences in code writing.
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Intel Developer Tools for Serious SYCL

Intel with it’s oneAPI developer suite brings in compati-
bility and ease of use on the table. In this session we shall
explore how Intel is collaborating with open source com-
munities from compilers to productivity tools, promoting
SYCL to standardize interfaces over multiple HW vendors
and vision for parallel programming.
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Exploration of Performance-Portability in the Ex-
CALIBUR Fusion Use Case

Project NEPTUNE approaches one of the grand challenge
problems in fusion - modelling plasma in the edge region
of a tokamak. In this edge region, hot plasma interfaces
with the reactor wall and cold neutral gas resulting in a
computationally expensive multi-scale problem that is con-
sidered an exascale challenge. For the fusion community it
is highly desirable to implement the computational meth-
ods that simulate this multi-scale model in a performance-
portable manner. The NESO (Neptune Exploratory SOft-
ware) implementation is an intermediate project to evalu-
ate the suitability and performance of proposed techniques
and algorithms for NEPTUNE. As part of NESO we are
evaluating SYCL as a performance-portable language to
target multiple hardware architectures. In this talk we
present how SYCL is used in the NESO project and our
proposed approach for sustaining performance across dif-
ferent hardware architectures in the fusion use case.
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Learning High Order Taylor Series Surrogate Mod-
els via Randomized Hierarchical Tensor Compres-
sion

The most popular surrogate models for large-scale
Bayesian inverse problems are based on local linearization
and low rank approximation of the Jacobian. However, of-
ten non-linear effects are important. To capture non-linear
effects, we present a new randomized method for approxi-
mating high order derivative tensors with hierarchical ten-
sor networks, which we use to to form high order Taylor
series surrogate models. We demonstrate that the method
can efficiently construct accurate high order Taylor series
surrogate models at low cost. We use the resulting Taylor
series surrogate models to accelerate MCMC sampling.
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Machine Learning Surrogates for Time Depen-
dent Fuel Degradation Processes in Nuclear Waste
Repository Simulations

Performance assessment of a subsurface nuclear waste
repository requires tracking the evolution and degradation
of the spent uranium in thousands of waste packages over
several hundred thousand years. While detailed process
models for the uranium degradation in these waste pack-
ages are available, they are too computationally expensive
to be used in a comprehensive full-repository simulation.
In this work, we develop Machine Learning surrogate mod-
els for the fuel degradation process models and study their
accuracy compared to the detailed model as a function of
how much information from the internal fuel cask state is
incorporated. Both k-Nearest Neigbor regression and Ar-
tificial Neural Networks are considered. SNL is managed
and operated by NTESS under DOE NNSA contract DE-
NA0003525
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Bayesian Data-Driven Discovery of Coordinates,
Governing Equations and Fundamental Constants

With the recent development of data science, there is
a demanding need to transform rich data into well-
characterized quantitative descriptions. In the era of big
data, snapshots of a dynamical system are frequently cap-
tured with camera sensors in a high-dimensional space.
Even if there is a high need for understanding high-
dimensional video data, the study on data-driven discovery
for coordinates and governing equations is still very limited
on this data type due to its requirement in computation,
difficulty in dimensionality reduction, and sensitivity to
noisy observations. In this work, we propose a Bayesian
sparse identification of nonlinear dynamics autoencoder
(Bayesian SINDy autoencoder) to discover a coordinate
transformation into a reduced space with a sparsely rep-
resented dynamical system. Bayesian SINDy autoencoder
could not only enable the joint discovery of coordinates and
governing equations with small sample sizes under noisy
environments but could also quantify the estimation un-
certainty for the equation discovery and trajectory predic-
tion. We demonstrate the effectiveness of the Bayesian
SINDy autoencoder with both synthetic data and real high-
dimensional datasets with accelerated sparse inference. Es-
pecially in the real video dataset, Bayesian SINDy autoen-
coder performs GoPro physics discovery which correctly
identifies the governing equation and provides an estimate
for standard gravity constant g with only 390 video snap-
shots.
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Development of Surrogate Models for Uncertainty
Quantification in Manufacturing Engineering

Computer simulations are a widely used tool in computa-
tional science and engineering to, e.g., analyze the behavior
of components or materials, to enhance manufacturing pro-
cesses with fast and accurate a-priori forecasts, or even to
control those processes during ongoing operation. With the
help of these tools, we wish to make reliable assertions and
predictions for one or more quantity of interests (QoI), also
in the presence of uncertainty, e.g., in process conditions,
material properties or similar. Thus, methods from the
field of Uncertainty Quantification (UQ) can enhance the
quality of processes and products by augmenting the results
for the QoI with quantified probability measures. We con-
sider sampling-based UQ methods that usually require a
great number of model evaluations. Thus, employing high-
fidelity models may easily exceed available resources. Here,
the usage of surrogate models, which are computationally
cheaper, can provide a remedy. Therefore, we first follow
the path of Model Order Reduction (MOR). In particu-
lar, we explore the benefits of intrusive MOR techniques
and use Proper Orthogonal Decomposition (POD) with a
subsequent Galerkin projection of the operators onto the
constructed subspaces. As an alternative, we also investi-
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gate the advantages of Gaussian Process Regression (GPR)
as a meta model. Finally, the integration of the resulting
surrogate models into an UQ setting is demonstrated for
applications coming from polymer processing.
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Exploring Context-Aware Learning of Low-Fidelity
Models for Multi-Fidelity Monte Carlo Sampling in
Plasma Micro-Turbulence Analysis

Multi-fidelity Monte Carlo methods leverage hierarchies of
high- and low-fidelity models for speeding up the compu-
tation of quantities of interest depending on high-fidelity
models. However, the low-fidelity models are assumed to
be fixed and therefore cannot be refined or improved, which
is relevant, e.g, for data-driven models. To this end, the
context-aware multi-fidelity Monte Carlo algorithm opti-
mally balances the costs of training low-fidelity models
with the sampling costs, which means that it takes into
account the context in which the low-fidelity models will
be used, i.e., for variance reduction in Monte Carlo es-
timation. In the original formulation of the algorithm,
all low-fidelity models depend on all uncertain inputs. In
this work, we use the fact that in many applications only
a subset of the inputs is important for the underlying
problem, and explore the potential of reduced-dimension
low-fidelity models for speeding up computations further.
With sensitivity information obtained from a first fully-
dimensional context-aware low-fidelity model, we also con-
struct reduced-dimension context-aware low-fidelity mod-
els, which only depend on subsets of selected, important
uncertain inputs. We explore this idea in the highly rele-
vant context of quantifying uncertainty in small-scale fluc-
tuations in confined fusion plasmas, which is a problem typ-
ically characterized by a large number of uncertain inputs
and is therefore challenging to address with conventional
methods.
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A Parallel Solver for Nonhydrostatic Ocean Models

The Model for Prediction Across Scales-Ocean (MPAS-
Ocean) is an open-source, global ocean model and is one

component of a family of climate models within the MPAS
framework, including atmosphere, sea-ice, and land-ice
models. In this work, a new formulation for the ocean
model is presented that solves the nonhydrostatic, incom-
pressible Boussinesq equations on an unstructured, stag-
gered, z-level grid. The introduction of this nonhydrostatic
capability is necessary for the resolution of internal wave
dynamics and large eddy simulations. Compared to the
standard, hydrostatic formulation, a nonhydrostatic pres-
sure solver and a vertical momentum equation are added,
where the PETSc (Portable Extensible Toolkit for Scien-
tific Computation) library is used for the inversion of a
large sparse system for the nonhydrostatic pressure. Nu-
merical results on a stratified seiche, internal solitary wave
and nonhydrostatic overflow test cases are presented, and
the parallel efficiency and accuracy of the time-stepper are
evaluated.

Sara Calandrini, Darren Engwirda, Luke Van Roekel
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roekel@lanl.gov

MS72

Solver Improvements for Ice Sheets and Adaptive
Mesh Refinement

The BISICLES ice sheet model (Cornford et al, 2013) em-
ploys adaptive mesh refinement (AMR) to efficiently re-
solve relatively fine dynamical features like grounding lines
and ice streams. Like most ice sheet models, BISICLES
spends the vast majority of its computational effort solving
a coupled nonlinear viscous tensor equation for the ice ve-
locity field. Solving these equations in the context of an ice
sheet presents specific challenges which must be addressed
for our model to be of practical use in understanding and
projecting ice sheet response to climate changes. We will
discuss strategies we have adopted to improve the efficiency
and performance of our solvers, along with recent develop-
ments like the implementation of a parallel-in-time scheme
for time integration.

Daniel Martin
Lawrence Berkeley National Laboratory
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MS72

Computational Challenges in Designing Robust
Solvers for Ice Sheet Modeling

Modeling the dynamics of Greenland and Antarctic ice
sheets is of paramount importance for accurately model-
ing climate and in particular for providing projections of
sea level rise. This requires solving optimization problems
constrained by partial differential equations for calibrating
the models, running the model forward in time for decades
or centuries, and performing analysis to quantify the un-
certainty in the model projections. All these tasks rely on
the repeated solution of nonlinear and linear solvers, which
makes it critical to have robust large-scale solvers that can
efficiently run on new architectures. In this talk we present
the solver strategies we adopt in the ice-sheet code MALI
and present result targeting forward and inverse ice-sheet
problems.

Mauro Perego
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MS72

Augmented Block-Arnoldi Recycling Solvers for
Atmospheric Models

We present a one-reduce iterated Gauss-Seidel IGS-
GMRES algorithm based on a hybrid MGS-CGS projector.
The Krylov vectors are close to orthogonal and linearly in-
dependent in finite precision. The Arnoldi relative residual
no longer stagnates above machine precision and the small-
est singular value of Vk remains close to one. The new
Arnoldi-QR algorithm can also be employed to compute
eigenvalues with the Krylov-Schur algorithm and improves
Krylov exponential integrators. An augmented-Arnoldi
formulation is applied to Krylov subspace recycling. A
block-Krylov algorithm is employed with an BMGS-LTS
inter-ortho skeleton as in Carson et al (2022), and a block
triangular solve. When combined with an oblique projec-
tion, similar to Embree et al (2017), the recycling algorithm
leads to significant reductions in the number of solver it-
erations per linear system. The weight is also interpreted
in terms of the angle between residual norms at restarts
in LGMRES, Baker et al. (2006). We demonstrate a
10-fold reduction in the iteration count for warm bubble
vertical convection governed by the non-hydrostatic Euler
equations and pressure projection for the incompressible
Navier-Stokes equations applied to wind-turbines. In many
cases, the recycle subspace eigen-spectrum may substitute
for a preconditioner.
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Stéphane Gaudreault
Environment Canada
stephane.gaudreault@ec.gc.ca

MS73

A Fully Parallelized and Budgeted Multilevel
Monte Carlo (BMLMC) Method Applied to Wave
Equations

Multilevel Monte Carlo methods (MLMC) have been suc-
cessfully applied to many problems by numerous authors.
In this talk, we will present a framework which can treat a
wide range of PDEs with uncertain input data with vari-
ous discretizations combined with non-intrusive statistical
estimators. In particular, we want to present a new vari-
ant of the method - the budgeted (B)MLMC method with
integrated load balancing. The resulting algorithm and its
implementation is analyzed in combination with discon-
tinuous Galerkin (DG) finite elements and space-time dis-
cretizations applied to the acoustic wave equation. Lastly,
we will present benchmarked results on a high performance
computing (HPC) clusters.
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MS73

Ensemble Kalman Inversion for the Characterisa-
tion of Thermal Bridges in Buildings’ Walls

I will discuss the application of Ensemble Kalman Inversion
(EKI) for the probabilistic characterisation of the thermal
performance of buildings’ walls, in the presence of unknown
thermal bridges which are known to be substantially detri-
mental to thermal efficiency. The aim of the framework is
to infer thermal properties in a 3D heat transfer (forward)
model of the wall given in-situ measurements. These ther-
mal properties are parameterised using a level-set function
that defines the region of anomalous thermal conductivity
(from the potential presence of thermal bridges), as well
as random fields that characterise variability in thermal
properties within each region of the wall. Parameters are
inferred via EKI in a Bayesian setting given data from mul-
tiple sources including surface temperatures from thermal
camera images and thermocouples as well as surface heat
flux measurements from heat flux meters. We show nu-
merical examples with synthetic and real data in order to
demonstrate the applicability of the proposed EKI frame-
work in practical settings.

Marco Iglesias
University of Nottingham
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MS73

Design and Implementation of UQ Software

In this talk I will discuss some of the challenges of apply-
ing advanced UQ methods to complex, large-scale forward
models. I will also present UM-Bridge, an open source
project that addresses some of these challenges. UM-
Bridge provides a clean network-based interface to commu-
nicate between UQ and modeling software via HTTP. Con-
tainarization of models using UM-Bridge is trivial, allow-
ing for unified, portable, fully reproducible and black-box
models. As an example I will present a parallelized multi-
level Markov chain Monte Carlo method, a state-of-the-art,
algorithmically scalable UQ algorithm for Bayesian inverse
problems. The integration between the UQ library MUQ
and the PDE engine ExaHyPE facilitated by UM-Bridge
allows for large-scale parallelism across forward model eval-
uations and the UQ algorithms themselves. The main
scalability challenge presents itself in the form of strong
data dependencies introduced by the MLMCMC method,
prohibiting trivial parallelization. I will demonstrate the
method by using it to infer the most probable locations for
the initialisation of a tsunami from buoy data.
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Surrogate-Assisted Data-Free Inference with Sum-
mary Statistics for Predicting XE Diffusivity in
UO2 Nuclear Fuel

We present a data-free inference framework to estimate the
parameters in an atomistic model for the diffusivity of Xe
fission gas in UO2 nuclear fuel. Our calibration strategy
uses synthetic data sets to guarantee consistency between
the model predictions and the summary statistics reported
in historical gas release and thermodynamic experiments.
In order to keep our approach computationally tractable,
we replace evaluations of the forward model by evaluations
of a prebuilt polynomial chaos surrogate model with a re-
duced number of parameters. This reduced set of param-
eters is identified by a two-step dimension reduction pro-
cess, involving a global sensitivity analysis study as well
as the construction of a likelihood-informed subspace. We
discuss the performance of our calibration strategy, and
consider a weighted construction that accounts for the dif-
ferent number of data points in each experimental data
set. Finally, we investigate how the surrogate can be used
to speed up the estimation of the parameters of the actual
forward model.
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Combining the Sparse Grids Matlab Kit and Um-
bridge for Forward Uncertainty Quantification of a
Naval Engineering Problem

In this work, we show how to couple the Sparse Grids Mat-
lab Kit with a complex solver for computational fluid dy-
namics to perform a forward Uncertainty Quantification
analysis with the classical sparse grids method. In details,
the problem considered is the uncertainty quantification of
the calm-water resistance of a destroyer-type vessel (the
DTMB 5415 model) subject to uncertainty in the payload
and advancing speed. The solver is written in Fortran and
implements a free-surface potential flow solver for the wa-
ter flow around the ship hull, coupled with the rigid-body
equation of motions. The coupling between the sparse grids
method and the fluid dynamics solver is handled through
the UM-Bridge protocol.
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MS74

Multiword Matrix Multiplication with Tensor
Cores

In multiword arithmetic, a matrix is represented as the un-
evaluated sum of two or more lower-precision matrices, and
a matrix product is formed by multiplying the constituents
in low precision. We investigate the use of multiword
arithmetic for improving the performanceaccuracy trade-
off of matrix multiplication with mixed precision block
fused multiplyadd (FMA) hardware, focusing especially on
the tensor cores available on NVIDIA GPUs. Building on
a general block FMA framework, we develop a compre-
hensive error analysis of multiword matrix multiplication.
After confirming the theoretical error bounds experimen-
tally by simulating low precision in software, we use the
cuBLAS and CUTLASS libraries to implement a number
of matrix multiplication algorithms using double-binary16
arithmetic. When running the algorithms on NVIDIA
V100 and A100 GPUs, we find that double-binary16 is
not as accurate as binary32 arithmetic despite satisfying
the same worst-case error bound. Using probabilistic error
analysis, we explain why this issue is likely to be caused
by the rounding mode used by the NVIDIA tensor cores,
and propose a parameterized blocked summation algorithm
that alleviates the problem and significantly improves the
performance–accuracy tradeoff.
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MS74

Block preconditioners for the Marker and Cell dis-
cretization of the Stokes-Darcy equations

We develop block preconditioners for solving the Stokes-
Darcy equations, discretized by the Marker and Cell
(MAC) finite difference method. The discretization leads
to a mildly nonsymmetric double saddle-point linear sys-
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tem. We identify numerical properties and exploit the spar-
sity structure of the matrix, for the purpose of develop-
ing a fast preconditioned iterative solution procedure. The
proposed preconditioners are based on approximations of
two Schur complements that arise in decompositional rela-
tions associated with the double saddle-point matrix and
its blocks. We analyze the eigenvalue distribution of the
preconditioned matrices with respect to the physical pa-
rameters of the problem and show that the eigenvalues are
strongly clustered. Consequently, preconditioned GMRES
appears to be relatively insensitive to the mesh size and
the physical parameters involved. Numerical results vali-
date our theoretical observations.
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MS74

Preconditioners for Multiple Saddle-Point Systems
from PDE-Constrained Optimization

Optimization problems subject to PDE constraints form
a mathematical tool that can be applied to a wide range
of scientific processes, including fluid flow control, medi-
cal imaging, biological and chemical processes, and many
others. These problems involve minimizing some function
arising from a physical objective, while obeying a system
of PDEs which describe the process. Of key interest is the
numerical solution of the discretized linear systems arising
from such problems, and in this talk we focus on precondi-
tioned iterative methods for these systems. In particular,
we describe recent advances in the preconditioning of mul-
tiple saddle-point systems, specifically positive definite pre-
conditioners which can be applied within MINRES, which
may find considerable utility for solving these optimiza-
tion problems as well as other applications. In particular,
these preconditioners lead to a guaranteed convergence rate
for MINRES, and often demonstrate superior convergence
as opposed to widely-used block diagonal preconditioners.
Further, we briefly discuss an inexact active-set method for
large-scale nonlinear PDE-constrained optimization prob-
lems, coupled with block diagonal and block triangular pre-
conditioners for multiple saddle-point systems which uti-
lize suitable approximations for the relevant Schur com-
plements. This is joint work with Andreas Potschka (TU
Clausthal).
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Parallel Efficiency of Coarsest Grid Solvers in
Multigrid

Multigrid methods find their way into many applications
in scientific computing. Simulations in theoretical studies
of the inner workings of nuclei, in particular, are bound by
the use of supercomputers to speed them up. Multigrid
methods have brought a way of pushing the computational
boundaries in such large-scale simulations, and they open
the possibility of scalably simulating at the exascale. Un-
fortunately, under certain extreme situations such as the

use of many processes and/or very high condition of the
linear systems to be solved, the time spent at the coars-
est grid ends up representing most of the execution time
in those multigrid solves. If the solver employed at the
coarsest level is e.g. GMRES, in which case we see the ap-
pearance of many dot products, scalability is at risk. We
discuss here different ways in which we can improve the
scalability of multigrid solvers by focusing on the coarsest
level. All of our implementations and tests are performed
within our solver library DD-alphaAMG, a solver for large
and sparse matrices emerging in lattice quantum chromo-
dynamics, but these techniques are useful in any appli-
cation where multigrid fails to scale due to coarsest-level
restrictions.
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MS74

Structure-Exploiting Preconditioners for Data As-
similation

Correlation operators are used in data assimilation algo-
rithms to weight the contribution of prior and observa-
tion information. Efficient implementation of these oper-
ators is therefore crucial for operational implementations.
Diffusion-based correlation operators are popular in ocean
data assimilation, but can require a large number of se-
rial matrix-vector product. A parallel-in-time formula-
tion removes this requirement, and offers the opportunity
to exploit modern computer architectures. High quality
preconditioners for the parallel-in-time approach are well-
known, but impossible to apply in practice for the high-
dimensional problems that occur in oceanography. In this
talk we consider a nested preconditioning approach which
retains many of the beneficial properties of the ideal ana-
lytic preconditioner while remaining affordable in terms of
memory and computational resource.
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MS75

Asymptotic Formulation of Droplet Pinch-Off

Droplets are seen in applications like emulsion, spraying,
ink-jet printing, atomization and entrainment, and many
more. Understanding the droplet dynamics is crucial to
improve the efficacy of these processes. Hybrid rockets
present a promising alternative to purely liquid-fueled en-
gines as common hybrid fuels are environmentally friendly,
abundant, and easy to process and store. Paraffin wax is a
prominent candidate among high regression rate fuels for
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hybrid rocket engines [M. Karabeyoglu and B. J. Cantwell,
Combustion of liquefying hybrid propellants: Part 2, sta-
bility of liquid films, Journal of Propulsion and Power, vol.
18, no. 3, pp. 621630, 2002]. The atomization of the paraf-
fin wax that begins with the droplet formation and pinch-
off, enables rapid burning and generates a much more spe-
cific thrust than other fuels. We present a one-dimensional
model to simulate the droplet pinch-off in a quiescent en-
vironment using front tracking [D. K. Nathawani and M.
G. Knepley, Droplet formation simulation using mixed fi-
nite elements, Physics of Fluids, vol. 34, no. 6, p. 064105,
2022]. The model is verified using the method of manu-
factured solution and validated against laboratory experi-
ments. We propose a self-consistent algorithm with adap-
tively refined mesh. Furthermore, we expand the model for
droplets in a continuous flow to incorporate the effects of
shear force on droplet evolution.
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Numerical Simulation and Analysis of Multiscale
Interface Coupling Between a Poroelastic Medium
and a Lumped Hydraulic Circuit: Comparison Be-
tween Functional Iteration and Operator Splitting
Methods

We consider a multiscale problem modeling the flow of a
fluid through a deformable porous medium, described by a
system of partial differential equations (PDEs), connected
with a lumped hydraulic circuit, described by a system of
ordinary differential equations (ODEs). This PDE/ODE
coupled problem includes interface conditions enforcing the
continuity of mass and the balance of stresses across models
at different scales. In the present work, we address ques-
tions related to the solution methods of the PDE/ODE
coupled problem via staggered algorithms, focusing on a
detailed comparison between functional iterations and an
energy-based operator splitting method and how they han-
dle the interface conditions. We provide sufficient condi-
tions for the convergence of functional iterations and prove
that the energy-based operator splitting method is uncon-
ditionally stable with respect to the size of the time dis-
cretization step.
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Keynote: Physical Insight + Mathematical Model-
ing + Numerical Methods = The Winning Synergy
for the 21st Century Computational Science

The conjunction among climate change and overwhelm-
ing socio-economic urgencies is pushing human relation-
ships to unprecedented levels of complexity, demanding for
a new vision of the future. Mathematics can help cope
with such a challenge by devising reliable and user-friendly
tools to interpret phenomena, predict multiple scenarios
and suggest optimal solutions. The success of this endeavor
must rely upon the combination of sound physically-based
models with robust and efficient computational techniques,
the final aim being to produce an harmonized represen-
tation of mechanistic behavior and data uncertainty. In
this lecture, the above vision of Mathematics will be ap-
plied to the study of Ophthalmology and Electronics, two
branches of Science that, unexpectedly, share analogous
microscopic functions and a wide range of spatial and tem-
poral scales. Simulations of realistic problems will be illus-
trated to demonstrate the decisive importance of a cooper-
ative synergy among physics, models and methods in the
development of the 21st Century Computational Science.
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One Shot Learning of Stochastic Differential Equa-
tions with Gaussian Processes

We consider the problem of learning the drift and diffusion
functions of a Stochastic Differential Equation of the form
dXt = f(Xt)dt + σ(Xt)dWt from one sample trajectory.
This problem is challenging because one sample trajectory
only provides indirect information on the unknown func-
tions f , σ, and stochastic process dWt representing the
drift, the diffusion, and the stochastic forcing terms, re-
spectively. In this talk we present a simple kernel-based
solution that decomposes the problem as follows: 1) Ex-
press the increments of the SDE as a computational graph.
2) Recover the unknown functions through a Maximum a
Posteriori Estimation (MAP) estimator with Gaussian Pro-
cess (GP) priors. 3) Optimize the kernels of the GPs us-
ing randomized cross validation. We illustrate the efficacy,
robustness, and scope of our method through numerical
examples. Co-authors: Boumediene Hamzi, Giulia Livieri,
Houman Owhadi,Peyman Tavallali.
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On Uncertainty Quantification of Eigenpairs with
Higher Multiplicity

We consider generalized variational eigenvalue problems
with random perturbations in the bilinear forms. This
setting is motivated by Galerkin discretizations of the
Helmholtz equation or Maxwell’s equations with random
material laws, for example. The considered eigenpairs can
be of higher but finite multiplicity. We investigate stochas-
tic quantities of interest of the eigenspaces and discuss why,
for multiplicity greater than 1, only the stochastic proper-
ties of the eigenspaces are meaningful, but not of individual
eigenpairs. To that end, we characterize the Frchet deriva-
tives of the eigenpairs with respect to the perturbation
and provide a new linear characterization for eigenpairs
of higher multiplicity. Based on the Frchet derivatives of
the eigenpair we discuss a meaningful sampling strategy
for multiple eigenvalues and develop an uncertainty quan-
tification perturbation approach. In the latter, the arising
tensor equations for the covariance can be efficiently solved
by a low-rank method, although alternate approaches such
as sparse grids are also feasible. Finally, we discuss perfor-
mance gains compared to sampling based methods.
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Auto-Differentiable Ensemble Kalman Filters

Data assimilation is concerned with sequentially estimat-
ing a temporally-evolving state. This task, which arises in
a wide range of scientific and engineering applications, is
particularly challenging when the state is high-dimensional
and the state-space dynamics are unknown. In this talk
I will introduce a machine learning framework for learn-
ing dynamical systems in data assimilation. Our auto-
differentiable ensemble Kalman filters (AD-EnKFs) blend
ensemble Kalman filters for state recovery with machine
learning tools for learning the dynamics. In doing so,
AD-EnKFs leverage the ability of ensemble Kalman fil-
ters to scale to high-dimensional states and the power of
automatic differentiation to train high-dimensional surro-
gate models for the dynamics. Numerical results using the
Lorenz-96 model show that AD-EnKFs outperform exist-
ing methods that use expectation-maximization or particle
filters to merge data assimilation and machine learning. In
addition, AD-EnKFs are easy to implement and require
minimal tuning.
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Parameter Estimation for the McKean-Vlasov
Stochastic Differential Equation

McKean-Vlasov SDEs arise naturally in many applications

as the mean field limit of systems of interacting particles.
They are important in many fields, from mathematical
biology (e.g., neuroscience and population dynamics) to
the social sciences (e.g., opinion dynamics and coopera-
tive behaviours), to high-dimensional Bayesian inference.
In this talk, we will discuss online parameter estimation
for a McKean-Vlasov SDE and the associated system of
weakly interacting particles. We propose a new online
estimator, which evolves according to a continuous-time
stochastic gradient descent algorithm on the asymptotic
log-likelihood of the interacting particle system. We ob-
tain various convergence results for this estimator, under
assumptions which guarantee ergodicity and uniform-in-
time propagation chaos. Our theoretical results are sup-
ported via several numerical examples, including a toy lin-
ear mean field model, a stochastic Kuramoto model, and a
stochastic opinion dynamics model.
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Structure Preserving Neural Networks for Identi-
fying and Solving Dynamical Systems

We propose the symplectic neural network (SympNet) that
are composed of unit lower/upper triangular matrix-like
maps for solving and identifying conservative dynamical
systems from data. We theoretically proved that Symp-
Nets are universal approximators within the class of sym-
plectic maps. We apply SympNet to learn the evolution
map from the molecular dynamics (MD) simulation re-
sults across multiple steps, which reduces the computa-
tional cost of traditional MD solver by 20% on GPU while
being able to keeping energy constant in the NVE ensem-
ble. We apply SympNet to solve the high dimensional path
planning problems. We experimentally showed that our
neural-network-based method SympNets can overcome the
curse of dimensionality by solving the path planning prob-
lem of 256 closely interacted drones in 1.5 hours. As a
generalization of SympNet, we proposed the GENERIC
formalism informed neural network (GFINN), which ex-
actly satisfies the first and second law of thermodynamics,
to facilitate prediction of the evolution of complex pro-
cesses that are dissipative in nature. The architecture is
inspired by the spectral decomposition of skew-symmetric
and positive definite matrices. Based on rigorous approxi-
mation theory, we prove that our model approximates any
system that can be described by the GENERIC formalism
in a thermodynamics-consistent way. We apply GFINN
to predict the motion of thermoelastic double-pendulum
governed by Gough-Joule effect.
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MS77

Heterogeneity and HPC: The Messy Price for Per-
formance

HPC platforms continue to embrace diverse and novel
hardware, all the while requiring that core software stacks
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remain functional, e.g., an implementation of the Message
Passing Interface (MPI) or BLAS and LAPACK. This talk
discusses some of the challenges that continued heterogene-
ity introduces both as a technical challenge for system ad-
ministration and as an additional layer of complexity that
users must become aware of.Unfortunately, this complex-
ity spans all levels of the system, from administration to
research and development and on to the user experience.
In this talk, we will give some practical instances where
challenges arise as well as discuss how co-design can be
used to mitigate some of these risks and challenges.
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Accelerated Computing Using FleCSI

The Flexible Computational Science Infrastructure
(FleCSI) framework is a compile time configurable run-
time library that is designed to support multi-physics
applications development. FleCSIs abstraction layer
provides a single-source programming interface for shared-
memory and distributed-memory parallelism through task
and kernel execution, respectively. The shared memory
parallelism interface in FleCSI supports portability across
heterogeneous computing architectures, utilizing the un-
derlying accelerator runtimes OpenMP, CUDA, and HIP.
In this talk, we present the performance results for two
FleCSI-based applications: MPAS (shallow water core),
and a basic iterative solver for elliptic PDEs. Results
were obtained on heterogeneous computing architectures
that demonstrate the performance, portability, and
productivity capabilities of FleCSI.
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Supporting Applications on Emerging Heteroge-
neous Supercomputers

The introduction of heterogeneous computing via GPUs
represented a significant shift in direction for HPC cen-
ters, and therefore required significant preparation. Sci-
ence applications faced many challenges and required re-
thinking and re-factoring of their algorithms, system soft-
ware, and tools. Furthermore, partnerships with system
vendors were necessary to co-design architectural features
with software and applications. In this talk, we present key
lessons learned from a concentrated effort at Lawrence Liv-
ermore National Laboratory to prepare applications, sys-
tem software, and tools for existing and upcoming hetero-
geneous supercomputers. We share the process we applied
at the laboratory with the hope that others will be able to
learn from both our successes and intermediate setbacks.
We describe best practices for algorithms and source code,
system configuration and software stack, tools, and appli-
cation performance. Finally, we present early results as we
prepare for the arrival of our exascale supercomputer El
Capitan.
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MS77

Enhancing Productivity on Heterogeneous Super-
computers with Task-Based Programming Model

Heterogeneous supercomputers with GPUs are one of the
best candidates to build Exascale machines. However,
porting scientific applications with huge number of code
lines is challenging. Data transfers/locality and expos-
ing enough parallelism determine the maximum achievable
performance on such systems. Porting efforts impose de-
velopers to rewrite parts of the application which is tedious
and time-consuming and does not guarantee performances
in all the cases. Being able to detect which parts can be
expected to deliver performance gains on GPUs is there-
fore a major asset for developers. Moreover, task parallel
programming model is a promising alternative to expose
enough parallelism while allowing asynchronous execution
between CPU and GPU. OpenMP 4.5 introduces the target
directive to offload computation on GPU in a portable way.
Target constructions are considered as explicit OpenMP
task as for CPU but executed on GPU. In this work, we
propose a methodology to detect the most profitable loops
of an application that can be ported on GPU. While we
have applied the detection part on several mini applica-
tions (LULESH, miniFE, XSBench and Quicksilver), we
experimented the full methodology on LULESH through
MPI+OpenMP task programming model with target di-
rectives. It relies on runtime modifications to overlap of
data transfers and kernel execution through tasks. This
work has been integrated into the MPC framework, and
has been validated on distributed heterogeneous system.
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MS79

Disentangling Nuisance Factors During Geophysi-
cal Inversion Using Symmetric Autoencoders

We present an autoencoder architecture that assumes scale
separation to represent the measurements of a given phys-
ical system using two separate latent codes: one correlated
with the information that varies on a slow scale and an-
other one on a much faster scale. The key idea is that,
as opposed to using the underlying physical model, the
architecture uses symmetry and stochastic regularization
to achieve a data-driven disentanglement. We show that
this disentanglement is invaluable when analyzing geophys-
ical systems. Here, the variations in the measurements oc-
cur across two separate scales attached to different phys-
ical phenomena, with one of the phenomena being task-
irrelevant and therefore resulting in nuisance parameters.
Some examples include passive time-lapse seismic moni-
toring using measurements corrupted with nuisance vari-
ations due to uncontrollable sources; learning earthquake
signatures in the presence of nuisances attached to multi-
ple scattering in the subsurface; leveraging symmetry un-
der reordering the pixels to disentangle the influence of the
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nuisance atmosphere effects from hyperspectral imagery.
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MS79

Full Waveform Inversion via Reduced Order Mod-
eling

Full waveform inversion (FWI) is a seismic imaging method
that aims at using the entire content of seismic traces to
extract physical parameters of the medium being probed
by seismic waves. Conventional FWI is carried out by
nonlinear least-squares data fitting with some appropriate
regularization and it can be interpreted as a Maximum A
Posteriori in a Bayesian framework. It turns out that the
FWI misfit function is high-dimensional and non-convex
with many local minima. A novel approach to FWI based
on a data driven reduced order model (ROM) of the wave
equation operator is introduced and it is shown that the
minimization of ROM misfit function performs much bet-
ter. The talk is based on a joint work with L. Borcea (Univ.
Michigan), A. Mamonov (Univ. Houston), J. Zimmerling
(Uppsala Univ.).
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MS79

Augmented Pseudo-Marginal Metropolis-Hastings
for Partially Observed Diffusion Processes

We consider the problem of parameter inference for par-
tially observed Markov process models using data at dis-
crete times that may be incomplete and subject to mea-
surement error. We integrate over uncertainty in the la-
tent process between observation times via a state-of-the-
art correlated pseudo-marginal Metropolis-Hastings algo-
rithm, that aims to improve mixing of the parameter chains
by inducing positive correlation between successive esti-
mates of the intractable observed data likelihood. How-
ever, unless the measurement error or the dimension of
the latent process is small, correlation can be eroded by
the resampling steps in the particle filter. We therefore
propose a novel augmentation scheme, that allows for con-
ditioning on values of the latent process at the observation

times, completely avoiding the need for resampling steps.
We integrate over the uncertainty at the observation times
with an additional Gibbs step. We illustrate the resulting
methodology in the context of nonlinear multivariate diffu-
sion processes and find that our approach offers substantial
increases in overall efficiency, compared to some competing
methods.

Andrew Golightly
Durham University
andrew.golightly@durham.ac.uk

Chris Sherlock
Lancaster University
c.sherlock@lancaster.ac.uk

MS79

Geometry of Molecular Conformations in Cryo-EM

Cryo-Electron Microscopy (cryo-EM) is an imaging
technology that is revolutionizing structural biology.
Cryo-electron microscopes produce many very noisy
two-dimensional projection images of individual frozen
molecules; unlike related methods, such as computed to-
mography (CT), the viewing direction of each particle im-
age is unknown. The unknown directions and extreme
noise make the determination of the structure of molecules
challenging. While other methods for structure determi-
nation, such as x-ray crystallography and NMR, measure
ensembles of molecules, cryo-electron microscopes produce
images of individual particles. Therefore, cryo-EM could
potentially be used to study mixtures of conformations of
molecules. We will discuss a range of recent methods for
analyzing the geometry of molecular conformations using
cryo-EM data.
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MS79

Optimal Transport for Elastic Source Inversion

Full waveform inversion (FWI) is a state-of-the-art method
for imaging Earth’s subsurface. However, FWI is notorious
for local-minimum trapping, or ”cycle skipping,” and thus
requires an accurate initial model ([Mtivier et al., Optimal
transport for mitigating cycle skipping in full-waveform in-
version]). Cycle skipping is caused by the nonconvex na-
ture of the misfit optimization landscape in a least-squares
formulation. In contrast, the Wasserstein-2 distance, de-
noted W2, is convex with respect to shifts and dilations,
which occur naturally in seismic data ([Engquist et al.
Optimal transport for seismic full waveform inversion]).
Therefore, we propose using this optimal-transport met-
ric as our misfit for source inversion. Previous work using
optimal transport for source inversion has shown promise
([Chen et al., The quadratic Wasserstein distance for earth-
quake location]). However, this work uses the acoustic
wave equation, which is less accurate than an elastic model.
In this talk, we extend these results to elastic source inver-
sion in two spatial dimensions and show that they translate
well to the elastic model. We will show a comparison of
the optimization landscapes with respect to source location
for the L2 misfit and W2 distance for the IASP-91 model.
We then show inversion results using USArray data from
the western United States for various earthquake sources,
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assuming known Lam parameters.
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MS80

Lbm Bloodflow and Endovascular Coiling-
Simulations in 3D Aneurysm-Geometries

Cerebral aneurysms pose a big and creeping danger to pa-
tients due to their ubiquitous risk of rupture. In order
to quantify the rupture-risk as well as to assess differ-
ent treatment strategies in-silico, detailed numerical sim-
ulations of the hemodynamics within the aneurysm as
well as the interaction with treatment devices such as
coils are necessary. In this talk, we present research
and simulation results based on the Lattice-Boltzmann
method to simulate the bloodflow within real, 3D and
patient specific vessel-geometries obtained from medical
scans. Realistic coil geometries are obtained via a one-
dimensional spring-wire insertion simulation that takes
into account bending, wall-contact, self-intersection as well
as a manufacturer-predefined coil micro-structure that al-
lows to fill the aneurysms space to a large extend, even-
tually occluding it from further bloodflow. In order to
lower computational costs, we also aim to replace and com-
pare such, computationally costly, fully resolved coiling-
bloodflow-simulations by means of porous medium surro-
gate models, where parameters such as porosity and per-
meability are obtained via homogenization from different,
realistic coils as mentioned before. It is our goal to even-
tually provide a simulation tool that will allow medical
doctors to judge and select based on quantities of interest
such as the wall-shear-stress on the aneurysm walls differ-
ent treatment methods and devices in advance, based on
the specific patients data.
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MS80

Solving Problems in Complex Multiscale Geome-
tries for Porous Media, Vegetation and Vascular
Applications

We present a strategy for the approximation of multiscale
problems which feature a very complex geometry and over-
lapping continua models.. We start with digitized images
of realistic media digitized into voxels. The challenges in-
clude the coupled nature of the governing PDEs of different
types as well as the fact that the geometry may be chang-
ing, but it is not feasible to obtain the geometry snapshots
in time. The goals are to eventually upscale the solutions.
By design, we employ therefore the lowest order mixed fi-
nite element methods on rectangular grids, and we embed
the domains in realistically simple fictitious domain. This
strategy makes tracking the behavior of the entire system
feasible while the pre-processing and post-processing ef-
forts are manageable and allow to focus on the deliverables
of interest. This strategy is motivated by applications in
human tissue, soil-vegetation systems, and multiphase flow

coupled to energy conservation in porous media.
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MS80

Numerical Modeling of Permafrost Thermal Dy-
namics in Arctic Lake-Soil Systems

Permafrost degradation is observed to increase rapidly in
Arctic coastal regions due to permafrost warming. In-
creases in air temperature is the primary direct driver
of permafrost warming, but frequent coastal flooding has
been recognized as another important driver indirectly con-
tributing to permafrost warming. However, the impact of
coastal flooding on permafrost has not been tested and re-
mains poorly understood. Our goals are to 1) understand
permafrost hydro-thermal dynamics under floods and 2)
develop new capability to simulate arctic lake and per-
mafrost thermal dynamics. We consider a coupled one-
dimensional model of snow-lake-soil system with variable
water body depth. The temperature distribution in the
lake (with or without ice) is calculated by means of a heat
diffusion equation in the scaled coordinate system to ac-
count for variability in the depth. The soil is a coupled
model of heat equation for the temperature and Richards
equation for the water content. Finally, we use the sur-
face energy balance equation to model the snow layer. The
numerical discretization and coupling of the physical pro-
cesses are performed using the Amanzi-ATS software in-
frastructure. For model verification we compare the re-
sults of Amanzi-ATS simulations for three different lakes
in Alaska with the seasonal observation data for the sur-
face temperature and the depth of the snow and ice layers.
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Finite Elements for Thermo-Hydro-Mechanical
Coupling in Modeling Permafrost Thaw

We present an algorithm and its analysis for the finite ele-
ment approximation to thermo-hydro-mechanical (TpHM)
phenomena associated with permafrost thaw. Our work in-
volves a new mixed finite element formulation for the phase
change problem; this model works very well with the ap-
propriate heterogeneous non-linearities, both at the micro-
scopic scale as well as at the Darcy scale. We demonstrate
robustness of our algorithm for thermo-hydro properties
when handling irregular data such as the temperature-
enthalpy relationship calibrated using data from Alaska.
For the hydro-mechanical portion of the model, we consider
the three-field formulation of Biot’s system of poroelastic-
ity, which we demonstrate is robust in physical scenarios
involving heterogeneity and non-linear elastic and hydro-
logical constitutive relationships and parameters. We fur-
ther discuss our progress towards the coupled TpHM sys-
tem, particularly the challenges of a monolithic scheme and
our progress on sequential coupling.
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MS81

Rational Approximations in Boundary Value Prob-
lems with Corner Singularities

Rational functions are well suited to approximate a wide
range of functions. In comparison to polynomial approx-
imations, rational functions can converge at exponential
rates (root-exponential to be precise) even for functions
with singularities. In this talk we focus on branch point
singularities, which may arise in applications as singulari-
ties at corners or edges of a computational domain. We
show that poles in a typical rational approximation for
such functions cluster towards the singularity, not unlike
graded meshes do in adaptive numerical simulation meth-
ods. The class of so-called lightning methods for bound-
ary value problems, developed by Trefethen and collabora-
tors, explicitly uses rational approximations and exploits
this property by choosing clustered poles in advance. This
turns the rational approximation problem into a linear one,
since rational functions depend non-linearly on the location
of the poles but linearly on the associated residues. We
show that a judicious choice of the distribution of poles
has a significant impact on the rate of convergence. More-
over, the chosen representation of the rational functions,
i.e., the basis of the approximation space, strongly affects
the numerical stability of these classes of methods.
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MS81

Constructing Summation-by-Parts Operators on
Point Clouds

Computational scientists and engineers use summation-by-
parts (SBP) operators to construct PDE discretizations

with desirable properties, such as nonlinear stability and
superconvergent functionals. SBP operators are typically
defined on a geometrically simple reference domain for
example, a quadrilateral or triangular domain and then
mapped to elements in an unstructured mesh or blocks in
a multi-block grid. Here we consider a more flexible con-
struction of SBP operators that is suitable for degrees of
freedom over point clouds. The construction is a gener-
alization of the discontinuous Galerkin difference (DGD)
method. Unlike DGD, the proposed method does not pair
degrees of freedom with elements in a one-to-one manner;
instead, the element mesh is used only to perform integra-
tion and define the support of the basis functions. We will
present results that verify the method and demonstrate its
flexibility; in particular, we will present how r-adaption can
be applied to the method without modifying the mesh.
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MS81

Efficient Tensor-Product Spectral-Element Meth-
ods with the Summation-by-Parts Property on Tri-
angles and Tetrahedra

We present an extension of the summation-by-parts ap-
proach to nodal and modal spectral-element methods em-
ploying tensor-product operators in collapsed coordinates,
enabling the construction of provably stable and conserva-
tive schemes of arbitrary order which combine the geomet-
ric flexibility of unstructured triangular and tetrahedral
grids with the efficiency of matrix-free sum-factorization
algorithms. Employing such a methodology within the
context of a skew-symmetric discontinuous Galerkin for-
mulation, we develop discretizations on curvilinear meshes
which are energy conservative for the linear advection equa-
tion in the case of a central numerical flux and energy dissi-
pative for an upwind numerical flux. We then describe the
implementation of efficient algorithms for evaluating the
proposed tensor-product operators within an open-source
Julia code. Finally, the stability and conservation proper-
ties of the proposed methods are verified numerically, and
comparisons with existing methods on the basis of accu-
racy and computational cost are presented, demonstrating
that for higher polynomial degrees, the proposed schemes
are more efficient than comparable multidimensional (i.e.
non-tensor-product) formulations on triangles and tetrahe-
dra.
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Nonlinear Boundary Conditions for Energy and
Entropy Stable Initial Boundary Value Problems
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in Computational Fluid Dynamics

We derive new boundary conditions and implementation
procedures for nonlinear initial boundary value problems
that lead to energy and entropy bounded solutions. A step-
by-step procedure for general nonlinear hyperbolic prob-
lems on skew-symmetric form is presented. That procedure
is subsequently applied to the three most important equa-
tions in computational fluid dynamics: the shallow water
equations and the incompressible and compressible Euler
equations. Both strong and weak imposition of the nonlin-
ear boundary conditions are discussed. Based on the con-
tinuous analysis, we show that the new nonlinear bound-
ary procedure lead to energy and entropy stable discrete
approximations if the scheme is formulated on summation-
by-parts form in combination with a weak implementation
of the boundary conditions.

Jan Nordström
Department of Mathematics
Linkoping University
jan.nordstrom@liu.se

MS81

Stability of IMEX Schemes for Convection-
Diffusion Equations Discretized by Upwind SBP
Schemes

In the context of convection-diffusion equations, IMEX ap-
proaches generally discretize the convection terms explic-
itly and treat the diffusion terms implicitly in order to
avoid parabolic time step restrictions based on the stiff
diffusion terms. Recent research has shown that spe-
cific combinations of space and time discretization even
yield unconditional stability of the resulting scheme with
grid-independent time step restrictions only based on the
convection and diffusion constants. For DG space dis-
cretizations using upwind numerical fluxes, previous anal-
ysis via energy estimates has shown that the choice of dif-
fusion fluxes influences this stabilization mechanism. For
instance, whereas LDG fluxes allow for grid-independent
time step sizes when IMEX time stepping is applied, the
classical BR1 fluxes do not. In this talk, we focus on the
spatial discretization by upwind SBP schemes which in-
troduce an upwind mechanism similar to numerical fluxes
within the DG method. Using energy equations, we inves-
tigate the stability of upwind-SBP-discretized convection-
diffusion problems using IMEX time stepping. This analy-
sis is quite general and only requires a compatibility of the
first and second derivative SBP operators. In particular,
the upwind SBP framework allows to show that replacing
upwind advection fluxes by central fluxes in fact suffices to
guarantee grid-independent time step restrictions in case
of BR1 diffusion fluxes.
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MS82

Bioeconomic Model of Three Marine Populations
Including Tide Effects

The main objective of this work is the study of the effects
of high tides and low tides on fishing effort, catches as well
as profits in a bioeconomic model of populations of Sardina
pilchardus, Engraulis encrasicolus and Xiphias gladius in
Moroccan areas. To achieve this objective, we studied the
stability of the equilibrium points of our biological model

then we added in our model the effect of the tides in the
fishing effort which maximizes the profits of the fishermen
under the constraint of the conservation of the biodiversity
of these marine species using the generalized Nash equi-
librium in the resolution of the bioeconomic model. As
results, we were able to give the best fishing times accord-
ing to the tides of each month of the whole year which will
allow us to achieve better yields. Hence the importance of
introducing the effect of high and low tides in bioeconomic
models.
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MS82

Deep Autoencoder-Based Approaches for Plume
Transport Predictions

Wind-driven spatial patterns are of great interest in the
climate and geophysical sciences. Examples include fea-
tures in Aeolian dunes and the deposition of volcanic ash,
wildfire smoke, and air pollution plumes. Machine learning
models are attractive because they can make accurate and
fast predictions when the physical processes are not fully
understood, experiments are unavailable, or computer sim-
ulations are too costly. We explore deep convolutional neu-
ral network-based autoencoders exploiting relationships in
geophysical spatial patterns to reduce their dimensional-
ity. Reducing the dimension size with an encoder allows
us to train regression models linking geographic and me-
teorological scalar input quantities to the encoded space.
Once this is achieved, full predictive spatial patterns are
reconstructed using the decoder. We also designed a novel
spatiotemporal prediction model, ST-GasNet, inspired by
the partial differential equations used to model plume evo-
lution. The ST-GasNet model learns the spatiotemporal
dependencies from limited binary training data and ac-
curately predicts the evolution of spatial distributions of
contaminant plumes later in time (15-time steps or 9 min-
utes) given the initial time sequences (5-time steps or 3
minutes) as the input. Finally, we are currently working
on a 3D CNN Autoencoder Architecture to extend our pre-
vious work to temporal predictions of the magnitude of the
quantities of interest instead of just binary data.
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Learning Gas Transport Through Fracture Net-
works from Multi-Fidelity Data

Modeling gas transport through fractures of subsurface
rock is particularly difficult because of the heterogeneous
nature of the material. Structural information such as frac-
ture size, geometry, and other material properties plays a
key role in modeling the dominant physics for flow and
transport. We explore the application of machine learn-
ing to create surrogate reduced-order models coupled with
graph theoretic techniques, to characterize flow through
fracture networks. We utilize training data from compu-
tationally intensive high-fidelity discrete fracture network
simulations, augmented by easily generated low-fidelity
(i.e. noisy) graph flow models, in a multi-fidelity approach.
Specifically, we take advantage of Bayesian methods to pre-
dict the high-fidelity model output, along with uncertainty
bounds. In this way, we aim to generate rapid and ac-
curate predictions of particle breakthrough times, orders
of magnitude faster than the simulations themselves, with
associated uncertainty quantification.
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MS82

Global Sensitivity Analysis Using the Ultra-Low
Resolution Energy Exascale Earth System Model
to Investigate Parametric Uncertainty in Arctic
Climate

Accurate seasonal predictions of sea ice minimum extent
and long-term estimates of timing for a seasonally ice-free
Arctic depend on a better understanding of the factors in-
fluencing sea ice dynamics in the strongly coupled Earth
system. As a first step in quantifying uncertainties in sim-
ulated Arctic climate response, we performed a variance-
based global sensitivity analysis (GSA) using a fully cou-
pled ultra-low resolution (ULR) configuration of version 1
of the US Department of Energys Energy Exascale Earth
System Model (E3SMv1). We quantify the sensitivity of
six Arctic quantities of interest (QOI), which characterize
changes in Arctic climate over a 75 year period, to un-

certainties in nine model parameters spanning the sea ice,
atmosphere, and ocean components of E3SMv1. Sensitiv-
ity indices for each QOI were computed with a Gaussian
process emulator using 139 random realizations of the ran-
dom parameters and fixed preindustrial forcing. The pa-
rameter variations showed significant impact on the Arctic
climate state with the largest impact coming from atmo-
spheric parameters in the Cloud Layers Unified by Binor-
mals (CLUBB) scheme. Our results demonstrate the im-
portance of conducting sensitivity analyses with fully cou-
pled climate models and motivate follow-on investigations
using the ULR model.
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MS83

Optimal Control of Automated Vehicles for Flow
Smoothing in Mixed Autonomy Traffic

The introduction and control of automated vehicles (AVs)
in predominantly human-driven traffic has the potential to
improve traffic conditions at both the local and the system
levels. In this work, we study the optimal control of AVs
in mixed-autonomy traffic with the objective of smoothing
unstable traffic flows. We first model the dynamics of a
mixed-autonomy system where the acceleration of human-
driven vehicles is governed by a car-following model, and
the acceleration of AVs is to be controlled. This is real-
ized as a system of first-order ODEs. We then formulate
the optimal control problem and show the well-posedness
of the system dynamics for a reasonable set of admissible
controls and establish the existence of minimizers. Given
this problem setup, we devise an approach for solving the
optimal control problem based on Pontryagins maximum
principle (PMP) and the adjoint method. Further, we pro-
pose to approximate the optimal controller using a set of
parametrized basis functions. Their parameters are tuned
by optimizing an objective function that involves the orig-
inal objective of the optimal control problem over a distri-
bution of trajectories. Through this approach, we aim to
develop a feedback control scheme based on our open-loop
optimal control problem. We demonstrate the effectiveness
of both approaches on real-world trajectories data collected
from the I-24 in Tennessee, United States.
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Detecting Congestion and Boundary Conditions:
How Machine Learning Techniques can Improve
Differential Traffic Models

Vehicular traffic has traditionally been described and fore-
cast by means of mathematical models, either differential
and nondifferential. In recent years, machine learning came
into play in order to analyze traffic data, trying to discover
patterns and substitute, when possible, traditional models.
Hybrid approaches like the one based on physics-informed
neural networks were also proposed. In this talk we focus
on a road segment where traffic flux is continuously counted
by means of some fixed sensors. The idea is to couple ma-
chine learning and differential models, putting the former
at the service of the latter. More precisely, we use a neu-
ral network to predict sensor data at the inflow boundary
of the road, where the model expects information about
the next-to-come traffic flow. Moreover, we use a neural
network to detect congestion formations near the sensors.
This information is used to recover the car density by in-
verting the (noninjective) fundamental diagram. Some ex-
amples motivated by real scenarios will be discussed. Real
data are provided by the Italian company Autovie Venete
S.p.A.
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Aspects of Nonlocal Traffic Flow Modeling

The technological progress in autonomous driving brings
new challenges for the modeling of traffic flow and exten-
sions of classical approaches, such as the LWR or ARZ
model, are needed in order to manage these. As au-
tonomous cars posses more data about the surrounding
traffic, there is a need that traffic models incorporate those.
Therefore, nonlocal traffic flow models can be considered.
They include more information in a certain nonlocal range
about the traffic of the road. In case of non-autonomous
drivers, the nonlocal range can stand for the sight of a
human driver. Moreover, this nonlocal range can be inter-
preted as the connection radius of autonomous cars. In this
talk we will give an overview on nonlocal traffic flow mod-
els and discuss the challenges which arise when comparing
these models to real traffic data.

Jan Friedrich
RWTH Aachen University
friedrich@igpm.rwth-aachen.de

MS83

Macroscopic Traffic Models and Autonomous Ve-
hicles

We present two models for controlling car traffic through
special vehicles, like autonomous ones. Car traffic is de-
scribed by macroscopic models, while the dynamics of the
special vehicles is described by a microscopic one. More
precisely, either the Lighthill-Whitham-Richards (LWR)
model [?, ?] or, alternative, the Colombo-Marcellini-Rascle

(CMR) model [?] describes the evolution of traffic in a road.
Assume that a vehicle, whose position is described by the
function y(t), aims at controlling the behavior of traffic.
The evolution of such a vehicle is described by the ODE
ẏ(t) = u(t) where u(t) is a control function, which selects
the desired speed. Following the ideas proposed in [?], we
consider two control models, one based on the LWR model
and one on the CMR model, where the control acts on
the autonomous vehicle. We discuss about the concepts
of solutions for the two systems and we show that, given
a control function u = u(t) with finite total variation, a
solution exists for both systems. The proofs are based on
the wave-front tracking technique. These are joint works
with P. Goatin, T. Liard, F. Marcellini, and B. Piccoli.

Mauro Garavello
niversity of Milan
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MS83

Uncertainty Quantification for Microscale Traffic-
Related Pollutant Dispersion CFD Simulations

Uncertainty quantification (UQ) in urban computational
fluid dynamics (CFD) is challenging due to significant com-
putational costs, which complicate the efficient construc-
tion of response surfaces. Moreover, exploration and accu-
racy in the UQ space are all the more difficult to reach when
more than 2 uncertain variables and functional outputs
are considered, as is the case for instance when construct-
ing atmospheric pollution maps. Traditionally, such UQ
analyses are carried out using proper orthogonal decompo-
sition with gaussian processes to emulate the coefficients
of a truncated Karhunen-Loeve decomposition (POD-GP).
This method is used in this work to carry out a global
sensitivity analysis for a realistic high-dimensional traffic-
related atmospheric pollutant dispersion CFD study with
up to 5 uncertain variables. The pollutant dipsersion is
modelled with the open-source OpenLB lattice-Boltzmann
CFD code, coupled with the SUMO microscale traffic sim-
ulator and a physical engine emissions model. We also
compare the POD-GP method with another metamodel-
ing strategy based on an anchored-ANOVA decomposition
of the quantity of interest, which was designed to reduce
the number of required samples in the UQ space for a given
accuracy.
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MS84

Fast Finite Element Solver for Focused Ultrasound
Applications

Focused ultrasound (FUS) application is a therapeutic
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medical technology that uses ultrasound for tissue heat-
ing and ablation. In recent years, interest in FUS appli-
cation has been growing, especially for the treatment of
some cancers. In contrast to conventional cancer therapy,
FUS application is non-invasive and as such makes it an
attractive treatment method. However, effective patient-
specific FUS treatment would be supported by accurate
simulations of treatment. This presents a computational
challenge as the ratio of the domain size to the wavelength
is typically large, and therefore computationally demand-
ing. We have developed a fast, high-order matrix-free finite
element solvers to simulate a 3D FUS application. We show
that by employing a high-order methods and fast assembly
techniques, we simulate with high accuracy and accept-
able computation time. We show that we can use methods
with the lowest known computational cost complexity and
achieve a very significant fraction of the peak performance
of modern CPU architectures, and with excellent parallel
scalability. Overall, we show that our solver is fast, accu-
rate, scalable, and is suitable for large-scale time-domain
nonlinear acoustics simulations.

Adeeb Arif Kor
University of Cambridge
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MS84

Adapting Exascale Techniques Through Ginkgo

This talk presents modern, exascale-ready techniques
within the Ginkgo high-performance linear algebra library,
focused on manycore systems. The application area is
the implicit or semi-implicit time stepping of hyperbolic-
parabolic partial differential equations discretized with dis-
continuous Galerkin methods. Within this area, strategies
such as batched solver, or mixed-precison are discussed.
The talk will highlight the necessary abstractions and im-
plementations on GPU hardware, and present the perfor-
mance on sample problems.

Marcel Koch
Karlsruhe Institute of Technology
marcel.koch@kit.edu

MS84

Large Eddy Simulation of Aircraft at Affordable
Cost: a Milestone in Computational Fluid Dynam-
ics

While there have been numerous applications of large eddy
simulations (LES) to complex flows, their application to
practical engineering configurations, such as full aircraft
models, have been limited to date. Recently, however,
advances in rapid, high quality mesh generation, low-
dissipation numerical schemes and physics-based subgrid-
scale and wall models have led to, for the first time, accu-
rate simulations of a realistic aircraft in landing configu-
ration (the Japanese Aerospace Exploration Agency Stan-
dard Model) in less than a day of turnaround time with
modest resource requirements. In this paper, a systematic
study of the predictive capability of LES across a range
of angles of attack (including maximum lift and post-stall
regimes), the robustness of the predictions to grid resolu-
tion and the incorporation of wind tunnel effects is carried

out. Integrated engineering quantities of interest, such as
lift, drag and pitching moment will be compared with ex-
perimental data, while sectional pressure forces will be used
to corroborate the accuracy of the integrated quantities.

Oriol Lehmkuhl
BSC
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MS84

Towards Exascale for Reactor and Wind Energy
Simulations

As part of DOE’s ECP Center for Efficient Exascale Dis-
cretizations, we have developed Nek5000/RS, a highly-
performant open-source thermal-fluids code based on high-
order spectral element discretizations that is targeting
GPU-based platforms. Recent developments and optimiza-
tions have led to an unprecedented milestone in the abil-
ity to perform large-eddy simulation of a full reactor core.
Careful tuning of the high-performance kernels, the mul-
tilevel solvers, and timestepping algorithms led to a 4X
speed-up in performance when running on all GPUs of
Summit (4608 nodes=27648 GPUs) at Oak Ridge Lead-
ership Computing Facility. As a result, it is now possi-
ble to simulate flow through a 352000-pebble bed reactor
(98 million spectral elements of order N=8, n=51 billion
gridpoints) in just six hours of wall clock time. We also ex-
plore large-eddy-simulation modeling approaches and com-
putational performance for the simulation of atmospheric
boundary layer (ABL) flows that are of direct relevance to
wind energy production. We present the performance of
NekRS on Summit and Crusher, the testbed for the Fron-
tier exascale system, using 18 to 384 Graphics Compute
Dies on AMD MI250X GPUs. We compare strong- and
weak-scaling capabilities, linear solver performance, and
time to solution of NekRS with AMR-Wind. We also iden-
tify leading inhibitors to parallel scaling.

MiSun Min
Argonne National Laboratory
Mathematics and Computer Science Division
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MS84

Performance-Portable p-Multigrid for Nonlinear
Solid Mechanics in Nearly Incompressible Regime

We introduce a matrix-free p-multigrid finite element
method with Newton-Krylov and quasi-Newton iterative
solvers for hyperelasticity problems. Contrary to standard
formulations of finite strain constitutive models, which lead
to loss of several digits of relative accuracy for small de-
formations, we introduce a stable formulation that is ac-
curate for all-deformation elasticity. We investigate relia-
bility, efficiency, and accuracy on a collection of multiscale
compressible and incompressible materials up to billions
of degrees of freedom running on CPU and GPU architec-
tures. We find that high order methods deliver significant
costs savings even for loose error tolerances and physical
singularities in complex geometric models.

Rezgar Shakeri, Jeremy Thompson, Jed Brown
University of Colorado Boulder
rezgar.shakeri@colorado.edu,
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MS85

Forward-Mode Enzyme in Developing Constitutive
Models with Ratel

Ratel is a new, open-source package built on libCEED and
PETSc capable of solving complex solid mechanics prob-
lems without sacrificing computational performance. Com-
puting derivatives is essential to the algorithms employed
within Ratel. However, deriving and implementing deriva-
tives of some constitutive models could be cumbersome
hence exploiting automatic differentiation (AD) tools could
simplify the implementation or provide verification results
for hand-coded derivatives. Enzyme is a new LLVM plugin
with GPU support that provides split forward and reverse
mode AD on LLVM intermediate representation (IR). We
explore the applicability and performance of Enzyme in
computing tensor gradients in some of our elasticity exper-
iments in Ratel.

Leila Ghaffari
University of Colorado Boulder
leila.ghaffari@colorado.edu

MS85

Efficient Batched Forward-Mode Derivatives with
Compiler-Based Automatic Differentiation

Derivatives are becoming ever more central to modern ap-
proaches in the computational sciences. From gradient-
based optimization over uncertainty quantification to the
incorporation of machine learning approaches into our sim-
ulation workflows, the ability to obtain gradients of our
simulation code determines our ability to access this ex-
ceedingly large toolbox. But for a large number of our
simulations the rewriting of entire simulations in differen-
tiable domain-specific languages such as JAX or PyTorch
is simply infeasible. Compiler-based automatic differenti-
ation with Enzyme enables the synthesization of gradients
even for these simulations in any language which utilizes
LLVM in their compiler such as e.g. C/C++, Julia, For-
tran, Rust, and Swift. This tight integration into the com-
piler enables Enzyme to synthesize much more efficient gra-
dients by operating on representations already optimized
by the compiler. In this talk we present key extensions
to Enzyme which enable the auto-batching of operations
inside of Enzyme to convert scalar functions into vector-
ized functions for more efficient gradients in downstream
applications.

Tim Gymnich
Technical University of Munich
tim.gymnich@tum.de

MS85

The Pitfalls of Backpropagation Some Perspec-
tives and Alternatives

The ubiquity of neural networks has pushed the boundaries
of human understanding in many areas such as science,
healthcare, finance. The key reason for this popularity is
the availability of GPU infrastructure to enable fast ma-
trix calculations necessary to perform back-propagationthe
workhorse behind the design and development of neural
network. While backpropagation has been proven effec-
tive, it is not without its pitfalls. In this talk, we will
discuss the many challenges that arise during the design

and development of neural networks through backpropa-
gationespecially in science application. We will then pro-
vide alternatives to backpropagation that are both theo-
retically sound and can be easily amalgamated into the
current GPU infrastructure for fast and efficient training
of neural networks. We will show that, our alternatives can
provide performance equivalent to backpropagation when
gradients are available with the added advantage of be-
ing able to address scenarios where the gradients may be
inaccurate. We will demonstrate the efficiency of these al-
ternatives in GPU infrastructures and in AI accelerators
and derives perspectives for future research.

Krishnan Raghavan
Mathematics and Computer Science
Argonne National Laboratory
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MS85

Randomized Dimensionality Reduction Techniques
for Automatic Differentiation

Recent research has shown the power of randomized dimen-
sionality reduction techniques in creating accuracy preserv-
ing reduction of general nonlinear models. The reduction is
in the form of active subspaces, described by linear trans-
formations of the model parameters and responses. Theo-
retical results prove that the errors resulting from the re-
duction can be upper bounded with high probability. This
talk shows how the resulting active subspaces can be lever-
aged to reduce the computational burden associated with
Automatic Differentiation by confining the differentiation
to a number of pseudo parameters and responses as defined
by the dimensionality reduction algorithm.

Arvind Sundaram
Purdue
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MS85

Parallel Adjoint Taping Using MPI

Automatic Differentiation (AD) allows to efficiently and ac-
curately calculate derivatives of expressions stated as com-
puter code. The adjoint data flow reversal of long evolu-
tionary calculations (e.g. loops), where each iteration de-
pends on a set of parameters and the output of the previous
iterate, is a common occurrence in computational engineer-
ing (e.g. computational fluid dynamics simulation), physics
(e.g. molecular dynamics) and computational finance (e.g.
Monte Carlo paths). For the extreme case of a scalar state,
the execution as well as adjoint control flow reversal are in-
herently serial operations, as there is no spatial dimension
to parallelize. We propose a method, focusing on programs
with such a structure, that exploits the run time differ-
ence typically exhibited by AD tools between pure function
evaluation and evaluation with additional calculation of lo-
cal derivative information (a process frequently called pre-
accumulation), which is then later used by the data flow
reversal. Additional parallelism is introduced into the com-
putation by distributing the aforementioned calculation of
local derivatives onto multiple processes. A reference C++
implementation using MPI is presented, which allows us to
reverse an OpenFOAM simulation. The proposed method
is most beneficial for operator overloading AD tools, how-
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ever the concepts are also applicable to source-to-source
transformation and handwritten adjoints, or a hybrid of
all approaches.

Markus Towara
STCE, RWTH Aachen University
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MS86

Geometric Mechanics Formulations of Momentum-
Based Descriptions for Fluids Using Bundle-Valued
Differential Forms

The use of differential forms to represent physical quanti-
ties enables a dimension and coordinate system indepen-
dent description of continuum mechanics valid on arbitrary
manifolds. Typically these are scalar-valued differential
forms (SVDFs), however certain quantities such as momen-
tum and stress require the use of (vector) bundle-valued
differential forms (BVDFs). In this work we leverage the
representation of momentum as a twisted covector-valued
volume form to develop geometric mechanics formulations
(variational, Hamiltonian, etc.) for momentum-based de-
scription of fluids, including a general conservation-type
form. We consider a general single-velocity model based a
semi-direct product theory (a special case of matched pair
dynamics) with arbitrary advected quantities, including
those with internal dynamics (ex. electromagnetic fields
in electrohydrodynamics). This is sufficient to treat many
models of interest, such as the thermal shallow water equa-
tions, compressible Euler equations, magnetohydrodynam-
ics and electrohydrodynamics (including Euler-Poisson and
Euler-Maxwell). If time permits, there will be discussion
about the use of these new BVDF-based geometric mechan-
ics formulations to develop structure-preserving discretiza-
tions for momentum-based descriptions of fluids, just as
SVDFs are used for velocity-based descriptions.

Christopher Eldred
Sandia National Laboratories
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MS86

Structure Preserving Hybrid Finite Element - Fi-
nite Volume for MHD

In this talk we present a structure preserving hybrid Finite-
Volume approach for solving the compressible MHD equa-
tions in all Mach number regimes. A splitting approach
is designed so that we may take advantage of the con-
servation properties and robustness of the finite-volume
(FV) schemes against the nonlinear advection, while rely-
ing on a structure-preserving discretization of the magneto-
acoustic terms. Indeed, the nonlinear convective terms
are treated via an explicit time-discretization, while the
magneto- and acoustic- terms are solved via an implicit
time-discretization. Thanks to this, the resulting CFL
condition will depend formally only on the fluid veloc-
ity and not on the Alfvn- and/or sound-speeds that may
become too stringent in the low Mach regimes. In this
approach, the divergence free constraint of the magnetic
field is always preserved up to machine precision, and
the symmetry of the physical model is also reflected to
the symmetry of the final algebraic nonlinear systems.

Thanks to the symmetry of the systems, the very-efficient
matrix-free conjugate gradient method may be employed.
First, we’ll describe and show the main results obtained
with a shock-capturing Finite-Volume/staggered Finite-
Difference solver, which is shown to be very robust even
against stringent MHD shock problems. Second, our most
recent results about the extension of this new family of
hybrid schemes to compatible Finite-Elements for weakly
compressible flows will be presented.
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MS86

Variational and Thermodynamically Consistent
Discretization for Heat Conducting Fluids

We construct a structure-preserving and thermodynami-
cally consistent finite element method and time-stepping
scheme for heat conducting viscous fluids. The method
is deduced by discretizing a variational formulation for
nonequilibrium thermodynamics that extends Hamilton’s
principle for fluids to systems with irreversible processes.
The resulting scheme preserves the balance of energy and
mass to machine precision, as well as the second law of
thermodynamics, both at the spatially and temporally dis-
crete levels.
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MS86

Structure-Preserving Discretisations of Incom-
pressible Fluids on the Sphere

Geometric mechanics provides a powerful theoretical
framework for formulating models in geophysical fluid dy-
namics. The discretisation of such models poses significant
computational challenges, both in representing discretely
the structure of the original problem and the correspond-
ing computational cost. In this work we will present recent
developments in geometric integration for fluid dynamics in
two dimensions. In particular, we will illustrate a recently
developed efficient and scalable Lie-Poisson integrator for
flows on the sphere. We will show that it is possible to de-
sign geometric integrators which conserve the Casimirs of
the system at modest computational costs. The construc-
tion of such schemes, the main numerical algorithms and
their parallelisation on modern supercomputing facilities
will be discussed. An application to the spectrum of homo-
geneous two-dimensional turbulence and quasi-geostrophic
turbulence will be illustrated.

Erwin Luesink
University of Twente
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A Space-Time Adaptive Low-Rank Method for
High-Dimensional Parabolic Partial Differential
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Equations

In this talk we present the construction and analysis of a
space-time adaptive method for parabolic partial differen-
tial equations that combines sparse wavelet expansions in
time with adaptive low-rank approximations in the spa-
tial variables. Similar to the existing adaptive low-rank
method for elliptic problems, the method is based on a
perturbed Richardson iteration, in the present case ap-
plied to a standard space-time variational formulation of
the parabolic initial-boundary value problem. The analy-
sis of the method requires a new approximation class for
the temporal operator, taking into account the interaction
between hierarchical tensor formats of different time in-
dices. Since the parabolic operator is an isomorphism with
respect to spaces not endowed with a cross norm, we devise
a new low-rank preconditioning scheme based on exponen-
tial sum approximations that is adapted to the parabolic
case. The method is shown to converge and satisfy similar
complexity bounds as the existing adaptive low-rank meth-
ods for elliptic problems, establishing its suitability for
parabolic problems on high-dimensional spatial domains
and does not suffer from the curse of dimensionality. The
construction also yields computable rigorous a posteriori
error bounds for the total error depending on the activated
basis functions and ranks in the approximation.
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MS87

Rank-Adaptive Time Integration of Tree Tensor
Networks

The numerical approximation of time dependent high di-
mensional problems is a challenging task: The storage re-
quired by the numerical approximation of the solution often
exceeds standard memory resources. In this setting, time-
dependent model order reduction and low-rank approxima-
tion techniques are of interest. In the present contribution,
dynamical low-rank approximation for matrices together
with recent developments on the topic of rank-adaptivity
is briefly recapitulated. Then, appropriate notations and
definitions for hierarchical tensors in Tucker format - also
known as Tree Tensor Networks (TTNs) - are presented,
and a robust rank-adaptive numerical integrator for the
dynamical low-rank approximation of TTNs is introduced.
The proposed algorithm recursively moves from the leaves
to the root, updating the bases and the connection tensors
via a Galerkin projection in an augmented subspace fol-
lowed by a rank truncation up to a given error tolerance.
It is shown that the memory requirements are linear in the
order of the tensor and linear in the maximal mode dimen-
sion. Furthermore, the integrator inherits from the matrix
setting property of interests such as robustness to small
singular values of matricizations of the connection tensors.
Up to the rank truncation error, the proposed integrator
preserves norm and energy for Schroedinger equations, and
it dissipates the energy in gradient systems.
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MS87

Streaming Tensor Train Approximation

Tensor trains are a versatile tool to compress and work
with high-dimensional data and functions. In this talk,
we will introduce the Streaming Tensor Train Approxima-
tion (STTA), a new class of algorithms for approximating
a given tensor T in the tensor train format. STTA accesses
T exclusively via two-sided random sketches of the origi-
nal data, making it streamable and easy to implement in
parallel unlike existing deterministic and randomized ten-
sor train approximations. This property also allows STTA
to conveniently leverage structure in T , such as sparsity
and various low-rank tensor formats, as well as linear com-
binations thereof. When Gaussian random matrices are
used for sketching, STTA is admissible to an analysis that
builds and extends upon existing results on the general-
ized Nystrm approximation for matrices. Our results show
that STTA can be expected to attain a nearly optimal ap-
proximation error if the sizes of the sketches are suitably
chosen. A range of numerical experiments illustrates the
performance of STTA compared to existing deterministic
and randomized approaches.
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MS87

Structure Preserving Hyper-Reduction of Para-
metric Hamiltonian Systems

Many conservative processes in a wide range of physical
and engineering applications can be modelled by Hamilto-
nian systems. The dynamics of such systems is described
by the gradient of a scalar function, the Hamiltonian,
which is preserved over time. Since the number of degrees
of freedom required to provide accurate numerical solu-
tions can be very large, model order reduction and hyper-
reduction methods are typically used to achieve computa-
tional speedups, in particular in many-query simulations.
However, traditional hyper-reduction techniques, such as
discrete empirical interpolation (DEIM), fail to preserve
the gradient structure of the flow velocity, which might
lead to unphysical and unstable solutions. Furthermore,
conservative phenomena do not exhibit global reducibility
properties, in the sense that large approximation spaces
are usually needed to accurately approximate the full order
solution. To overcome these issues, we construct adaptive
hyper-reduced models that retain the gradient structure
and whose complexity is independent of the dimension of
the full order problem. Finally, in order to exploit the lo-
cal low-rank nature of conservative phenomena, both the
reduced space and the DEIM basis are updated in time.
In this talk, we will discuss this adaptive approach and
present several numerical results.

Federico Vismara
Eindhoven University of Technology
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MS88

SPH-EXA: A Framework for Scalable, Flexible,
and Extensible Astrophysical and Cosmological
Simulations

SPH-EXA is a highly scalable and extendable simulation
framework for astrophysical and cosmological simulations.
It is codesigned by computational (astrophysicists and cos-
mologists) and computer scientists (high-performance com-
puting) to achieve scientific advances in astrophysics, cos-
mology, and high-performance computing, for highly scal-
able simulations using Smoothed Particle Hydrodynam-
ics. SPH-EXA includes highly optimized and parallelized
off-the-shelf hydrodynamics and gravity solvers. It sup-
ports new particle types and particle data fields that can
be combined with custom-made simulation-derived observ-
able properties and in-situ data analysis. It requires min-
imal software dependencies, provides scalable paralleliza-
tion and communication support, and portability with op-
timizations for recent CPUs and GPUs. This design re-
lieves potential users from architectural specifics and per-
formance concerns for scaling up simulations with SPH-
EXA. This talk will describe the SPH-EXA framework, its
approach to domain decomposition, parallelization, gravity
and hydrodynamics solvers, and their flexible use as plug-
gable components. A scalable initial conditions generator,
test cases and simulations will also be presented. SPH-
EXA is extendable with additional physical effects through
the use of propagators, whereby the pluggable framework
components are easily customized or implemented from
scratch using the provided building blocks in an abstract,
efficient and scalable way.
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MS88

Fully Kinetic Simulations of Particle Acceleration
in Plasma Turbulence

Turbulence is often invoked to explain the origin of non-
thermal particles in space and astrophysical plasmas. By
means of 3D fully kinetic particle-in-cell simulations, we
demonstrate that turbulence in low-beta plasmas (beta is
the ratio of plasma pressure to magnetic pressure) accel-
erates ions and electrons into a nonthermal energy distri-
bution with a power-law energy range. The ion spectrum
is harder than the electron one, and both distributions get
steeper for higher beta. We show that the energization of
electrons is accompanied by a significant energy-dependent
pitch-angle anisotropy, with most electrons moving par-
allel to the local magnetic field, while ions stay roughly
isotropic. We demonstrate that particle injection from
the thermal pool occurs in regions of high current density.
Parallel electric fields associated with magnetic reconnec-
tion are responsible for the initial energy gain of electrons,
whereas perpendicular electric fields control the overall en-
ergization of ions. Our findings have important implica-
tions for the origin of nonthermal particles in space and
astrophysical plasmas.

Luca Comisso
Columbia University, NY
USA
luca.comisso@columbia.edu

Lorenzo Sironi
Columbia University
lsironi@astro.columbia.edu

MS88

An Event-Based Approach to Monte Carlo Radia-
tion Transport

Radiation transport modeling forms the backbone of pre-
dicting the electromagnetic emission from high energy
astrophysical events, including supernova explosions and
neutron star mergers. Monte Carlo (MC) methods are
a favorable algorithmic choice in these situations, given
the inherent multi-dimensional and multi-physics nature
of such phenomena. MC transport methods have tradi-
tionally used a history-based approach, where individual
particle histories are tracked until census. With the re-
cent computational shift to GPUs, an alternative ”event-
based” approach is becoming more attractive given their
potential speedups compared to their history-based coun-
terparts. In this talk, we present a CUDA implementation
of an event-based MC method in the astrophysical radia-
tive transfer code Sedona. Through a series of benchmark
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test problems, we examine the computational efficiency rel-
ative to a history-based CPU approach including strong
and weak scaling measurements. We also demonstrate the
drawbacks of event-based approaches for memory-bound
situations that may appear in more realistic science pro-
duction runs, and suggest potential workarounds in such
cases.

David Khatami, Benny Tsang
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Simulations of Magnetic Reconnection with a
Pseudo-Spectral Maxwell Solver

Magnetized high-temperature plasmas are found in astro-
physical settings like gamma-ray bursts, magnetars, and
stellar coronae. These plasmas can undergo magnetic re-
connection, which converts the potential energy of the mag-
netic fields to particle kinetic energy. This mechanism is
an important source of particle acceleration and heating
in astrophysical plasmas. Using the particle-in-cell code
WarpX, we perform large first-principles 2D simulations
of relativistic reconnection plasmas representative of those
found in these environments. These simulations produce
particle energies and plasmoid structures in agreement with
results previously reported in the literature. Using this ro-
bust baseline case, we compare the accuracy and compu-
tational performance of three methods of solving Maxwells
equations, including the commonly-used second-order fi-
nite difference time domain (FDTD) method and the more
advanced ultra-high-order pseudo-spectral analytical time
domain (PSATD) method. This is the first time PSATD
has been used in simulations of astrophysical reconnec-
tion. We find that for the reconnection problem, FDTD
and PSATD are comparably accurate, but that time-to-
solution with PSATD is half that of FDTD. These perfor-
mance gains will make our 3D simulations of reconnection
more tractable, and complement other efforts to improve
simulation efficiency, such as the use of mesh refinement.
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Modular Data-Driven Elastoplasticity

The development of highly accurate constitutive models for
materials that undergo path-dependent processes continues
to be a complex challenge in computational solid mechan-
ics. Challenges arise both in considering the appropriate
model assumptions and from the viewpoint of data avail-
ability, verification, and validation. Recently, data-driven
modeling approaches have been proposed that aim to es-
tablish stress-evolution laws that avoid user-chosen func-
tional forms by relying on machine learning algorithms.
However, these approaches not only require a significant
amount of data but also need data that probes the full
stress space and also probes a variety of complex loading
paths. In this work, we discuss a hybrid framework that
can work on a variable amount of data by relying on the
modularity of the elastoplasticity formulation where each
component of the model can be chosen to be either a clas-
sical phenomenological or a data-driven model depending
on the amount of available information. The method is
tested on synthetic uniaxial data coming from simulations
as well as cyclic experimental data for structural materi-
als. The discovered material models are found to not only
interpolate well but also for accurate extrapolation in a
thermodynamically consistent manner far outside the do-
main of the training data.
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Exploring the Low-Data Regime with Model-Data-
Driven Yield Functions

Constitutive modeling of path-dependent processes contin-
ues to be a complex challenge in computational solid me-
chanics. Recently, data-driven modeling approaches have
been proposed that aim to establish stress-evolution laws
that avoid user-chosen functional forms by relying on ma-
chine learning algorithms. However, these approaches not
only require a significant amount of data but also need
data of the full stress space and hence are in particular not
suitable for small-data regimes. In this talk, we discuss a
hybrid framework that can work on a variable amount of
data by relying on the modularity of the elastoplasticity
formulation where each component of the model can be
chosen to be either a classical phenomenological or a data-
driven model depending on the amount of available infor-
mation. The method is tested on synthetic uniaxial data
coming from simulations as well as cyclic experimental data
of steels. The obtained material models are found to not
only interpolate well but also allow to extrapolate in a ther-
modynamically consistent manner far outside the domain
of the training data. Training aspects and details about
the implementation of these models into Finite-Element
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simulations are discussed and analyzed.
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Physics Informed Neural Networks for the Solution
of Phase-Field Models of Brittle Fracture

We contrast the performance of a variety of formula-
tions from the family of physics informed neural networks
(PINNs) to the solution of phase-field models of crack
propagation. Comparison of classical PINNs, variational
PINNs (VPINNs) and variational energy based PINNs
(VE-PINNs) to solve a simple 1D problem leads us to
conclude that the variational approaches may be more ac-
curate than the standards PINNs, whilst VPINNs is less
straightforward to implement than VE-PINNs: leading to
a preference for the latter. This is then deployed for the
solution of more challenging phase-field problems in two di-
mensions and the performance is analysed in terms of both
accuracy and robustness. Our conclusions suggest that,
whilst accurate solutions are certainly achievable for this
class of problem, further research is required to ensure the
robustness and the generalization of the approach.
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Machine Learning Constitutive Models of Inelastic
Materials with Microstructure

Traditional simulations of complex physical processes, such
as material deformation, are both crucial technologically
and expensive computationally. Furthermore the develop-
ment of physical models via traditional methods is particu-
larly time-consuming in human terms. Developing compa-
rably accurate models directly from data can enable rapid
development of accurate models as well as more robust de-
sign, uncertainty quantification, and exhaustive structure-
property exploration. We have been developing neural net-
work models that are guided by traditional constitutive
theory, such as tensor function representation theorems to
embed symmetries, and also exploiting deep learning to in-
fer intrinsic microstructural features. Neural networks are
flexible since sub-components of their graph-like structure
can be arranged to suit particular tasks, such as image pro-
cessing and time integration, and represent the mechanistic
flow of information. This talk will describe the architec-
tures and demonstrate the efficacy of neural networks de-
signed to model the response of complex history-dependent
materials with pores, inclusions or grains based solely on
observable data.
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Integrated Characterization and Calibration of
Elastoplastic Constitutive Models

Calibration of constitutive models in solid mechanics re-
mains both challenging and costly, despite the widespread
availability of high-quality full-field deformation measure-
ment techniques (e.g. digital image/volume correlation).
Furthermore, the process of collecting data from a mechan-
ical test and its ultimate utilization within a computational
model calibration workflow are often loosely coupled. To
address these issues, we propose an Interlaced Characteri-
zation and Calibration (ICC) paradigm that leverages con-
cepts from Bayesian optimal experimental design (OED) to
actively drive an experiment that is tailored to the accu-
rate calibration of a given material. In this talk we will
provide an overview of the ICC concept and its applica-
tion to elastoplastic constitutive models and share techni-
cal progress on a few of its key components. These top-
ics will include the construction of surrogate model graphs
that replace expensive computational simulations of the ex-
periment and the “step selection’ OED problem, i.e. given
a set of choices for the next material state and current
posterior distribution, which one should we choose?
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Learning the Evolution of Unknown Systems via
Deep Neural Networks

Many phenomena in science and engineering are observable
but not yet explainable. That is, we can observe solution
data generated from many physical systems, but the actual
physics, e.g. an ordinary or partial differential equation
model, are unknown. In this case, developing a deep neural
network based model that replicates the systems behavior
is desirable. Hence in this talk, well explore how to learn
the time evolution of unknown ODE and PDE systems
from their solution data using deep neural networks. The
specific neural network architectures used are grounded in
numerical methods for solving ODEs and PDEs. We also
consider the case of partially observing the solution vector,
where a time history of the observed variables are required.
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Machine Learning Methods for Particle-Based
Plasma Computations

The development of accurate and efficient methods for
transport computations is critical in magnetically confined
plasmas for controlled nuclear fusion. In this presentation
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we discuss how machine learning methods can help alle-
viate two aspects of this problem that are a bottle neck
in current particle-based computations. The first one is
magnetic field interpolation needed for particle tracking.
We present a neural network-based divergence-free (NN-
DivFree) interpolation method for arbitrary magnetic field
training data points. The method is mesh-free and based
on a data-driven reconstruction of the magnetic field using
a feedforward neural network. The NN-DivFree method
exhibits a significant reduction of the computational com-
plexity compared to local splines while maintaining a small
error in the divergence. The second problem is the estima-
tion of the particle density, given the 6-dimensional coor-
dinates of an ensemble of computed particle orbits. To
address this problem, we propose the use of Normalizing
Flows (NF) which are a family of generative models where
both sampling and density evaluation can be efficient and
exact. Our method is based on a pseudo-reversible neural
network architecture, which improves the estimation by re-
laxing the invertibility constraint of the nonlinear transfor-
mation. Although NF can be computationally inefficiency
in very high-dimensional problems, numerical experiments
show that this is not the case for the 6-D problem of inter-
est.
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Effective Deep Neural Network Architectures for
Learning High-Dimensional Banach-Valued Func-
tions from Limited Data

In the past few decades the problem of reconstructing high-
dimensional functions taking values in abstract spaces from
limited samples has received increasing attention, largely
due to its relevance to uncertainty quantification (UQ) for
computational science and engineering. These UQ prob-
lems are often posed in terms of parameterized partial dif-
ferential equations whose solutions take values in Hilbert
or Banach spaces. Impressive results have been achieved
on such problems with deep learning (DL), i.e. machine
learning with deep neural networks (DNN). This work fo-
cuses on approximating high-dimensional smooth functions
taking values in reflexive and typically infinite-dimensional
Banach spaces. Our novel approach to this problem is
fully algorithmic, combining DL, compressed sensing (CS),
orthogonal polynomials, and finite element discretization.
We present a full theoretical analysis for DNN approxi-
mation with explicit guarantees on the error and sample
complexity, and a clear accounting of all sources of er-
ror. We also provide numerical experiments showing that
DNNs can produce accurate approximations on challenging
Banach-valued benchmark problems.
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Level Set Learning with Pseudo-Reversible Neural
Networks for Nonlinear Dimension Reduction in
Function Approximation

Due to the curse of dimensionality and the limitation on
training data, approximating high-dimensional functions is
a very challenging task even for powerful deep neural net-
works. Inspired by the Nonlinear Level set Learning (NLL)
method that uses the reversible residual network (RevNet),
in this paper we propose a new method of Dimension Re-
duction via Learning Level Sets (DRiLLS) for function ap-
proximation. Our method contains two major components:
one is the pseudo-reversible neural network (PRNN) mod-
ule that effectively transforms high-dimensional input vari-
ables to low-dimensional active variables, and the other is
the synthesized regression module for approximating func-
tion values based on the transformed data in the low-
dimensional space. The PRNN not only relaxes the invert-
ibility constraint of the nonlinear transformation present in
the NLL method due to the use of RevNet, but also adap-
tively weights the influence of each sample and controls the
sensitivity of the function to the learned active variables.
The synthesized regression uses Euclidean distance in the
input space to select neighboring samples, whose projec-
tions on the space of active variables are used to perform
local least-squares polynomial fitting. This helps to resolve
numerical oscillation issues present in traditional local and
global regressions.
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Reinforcement Learning for Discretization-Aware
LES Models

Over the past few years, increasing efforts have been de-
voted to leveraging the recent advances in machine learning
for the field of turbulence modeling. Most approaches in
this field were based on Supervised Learning, for which ar-
tificial neural networks (ANN) are trained by means of a
precomputed training dataset. However, for large eddy
simulations (LES), this approach can cause instabilities
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in practical simulations, since the dynamics of the dis-
cretized equations are not captured by the training pro-
cess. An approach which avoids this pitfall is the Rein-
forcement Learning (RL) paradigm, which, in contrast to
Supervised Learning, trains ANN by interacting directly
with the discretized dynamical system. We demonstrate
how the RL paradigm can be applied for turbulence mod-
eling by presenting the novel RL framework Relexi, which
couples flow solvers with the machine learning library Ten-
sorFlow, while leveraging modern high-performance com-
puting resources. Relexi is applied to canonical flows, for
which ANN are trained to adapt the coefficients of analyt-
ical LES models dynamically in space and time. We show
that these data-driven LES models provide stable simula-
tions, while outperforming traditional LES models in terms
of accuracy. Thus, the proposed framework can provide a
novel class of discretization-aware LES models, which can
incorporate complex LES filter formulations and discretiza-
tion effects by design.
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Particle Filtering Method for Estimating Cell
Membrane Permeability from Surface PH Data

The transport of gases through cell membranes is one of the
fundamental processes for oxygen-based life forms. Mea-
suring the membrane permeability directly is challenging,
and one possible way to estimate it is to consider another
process, the pH regulation of cells by carbon dioxide trans-
port, and use the membrane surface pH as a proxy and to
estimate the permeability by solving an inverse problem.
In this talk, we discuss the computational and modeling
challenges of this approach, and show how particle filter-
ing can be used to solve the inverse problem.
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Chemical Thermodynamics and the Mathematical
Integration of Reaction Kinetics

Key advances in numerical methods often stem from trans-
lating physical requirements into concrete numerical guide-
lines, such as discrete entropy inequalities in compressible
flow models. In the present work, we present nonlinear
analysis tools that draw from Chemical Thermodynamics.
Through Gibbs formalism, chemical thermodynamics pro-
vides a well-known theoretical expression for a reaction’s
chemical equilibrium constant in terms of reduced chemical
potentials. A less-known yet extremely valuable result is
that if this expression is implemented, mass action kinetic

models are consistent with the dynamical prescriptions of
the 2nd law. For fixed-temperature chemical ODEs, this
incurs a decreasing Helmholtz free energy. If the tem-
perature is allowed to vary in accordance with conserva-
tion of energy (1st law), this incurs the popular statement
of increasing entropy. These nonlinear prescriptions can
and should be used to further develop temporal integra-
tion techniques for reaction kinetics. We demonstrate that
these prescriptions hold even the equilibrium constants are
approximated from data, by constructing the free energy
and entropy implicitly defined by the data. With this struc-
ture established, one can examine the consistency of time
integration schemes with these prescriptions. Using chem-
ical potentials, one can compute the respective contribu-
tions of the kinetics model and of the temporal scheme to
free energy/entropy variations, and develop more robust
schemes.
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PeleSurface: A Low Mach Number Heterogeneous
Chemistry Solver for Catalytic Combustion Simu-
lations

Catalyst-assisted heterogeneous reacting flows are a
ubiquitous and integral component of several chemical
industries. As such, a thorough understanding of the
interactions between the reacting flow and catalytic
media is of significant value to both academia as well as
industry. In this work, to enable high fidelity numerical
explorations of catalytic combustion processes, we build
upon the adaptive mesh refinement enabled, low Mach
number reacting flow solver, PeleLM (https://amrex-
combustion.github.io/PeleLM/), and present a new
catalytic reacting flow solver called PeleSurface. The
required pore-scale heterogeneous chemical kinetics
and surface-species specific thermodynamic informa-
tion adhere to the SURFACE-CHEMKIN standard
and are implemented within the PelePhysics library
(https://github.com/AMReX-Combustion/PelePhysics).
Since the framework employed is suited for high perfor-
mance exascale compute architectures, the proposed solver
is expected to facilitate large scale numerical workloads of
catalytic reacting flows with detailed reaction chemistry
for problems of theoretical and practical relevance.
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A Multiscale Framework for Chemical Kinetic
Modeling via Reaxff and Ab-Initio Molecular Dy-
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namics: Application to Hydrogen Combustion

Chemical kinetics (CK) are an integral part of hierarchi-
cal multiscale modelling of combustion systems which pro-
vides reaction mechanisms and rate constants, extracted
from theoretical approaches such as transition state the-
ory and molecular dynamics (MD), to enable continuum
scale simulations. To extend CK models for extreme con-
ditions (e.g., thermochemical non-equilibrium), MD simu-
lations based on an empirical reactive force field (reaxff-
based MD: RMD) or a quantum-mechanical description
(density functional theory MD: DFT-MD) to capture the
atomistic interactions, has a potential to easily incorpo-
rate the necessary complexities (e.g., imposing vibrational
non-equilibrium). In this work, we propose a multiscale
modelling workflow using reactive MD, and validate its per-
formance based on simple hydrogen-oxygen (HO) combus-
tion at equilibrium conditions. For HO system, we extract
the complete reaction mechanism and the statistically com-
puted rate constants. Arrhenius parameters are then fit-
ted for each elementary reaction and a detailed CK model
is generated for hydrogen oxidation. The parametrization
obtained from both the MD approaches are evaluated by
computing the flame speed of a one-dimensional premixed
flame in continuum scale simulations and compared against
standard results. A good agreement in flames speed is ob-
tained at different equivalence ratios, indicating the robust-
ness of the information extracted from the MD simulations.
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Nvidia Modulus: A Physics-Ml Framework for In-
dustry Scale Science and Engineering Problems

High fidelity simulations are quintessential in the science
and engineering domain. Like many applications, Machine
Learning and AI can enhance the current ISV solvers and
custom codes used by the enterprises and research groups.
Specifically Physics based Machine learning (Physics-ML)
can usher in AI based acceleration while meeting the de-
mands of high fidelity simulations. In this session, we
present Nvidia Modulus, an open Physics-ML Framework
for the science and engineering community to use for their
research and leverage the work of other researchers working
on the development of Physics-ML approaches like Neu-
ral operators, PINNs etc. Nvidia Modulus provides a cus-
tomizable training and inference pipeline that is abstracted
away, so domain experts can use simple python based APIs
for solving their problems. In this session, you will learn
about the work we have done so far in enabling the com-
munity and the resources you can use to get started on
applying AI and Physics ML approaches to your use cases.
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Multi-Hierarchic Data-Driven Reduced Order
Modeling Based on Mesh Simplification and Graph
Convolutional Autoencoders

Besides classic data-driven model order reduction (MOR)
techniques like PCA, autoencoders (AEs) have been estab-
lished as a nonlinear alternative. They are well-suited to
find low-dimensional representations of high-dimensional
systems and are a powerful tool in the creation of surro-
gate models but require an expensive offline training-phase.
In addition, simulation models often consist of many de-
grees of freedom due to the modeling approach, but not
due to the underlying requirements. Hence, they possess
a higher resolution than necessary which leads to compu-
tational ballast. Accordingly, we propose to decrease the
level of detail of the problem first to enable an efficient of-
fline phase and hyperparameter tuning during training of
AEs. Hereafter, a higher-detail surrogate model is built
which is only refined in areas where necessary. For this,
we use transfer-learning approaches to take advantage of
already learned information. In detail, we work on down-
sampled finite element models using mesh simplification.
On a very coarse mesh, the first surrogate model is created
using a graph convolutional autoencoder and a multi-layer
perceptron to capture the model’s parameter dependen-
cies. Based on its approximation quality, some areas are
refined by replacing up-sampling matrices with adaptive
up-sampling networks. We demonstrate the capabilities of
this approach on high-dimensional static as well as dynamic
problems and compare it to classic AE-based MOR.
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Inverse Design for Fluid-Structure Interactions Us-
ing Graph Network Simulators

Designing physical artifacts that serve a purpose —such
as tools and other functional structures —is central to en-
gineering as well as everyday human behavior. Though
automating design using machine learning has tremendous
promise, existing methods are often limited by the task-
dependent distributions they were exposed to during train-
ing. We showcase a task-agnostic approach to inverse de-
sign, by combining general-purpose graph network simu-
lators with gradient-based design optimization. This con-
stitutes a simple, fast, and reusable approach that solves
high-dimensional problems with complex physical dynam-
ics, including designing surfaces and tools to manipulate
fluid flows and optimizing the shape of an airfoil to mini-
mize drag. This framework produces high-quality designs
by propagating gradients through trajectories of hundreds
of steps, even when using models that were pre-trained
for single-step predictions on data substantially different
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from the design tasks. In our fluid manipulation tasks, the
resulting designs outperformed those found by sampling-
based optimization techniques. In airfoil design, they
matched the quality of those obtained with a specialized
solver. Our results suggest that despite some remaining
challenges, machine learning-based simulators are matur-
ing to the point where they can support general-purpose
design optimization across a variety of fluid-structure in-
teraction domains.
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Combining Autoencoders with DeepONet for Ap-
plications in Materials Processing and Climate

Phase-field modeling is an effective but computationally
expensive method for capturing the mesoscale morpholog-
ical and microstructure evolution in materials. Similarly
in climate modeling, high-fidelity E3SM (Energy Exascale
Earth System Model) simulations can resolve small flow
structures but are very expensive. Hence, fast and gener-
alizable surrogate models are needed to alleviate the cost of
computationally taxing processes. The intrinsic discontin-
uous nature of the microstructures and the presence of high
frequency features in climate prognostic variables make the
training of the surrogate model cumbersome. In this study,
we develop an algorithm that pairs a convolutional autoen-
coder with a deep neural operator (DeepONet) to learn the
dynamic evolution of systems in a lower dimensional latent
space. We demonstrate the effectiveness of the proposed
hybrid framework through key examples in material sci-
ence and climate modeling. For the first problem, we train
the proposed model to learn the dynamic evolution of two-
phase mixtures. The trained model is used to replace the
high-fidelity simulation solver in interpolation tasks and is
integrated with the numerical solver for accelerating ex-
trapolation tasks. In the second problem, we train the
model to predict corrections to the atmospheric states ob-
tained by the coarse E3SM model. The trained model is
able to forecast extreme events like hurricane and tropical
cyclones and replaces the ‘nudging module in the E3SM.
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DeepOnet for Sub-Surface Flow Problems

Groundwater numerical models support the critical deci-
sion of issuing and reviewing permits such as water abstrac-
tion licences and enable forecasting the impact of land use

and climate change on groundwater resources. They typi-
cally use control volumes (cells) for solving the discretized
groundwater flow equation. As high spatial and tempo-
ral resolution are generally required, the use in supporting
planning and mitigation policies is often limited by com-
putational cost. In this work, we explore the use of neural
operator surrogates to mitigate this expense. We address
this challenge by learning the distribution of hydraulic head
in a confined aquifer with one or multiple pumping wells,
which act as forcing terms on Darcy’s law. The hetero-
geneous aquifer is composed of various lenses of fine to
medium sand, each with a different hydraulic conductivity.
One or multiple wells are randomly placed in the domain
and deep operator networks (DeepONet) learn the map-
ping from the hydraulic conductivity field and the forcing
terms to the resulting groundwater head. Several applica-
tion examples are deployed here with the aim of revealing
how to best formulate the learning tasks for constructing a
computationally inexpensive emulator for the steady-state
and transient solutions of heterogeneous aquifers.
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Tackling Advection-Dominated Problems Using
Linear Optimal Transport

In model reduction of parametrized partial differential
equations, Reduced Basis Methods are well-established
for the calculation of solutions in low-dimensional linear
spaces. However, advection-dominated problems are diffi-
cult to tackle this way.
In their work Nonlinear model reduction on metric spaces,
Ehrlacher et al. (2020) consider PDE solutions as elements
of the L2-Wasserstein space. Distributions are expressed as
weighted means (in the sense of the Wasserstein distance)
of a select few reference elements.
Using Linear Optimal Transportation (also known as
Monge Embeddings), we extend this approach to more
than one spatial dimension. In LOT, a distribution μ is
mapped to the optimal transport map Tσ→μ that takes a
fixed reference distribution σ to μ. While the set of so-
lutions {μi}i=1,2,... typically exhibits slow n-width decay,
that of the set of maps {Tσ→μi}i=1,2,... is much faster. This
allows us to find a low-dimensional approximation of trans-
port maps, which are elements of a linear space.
Since reconstruction of a solution via these reduced maps
is not exact, we can improve the approximation by using
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a reduced basis in the reference domain. This leads to a
method in the spirit of snapshot remapping that is illus-
trated with numerical examples.
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Machine Learning Enhanced a Posteriori Error Es-
timation for Model Reduction of Nonlinear Para-
metric Systems

In this work, we are interested in obtaining parametric
reduced-order models (pROMs) for parametric nonlinear
dynamical systems using snapshot-based model order re-
duction techniques. Residual-based a posteriori error es-
timators for pROMs are usually derived based on a given
and known time discretization scheme for the spatially dis-
cretized full-order model. However, for many cases (such as
stiff systems), the time integration is often performed us-
ing black-box solvers (such as ode45 in MATLAB, lsode in
Octave, etc.) that use automatic order and step-size con-
trol. Such systems pose a challenge for residual-based error
estimation of their pROMs since the exact form of the time
integration is unknown. To address this, we use machine
learning to learn the mismatch between the true value of
the residual and the one obtained by imposing a chosen
time discretization scheme. Our approach aims at deriv-
ing a sharp a posteriori output error estimator for such
cases. Using examples from process engineering (batch
chromatography) and fluid dynamics (Burgers’ equation),
we show that our proposed approach is able to more ac-
curately characterize the true output errors of pROMs for
systems solved by black-box time integration solvers.
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Learning Nonlinear Reduced Models on Spectral
Submanifolds from Data

We discuss a recent dynamical systems alternative to neu-
ral networks in the data-driven reduced-order modeling of
nonlinear phenomena. Specifically, we show that the con-
cept of spectral submanifolds (SSMs) provides very low-
dimensional attractors in a large family of physical prob-
lems that range from wing oscillations to transitions in
shear flows. A data-driven identification of the reduced dy-
namics on these SSMs gives a rigorous way to construct ac-
curate and predictive reduced-order models in applications
without the use of governing equations. We illustrate this
on problems that include accelerated finite-element simula-
tions of large structures, prediction of transitions in plane
Couette flow, reduced-order modeling of fluid sloshing in a

tank, and model-predictive control of soft robots.
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Non-Linear Manifold Rom with Convolutional Au-
toencoders and Reduced Over-Collocation Method

Non-affine parametric dependencies, nonlinearities, and
advection-dominated regimes of the model of interest can
result in a slow Kolmogorov n-width decay, which precludes
the realization of efficient reduced-order models based on
Proper Orthogonal Decomposition. Among the possible so-
lutions, there are purely data-driven methods that leverage
nonlinear approximation techniques such as autoencoders
and their variants to learn a latent representation of the
dynamical system, and then evolve it in time with another
architecture. Despite their success in many applications
where standard linear techniques fail, more has to be done
to increase the interpretability of the results, especially out-
side the training range and not in regimes characterized by
an abundance of data. Not to mention that none of the
knowledge on the physics of the model is exploited during
the predictive phase. In this talk, in order to overcome
these weaknesses, we implement a variant of the nonlinear
manifold method introduced in previous works with hyper-
reduction achieved through reduced over-collocation and
teacher-student training of a reduced decoder. We test the
methodology on a 2d nonlinear conservation law model and
compare the results we would obtain with a purely data-
driven method for which the dynamics is evolved in time
with a long-short term memory network.
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Structure-Preserving Model Reduction for
Transport-Dominated Port-Hamiltonian Systems

The framework of port-Hamiltonian (pH) systems provides
a generalization of classical Hamiltonian systems which al-
lows to describe internal energy dissipation as well as en-
ergy exchange with the environment. This system class
comes with many desirable properties such as passivity
and often also stability. Here, passivity refers, roughly
speaking, to the inability of the system to internally gen-
erate energy out of nowhere. As a consequence, the pH
framework may be used in the field of model reduction to
ensure that the reduced-order models (ROMs) are stable
and passive by employing structure-preserving methods.
In this talk, we present a structure-preserving model re-
duction technique for port-Hamiltonian systems based on
a recently proposed nonlinear model reduction approach.
Especially, we consider a special nonlinear approximation
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ansatz where the state of the full-order model is approx-
imated by a linear combination of transformed modes.
These transformations may be for instance achieved by
suitable translation or shift operators and allow to obtain
low-dimensional and accurate approximations of transport-
dominated systems. In order to achieve structure preserva-
tion, we demonstrate that the ROMs may be constructed
by minimizing the residual in a suitably weighted norm.
In this context, we also discuss stability of the resulting
ROMs. Finally, the new approach is illustrated by means
of a numerical test case.
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Combing Layer-Parallel Training with Multilevel
Optimization Techniques

Training of deep neural networks is computationally costly
due to slow convergence of optimizers like stochastic gra-
dient descent, coupled with limited parallelism in terms of
number of layers. The later point implies that there is an
upper bound on the strong scaling of these methods. How-
ever, recent advances have pursued multilevel approaches
that tackle each of these issues independently. Convergence
has been accelerated using algorithms based on the Multi-
grid Optimization (MGOpt) framework. These approaches
in combination with a trust-region based search direction
can reduce the number of epochs required to train. On the
other hand, a Layer-Parallel scheme that applies multigrid-
in-time (MGRIT) approaches for both forward and back
propagation has shown order of magnitude level parallel
speedups for various neural network architectures. The
proposed MGOpt algorithm and the MGRIT strategy both
use an identical coarsening in time algorithm. This talk
will consider leveraging this similarity to improve the par-
allel performance of the MGOpt approach using a Layer-
Parallel decomposition. To demonstrate the performance
of this methodology we will apply our approach to standard
problems from the deep learning literature.
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Domain Decomposition Training Strategies for
Physics-Informed Neural Networks

Physics-informed neural networks (PINNs) are a solution
method for solving boundary value problems based on dif-
ferential equations (PDEs). The key idea of PINNs is to
incorporate the residual of the PDE as well as boundary
conditions into the loss function of the neural network.
This provides a simple and mesh-free approach for solv-
ing problems relating to PDEs. However, a key limita-

tion of PINNs is their lack of accuracy and efficiency when
solving problems with larger domains and more complex,
multi-scale solutions. In a more recent approach, Finite
Basis Physics-Informed Neural Networks (FBPINNs), the
authors use ideas from domain decomposition to accelerate
the learning process of PINNs and improve their accuracy
in this setting. In this talk, we show how Schwarz-like
additive, multiplicative, and hybrid iteration methods for
training FBPINNs can be developed. Furthermore, we will
present numerical experiments on the influence on conver-
gence and accuracy of these different variants.
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Towards Large-Scale Training of Deep Neural Net-
works Using Domain-Decomposition Methods

Deep neural networks (DNNs) are routinely used in a wide
range of application areas and scientific fields, as they al-
low to efficiently predict the behavior of complex systems.
However, before the DNNs can be effectively used for the
prediction, their parameters have to be determined during
the training process. Traditionally, the training process is
associated with the minimization of a loss function, which
is commonly performed using variants of the stochastic gra-
dient (SGD) method. Although SGD and its variants have
a low computational cost per iteration, their convergence
properties tend to deteriorate with increasing network size.
In this talk, we aim to alleviate the training cost of DNNs
by leveraging the nonlinear domain decomposition strate-
gies. The subdomains will be constructed by exploiting two
complementary approaches, namely the decomposition of
the data and the parameter space. This will give rise to
two new classes of training methods, convergence proper-
ties of which will be analyzed using a series of numerical
experiments. Comparison with state-of-the-art optimizers
will be also performed, demonstrating the efficiency of our
novel training methods. Moreover, we will discuss our par-
allelization strategy, its shortcomings, and possible future
directions.
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Learning the Constraints in Adaptive Feti-Dp Do-
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main Decomposition Methods

Domain decomposition methods (DDMs) are highly scal-
able, iterative solvers for the solution of large systems of lin-
ear equations, e.g., arising from the discretization of PDEs.
The convergence rate of classic DDMs in general deterio-
rates severly for coefficient distributions with large con-
trasts in the coefficient function. To retain the robustness
for such problems, the coarse space of the DDM can be en-
riched by additional coarse basis functions, often obtained
by solving local generalized eigenvalue problems. However,
the set-up and the solution of these eigenvalue problems
typically takes up a significant part of the total time to
solution. Additionally, for many realistic problems, only
the solution of a small number of the eigenvalue problems
is necessary to design a robust algorithm. In general, it is
difficult to predict a priori which of the eigenvalue problems
are needed. Using a neural network model we can predict
the geometric location where eigenvalue problems have to
be solved, often reducing its number significantly (joint
work of the authors with Alexander Heinlein). To obtain
such an a priori classification, we use a mesh-independent
sampling strategy which is comparable to an image recog-
nition problem. In a next step, we train a surrogate model
which directly learns the necessary coarse basis functions
themselves using again an image representation of the un-
derlying coefficient function. Numerical results indicate
the robustness of this approach.
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A Bayesian Approximation Error Approach for De-
sign of Inverse Problems under Uncertainty

We consider optimal experimental design for infinite-
dimensional Bayesian nonlinear inverse problems governed
by PDEs. In addition to the inversion parameters, the
governing PDEs typically have additional model parame-
ters that are not known exactly and are uncertain. In-
version and design of experiments must account for these
secondary model uncertainties. This talk considers meth-
ods for optimal experimental design for such inverse prob-
lems that are robust with respect to modeling uncertain-
ties. Our approach builds on the Bayesian Approximation
Error framework, which facilitates incorporating modeling
uncertainties in the inverse problem. This is coupled with
structure exploiting algorithms that enable computing op-
timal designs at a cost that does not grow with the dimen-
sion of the discretized inversion and secondary parameter
dimensions.
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Global Solution of Some Nonconvex Variational
Problems and Some Optimal PDE Control Prob-
lems

This talk will present a computational scheme to approx-
imate with guaranteed convergence global optimizers of
some nonconvex integral variational problems and of some
optimal control problems for semilinear elliptic partial dif-
ferential equations (PDEs). The approach assumes the in-
tegral cost and any PDE constraints are described by poly-
nomials, and is based on a discretize-then-relax strategy
that leverages tools from polynomial optimization. First,
the original variational or PDE control problem is dis-
cretized into a sparse polynomial optimization problem us-
ing a bounded finite-element scheme. This polynomial op-
timization problem is then relaxed into a hierarchy of con-
vex and highly structured semidefinite programs (SDPs),
which in principle can be solved using off-the-shelves soft-
ware. We prove that solutions of such SDPs will converge
to global optimizers of the original variational or PDE con-
trol problem at least when the latter are unique. Note that
this assumption does not preclude the existence of other
stationary points, including local minimizers. The poten-
tial of this computational strategy will be illustrated on a
range of examples. Remaining challenges for both analysis
and computation will be discussed if time permits.
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Randomized Algorithms for Design of Experiments
in High-Dimensions

We propose and analyze batch greedy heuristics for cardi-
nality constrained maximization in the context of optimal
experimental design for linear Bayesian inverse problems.
Our approach shows particular promise for cardinality con-
straint experimental design in high dimensions. We demon-
strate our theoretical findings on synthetic problems and
on a real-world climate monitoring example.
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Optimal Experimental Design for Bayesian Inverse
Problems Using Transport Maps

For Bayesian inverse problems, the task of choosing de-
signs or experimental conditions for ’optimal’ inference of
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unknown parameters requires optimizing some expected
utility function or optimality criterion that assesses the
effectiveness of any design. In contrast to Bayesian in-
verse problems governed by linear parameter-to-observable
maps, a closed-form expression for the optimality criterion
is typically not available for nonlinear inverse problems be-
cause the posterior distribution is generally non-Gaussian.
Common approaches for dealing with this challenge rely
on: (i) reformulation or approximation of the optimality
criterion via linearization of the problem, or, (ii) sampling-
based Monte Carlo estimates of the expected utility. We
follow the latter approach and focus on designs maximiz-
ing the expected information gain from prior to poste-
rior, quantified by the Kullback-Leibler divergence. Using
transport maps, we present a computationally tractable
approach for finding optimal designs for Bayesian inverse
problems governed by nonlinear parameter-to-observable
maps. More precisely, we approximate the joint density of
the design, observable, and parameter random variables as
the pushforward of a reference probability density, allow-
ing real-time sampling from the (approximate) posterior
distribution for any realization of data and design. Addi-
tionally, we touch upon possible extensions of our method
to sequential optimal experimental design.
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Coupling Optimal Experimental Design and Opti-
mal Control

Optimal experimental design (OED) allows us to deter-
mine, a-priori, how to collect the most informative exper-
imental data. Traditional OED approaches focus on opti-
mizing the solution to the Bayesian inverse problem, which
is often an intermediate step to the true objectives of mak-
ing accurate model predictions and determining optimal
control policies. In this work, we provide a novel formula-
tion of a Bayesian OED problem that couples the goal-
oriented experimental design and optimal control prob-
lems, thus minimizing uncertainty in the control objective
directly. Through a numerical example, we illustrate how
the resulting control-oriented OED approach leads to a bet-
ter allocation of experimental resources that decreases un-
certainty regarding the optimal control policy in compari-
son to classical OED strategies.
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Frequency-Domain Based Learning of Dynamical
Systems from Purely Time-Domain Data

Classically, constructing reduced order models (ROMs) of
large scale dynamical systems has required access to in-
ternal system matrices. When these quantities are not
available, data driven approaches can be used that re-
quire access only to input-output data. Frequency-based
data-driven methods have been very successful in creating
high fidelity ROMs from data, but require access to values

(and sometimes derivatives) of the transfer function. These
quantities can at times be costly or difficult to obtain, but
one may have ample access to time-domain input-output
data. In 2020, Burohman et al. introduced a framework to
directly calculate transfer function values and derivatives
using only time-domain data. We first discuss improve-
ments to this method that allow for a more efficient and
robust numerical implementation, which lead to a theoret-
ical result on optimal diagonal scaling of a class of matri-
ces. We then use these improvements to develop an al-
gorithm that extends H2-optimal approximation to purely
time-domain data. We also compare the H2-optimal al-
gorithm’s performance to other well established frequency
based ROM techniques (such as Loewner framework and
Vector Fitting) using only time-domain data.
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End-to-End Learning of Dynamical Systems with
the Mori-Zwanzig Formalism

Deep learning approaches are extensively applied in or-
der to capture the underlying dynamics of a physical phe-
nomenon but often lack interpretability, performance, ro-
bustness guarantees and insights into the structure of the
dynamics. In this work, we formulate the problem within
the Mori-Zwanzig (MZ) formalism, a technique that arose
in the field of statistical mechanics that allows to derive
exact evolution equation for coarse-grained quantities of
interest from high-dimensional systems. Not only this ap-
proach offers, by design, an explainable structure by sepa-
rating the dynamics into a Markovian and a memory term
but it allows a principled use of the available observational
data by providing a physically consistent functional struc-
ture to learn. A neural network approximation format and
efficient numerical integrator are coupled together, leading
to a flexible and powerful representation model compliant
with the MZ framework. The method is demonstrated on
linear systems for which an analytical derivation of the MZ
formalism is available allowing rigorous comparison; as well
as on nonlinear, possibly chaotic, systems such as Van der
Pol oscillator and the Kuramoto-Sivashinsky model, ex-
hibiting a superior approximation performance in terms of
data requirement and generalizability.
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Least Squares Rational Approximation: An
Optimization-Based Bridge Between the Loewner
and Astolfi Frameworks

Moment matching (MM) methods provide an efficient way
to address the Model Order Reduction (MOR) problem
(Antoulas,Beattie,Gugercin’21). The basic idea is to use
(rational) interpolation theory to approximate the trans-
fer function of a system with another transfer function of
lower degree. The Loewner framework (Antoulas07) offers
a classical solution to achieve MM: all tangential interpo-
lation conditions are first imposed simultaneously; a re-
duced order model (ROM) is then obtained by truncation
of the Loewner matrices via a Singular Value Decomposi-
tion (SVD). About a decade ago, an alternative approach
has been developed by Astolfi (Astolfi’10) by identifying
moments of a system with steady-state responses. In this
context, (one-sided) interpolation conditions are imposed
by ensuring that the steady-state response of the ROM co-
incides with that of the original system. Recently, this ap-
proach has been extended in (Padoan’21) by requiring that
the interpolation conditions imposed by MM are satisfied
only in a least squares sense. Building on these ideas, we
discuss a new MOR method based on the solution of a sep-
arable nonlinear least squares problem with separable non-
linear equality constraints, which can be efficiently solved
using, e.g., the Variable Projection (VARPRO) approach
in (Golub, Pereira73). We also link the proposed approach
with the Astolfi framework and the Loewner framework,
thus providing an optimization viewpoint on the effect of
SVD-based truncation.
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Data-Driven Balancing for Acoustical Systems

In engineering acoustics, one oftentimes encounters sys-
tems that are linear but have very complex dynamics. Al-
though the underlying physics are usually well understood,
adequately modelling these systems with constructive or
physically motivated approaches is challenging in practice
because e.g. material properties or domain geometries can-
not be known at the required level of fidelity. Additionally,
the model has to encompass the frequency span of human
hearing - about three orders of magnitude. Hence, mea-
surements have proven to be indispensable when dealing
with real-world acoustical systems which makes high di-
mensional measurement data abundantly available. Clas-
sical realization methods, such as the Eigensystem Real-
ization Algorithm, rely on the computation of orthogonal
decompositions like SVD which is prohibitively expensive
for the data at hand. As a remedy, these realization meth-
ods can be endowed with recent methods from randomized
linear algebra for efficiently approximating orthogonal de-
compositions of large matrices. In this way, it is possible to
construct accurate reduced order models from high dimen-
sional data efficiently. In turn, this sheds new light onto
many acoustical modelling challenges. The aim of this talk
is to showcase and validate several contemporary exten-

sions and augmentations to established realization methods
and analyze their aptitude and performance in practical ap-
plications that involve high dimensional measurements of
real systems.
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Data-Driven Balancing of Continuous-Time Sys-
tems via the Hankel Operator

Balanced truncation (BT) is one of the most successful
and commonly employed system-theoretic model reduction
methods. The foundations of BT lie in the Hankel operator
and its singular values. For continuous-time linear dynam-
ical systems, BT preserves system stability in the reduced
model and provides a priori bounds for the model reduction
error. Although BT is generally conceived as an intrusive
method, recent developments in [Gosea/Gugercin/Beattie,
SIAM J. Sci. Comput., 2022] have shown that it can be re-
formulated as a non-intrusive, data-driven process. In this
work, we study the connection between data-driven balanc-
ing and the Hankel operator associated with a continuous-
time linear dynamical system. We develop data-driven ap-
proximations of the Hankel operator based solely on input-
output data and then show how a balanced reduced or-
der realization can be constructed using this approxima-
tion. Based on these results, we propose an extension of
the Eigensystem Realization Algorithm to a large class of
continuous-time systems.
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An Efficient Iterative Solver for the GEM Model

Efficient and highly scalable numerical algorithms are in-
creasingly needed to solve atmospheric fluid dynamics
equations in weather forecasting models. In the Canadian
GEM weather forecasting model, a system of nonlinear
equations is linearized around a basic state and then re-
duced to an elliptic boundary value (EBV) problem. The
large linear system arising from the discretization of the
EBV problem is solved either by a parallel direct method or
by a parallel iterative method based on a variant of Krylov
subspace methods, namely the Flexible GMRES (FGM-
RES) algorithm. The operational GEM parallel solver ac-
count for a significant amount of the total model run-time,
pointing to the need for a performance upgrade. Recently
the efficiency and the parallel scalability of the GEM model
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iterative solver have been improved by the implementa-
tion of a suitable preconditioner, based on the Restricted
Additive Schwarz, leading to the FGMRES convergence
rate acceleration, therefore to a reduction in the num-
ber of iterations. Furthermore, the use of a newly refor-
mulated Arnoldi-Gram-Schmidt algorithm (Swirydowicz et
al., 2019) resulted in a small number of global reductions
and synchronizations (communication) required by the in-
ner products.
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Anderson Acceleration on Emerging Architectures

Anderson Acceleration (AA) is a method to accelerate the
convergence of fixed point iterations for nonlinear, alge-
braic systems of equations. Due to the requirement of solv-
ing a least squares problem (LSP) at each iteration, every
iteration of AA requires some number of synchronization
steps for global reductions. Performance of AA at scale on
distributed systems is typically dependent upon the cost
of solving this LSP or application of the underlying fixed
point function. In this talk, we highlight approaches to
low synchronization orthogonalization routines to reduce
the overheard of the LSP solve and note that when perfor-
mance is dependent upon the fixed point function evalua-
tions, the reduction in synchronizations has little impact
on overall performance. To reduce the overhead of costly
function evaluations, there has been recent work done to
modify the AA algorithm itself, such as alternating AA
or non-stationary AA, methods which result in more rapid
convergence than standard AA, thus reducing the number
of function evaluations required for convergence. Overall,
we explore several of these advances within the field of AA
and their potential in developing scalable AA solvers on
emerging supercomputer architectures.
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Integrating Ginkgos Distributed Linear GPU

Solvers for CFD Applications

To serve the ever-increasing demand for computing re-
sources, many HPC systems are equipped with multiple
highly parallel general-purpose GPUs. In most cases, the
GPUs are integrated as discrete server-type GPUs that are
attached to the nodes as coprocessors and provide the lions
share of the theoretical compute performance. This con-
cept allows to significantly increase the theoretical compute
power, however, it poses a challenge to the scientific soft-
ware developers that need to redesign their software such
that it can benefit from the additional resources. An at-
tractive strategy is to use the GPUs for the computation-
ally most expensive part of an application. For computa-
tional fluid dynamics (CFD) simulations, a substantial part
of the overall effort is spent on the solution of the system
of linear equations arising from the discretized transport
equations. This paper investigates how the currently on-
going effort within the open-source linear algebra library
Ginkgo towards distributed GPU computing can be used
as a backend for the CFD framework OpenFOAM to im-
prove the simulation performance by offloading the linear
algebra computations to GPUs.
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GPU-Resident Sparse Factorizations

We present a set of preprocessing steps, symbolic and nu-
merical factorization algorithms on GPU-resident matrices
well-suited for the solution of sparse linear systems pro-
ducing only small amounts of fill-in, where classical su-
pernodal approaches fail to provide adequate performance.
We present the performance characteristics of the heavily
latency-bound factorization kernels on NVIDIA and AMD
GPUs and suggest alternatives to established approaches
where feasible.
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GPU Acceleration of the Pardiso 8.0 Sparse Direct
Solver

Sparse direct solversarea central component of many en-
gineering analysis codesand often representmost ofthe full
analysis applications run-time.An instanceof thisis in elec-
tronic design automationor in power grid optimizationthat
requires avery large number of iteration steps suchthat sim-
ulation can take as long as several months. The matri-
cesinvolvedare characterized as small (100k 1Mrows), ex-
tremely sparse, havelittle fill-in, andare poorly conditioned.
Even though these matrices are considered low effort, their
numerical factorization is the simulation bottleneck. This
work pursues the GPU acceleration of sparse direct solvers
tailored for such applications. As the size and sparsity of
these matrices do not favor acceleration through BLAS-3
operations (they have very few supernodes large enough to
show a performance benefit) an approach primarily lever-
aging the combination of batched operations, distribution
across multiple GPUs, and leveraging a constant sparsity
pattern over many solves, is followed. This is implemented
in the PARDISO 8.0 solver with its use being demonstrated
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in NXPs Mica analysis code and in the IPOPT optimiza-
tion code. Details of the implementation will be discussed.
Performance benchmarks will be presented along with com-
parisons to the performance of CPU-only versions of PAR-
DISO 8.0 as well as other publicly-available solvers. Its use
in Mica and associated impact on full-application perfor-
mance will also be shown.
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MS99

Innovative Space-Time Domain Decomposition
Method Solving Uncertainty Quantification Mod-
els

We present an innovative mathematical model and the re-
lated numerical algorithms, based on the simultaneous in-
troduction of space-time decomposition on the PDEs gov-
erning the physical model and on the DA model. The core
of our approach is that the DA model acts as coarse pre-
dictor operator solving the local PDE model, by providing
the background values as initial conditions of the local PDE
models. To enforce the matching of local solutions on over-
lapping regions, local problems are modified by adding a
correction term keeping track of contributions of adjacent
subdomains to overlapping regions. Such a correction term
balances localization errors along overlapping regions, act-
ing as a regularization constraint on local solutions. More-
over, in our approach both the coarse and the fine solvers
run concurrently from the beginning. Consequently, the
resulting algorithm requires only the exchange of bound-
ary conditions between adjacent subdomains. Algorithm
scalability is measured in terms of strong scaling and of
weak scaling. A mechanism for dynamically balancing the
loads has been included in the parallel framework for solv-
ing large-scale DA models. In particular, we refer to the
introduction of a dynamic redefining of initial DD in or-
der to deal with problems where the observations are non
uniformly distributed and general sparse, a quite common
issue in DA.
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MS99

First Steps Toward a Generic Tool for Comparing
Parallel Efficiency of Iterative Parallel-in-Time Al-

gorithms

To increase parallel concurrency for the simulation of time-
dependent problems, many ideas for time parallelization
algorithms have been developped the last two decades.
Iterative parallel-in-time (PinT) methods, like Parareal,
MGRIT, and PFASST, have received the most attention.
Since those algorithms have different variants and can de-
pend on many parameters, there is many ways for the sci-
entific community to use them for PinT simulations. The
optimal approach for one given problem is then quite dif-
ficult to determine. Parallel efficiency of iterative PinT
algorithms relies on two aspects : the number of itera-
tions required to get the PinT error below an acceptable
level (convergence) and the computational cost for doing
all those iterations, compared to a sequential simulation
(speedup). Recently, a new analysis approach has been
introduced to study and compare the convergence analy-
sis of all iterative PinT methods in a common framework.
On an other side, recent research work have investigated
how to compare the parallel performance of PinT methods
using a common approach. In this talk, we present our
recent work in trying to merge both analysis (convergence
& speedup), in order to develop a generic tool that can be
used to compare the parallel performance of several PinT
methods on simple problems, and provide indications on
optimal approach for a given type of problem.
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MS99

Performance of Multigrid Reduction in Time
(MGRIT) on GPU Machines

Multigrid reduction in time (MGRIT) is an optimal,
scalable, multilevel parallel in time algorithm that has
been shown to achieve significant speedup vs. sequential
time stepping on massively parallel CPU machines. This
speedup is attained through the use of additional com-
putational resources and only occurs after a ”cross-over
point” where sufficient parallel resources are concurrently
used. This talk examines how the move to GPU architec-
tures impacts speedup, the crossover point, and the best
choice of parallel decomposition of the space-time domain
for MGRIT compared to CPU architectures.
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MS99

GParareal: (Towards) a Probabilistic Time-
Parallel ODE Solver

Parareal is a well-studied (deterministic) time-parallel al-
gorithm designed to integrate initial value problems (IVPs)
by combining solutions from cheap (coarse) and expen-
sive (fine) numerical integrators using a predictor-corrector
(PC). We present GParareal, a Parareal-type algorithm
which models the correction term in the PC using a Gaus-
sian process emulator, trained on all previously collected
fine and coarse solution information. For a number of test
IVPs, we demonstrate that GParareal locates solutions in



SIAM Conference on Computational Science and Engineering (CSE23)                                                    103102 CSE23 Abstracts

faster wallclock time than Parareal and can locate solu-
tions in situations where Parareal fails. We highlight that
GParareal has the advantageous capability to re-use legacy
solution data, e.g. solutions from prior simulations of the
IVP for different initial conditions, to further accelerate
convergence of the method - something that existing time-
parallel methods cannot do.
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MS99

On the Combination Between Space-Time Model
Order Reduction Methods and Deep Learning for
Haemodynamic Problems

Deep learning (DL) techniques have nowadays become cen-
tral in a number of research areas. However, a well-known
downside of DL-based methods consists in the huge amount
of data required, which often hinders their application. Re-
cent works in the scientific machine learning area have
demonstrated that the data greed bottleneck can be cir-
cumvented by enforcing physical awareness. Indeed, if DL
models are enriched with knowledge of the physical laws
underlying the phenomenon of interest, they can attain re-
markable levels of accuracy even in a small data regime
and, moreover, their generalization capabilities can be im-
proved. In this talk, we present a physics-informed model
- called ST-RB-DNN - that encodes scattered values of so-
lutions to unsteady parametrized PDEs to the underlying
parameter values, leveraging model order reduction tech-
niques. In particular, we employed space-time reduced ba-
sis (ST-RB) methods, since they allow for dramatic light-
ening of the computational burden, by means of dimen-
sionality reduction along both the spatial and the tempo-
ral dimensions. For the numerical tests, we consider blood
flow - modeled via the Navier-Stokes equations - in differ-
ent patient-specific 3D geometries. In all cases, the ST-
RB-DNN model provides good estimates of the underlying
parameter values. Further extensions of this work involve
the implementation of RFSI models to account for the ves-
sel wall compliance and of ad hoc boundary conditions to
better model coronary flow.
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MS100

Randomized Maximum Likelihood via High-
Dimensional Bayesian Optimization

Posterior sampling for high-dimensional Bayesian inverse
problems where the log-likelihood has a low-dimensional
structure, known as an active subspace, is a problem
commonly faced in real-world applications. Existing ap-
proaches assume that the computational budget is suffi-
cient to estimate the active subspace, either via gradient-
based methods or using a large number of simulator eval-
uations. Here we tackle the more challenging (and practi-
cally relevant) case where we do not have sufficient com-

putational budget to satisfactorily estimate the active sub-
space. We develop a high-dimensional Bayesian optimiza-
tion approach to solve the Randomized Maximum Like-
lihood (RML) problem. RML is an approximate poste-
rior sampling methodology based on multi-objective opti-
mization, first developed for petroleum engineering appli-
cations. By sharing data between the different objective
functions, we are able to implement RML at a greatly re-
duced computational cost compared to existing methods,
allowing us to efficiently sample from the posterior distri-
bution of the inverse problem. We demonstrate the benefits
of this approach in comparison to alternative optimization
methods on a variety of synthetic and real-world prob-
lems, including medical and fluid dynamics applications.
Furthermore, we show that the samples produced by our
method cover well the high-posterior density regions in all
of the experiments.
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MS100

Convergence of an Empirical Galerkin Method for
Parametric PDEs

Weighted least squares methods have been examined
thouroughly to obtain quasi-optimal convergence results
for a chosen (polynomial) basis of a linear space. A focus
in the analysis lies on the construction of optimal sam-
pling measures and the derivation of a sufficient sample
complexity for stable reconstructions. When considering
holomorphic functions such as solutions of common para-
metric PDEs, the anisotropic sparsity they exhibit can be
exploited to achieve improved results adapted to the con-
sidered problem. In particular, the sparsity of the data
transfers to the solution sparsity in terms of polynomial
chaos coefficients. When using nonlinear model classes, it
turns out that the known results cannot be used directly.
To obtain comparable a priori rates, we introduce a new
weighted version of Stechkin’s lemma. This enables to ob-
tain optimal complexity results for a model class of low-
rank tensor train networks. We also show that the solu-
tion sparsity results in sparse component tensors. Numeri-
cal examples illustrate the theoretical findings and demon-
strate a remarkable performance of the derived RALS algo-
rithm in comparison to existing state-of-the-art algorithms.
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MS100

Generating Problem-Adapted Basis Functions Par-
allel in Time via Random Sampling

To tackle time-dependent partial differential equations
(PDEs) with coefficients that are rough in both space and
time, we construct reduced ansatz functions defined in
space that can be combined with time stepping schemes,
e.g., within model order reduction methods. As a key new
contribution, we propose to construct these ansatz func-
tions in an embarrassingly parallel and local manner in
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time by selecting important points in time and only per-
forming local computations on the corresponding local time
intervals. In detail, we perform several simulations of the
PDE for only few time steps in parallel, starting at differ-
ent, randomly drawn start time points, prescribing random
initial conditions. Applying a singular value decomposition
to a subset of the so obtained snapshots yields the reduced
ansatz functions. To select suitable start points in time,
we suggest using data-driven sampling strategies from ran-
domized numerical linear algebra such as leverage score
sampling. By solving the PDE locally in time with ran-
dom initial conditions, we construct local ansatz spaces in
time that converge provably at a quasi-optimal rate and al-
low for local error control. Numerical experiments demon-
strate that the proposed approach can outperform existing
methods like the proper orthogonal decomposition even in
a sequential setting and is well capable of approximating
advection-dominated problems.
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MS100

Randomized Local Model Order Reduction for
Nonlinear Partial Differential Equations

Applications that require multiple simulation requests or
a real-time simulation response are ubiquitous in science
and engineering. Model order reduction methods in which
the problem is (approximately) solved in a carefully cho-
sen subspace of the high-dimensional discretization space
have been developed to tackle such problems. However, for
many large-scale problems, and especially problems that
exhibit multiscale features, full order solves are not afford-
able in a reasonable time frame. Localized model order re-
duction methods decompose the global computational do-
main into subdomains, build local reduced models from
solutions of the partial differential equation (PDE) on the
subdomains, and use some coupling to compute a global re-
duced approximation. For the local model order reduction
methods that we will present in this talk we can control
the global approximation error even if the global computa-
tional domain is unknown when the local reduced models
are constructed, facilitating a LEGO brick like assembly
of the global computational domain, imperative for many
applications such as digital twins. While there has been a
significant progress in recent years for the construction of
local reduced models for linear PDEs, very few results have
been obtained so far for nonlinear PDEs. In this talk, we
will show how randomized methods and their probabilistic
numerical analysis can be exploited for the construction
and numerical analysis of local reduced models for nonlin-
ear PDEs.
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MS101

A Stochastic ADMM Algorithm for Large-Scale
Image Ptychography with Weighted Difference of
Anisotropic and Isotropic Total Variation

Ptychography is an imaging technique that has various sci-
entific applications, ranging from biology to optics. The
method scans the object of interest in a series of overlap-
ping positions, thereby generating a set of multiple Fourier
magnitude measurements that are potentially corrupted by
noise. From these measurements, a high-quality image of
the object can be reconstructed depending on how the re-
lated inverse problem is formulated and solved. In this
paper, we propose a class of variational models that in-
corporate the weighted anisotropic-isotropic total variation
(AITV), an effective regularizer for image recovery. This
class of models is applicable to measurements corrupted
with either Gaussian or Poisson noise. In order to have
the models applicable for large number of ptychographic
scans, we design an efficient stochastic alternating direc-
tion method of multipliers (ADMM) algorithm and estab-
lish its convergence. Numerical experiments demonstrate
that from a large set of highly corrupted Fourier measure-
ments, the proposed stochastic algorithm with AITV regu-
larization can reconstruct complex-valued images with sat-
isfactory quality, especially for the phase components.
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MS101

Improving the Robustness of Deep Unrolling-
based MRI Reconstruction by Learned Random-
ized Smoothing

Since the data collection in magnetic resonance imaging
(MRI) is sequential and slow, many methods have been
proposed to improve image reconstruction from acceler-
ated scans involving limited or undersampled measure-
ments. Recently, deep learning-based methods have gained
much popularity for the reconstruction of medical images.
However, many currently available deep learning methods
for MRI reconstruction are not too robust: small adver-
sarial changes to the input can result in very substantial
changes in the output reconstruction. In this work, we
propose a novel framework to improve the robustness of
deep learning-based MRI reconstruction inspired by and
extended from the celebrated randomized smoothing (RS)
technique in robust learning. Yet, different from conven-
tional RS-based robustification techniques for classification
networks, we work with deep unrolling-based reconstruc-
tion networks (e.g., MoDL), which impose new challenges
of how to integrate RS with the involved unrolling oper-
ations. In our proposal, we augment RS with a learnable
reweighting network, which yields a new variant of RS that
we call learned RS. We tested the learned RS by inject-
ing worst-case adversarial attacks as well as random noise
into the MRI measurements. Our proposed scheme demon-
strates significantly better accuracy-robustness trade-offs
at a variety of MRI data undersampling factors compared
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to the conventional MoDL networks.
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Uncertainty Estimates for Volume Predictions in
Cardiac MRIs

The volume of the left ventricle (LV) is an important and
well-studied parameter to diagnose heart failure. Seg-
menting the voxels belonging to the LV in magnetic res-
onance images (MRI) allows the most accurate estimation
of the volume of the LV. While deep learning-based ap-
proaches for automatic segmentation are achieving good
results, those methods lack a proper representation of the
uncertainties linked to their predictions. However, when
using automatic predictions especially in critical applica-
tions such as medical diagnosis an accurate description of
the attached uncertainties is essential so that medical ex-
perts can interfere in case of unreliable predictions. In this
work, we propose a method to add probabilities to the vol-
ume prediction made by any segmentation algorithm. The
segmentation algorithm returns a segmentation for the LV
for each slice throughout the 3D MRI of the heart. To
add uncertainties, we model the volume along the depth of
the heart by using a combination of a stochastic differen-
tial equation and a separate distribution for the particu-
larly error-prone first and last slices which cut through the
cardiac wall. We ensure that the predicted probabilities
are bias-free with respect to the deterministic voxel counts
of the segmentation algorithm. This approach inherently
models asymmetries and incorporates geometric features
into the uncertainty. Furthermore, this uncertainty lets us
detect images that should be revisited by a medical expert.
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MS102

Modeling of Perovskite Solar Cells with Structured
and Planar SnO2 Electron Transport Layers

Solar cell devices made using perovskites have reached the
power conversion efficiency values (PCEs) as high as 25.7%
for single-junction devices and 29.9% for silicon/perovskite
tandem solar cell devices. This is a remarkable improve-
ment in the performance of perovskite solar cells (PSCs)
considering that the PCE of the first solar cell devices
that employed methylammonium lead iodide (MAPbI3)
perovskite as a photo-absorber layer in perovskite dye-
sensitized solar cells was only 3.9%. The performance
of perovskite solar cells (PSCs) with nanorod-based SnO2
electron transport layers (ETL, hereon referred to as ‘struc-

tured’) and MAPbI3-based perovskite layer are investi-
gated using computer simulation methods and contrasted
with the performance of PSCs with planar SnO2 (hereon
referred to as ‘reference planar’) ETLs. The numerical sim-
ulations are conducted for different aspect ratios and den-
sity of SnO2 nanorods, considering the optimum electronic
parameters of the materials selected for the device func-
tional layers. For each geometrical configuration of struc-
tured ETLs, the exact optical response of corresponding
devices are calculated to account for the photonic effects
originating from particular geometric dimensions of struc-
tured ETLs. The underlying discrepancies in the device
performance of PSCs with reference planar and structured
ETLs are explained through the analysis of electric field
and current density distributions in devices.
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MS102

An Efficient 2-RDM Method for Electronic Struc-
ture Theory

We propose a semidefinite programming approach to de-
termine the ground state energy of N-electrons using the
reduced density matrix (RDM) formalism. While optimiz-
ing low-order RDMs enjoys a polynomial running time, in
practice the size of the variables involved can scale as N6.
To this end, we propose an efficient divide-and-conquer
strategy where the system is partitioned into multiple frag-
ments. Then local RDMs of the fragments are obtained and
stitched together in a convex optimization framework.
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Numerical Analysis of Linear Response in Time-
Dependent Mean-Field Models of Quantum Me-
chanics

We study a non linear mean field model for quantum me-
chanics for a N-particle system (such as time-dependent
density functional theory). We compute the linear response
of the system when a perturbative time-dependent term is
added to the Hamiltonian. To this end, we study the Li-
ouvillian L which dictates the evolution of the system at
first order depending of the perturbation. The spectrum
of the evolution operator eiLt, defined on the manifold of
admissible perturbation of orbitals, is of particular inter-
est. We define rigorously the linear response function, and
prove some of its properties (for instance, that the ion-
ization threshold is given by the opposite of the highest
occupied energy level).
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MS102

Momentum Space Method for Incommensurate 2D
Bilayers Including Mechanical Relaxation Effects

Since their discovery by Geim, 2D heterostructures have
become a hotbed of research due to their novel structure.
Stacking varying materials on top of each other allows for a
vast range of possible materials and corresponding proper-
ties. However, this stacking typically leads to an aperiodic,
or incommensurate, material due to lattice mismatch or
rotational misalignment. These incommensurate patterns
increases the potential for tunability of electronic and me-
chanical properties, leading for example to the famous dis-
covery of unconventional superconductivity of twisted bi-
layer graphene at the famous magic angle. In this work, we
discuss configuration and momentum space methodologies
to build algorithms for computing observables and quasi-
band structure of incommensurate heterostuctures for ab-
initio tight-binding models. We exploit the ergodicity of
the misalignment, and for appropriate materials (such as
those with conic or parabolic bands) we use carefully se-
lected perturbative expansions in momentum space with a
thorough error analysis describing the effects of the large
moire scale felt strongly through the mechanical relaxation
patterns.

Daniel Massatt
Department of Mathematics
Louisiana State University
dmassatt@lsu.edu

Stephen Carr
Brown University

stephen carr1@brown.edu

Mitchell Luskin
School of Mathematics
University of Minnesota
luskin@umn.edu

MS102

A Two-Level Domain Decomposition Method for
Periodic Schrdinger Eigenstates in Anisotropically
Expanding Domains

This talk presents a two-level domain decomposition
method for the linear Schrdinger eigenvalue problem with
periodic potentials for a non-uniform spatial expansion of
the domain. In this framework, the numerical solution us-
ing inner-outer iterative eigenvalue algorithms suffers from
a collapsing spectral gap that leads to deteriorating con-
verge rates. We solve the collapsing gap problem by a
quasi-optimal spectral-shift strategy to uniformly bound
the number of iterations with respect to different domain
sizes. Since the algorithm requires the solutions of shifted
linear systems, we further propose a two-level decomposi-
tion method that includes the already computed spectral
asymptotics in a suitable coarse space. This domain de-
composition preconditioner is easy to construct, leads to a
bounded condition number for the shifted linear systems,
and efficiently utilizes the geometric subdivision of the do-
main. We test the method’s robustness and efficiency nu-
merically. If time permits, we analyze the method’s scal-
ability within the theoretical framework of spectral coarse
spaces.
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Mini-Batch Stochastic Three-Operator Splitting
for Distributed Optimization

We consider a large class of convex optimization prob-
lems given by the sum of a convex and continuously dif-
ferentiable function, and two, possibly non-smooth convex
functions, one of which is composed with a linear opera-
tor. Such a structure is very general, and describes many
applications that range from signal processing to machine
learning to control. We propose a stochastic primal-dual
algorithm which is provably convergent and apply it in its
multi-agent formulation where each agent in a network per-
forms local calculations and can only communicate with its
neighbors. The challenging aspect of our study is that the
smooth part of the private cost function is given as an ex-
pected value and agents only have access to this part of
the problem formulation via a heavy-tailed stochastic ora-
cle. To tackle such sampling-based optimization problems,
we propose a stochastic extension of the triangular pre-
conditioned primal-dual algorithm [Latafat, Freris, Patri-
nos, A new randomized block-coordinate primal-dual prox-
imal algorithm for distributed optimization, IEEE Trans-
actions on Automatic Control, 2019]. We demonstrate al-
most sure convergence of the scheme and validate the per-
formance of the method via numerical experiments on the
economic dispatch problem for power grids.
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A Condition-Based Maintenance Lease Contract
with Continuously Monitored Equipment

This paper develops a mathematical model for a lease
contract equipment with continuously monitoring through
condition based maintenance (CBM). This equipment is
used in dynamic environment and can be either use in nor-
mal stress (N) or severe/high stress (H) and the failure de-
pends on the usage intensity of the equipment. The transi-
tions from N to H and form H to N occur in a random man-
ner. So we model the transitions by a two state continuous
time Markov chain formulation. The usage intensity varies
across the population of users and is modeled as a contin-
uous random variable. Since the equipment degradation
and failure depends on the usage intensity, this in turn has
an impact on the expected lease contract cost. Finally we
find numerically the optimal inspection time which min-
imizes the expected lease contract using non-cooperative
game theory.
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MS103

Tight Lyapunov Function Existence Analysis for
First-Order Methods

We present a unifying framework for establishing linear
convergence rates for common first-order methods used to
solve convex optimization problems. In particular, we con-
sider i) classes of convex optimization problems of finite
sum form with (possibly strongly) convex and (possibly)
smooth functional components, and ii) first-order methods
that can be written in so-called state-space form, i.e., as
a linear system in feedback interconnection with the sub-
differentials of the functional components of the objective
function. The validity of a given target linear convergence
rate is established by deriving a necessary and sufficient
condition for verifying the existence of a quadratic Lya-
punov function for the algorithm and problem class un-
der consideration for the chosen rate, which amounts to
the feasibility of a small-sized semidefinite program. This
allows us to find the smallest linear convergence rate for
which such a quadratic Lyapunov function exists, by bi-
section search, yielding a tight procedure. The approach
is numerically exemplified on several algorithmic schemes.
This is joint work with Sebastian Banert, Adrien Taylor
and Pontus Giselsson.
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Portable, Scalable, and Safe Asynchronous Com-
pute on GPUs with PETSc

To maximize efficiency on modern GPU hardware the pro-
grammer must make use of streams to execute tasks asyn-
chronously from the host system. In addition to allowing
the programmer to hide launch and memory transfer over-
head, streams enable extracting additional parallelism by
executing multiple tasks simultaneously. However, streams
have proven difficult to integrate into libraries as they
break the otherwise natural encapsulation offered by func-
tions. This mini-symposium reports recent progress and
developments on safely integrating a performant stream-
aware programming model in PETSc.

Jacob Faibussowitsch
University of Illinois Urbana-Champaign
jacob.fai@gmail.com

MS104

Mixed Precision in the Solution of Sparse Linear
Systems

Sparse systems of linear equations are a crucial part of
many applications in today’s science and engineering. This
is often accomplished using iterative solvers like Krylov
subspace methods. On modern, massively parallel GPU
architectures, these iterative methods are memory bound
operations, making carefully optimized memory access cru-
cial for solver runtime. This talk discusses efforts taken in
the Ginkgo library to identify areas in iterative solver al-
gorithms and preconditioners which allow for the use of
mixed precision, i.e. trading some of the accuracy used
to store floating point numbers for reduced memory traffic
when accessing said values. We will see results for con-
servative approaches preserving convergence behaviour as
well as more drastic ones giving up some of the conver-
gence speed in favor of much faster iterations thanks to
drastically reduced memory access.

Fritz Goebel
Karlsruhe Institute of Technology
fritz.goebel@kit.edu

MS104

Development and Optimization of a Coupled
Multi-GPU LBM-MHFEM Solver for Vapor Trans-
port in the Boundary Layer over a Moist Soil

We present an efficient computational approach for sim-
ulating component transport within single-phase free flow
over a soil layer. A numerical model based on this approach
is validated using controlled experiments in a climate-
controlled low-speed wind tunnel that is interfaced with a
soil tank to study problems of heat and mass flux across the
land-atmospheric interface. The numerical model is based
on a combination of the lattice Boltzmann method (LBM)
formulated for a weakly compressible fluid flow and the
mixed-hybrid finite element method (MHFEM) for solving
constituent transport. Both of these methods individu-
ally, as well as when coupled, are implemented for exe-
cution entirely on a GPU accelerator in order to utilize
its computational power and avoid the hardware limita-
tions caused by slow communication between the GPU and
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CPU over the PCI-E bus. Furthermore, domain decompo-
sition and optimization techniques are used to balance the
load and communication costs when using multiple GPUs
on an HPC cluster. We describe the numerical method
and implementation of the solver, focusing primarily on
the coupling mechanisms and performance optimizations.
The performance of the solver is studied on Nvidia A-
100 GPUs within the Karolina supercomputer managed by
IT4Innovations, Czech Republic. Flow and transport sim-
ulation results are shown and compared with experimental
data measured in the wind tunnel.

Jakub Klinkovsk
FNSPE CTU in Prague
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Tissa Illangasekare
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MS104

Fifteen Years of GPUs for Computational Science:
Past, Present, and Future

General purpose computations on Graphics Processing
Units (GPUs) have become widely available with the first
release of the CUDA toolkit in summer 2007. In the
15 years that have followed, GPUs have become widely
adopted for many general purpose computations in compu-
tational science. And yet, there is still an ongoing debate
whether ”GPUs are worth it” from a productivity point of
view. This talk revisits various technological developments
in the GPU landscape over these 15 years. Based on the
lessons learned from the past, current developments and
promises are evaluated in order to derive an outlook on
where computational science using GPUs is headed.

Karl Rupp
TU Wien
me@karlrupp.net

MS104

High-Order Cell Methods for Maxwell Equations
on Accelerators

We present recent advances of the linear operator algebra
of the finite element package NGSolve. Matrix-free high
order finite element discretizations, preconditioners, or ex-
plicit time stepping methods can be expressed by the com-
position of matrices of various types. Since in many cases
it is cheap, the operators are built on the host system,
and the whole tree of matrices is moved to the accelera-
tor. As a case study we consider symplectic time stepping
methods for Maxell equations discretized by high order cell
methods. The matrices from the differential operators are
universal for all elements, and mass matrices are block-
diagonal with very small, order independent block sizes.
Time domain PML leads to coupled ordinary differential
equations, which can all be expressed by operator composi-
tion. We present our in-house cuda-based implementation
to dispatch the operator tree to GPUs, but similar con-

cepts are portable to other popular linear algebra libraries.

Joachim Schoeberl, Markus Wess, Thomas Lutonsky
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markus.wess@tuwien.ac.at, lutonsky.thomas@gmx.at

Bernard Kapidani
EPFL
bernard.kapidani@epfl.ch

Lorenzo Codecasa
Politecnico di Milano
lorenzo.codecasa@polimi.it

Matthias Hochsteger
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MS105

On the Entropy Projection and the Robustness of
High Order Entropy Stable Discontinuous Galerkin
Schemes

High order entropy stable schemes provide improved ro-
bustness for computational simulations of fluid flows. How-
ever, additional stabilization and positivity preserving lim-
iting can still be required for variable-density flows with
under-resolved features. We demonstrate numerically that
entropy stable DG methods which incorporate an ”entropy
projection” are less likely to require additional limiting to
retain positivity for certain types of flows. We conclude
by investigating potential explanations and applications to
shock capturing.

Jesse Chan
Rice University
jesse.chan@rice.edu

Hendrik Ranocha
Applied Mathematics, University of Münster
mail@ranocha.de

Gregor Gassner, Andres Rueda-Ramirez
University of Cologne
ggassner@uni-koeln.de, aruedara@uni-koeln.de

Timothy Warburton
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MS105

High-Order State Redistribution Methods on Cut
Cell Grids

In this talk, we present high-order state redistribution
methods on embedded boundary grids. State redistribu-
tion relaxes the overly restrictive CFL condition that re-
sults from arbitrarily small cut cells when explicit time
steppers are used. We show how to stabilize both finite
volume and discontinuous Galerkin spatial discretizations
and take time steps that are proportional to the size of
Cartesian cells in the background grid. State redistribution
works by post-processing the numerical solution after each
stage or step of an explicit time stepping method. The ad-
vantage of this approach is that it does not require complex
geometric manipulations. We solve a number of test prob-
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lems with smooth and shocked solutions that demonstrate
the encouraging potential of this technique for applications
on embedded boundary grids.

Andrew Giuliani, Marsha Berger
Flatiron Institute
agiuliani@flatironinstitute.org,
mberger@flatironinstitute.org

MS105

Analysis of Hybrid Finite Element / Neural Net-
work Methods for Solving Partial Differential
Equations

We present hybrid discretisation schemes for partial dif-
ferential equations that mix classical finite element meth-
ods with neural network approaches. We study methods
that aim to enrich an efficient finite element on a coarse
grid with fine scale fluctuations obtained using neural net-
works. The aim of this talk is to give a first numerical anal-
ysis for hybrid methods. The focus is on stability estima-
tions as well as a priori and a posteriori error estimations.
Here we consider common low-dimensional problems, e.g.,
the Laplace, Stokes or Naiver-Stokes equations, and work
purely on a model basis. We show theoretical results and
numerical examples that demonstrate the potential of hy-
brid methods. Furthermore, we demonstrate how neural
network predictions can also be treated theoretically using
methods of classical finite element techniques.

Thomas Richter
University of Magdeburg
Germany
thomas.richter@ovgu.de

MS105

Energy Stable State Redistribution Cut-Cell DG
Methods for Wave Propagation

Cut cell methods provide the ability to represent complex
geometries while maintaining the simplicity of a Cartesian
mesh wherever possible. However, cut cell meshes can re-
sult in extremely small and/or skewed cut elements that
severely restrict the maximum stable time step of a simula-
tion. Special discretizations may also be required to ensure
that a cut-cell method is energy stable. In this work we
prove the L2 stability of state redistribution, a technique
for relaxing the CFL condition when small elements are
present, and combine it with a provably energy stable high
order discontinuous Galerkin formulation for wave propa-
gation problems.

Christina G. Taylor, Jesse Chan
Rice University
cgt3@rice.edu, jesse.chan@rice.edu

MS105

Neural Network Based Structure Preserving
Method for Transport Equation

Deep learning method has emerged as a competitive
mesh-free method for solving partial differential equations
(PDEs). The idea is to either represent solutions for solu-
tion map of PDEs by neural networks to take advantage
of the rich expressiveness of neural networks representa-
tion. In this talk, we will explore the applicability of this
powerful framework to the a large class of PDEs, with the
emphasis in dealing with multiple scales and obtaining long

time stability.

Li Wang
University of Minnesota
wang8818@umn.edu

MS106

Learning Hyperparameters via Deep Neural Net-
works for Large-Scale Atmospheric Inverse Model-
ing

Inverse problems arise in a wide variety of applications
including biomedicine, environmental sciences, astronomy,
and more, but computing reliable solutions to these prob-
lems requires the inclusion of prior knowledge, in a process
that is often referred to as regularization. Most regulariza-
tion techniques require suitable choices of regularization
parameters, and in this work, we describe new approaches
that use deep neural networks (DNN) to obtain regular-
ization parameters. We consider a supervised learning ap-
proach, where multiple networks are trained to approxi-
mate mappings from observation data to individual regu-
larization parameters. Once the networks are trained, reg-
ularization parameters for newly obtained data can be com-
puted by efficient forward propagation of the DNNs. The
network-obtained regularization parameters can be com-
puted more efficiently and may even lead to more accurate
solutions compared to existing regularization parameter se-
lection methods. Numerical results for atmospheric inverse
modeling demonstrate the potential of using DNNs to learn
regularization parameters.

Julianne Chung
Department of Mathematics
Emory University
julianne.mei-lynn.chung@emory.edu

MS106

Stochastic Inversion with Maximal Updated Den-
sities for Storm Surge Wind Drag Parameter Esti-
mation

Recent advances in a measure-theoretic framework for
solving stochastic inverse problems (SIPs) has led to a
novel method for solving Parameter Identification Prob-
lems (PIPs) where uncertainties in model output data are
predominantly due to epistemic (i.e. reducible) uncertain-
ties in model inputs. This approach utilizes a solution to a
stochastic forward problem (SFP) to update an initial den-
sity only in the system input directions informed by the
model output data, performing a selective regularization
that distinguishes it from other common inverse problem
methods. The solution to the PIP is defined by the Maxi-
mal Updated Density (MUD) point. Data assimilation for
reducing variance in MUD points is provided functionally
through data-constructed Quantity of Interest (QoI) maps.
This work presents recent advancements in MUD point
estimation methods and their application to the problem
of estimating wind-drag parameters in the state-of-the-art
ADvanced CIRCulation (ADCIRC) storm-surge model. A
novel QoI map that uses Principal Component Analysis on
data collected spatio-temporally is introduced. Further-
more, iterative methods are presented where data collected
over successive time-windows is used to solve the PIP, using
updated densities from prior iterations to inform successive
iterations. These methods are used to estimate wind drag
coefficients for a simulated extreme weather event near the
Shinnecock Inlet located in the Outer Barrier of Long Is-
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land, NY, USA.
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MS107

Real-Time Modeling Through Neural Networks:
Challenges and Perspectives

in the last years, the exponential diffusion of machine learn-
ing algorithms has contributed to improve already consol-
idated procedure, as well as allowing the creation of new
frameworks, also in the field of data-driven and reduced
order modeling. In particular, the neural networks, thanks
to their approximation capability, have enabled the treat-
ment of complex nonlinear models, maintaining a very lim-
ited computational cost during the inference of these mod-
els. In this contribution, we present some of the enhance-
ments obtained by employing neural networks to overcome
the limitations of standard technique like 1) an automatic
snapshots shifting to solve the weakness of proper orthog-
onal decomposition in advection-dominated problems, 2) a
multi-fidelity approach to improve the accuracy of a generic
data-driven reduced order model and 3) the development
of continuous convolutional filter to reduce the dimension-
ality with unstructured data. Numerical experiments are
finally shown, with a particular focus about the compari-
son with state-of-the-art methods, to conclude then with
the open challenges raised by the proposed techniques.
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MS107

A Pod Based Reduced Order Model for Computa-
tional Cost Reduction of Industrial Packaging Sys-

tems Heat Exchange Simulations

This contribution presents an application of model order
reduction to the simulation of the temperature field evolu-
tion during the sealing of cardboard beverage packages in
an industrial machinery. In such process, the folding flaps
of the polylaminated package are heated through a hot air
jet, and then pressed together to obtain a watertight weld-
ing. A satisfactory sealing is obtained when the local poly-
laminated material temperatures are in the correct window
at the moment when folding flaps are pressed one against
each other. Simulations of the temperature field evolu-
tion within the layers of the package based on the solution
of the Fourier equation, have been carried out to analyze
how much the process is dependent on parameters such
as the package dimension and layers materials properties,
the heating air temperature and speed, and the heating
time. In the framework of the full order model, the heat
exchange govern equation is discretized making use of the
Finite Element Method, implemented in a C++ software.
A reduced order model has also been developed to allow
for faster computations, compatible with real time con-
trol algorithms wired in the packaging machinery. Based
on POD modal decomposition, both a non intrusive model
based on the interpolation of the proper orthogonal decom-
position modes, and a POD-Galerkin intrusive solver have
been developed. The results obtained with the reduced or-
der models will be presented and compared to characterize
their performance.
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MS107

Automated Acceleration of Differentiable Compu-
tational Fluid Dynamics for Bayesian Optimization

With the ever more prevalent use of differentiable pro-
gramming techniques throughout simulations, and machine
learning, the desire to extend these techniques to classi-
cal fluid dynamics simulations for outer-loop applications
such as Bayesian Uncertainty Quantification, and Bayesian
Optimization has also become ever more pressing. While
current approaches in fluid dynamics still view simulation
as a black box which is then integrated with an outer-loop
optimization framework, and potentially utilizes Gaussian
Process surrogates to accelerate the sampling, modern dif-
ferentiable programming approaches promise to heavily ac-
celerate the optimization process through the acceleration
of simulations, and the access to gradients of simulation
trajectories. In this talk we build on recent advances
in compiler-based automatic differentiation of parallelized
C/C++, and Fortran-based computational fluid dynamics
simulators to for the first time accelerate the production-
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level simulations with machine learning techniques in an
intrusive fashion to enable Bayesian optimization, where it
was previously infeasible to apply Bayesian optimization
to.

Ludger Paehler, Josef Winter, Nikolaus Adams
Technical University of Munich
ludger.paehler@tum.de, josef.winter@tum.de, niko-
laus.adams@tum.de

MS107

Multi-Fidelity No-U-Turn Sampling

Hamilton Monte Carlo (HMC) and No-U-Turn Sampling
(NUTS) are a family of Markov Chain Monte Carlo
(MCMC) algorithms that incorporate first-order derivative
to avoid random walk behavior which negatively impact
the performance of many MCMC algorithms. However,
calculation of derivative becomes impractical for computa-
tional expensive problems. We propose to build a multi-
fidelity surrogate model using Gaussian Process and then
use the derivative from the surrogate to generate propos-
als for NUTS. The multi-fidelity surrogate is built upon
a hierarchy of models of decreasing approximation error
and increasing computational cost where we delegate the
majority of computational cost to the lower fidelity mod-
els. The samples are accepted/rejected according to the
delayed acceptance criterion to ensure the detailed bal-
ance with respect to highest fidelity model. Then we test
our problem on some test cases and compare it to existing
methods.
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Technical University Munich
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MS108

CUQIpy: A New Python Platform for Computa-
tional Uncertainty Quantification in Inverse Prob-
lems

In this talk we present CUQIpy (pronounced cookie pie) a
new computational modelling environment in Python that
uses uncertainty quantification (UQ) to access and quan-
tify the uncertainties in solutions to inverse problems. The
overall goal of the software package is to allow both ex-
pert and non-expert (without deep knowledge of statis-
tics and UQ) users to perform UQ related analysis of their
inverse problem while focusing on the modelling aspects.
To achieve this goal the package utilizes state-of-the-art
tools and methods in statistics and scientific computing
specifically tuned to the ill-posed and often large-scale na-
ture of inverse problems to make UQ feasible. We show-
case the software on problems relevant to imaging sci-
ence such as computed tomography and partial differential
equation-based inverse problems. CUQIpy is developed
as part of the CUQI project at the Technical University
of Denmark and is available at https://github.com/CUQI-
DTU/CUQIpy.
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MS108

Comparing Monte Carlo Sampling Algorithms Us-
ing a Benchmark Bayesian Inverse Problem

We present the details of a prototypical benchmark for
Bayesian inverse problems in which we seek to identify the
posterior probability distribution of a discretized coefficient
in an elliptic partial differential equation. We then use
this benchmark to compare a number of simple and not-
so-simple Monte Carlo sampling algorithms to assess how
they perform using this benchmark as a test case that has
many of the same features as real-world inverse problems.

Wolfgang Bangerth
Colorado State University
bangerth@colostate.edu

MS109

Convergence Properties for Data Assimilation
Based on Gauss-Newton Iteration

Data assimilation is the problem of finding a state of a
dynamical system such that the difference between true
state and an approximated one is small in a properly de-
fined sense. The widely-used data-assimilation methods
are variational methods. They aim at finding an optimal
initial condition of the dynamical model such that the dis-
tance to the observations is minimized. The problem is
formulated as a minimization of a nonlinear least-square
problem with respect to initial condition, and it is usu-
ally solved using a Gauss-Newton method. Motivated by
the variational approach, we consider a data-assimilation
method that minimizes a cost function under assumption
of model error. We are seeking a solution over a time win-
dow at once. We prove the method converges to the true
state in the case of noise-free observations and provide error
bound in the case of noisy observations. Furthermore, we
extend the method to parameter estimation. We confirm
our theoretical results with numerical experiments using



112 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 111

the Lorenz models.
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MS109

A Dynamics-Aware Measure Transport Algorithm
for Bayesian Filtering in Uniformly Hyperbolic Dy-
namics

In Bayesian filtering, we recursively update the probability
measures of the state of a dynamical system conditioned
on past observations. Numerical methods for the filter-
ing recursion based on Kalman filter variants make the
Gaussian assumption, and particle filters are computation-
ally prohibitive in high dimensions. Transport map-based
methods are computationally tractable and applicable to
non-Gaussian problems but do not make use of the underly-
ing dynamics present in the filtering setting. Our goal is to
construct a dynamics-aware computationally tractable al-
gorithm to sample from filtering distributions in uniformly
hyperbolic systems (idealized chaotic systems). To this
end, we express the filtering recursion by involving the
scores (gradients of logarithms) of the filtering distribution
sequence and show that these scores can be estimated ef-
ficiently by exploiting uniform hyperbolicity. We propose
an ansatz for the filtering map: composition of forecast
and analysis steps on the phase space. While the filtering
map is not, in general, unique, our ansatz allows an inter-
pretation of the filtering map as a conjugacy between two
dynamical systems and imposes uniqueness. Such an in-
terpretation along with the score equation constraint gives
rise to a novel algorithm to perform filtering via measure
transport. This algorithm is derived and demonstrated on
low-dimensional hyperbolic dynamics.

Nisha Chandramoorthy, Youssef M. Marzouk
Massachusetts Institute of Technology
nishac@mit.edu, ymarz@mit.edu

MS109

A Non-Intrusive Solution to the Ill-Conditioned
Gaussian Kernel Covariance Matrix for Gradient-
Enhanced Gaussian Processes

Gaussian processes (GPs) provide a probabilistic method of
constructing surrogates that is used for various applications
such as uncertainty quantification and Bayesian optimiza-
tion. A common problem for GPs is the ill-conditioning
of their covariance matrix, particularly when the popular
Gaussian kernel is used. For gradient-free GPs, a mod-
est nugget can be added to the diagonal of the covariance
matrix to ensure its condition number is below a user-set
threshold. Unfortunately, it is problematic to apply this
method on its own for gradient-enhanced GPs since it can
require a large nugget, which is detrimental to the accuracy
of the GP. A novel method has been developed that guar-
antees that the condition number of the gradient-enhanced
Gaussian kernel covariance matrix remains below a user-set
threshold. This is achieved by using non-isotropic rescal-
ing for the data and a modest nugget. This method is
straightforward to implement, non-intrusive, applicable to
problems of any dimension, and it allows all data to be
kept. To demonstrate the effectiveness of this method, a
Bayesian optimizer is used with and without this method.
With this novel method, the optimizer does not encounter
any ill-conditioned covariance matrices and the optimality
is converged several orders of magnitude deeper than the

base case.
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MS109

Criteria for Uniform in Time Numerical Approxi-
mations of Stochastic Differential Equations

Complicated models, for which a detailed analysis is too
far out of reach, are routinely approximated via a vari-
ety of procedures; this is the case when we use multiscale
methods, when we take many particle limits and obtained
a simplified, coarse-grained dynamics, or, simply, when we
use numerical methods. While approximating, we make an
error which is small over small time-intervals but it typi-
cally compounds over longer time-horizons. Hence, in gen-
eral, the approximation error grows in time so that the
results of our “predictions” are less reliable when we look
at longer time-horizons. However this is not necessarily the
case and one may be able to find dynamics and correspond-
ing approximation procedures for which the error remains
bounded, uniformly in time. We will discuss a very gen-
eral approach to understand when this is possible. I will
show how the approach we take is very broad and show
how it can be used for all of the approximation procedures
mentioned above with a particular focus on numerical ap-
proximations for SDEs. This is based on a series of joint
works with L. Angeli, D. Crisan, P. Dobson, I. Souttar.
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On Ensemble Size in a Particle Method for Subsi-
dence Estimation

We use a particle method in two different experiments with
models of different complexity. The first model calculates
subsidence for a single observation point due to a single
source and considers independent and uncorrelated param-
eters and observations. The second model calculates the
observed subsidence as a summation of subsidence contri-
butions from multiple sources. In the latter model, the
spatial response that a single subsidence source causes at
the surface will result in correlated observations. The cor-
relation in the resulting observations may trigger weight
collapse in the particle method. The information loss re-
lated to the spatial correlation can be quantified with mu-
tual information. Using the quantification of information
loss, we illustrate how this loss of information is reflected in
the log-likelihood of the estimation problem, and how this
depends on the number of parameters of the model. Based
on the results of these experiments, we propose criteria to
evaluate the required ensemble size for the assimilation of
spatially correlated subsidence observations.
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MS110

Low and Mixed Precision Recycling on GPUs

Recycling selected subspaces can substantially improve the
rate of convergence of iterative methods as well as provide
good initial guesses. However, in GPU-based architectures,
where memory is often limited, only a modest number of
recycling basis vectors can be stored locally. On the other
hand computations involving local data are very fast. We
discuss a number of low or mixed precision algorithmic
extensions as well as memory saving strategies to make
recycling more effective on GPU-based architectures.

Eric De Sturler
Virginia Tech
sturler@vt.edu

MS110

Augmented Lagrangian Block Preconditioners for
Incompressible Resistive Magnetohydrodynamics

The equations of magnetohydrodynamics are generally
known to be difficult to solve numerically. They are highly
nonlinear and exhibit strong coupling between the electro-
magnetic and hydrodynamic variables, especially for high
Reynolds and coupling numbers. In this work, we present
a scalable augmented Lagrangian preconditioner for a fi-
nite element discretization of the single-fluid incompress-
ible viscoresistive MHD equations. For stationary prob-
lems, our solver achieves robust performance with respect
to the Reynolds and coupling numbers in two dimensions
and good results in three dimensions. We extend our
method to fully implicit methods for time-dependent prob-
lems which we solve robustly in both two and three dimen-
sions. Our approach relies on specialized parameter-robust
multigrid methods for the hydrodynamic and electromag-
netic blocks. The scheme ensures exactly divergence-free
approximations of both the velocity and the magnetic field
up to solver tolerances. We confirm the robustness of our
solver by numerical experiments in which we consider fluid
and magnetic Reynolds numbers and coupling numbers up
to 10,000 for stationary problems and up to 100,000 for
transient problems in two and three dimensions.
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Robust Preconditioners for a High Order Finite El-
ement Discretization of Planar Linear Elasticity

The discretization of the primal form of planar linear elas-
ticity by high order continuous finite elements is known
to be robust and locking-free in the incompressible limit.
Recently, we showed that the stresses computed from the
finite element solution are also robust and locking-free
thanks to the uniform (in mesh size and polynomial de-
gree) inf-sup stability of the Scott-Vogelius elements. Un-
fortunately, the condition number of the resulting linear
system blows up in the incompressible limit, as the mesh
is refined, and/or as the polynomial degree is increased.
We present a family of preconditioners that control the
growth of the condition number uniformly in the Lam pa-
rameters, the mesh size, and the polynomial degree. The

preconditioners are illustrated by applying them to the so-
lution of a number of representative test problems. As a
by-product of the analysis, we also obtain a preconditioner
for the Morgan-Scott C1-conforming finite element space
that is uniform in the mesh size and polynomial degree.
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MS110

Krylov Subspace Recycling for the Application of
Matrix Functions

We derive an augmented Krylov subspace method with
subspace recycling for computing a sequence of matrix
function applications on a set of vectors. The matrix is
either fixed or changes as the sequence progresses. We as-
sume consecutive matrices are closely related, but make
no assumptions on the relationship between the vectors.
This setting presents some unique challenges with regard
to augmentation of Krylov subspaces. We demonstrate the
effectiveness of the method using a range of numerical ex-
periments with a selection of functions and matrices.

Kirk Soodhalter
Trinity College Dublin
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Hybridization of Machine Learning and Numerical
Linear Algebra Techniques for Scientific Comput-
ing: Learned Minimum Residual Solvers for the
Helmholtz Equations

In the recent years, research on scientific machine learn-
ing based on deep learning solvers has been increasingly
applied to scientific computing and computational engi-
neering. However, even though these newly data-driven
deep learning solvers could be very effective as soon as they
have been properly trained, they can (in general) provide
us with a solution of limited accuracy. Furthermore, the
computational cost in the training phase can be extremely
expensive. In this talk, we presents some ways of hybridiz-
ing the newly emerging deep learning solvers and the more
traditional numerical linear algebra techniques to let them
benefit from each other. In the context of solving a 2D het-
erogeneous Helmholtz equation, we first focus on introduc-
ing some mathematical ingredients from classical iterative
solver into the training phase of a recently proposed deep
neural network solver. The main benefit is a significant
improvement in the training phase that is more robust and
faster, which turns out to be applicable to the testing pro-
cess as well. Furthermore, once the network solvers have
been properly trained, their inferences can be applied as
a nonlinear preconditioner in the traditional flexible GM-
RES and flexible FOM methods. This part demonstrates
that these hybrid variants have clear advantages over both
the newly emerging deep neural network approach and the
classical iterative Krylov solver in terms of both computa-
tional cost and accuracy of the computed solution.

Yan-Fei Xiang, Luc Giraud
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Placental Haemodynamics: Transport Effects at
the Organ Scale

The placenta provides nutrients and oxygen to a devel-
oping fetus and is therefore vital to fetal development.
It brings maternal and fetal blood close together, allow-
ing nutrients to diffuse across thin separating barriers in
the fetal villous tree structure. Structurally, the placenta
is divided into placentones: compartments that are par-
tially separated by septal walls. An approach to modelling
maternal blood flow is to treat the fetal villous tree as a
porous medium; several authors have utilised this on repre-
sentative placentone geometries, mainly focusing on arte-
rial supply. However, whilst these simulations are a useful
indicator of organ-level behaviour, they fail to describe the
effects of the blood flux between neighbouring placentones,
as well as neglecting the importance of maternal venous re-
turn. In 2020, a new phenomenon was discovered called the
placental contraction, which is yet to be mathematically
modelled. I will present some in-silico organ-scale maternal
blood flow simulations, using Navier-Stokes and Brinkman
equations to model blood flow on representative placental
geometries, coupled to a reaction-advection-diffusion equa-
tion to model nutrient transport. I will show notable blood
flux passing between placentones, the importance of con-
sidering maternal venous return paths on the uniformity of
oxygen exchange, and that the recently-observed placental
contraction phenomenon could be vital in redistributing
blood and encouraging venous return.
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A Spatially Distributed Model of Brain
Metabolism

The different active roles of neurons and astrocytes during
neuronal activation are associated with the metabolic pro-
cesses necessary to meet the associated energetic needs.
Metabolism, in turn, relies on the delivery of metabo-
lites and removal of toxic byproducts through diffusion
processes and the cerebral blood flow. A comprehensive

mathematical model of brain metabolism, should account
not only for the biochemical processes and the interac-
tion of neurons and astrocytes, but also the diffusion of
metabolites. We present a computational methodology
based on a multidomain modeling view of the brain tis-
sue using a homogenization argument to account for the
diffusion processes. In our spatially distributed compart-
ment model, communication between compartments occur
both through local transport fluxes, as is the case within
local astrocyte-neuron complexes, and through diffusion
of some substances in some of the compartments. Our
model assumes that diffusion takes place in the extracellu-
lar space (ECS) and in the astrocyte compartment, where
its strength depends on the strength of the gap-junctions.
The diffusion process is implemented numerically by means
of a finite element method (FEM) based spatial discretiza-
tion, and robust stiff solvers are used to time integrate the
resulting large systems. Computed experiments investigate
how the effects of ECS tortuosity, gap junction strength
and spatial anisotropies in the astrocyte network affect the
brain energy metabolism.
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Model Order Reduction for Complex Ocular Sim-
ulations Inside the Human Eyeball

Complex ocular simulations are devoted to modeling the
interplay between tissue perfusion, biomechanics, fluid dy-
namics, and heat transfer within the eye. These different
aspects of the same physical problem have to be properly
connected and every step has to be verified and validated
in the interest of a medical application. The models require
the knowledge of various parameters and some may be im-
portant factors in the development of pathologies. How-
ever, despite recent significant advances in medical data
acquisition, only some parameters and their variability are
known, but others cannot be directly measured. To identify
the main factors that influence the biomechanical behav-
ior of the eye, we, therefore, need to study the influence
of these parameters through an uncertainty quantification
(UQ) process which requires many evaluations of the mod-
els. Since 3D models are not amenable directly to UQ, a re-
duction step is needed to mitigate the computational cost.
We previously conducted a complete UQ analysis on a 0D
reduced model. In the present talk, we propose a strategy
to carry out further analysis using reduced order methods
and in particular the reduced basis method. We present the
application of these methods in the context of both con-
tinuous Galerkin and Hybridized Discontinuous Galerkin
formulations. We discuss then the implementation with
the library Feel++. Finally, we apply the methodology to
some advanced ocular models and report our findings.

Thomas Saigre
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A Computational Framework for the Simulation of
Micro-Swimming

We are currently developing a computational framework for
swimming simulation in order to address problems where
rigid or deformable bodies move in Newtonian and complex
fluids. The objective is to investigate the interactions of bi-
ological micro-organisms and micro-robots with their envi-
ronment, in order to propose efficient driving strategies and
obtain insights into propulsion at this scale. In this talk, we
present the state of the art of our micro-swimming compu-
tational framework, capable of simulating sperm cells and
biologically inspired micro-organisms as well as handling
contact in some of the arising fluid-structure problems.
The mathematical formulation and computational aspects
of this fluid-structure interaction will be presented, rang-
ing from the governing equations and gait models that are
currently supported to the numerical solution of the swim-
ming problem. A selection of applications and results will
be presented as well.

Céline Van Landeghem
IRMA, Université de Strasbourg
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Ensemble Kalman Methods: A Mean Field Per-
spective

The ensemble Kalman methodology is an innovative and
flexible set of tools which can be used for both state es-
timation in dynamical systems and parameter estimation

for generic inverse problems. It has primarily been de-
veloped by practitioners in the geophysical sciences, with
notable impact on the fields of oceanography, oil reservoir
simulation and weather forecasting. Despite its wide adop-
tion in fields of application, firm theoretical foundations
are only now starting to emerge. In this talk we consider
the problem from the perspectives of both control theory
and probability, and provide a unifying approach to algo-
rithms that rests on transport of measures and mean field
stochastic dynamical systems.
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Quantum Mechanics for Closure of Dynamical Sys-
tems

When modelling chaotic dynamical systems, notably in cli-
mate prediction models, a common obstacle is the issue
of approximating the dynamics of dimensions of the state
space for which dynamical laws are unknown. Common
approaches to solving this issue include parametrization
schemes which employ stochasticity or which are exclu-
sively dependent on the internal state of the system at a
given time. We propose a novel parametrization scheme
based on the mathematical framework of quantum me-
chanics and Koopman operator theory. Given a system
in which some components of the state are unknown, this
method involves defining the surrogate system as being in a
time-dependent quantum-state which influences the choice
of the unknown component of the classical state at each
timestep. The quantum state is an operator on the space of
classical observables and evolves over time under an action
by the Koopman operator. The quantum state also up-
dates with new data-points according to a quantum Bayes
law, and evolves under the action of data-driven opera-
tors. Kernel functions are utilized to allow the quantum
Bayes law to be implemented numerically. We analyze the
results of two different modalities of this methodology ap-
plied to the Lorenz 63 and Lorenz 96 systems, and show
how this approach preserves important statistical and qual-
itative properties of the underlying chaotic systems.
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Sparse Kernel Flows for Learning Dynamical Sys-
tems

Regressing the vector field of a dynamical system from a
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finite number of observed states is a natural way to learn
surrogate models for such systems. We introduce a new
variant of the method of kernel flows that we call sparse
kernel flows to learn the 131 chaotic dynamical systems
proposed in https://arxiv.org/abs/2110.05266.
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Universal Inversion: a Framework for Infusing Ex-
pert Knowledge in Bayesian Inverse Problems

In the natural sciences, one is often faced with the prob-
lem of reconstructing some unknown function from indirect
data. Such problems are broadly known as inverse prob-
lem. Solving these generally requires some form of regular-
ization and Bayesian techniques such as Gaussian process
(GP) priors have proved useful to that end. Nevertheless,
in most fields of applications, there exists prior knowledge
about the unknown phenomenon that cannot be directly
included in the specification of the GP prior and would
be better modelled by a set of trend functions. In this
presentation, we will show how the traditional, GP-based
Bayesian inversion framework can be extended to include
(partially) known trends. These trends are modelled as
linear combinations of basis functions with a multivariate
Gaussian prior on the trend coefficients. In essence, this is
an extension of the usual universal kriging approach to in-
verse problems, which we thus deem ”universal inversion”.
We will demonstrate our universal inversion techniques on
a large-scale gravimetric inverse problem based on data col-
lected on Stromboli island, demonstrating how field knowl-
edge can help improve the inversion. The introduction of
trends in the inversion process fosters new questions per-
taininig to model selection. To tackle these, we extend
recent results about fast k-fold cross-validation to the in-
verse problem and present an overview of the new venues of
inquiry in model selection opened by fast cross-validation.

Cédric Travelletti
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Unbiased Estimators Applied to the Ensemble
Kalman-Bucy Filter

We consider the development of an unbiased estima-
tor for the ensemble Kalman-Bucy filter (EnKBF). The
EnKBF is a continuous-time filtering methodology which
can be viewed as a continuous-time analogue of the fa-
mous discrete-time ensemble Kalman filter. Our unbiased
estimators will be motivated from recent work which intro-
duces randomization as a means to produce unbiased and
finite variance estimators. Our estimator will be specific
to linear and Gaussian settings, where we know that the
EnKBF is consistent, in the particle limit N → ∞, with

the KBF. We highlight this for two particular variants of
the EnKBF, i.e. the deterministic and vanilla variants,
and demonstrate this on a linear Ornstein-Uhlenbeck pro-
cess. We compare this with the EnKBF and the multilevel
(MLEnKBF), for experiments with varying dimension size.
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Data Science and Analysis with Earth Imaging
Satellites

Maxar Technologies operates a constellation of high-
resolution earth imaging satellites with varying spectral
capabilities. We have a vast imagery archive with 125
petabytes of imagery, and the satellite images are loaded
with content. This presentation will survey some data sci-
ence problems that are key to unlocking the value in our
archive. These problems range from the analysis of pixel
data to feature and object detection. We use a variety of
techniques to extract information and insight from these
images to see a better world.
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Computational Science and Engineering in Capital
Markets

The rapid change of markets to electronic operation has
been rapidly opening opportunities for massive data ana-
lytics and computation to play a key role. We will dis-
cuss the overall needs for computation and show that the
industry is in great need of advances in algorithms, soft-
ware and hardware all the way from bare metal to cloud
computing. Thus, tremendous opportunities are open for
computational scientists and engineers to impact a super-
critical aspect of the world’s economy as manifested in the
capital markets.
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Mathematics to Transform the Everyday Applied
Mathematics in Industry

In nearly all industries, computational algorithms are the
innovation backbone of the 21st century. More and more
innovations are based on digital solutions and powerful al-
gorithms. This makes industrial applications a great ex-
ploration ground for mathematical innovations and novel
applications. In this talk, I will review my own indus-
trial career from consultancy and program management
to becoming a technical leader and major innovator at
Siemens. I will do this along specific examples highlighting
how mathematics made the difference. My ambition is to
get you excited about career opportunities in industry al-
lowing you to make a positive impact on our everyday lives
via mathematics.

Dirk Hartmann
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(Math + Life + Engineering + Statistical + Data)5

x Sciences + Industry : Great Careers and More

Mathematical and Data Sciences are being applied across
a broad range of industries, generating human knowledge
(and, thus, informing decisions) by distilling data into in-
formation across disparate domains, scales of time and
space, and sources. Brief examples will be given from a
broad array of healthcare sectors such as pharmaceutical,
biomedical equipment (instrumentation and prostheses),
digital health, and insurance. Many also consider agri-
cultural applications including plants and animals to be
critical life science applications as well, and, thus, natu-
rally embracing also quantitative ecological and climatic
considerations. Ideas on the type of background valuable
for a job search will also be discussed. One consideration
in thinking about this background is that a very broad
range of mathematical and computational sciences show
up: classical applied math such as differential and partial
differential equations, discrete mathematics, visualization,
network inference, (stochastic) optimization, control the-
ory, probability, dynamical systems, inverse problems, im-
age processing, pattern recognition/AI, natural language
processing, topology, and, of course, numerical analysis and
simulation.
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Application and System Co-Design for Extreme
Scale AI Workloads

The true potential of AI rests on super-human learning
capacity, and on the ability to selectively draw on that
learning. Both properties—scale and selectivity—challenge
the design of AI computers and the tools used to program
them. This talk will discuss these challenges, and how
Graphcore, a company that builds accelerators for AI, has
been and will be breaking through them by co-designing
new applications, software and hardware infrastructures to
achieve super-human learning.
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Hardware, Software, and Application Co-Design on
the Frontier and Lumi Systems

The first Exascale systems are based on heterogeneous
node designs. These systems are intended to run a range
of applications across a wide set of domains scientific and
machine learning applications. Ensuring these applications
can leverage all the unique architectural features of the het-
erogeneous node design requiresdeep application co-design
between hardware, software, and application teams. This
talk discusses some of the challenges, and solutions, on
preparing applications for the AMD-based OLCF Frontier
and CSC LUMI-G systems. This talk will highlight key

hardware capabilities, such as matrix cores, packed Fused-
multiply-add operations, large HBM capacities, coherent
CPU and GPU memory, and how to leverage them in soft-
ware.Supporting applications on multiple architectures vi-
aperformance portable compilers such as OpenMP andHIP
will also be discussed.
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Machine Learning Assisted Simulation Using
Highly Coupled GPU, CPU and Deep Learning Ac-
celerators

High performance computing workloads have started to
leverage the benefits of AI both in software and hardware,
namely merging traditional, first principles workloads with
deep learning models. In multiphysics problems, intersec-
tion of machine learning with first principles simulation,
sometimes referred to as cognitive simulation, has given rise
to new paradigms in computational modeling and simula-
tion where benefits are yet to be recognized. In this talk, we
will focus on a specific subclass of ML assisted simulation,
where tens, hundreds or potentially thousands of surrogate
models representing different physiochemical phenomena,
material properties, and regimes, are used to replace sec-
tions of the computational code historically solved through
first principles methods. The simulation will run on innova-
tive node-level heterogeneous design, consisting of Recon-
figurable Dataflow Unit (RDU), GPU, and CPU. We will
show for cases where strong coupling between the surro-
gate models and the main computational loop is required
(i.e., calling the surrogates within a computational loop
for each step of the simulation), and for problems that are
latency-bound with low number of inference calls to each
model (i.e., small batch sizes) SambaNovas Reconfigurable
Dataflow Architecture (RDA) serves particularly well. An
example use case will be presented and the improvements
will be discussed.
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Supporting Applications and Software for the De-
sign of Post-Exascale Technology

Now that Exascale has been reached, how can we achieve
another 1000x improvement to reach a ZettaFlop, at least
for a simple benchmark? If we assume the size of com-
puting centers remains roughly constant and we cannot
increase the energy envelope, we fall back to a perfor-
mance/density problem for all levels of a computer sys-
tem. A computing unit today reaches about 100 TF/s in 1
kW(dp64); to reach 100 PF/s in a few years, that translates
to 1 Summit supercomputer (ORNL) in a socket. If we
consider that applications and their associated test cases
can theoretically scale by simple oversampling (a factor of
10 in the 3 dimensions) and assuming that the numeri-
cal schemes and the physics can remain stable, then the
problem comes back to the conservation of the ratios of
bandwidth, floating point (and other data types), latencies
for scalability of applications, and reduction of the energy
needed to move a bit. It is difficult to predict if the current
model of building HPC supercomputers can be scaled with-
out new breakthroughs, including for programming mod-
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els, or if limits will be reached. In this presentation, I will
briefly discuss these points as well as the upcoming initia-
tives and investments in Europe to put applications and
software at the center of the problem when designing new
technologies.
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Newton’s Method to Compute Taylor Series in
Multiple Double Precision Accelerated by Graph-
ics Processing Units

The problem is to investigate the scalability of a new path
tracker (SISC 42(6), A3610-A3637, 2020) to solve systems
of polynomial equations in many variables. The many in
this context is about a thousand. Path trackers repeat-
edly run Newton’s method, evaluating and differentiating
polynomials, followed by the solution of a linear system.
On Taylor series, the matrices are block Toeplitz lower tri-
angular, obtained by convolutions. Proximity to singular-
ities requires multiple double precision arithmetic, which
causes a cost overhead to be offset by acceleration with
Graphics Processing Units (GPUs). In particular, GPUs
capable of teraflop performance compensate for the over-
head caused by quad double arithmetic. Multiple double
precision is necessary to adjust the parameter representa-
tion in case the radius of convergence of the Taylor se-
ries is too small. Singularities are located efficiently via
the quadratically converging Newton’s method at regular
points and with extrapolation on the series. While the
current implementation takes polynomials on input, view-
ing polynomials as truncated series extends its applica-
tion to analytic systems, systems of functions with well
defined Taylor series developments. The software written
for this investigation is licensed under GPL-3.0, available
at https://github.com/janverschelde/PHCpack. This re-
search is supported by the U.S. National Science Founda-
tion under grant 1854513 of the CDS&E-MSS program.
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An Adaptive and Flexible Software Framework for
Two-Scale Coupled Problems

For many challenging applications in simulation technol-
ogy, micro-scale phenomena can dominate macro-scale be-
havior. Examples in this setting would be reactive porous-
media flow and biomechanical models of human organs.
We present a novel software framework to couple exist-
ing micro-scale and macro-scale simulations in a black-box
fashion. We develop a software component which man-
ages a set of micro simulations, and couples them to the
macro simulation through the coupling library preCICE.
The broad aim is to develop macro-micro coupling methods
and software that are independent not only of the concrete
multiscale application but also of the used macro-scale and
micro-scale software. While reusing key coupling imple-
mentations of preCICE (e.g., parallel communication and
fixed-point acceleration schemes), we present a new soft-
ware component called Micro Manager. The Micro Man-
ager calls all micro-scale simulations as libraries in an adap-
tive manner and is itself coupled to the macro-scale simu-

lation using preCICE. The working of the Micro Manager
is demonstrated using a two-scale heat conduction scenario
in porous-media. In this case, each micro simulation con-
sists of a grain structure which evolves depending on the
temperature at the corresponding macro location. The ef-
fective thermal conductivity and material amounts at each
macro point is computed by resolving a micro simulation.
The micro simulations are run in an adaptive manner based
on a similarity criterion.
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Determining Obstacles to Generate Flow Struc-
tures

One of the ways to understand a fluid flow is to analyze
the structures which govern their behavior. One such set of
structures, called Lagrangian Coherent Structures (LCS),
are of particular interest. LCSs serve as a ”skeleton” of
a fluid flow, as they describe the regions of maximal at-
traction, repulsion, and shearing of a flow. Typically these
structures are used to qualitatively analyze flow behavior.
However, one may wish for these structures to appear in
specific regions of a flow, as a means of flow control. Specif-
ically, we are interested in the following problem: can we
introduce a flow obstruction to guarantee a specified LCS.
In this talk, we will discuss the feasibility of this problem,
whether or not solutions to this problem exist, and how we
may go about solving it both analytically and numerically.
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Calibration of Model Parameters for 1D-0D Cou-
pled Blood Flow Models

In this talk, we present a model for simulating blood flow
within the largest arteries branching out of the heart. In
order to decrease the computational effort one-dimensional
(1D) Navier-Stokes equations are used to describe the flow
field within this network. Since only large arteries are mod-
eled by means of the 1D Navier-Stokes equations appropri-
ate boundary conditions have to be imposed at the outlets
of the considered network. One way to account for the
missing vessels is to use systems of ordinary differential
equations incorporating the resistance and capacity of the
omitted vessels. Since they exhibit no space variable they
are indicated as 0D models. All in all, this results in a
1D-0D coupled blood flow model. Parameters of the 0D
models have to be chosen in a careful way to produce real-
istic simulation data. Using measurements of blood pres-
sure curves, these parameters are calibrated formulating
appropriate minimization problems. To avoid expensive
evaluations of the respective cost functionals, physics in-
formed neural networks are considered. For the solution of
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the minimization problems, we apply two different types
of approaches: The first one is a classical gradient based
method, while the second one uses features of quantum
computers. In case of the second approach, we outline
how data are transferred from a classical to a quantum
computer and discuss new algorithmic aspects. The per-
formance of both algorithms is illustrated by several nu-
merical tests.
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A Decoupled Splitting Scheme Combined with a
Discontinuous Galerkin Spatial Discretization for
Solving the Cahn-Hilliard-Navier-Stokes Equations

We formulate and theoretically analyse a fully decoupled
scheme for solving the Cahn-Hilliard-Navier-Stokes equa-
tions. This scheme combines a pressure correction ap-
proach with interior penalty discontinuous Galerkin spa-
tial discretizations. We prove unique solvability and mass
conservation. Under a CFL condition, we show that the
order parameter is stable in the L∞ norm and that the
scheme is energy dissipative. Optimal a priori error rates
in the broken H1 and L2 norms are proved. Our analysis is
novel and robust in the sense that no artificial stabilization
or regularization of the potential function are needed. We
present numerical experiments which validate our theoret-
ical results.
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Autonomous Finite Elements in Clinical Practice -

Coupling FEA with AI

Finite element analysis requires a qualified analyst to gen-
erate the necessary input data, verify the output and post-
process the analysis results for a meaningful conclusion.
The required expertise and labor efforts precluded the use
of FEA in daily medical practice for example. Recent sci-
entific advancements such as low-dose CT scans, machine
learning, and high order FEA which allows an inherent ver-
ification methodology of the numerical accuracy, make it
possible to provide a fully autonomous process for assess-
ing bone strength and fracture risk. This autonomous pro-
cess, which we refer to as autonomous streamline, named
autonomous finite element (AFE) analysis, introduces a
paradigm shift in the use of FEA. This talk addresses a
novel AFE [Yosibash et al, CMAME, 80(11), p 2417, 2020]
for patient-specific analysis of human femurs used in clin-
ical practice: it involves an automatic segmentation of fe-
murs from CT-scans by U-Net, an automatic mesh gen-
eration and application of boundary conditions based on
anatomical points, a high-order FE analysis with numer-
ical error control, and an automatic report with a clear
assessment of bone fracture risk. Two specific applications
of AFE are presented: a) Determination of the risk of frac-
ture for patients with tumors of the femur [Sternheim et
al, Bone, 110, p215, 2018, & BJJ, 102-B, p638, 2020]. b)
Identifying patients with high hip fracture risk [Rotman et
al, BJJ, 103-B, p1497, 2021].
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MS117

Extension of Optimized Grid Metrics to Non-
Polynomial Curvilinear Coordinate Transforma-
tions for Summation-by-Parts Discretizations

We extend the optimization-based approach of Crean et
al. (JCP 2018) for calculating grid metric terms to arbi-
trary non-polynomial mappings. This extension allows the
use of summation-by-parts discretizations in curvilinear co-
ordinates with non-polynomial geometry representations,
including non-uniform rational basis splines, and general
nodal distributions while still satisfying the discrete met-
ric invariants. Furthermore, we provide a thorough com-
parison of this optimized approach to various standard ap-
proaches of calculating different geometric terms, including
the grid metric terms, metric Jacobians, and boundary nor-
mals. In the context of diagonal-norm summation-by-parts
discretizations, we demonstrate through both theoretical
arguments and numerical examples involving the 3D Euler
equations that the optimized approach can be beneficial in
certain cases. In particular, when nodal distributions that
do not include boundary nodes are used, only the opti-
mized approach results in conservative discretizations that
satisfy the metric invariants and superconvergent function-
als in the presence of flow tangency boundary conditions.
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MS117

A Stable Cut DG Method for Hyperbolic Conser-
vation Laws Interpreted as an Sbp Method

Recently we developed a cut-DG method for hyperbolic
conservation laws, where severe time-step restrictions are
avoided by adding ghost penalty stabilization. The corre-
spondence between standard DG methods and summation-
by-parts finite difference methods is by now well known. In
this talk we will explore how a cut-DG method for a hyper-
bolic conservation law can be interpreted as an immersed
boundary finite difference method.
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MS117

A Positivity Preserving Strategy for Entropy Sta-
ble Discontinuous Galerkin Discretizations of the
Compressible Euler and Navier-Stokes Equations

High-order entropy-stable discontinuous Galerkin methods
for the compressible Euler and Navier-Stokes equations re-
quire the positivity of thermodynamic quantities in order
to guarantee their well-posedness. In this work, we in-
troduce a positivity limiting strategy for entropy-stable
discontinuous Galerkin discretizations based on high order
DG (discontinuous Galerkin) positivity-preserving limiter.
The key ingredient in the limiting procedure is a low order
positivity-preserving discretization based on graph viscos-
ity terms. The proposed limiting strategy is both positivity
preserving and discretely entropy-stable for the compress-
ible Euler and Navier-Stokes equations. We illustrate the
behavior of the method using both analytical solutions and
model problems such as the Sedov blast wave and Daru-
Tenaud shock tube.
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MS117

A Discretization of Elliptic Terms with Im-
proved Convergence Properties Using Summation
by Parts Operators

Nishikawa (2007) proposed to reformulate the classical
Poisson equation as a steady-state problem for a linear hy-
perbolic system. This enables a unified discretization based
on hyperbolic PDE solvers, e.g., in the context of cou-
pled elliptic-hyperbolic systems such as the Euler equations
with self-gravity studied by Schlottke-Lakemper, Winters,
Ranocha, and Gassner (2021). It also results in optimal
error estimates for the solution of the elliptic equation and
its gradients, which are of primary interest in self-gravity.
However, it prevents the application of well-known solvers

for elliptic problems such as the (preconditioned) conjugate
gradient method. We show connections to a discontinuous
Galerkin (DG) method analyzed by Castillo, Cockburn,
Perugia, and Schtzau (2000) that is very difficult to imple-
ment in general. Next, we demonstrate how this method
can be implemented efficiently using summation by parts
(SBP) operators, in particular in the context of SBP DG
methods. The resulting scheme combines nice properties of
both the hyperbolic and the elliptic point of view, in par-
ticular a high order of convergence of the gradients, which
is one order higher than what one would usually expect
from DG methods for elliptic problems.
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MS118

Subsurface Flow and Transport with Differentiable
Programming and Quantum Computing

Many subsurface flow applications involve components
where physical laws are well understood and other com-
ponents where the physical laws are either poorly under-
stood or not applicable. Numerical modeling excels at the
former whereas interpolating data with machine learning
(ML) excels at the latter, but neither approach can tackle
these components simultaneously. Existing ML approaches
(often called physics-informed ML, or PIML) to handling
these types of components simultaneously are minor tweaks
to standard ML methods (e.g., PIML might use physics
data to train or a loss function that encourages the ML
to obey an equation without any accuracy guarantees).
Tweaking black-box ML models is fundamentally limited
because ”big data does not interpret itself”meaningful, in-
terpretable structure in models is a necessity to improve
predictability, enable human understanding, and maximize
the impact of small data. We show how Differentiable Pro-
gramming (DP) enables us to to meld trustworthy numer-
ical modeling with trainable ML to enhance workflows for
physical model development, inverse analysis, and machine
learning. This talk will also consider applications of quan-
tum computing to subsurface flow.
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Combining Imaged Data and Deep Learning for
Prediction of Transport in Porous Media

Significant scientific opportunities can be realized by devel-
oping methods that study transport behavior within indi-
vidual images (volumes) of rock samples (framework popu-
larly called digital rock physics) and upscaling observations
from many different samples and across different scales.
The barrier to scientific progress is not acquiring data,
but automation that would allow more efficient upscaling
across the spatial and temporal scales. We show new ma-
chine (deep) learning algorithms that, in combination with
data hosted in Digital Rocks Portal, creates the environ-
ment that directly links data, high performance computing
simulation, and deep-learning-enabled upscaling of velocity
field, concentration fields and electrical potential. The con-
cept is applicable beyond rocks to estimating properties of
other complex/porous structures such as those in materi-
als science (foams), chemical engineering (batteries or fuel
cells), and medicine (micro-vascular networks or bones).
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This is joint work with Bernard Chang (UT Austin), Javier
E. Santos (Los Alamos National Laboratory, Agnese Mar-
cato and Gianluca Boccardo (Politecnico Torino).
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MS118

Modeling Geologic Disposal of Co2 Using Machine
Learning

Fractured systems in the subsurface play a role in many
natural and engineered applications such as geologic car-
bon sequestration, hydraulic fracturing and underground
nuclear test detection. Structural information (fracture
size, orientation, etc.) plays a key role in governing the
dominant physics for these systems but can only be known
statistically. Traditional modeling approaches either ig-
nore or idealize structural information at these larger scales
because we lack a computational framework that utilizes
it in its entirety. The work presented here integrates
computational physics, machine learning and graph the-
ory to make a paradigm shift from computationally in-
tensive high-fidelity models to coarse-scale graphs with-
out loss of critical structural information. We exploit the
underlying discrete structure of fracture networks in sys-
tems considering flow through fractures and fracture prop-
agation. We demonstrate that compact graph representa-
tions require significantly fewer degrees of freedom (dof) to
capture micro-fracture information and further accelerate
these models with Machine Learning.

Gowri Srinivasan
T-5, Theoretical Division, Los Alamos National
Laboratory
gowri@lanl.gov

MS118

Fast Modeling Co2 Migration Dynamics System
with Deep Learning Methods

Carbon capture and storage (CCS) is a viable and promis-
ing technology to reduce the CO2 emissions and mitigate
climate change. In CCS, the captured anthropogenic CO2

is injected into the geological media such as depleted reser-
voirs and deep saline aquifers for long-term sequestration.
Numerical simulation is an essential tool for managing the
subsurface flow, but suffers prohibitively high computa-
tional cost due to the nonlinearity of the multi-physics
nature. Surrogate models, constructing approximations
with greater efficiency for computational expensive numer-
ical models, provide alternative approaches to predict the
CO2 sequestration process. A deep-learning-based surro-
gate model is developed in this work for predicting the
temporal-spatial evolution of CO2 plume migration in het-
erogeneous geological formations with high computational
efficiency. The surrogate model is trained to predict the
CO2 saturation and solution CO2-brine ratio in the saline
aquifer, which are two secure parameters to calculate the
amount of CO2 trapped by dissolution. The deep learning
workflow not only provides high predictive fidelity across
temporal and spatial scales, but also offers a speedup of
5 orders of magnitude compared to traditional numerical
simulation, and thus will be a significant predictive tool for
engineers to manage the long-term process of CCS.
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MS119

Estimate of Traffic Quantities Through Multiscale
Second Order Models with Heterogeneous Data

We present a multiscale traffic model, based on the family
of Second Order Generic Models, which integrates multiple
trajectory data into the velocity function. It is specifically
designed to take advantage of the availability of hetero-
geneous data. By heterogeneous data, we mainly mean
data from different scales of observation and different mon-
itoring modes. We refer in particular to Lagrangian data,
which provide information on the trajectories followed by
vehicles, and Eulerian data, which measure the transit of
cars from fixed positions. We show how this combination
of a second-order macroscopic model with microscopic in-
formation makes it possible to reproduce significant vari-
ations in speed and acceleration that strongly influence
traffic emissions. Accurate approximations are obtained
even with few trajectory data. The proposed approach is
therefore a computationally efficient and accurate tool for
calculating macroscopic traffic quantities and estimating
emissions.
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Inverse Design in Conservation Laws

Inverse Design in Conservation Laws R.M.Colombo
(In collaboration with Vincent Perrollaz and Abra-
ham Sylla) Consider a scalar Conservation Law ∂tu +
∂xf(x, u) = 0 where the flux f possibly depends also on the
scalar space variable x. Fix an arbitrary function w = w(x)
of x and an arbitrary positive time T . Does there exist an
initial datum uo = uo(x) that, provided to the conservation
law, yields a solution u = u(t, x) that evolves into the func-
tion w at time T , so that u(T, x) = w(x)? In addressing
the answer to this question, the relations between Conser-
vation Laws and Hamilton-Jacobi equations are first rigor-
ously set in framework unique to both classes of equations
and, then, exploited. Applications to the management of
vehicular traffic are also considered.
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Global Sensitivity Analysis of Pollutant Dispersion
Uncertainty Quantification Problem

Air pollution is a very important issue challenging modern
society from both public health and environmental per-
spectives. For example, the World Health Organisation
(WHO) estimate that 4.2 million deaths annually are linked
to ambient air pollution. The use of computational mod-
elling enables us study pollutant dispersion models over
a range of parameter values in order to gain some insight
into the factors that strongly influence pollution concentra-
tion in the air. We study a parametric advection-diffusion
pollution dispersion model with parameters sampled from
probability distribution functions to investigate how the
pollutant concentration varies with respect to randomness



122 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 121

in the model parameters. We investigate uncertainty quan-
tification in terms of the randomness in the pollutant con-
centration and also carry out global sensitivity analysis in
order to assess how the variability in the pollutant concen-
tration can be attributed to the variability in the model
parameters
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MS119

Reconstruction of Traffic Speed Distributions from
Kinetic Models with Uncertainties

In this talk, we discuss the ability of Boltzmann-type ki-
netic equations for traffic dynamics to predict speed dis-
tributions observable from rough traffic data. We adopt,
in particular, the formalism of uncertainty quantification,
since driver reactions are uncertain and related to differ-
ent types of driver behaviour or different classes of vehicles
present in the traffic stream. Therefore, the calibration
of the theoretical speed distribution has to face the recon-
struction of the distribution of the uncertainty. We rely on
experimental microscopic measurements of vehicle speeds
(recorded on a German motorway) whose statistical distri-
bution shows a multimodal trend. The calibration is per-
formed by extrapolating the uncertain parameters of the
kinetic distribution via a constrained optimisation proce-
dure.

Michael Herty
RWTH Aachen University
herty@igpm.rwth-aachen.de

Andrea Tosin
Department of Mathematics
Politecnico di Torino
andrea.tosin@polito.it

Giuseppe Visconti
Department of Mathematics ”G. Castelnuovo”
Sapienza University of Rome
giuseppe.visconti@uniroma1.it

Mattia Zanella
Department of Mathematics
University of Pavia
mattia.zanella@unipv.it

MS119

Combining Physics Models and Gaussian Processes
for Traffic Prediction

We propose a Bayesian framework for traffic state predic-
tion by macroscopic traffic flow models. Due to limited
access to both trajectory and loop detector traffic data, we
perform our analysis on synthetic data generated by nu-
merical simulations. Classically, macroscopic traffic flow
models are calibrated by fitting the so-called fundamental
diagram i.e., the density-flow mapping described by the
model flux function. However, data noise and congested
traffic situations make the parameter identification process
more difficult to deal with. Thus we consider an alternative
approach based on [M. Kennedy, A. O’Hagan. Bayesian
calibration of computer models. Journal of the Royal Sta-
tistical Society, 2001] which introduces a bias term to bet-
ter account for possible discrepancies between the math-
ematical model and reality; this bias term is modeled by

a Gaussian process (GP). Once the calibration parameters
are obtained, our analysis distinguishes between travel time
estimation and prediction where the former is related to re-
alized traffic scenarios. For the second one, we apply a GP
to predict future traffic conditions at loop detector loca-
tions and sparse time points. These serve as initial data
to simulate the traffic conditions at a finer scale, which en-
ables us to do travel time prediction. Finally we compare
the travel times between the ground truth and simulated
data observing that the usage of the physics model on top
of the GP improves the prediction accuracy.
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MS120

Variable Projection Networks in Autonomous
Driving

Data representation has a crucial role in machine learn-
ing (ML), since it influences heavily the performance of
these methods. Accordingly, the first step of traditional
ML techniques includes data preprocessing, information
extraction, and dimension reduction. This can be done
manually via feature engineering or automatically via rep-
resentation learning. There is a trade-off between these two
approaches, which is to say, utilizing domain knowledge
and promoting handcrafted features results in subopti-
mal performance, whereas learning representations directly
from the data increases the performance, but also reduces
the interpretability of the ML algorithms. In this talk,
we propose VPNet, a novel model-driven neural network
architecture by combining variable projections (VPs) and
neural networks (NNs). VP is a classical method for solv-
ing separable nonlinear least squares problems (SNLLSs)
by which we extract features automatically in our learn-
ing framework. Note that many inverse problems can be
viewed as SNLLS data fitting problems including a small
set of adjustable nonlinear parameters with direct physical
interpretations. Thus, VPNet retains the powerful learn-
ing ability of ML methods, and the representation abilities
of VPs in which both the trainable parameters and the
extracted features are interpretable. As a case study, we
show the potential of VPNet in road surface classification,
which is an important environmental recognition problem
in autonomous driving.
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Interpretability in Multimodal Sensing-Based AI
Methods for Evidence-Based Personalized Health
Support

Enhancement of medical diagnosis using machine learn-
ing models is highly effective in health analytics. It al-
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lows personalized health support with improved assessment
and diagnosis. Multimodal sensing (MS) and deep learn-
ing (DL) models are considered to provide evidence-based
health support. However, interpretability of the generated
MS-DL models is challenging and require evidence-based
result for better assessment. In this work, we propose a
learning framework for assessment of stress in drivers us-
ing MS and regularized deep kernel learning with better
interpretability. We acquire electrocardiography (ECG),
electrodermal activity, photoplethysmography (PPG), and
respiration rate from healthy drivers (N=10) in a controlled
environment. Four hours of recordings are obtained after
the removal of unstable segments. Multimodal features
are extracted and applied to regularized deep kernel learn-
ing for fused biomarkers. Two classifiers, support vector
machine (SVM) and random forest (RF), are used to dif-
ferentiate stress states. Results show that the proposed
approach can discriminate the drivers stress state. The
combination of PPG, ECG, and RF yields the highest F1-
score of 0.97. PPG and RF yield a maximum F1-score
of 0.90 to classify the stress state of the drivers. ECG
and PPG signals proved to be more reliable in classifying
the stress state of drivers. Thus, the proposed framework
could be extended to real-time stress state assessment for
evidence-based health support.
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MS120

Deep Unfolding for Data Estimation in Wireless
Communication Systems

Traditionally, data estimation on the receiver side of a wire-
less digital communication system is accomplished with
model-based methods. These methods are based on well-
established physical and statistical models. Consequently,
they are well-interpretable and performance bounds can of-
ten be derived. However, modeling errors, oversimplifica-
tions, wrong statistical assumptions, or insufficient model
knowledge may severely degrade the performance of model-
based approaches, and incorporating empirical statistics of
possibly available data is usually difficult. Data-driven ap-
proaches can resolve some of the aforementioned issues.
However, they usually suffer from huge data hunger, and
they typically lack interpretability. Some of these prob-
lems may be tackled by incorporating model knowledge
into data-driven methods, which is a major challenge with
lots of open research questions. In this talk, we will present
model-inspired neural networks (NNs) for data estimation,
which are derived by using deep unfolding. These NNs
are designed by unfolding the iterations of iterative model-
based algorithms to layers of NNs. We will highlight simi-
larities between model-based methods and model-inspired
NNs. For example, we will show that conducting precondi-
tioning, which is known to improve iterative model-based
methods, can boost the performance of NNs that are de-
rived by deep unfolding. We will compare these NNs to
traditional model-based methods, and highlight their pros

and cons.
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MS120

Examination of a Deep Neural Network for Biosig-
nal Classification Reveals Features Similar to Clin-
ical Criteria

Computer-aided diagnosis of biomedical signals culminated
recently in deep learning (DL) methods, often outperform-
ing human experts. However, these methods remain un-
adopted in clinical practice which is partially due to their
lack in explainability. In this talk, we address this issue
using electrocardiography (ECG) as use-case. We apply a
pre-trained DL network for classification of 12-lead ECG
signals that has been trained on more than 2 million signals
and classify signals from a publicly-available ECG dataset.
Additionally, we apply the method ’Integrated Gradients’
which assigns a positive or negative relevance to each sam-
ple of a classified signals, pointing towards or against the
classification; thereby allowing to understand the relation-
ship between model prediction and learned features. We
compare the relevance values of patients suffering from
atrial fibrillation (AF) or left bundle branch block (LBBB)
to healthy controls. Results show that the network learned
cardiology textbook knowledge: Visible P-waves and con-
cordant T-waves both result in a distinct negative relevance
in AF and LBBB classification, respectively. Moreover,
the difference in relevance between healthy controls and
patients w.r.t. ECG leads is in line with clinical recom-
mendations. In summary, our analysis suggests that the
network learned features similar to clinical experience. In-
tegrating this analysis in an application could be useful for
quality control of diagnosis or teaching.
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Efficient Algorithms for the Simulation of Incom-
pressible Fluid Flow with High-Order Methods

The talk will present algorithms and implementations for
the efficient and robust simulation of incompressible flow
phenomena. The core algorithm are high-order discon-
tinuous Galerkin discretizations, which are assessed in a
holistic manner in terms of discretization methods in time
and space, iterative solvers and preconditioners, and im-
plementation techniques, with the goal to optimize overall
computational ef?ciency. The key ingredient for practi-
cal simulations of marginally resolved flows at moderate to
high Reynolds numbers is the energy stability, which can
be fulfilled either by L2-conforming discontinuous Galerkin
discretizations with techniques to weakly enforce normal
continuity and pointwise divergence-free condition, or via
H(div)-conforming Raviart-Thomas finite element pairs.
The algorithms are assessed on several challenging test
problems. The implementations are available through the
ExaDG project.
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MS121

Solver Advances for High-Order Discretizations
and Exascale Applications

Nek5000/RS, a highly-performant open-source spectral el-
ement code, has recently achieved an unprecedented mile-
stone in the simulation of nuclear reactors: the first full
core computational fluid dynamics simulations of reactor
cores, including pebble beds with 352,625 pebbles and 98M
spectral elements (51 billion gridpoints), advanced in less
than 0.25 seconds per Navier-Stokes timestep. This talk
will present performance and optimization considerations
necessary to achieve this milestone when running on all of
Summit. These optimizations led to a four-fold reduction
in time-to-solution, making it possible to perform high-
fidelity simulations of a single flow-through time in less
than six hours for a full reactor core under prototypical
conditions.
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Computational Contact Mechanics Using Fenicsx

Phenomena involving two objects coming into contact are
ubiquitous in science and engineering. At the same time
algorithms for computational contact mechanics are no-
toriously difficult to implement and only very few results
regarding scalability of the algorithms in parallel are avail-
able. Our goal is to develop a scalable and robust imple-
mentation for frictional contact problems as an open-source
extension to the FEniCSx framework. FEniCSx is the most
recent version of FEniCS, an open source software for solv-
ing partial differential equations based on finite element
methods. One of the most attractive features of FEniCS is
the so-called Unified Form Language (ufl) which allows the
user to express the PDE in a notation very close to math-
ematical notation. One major challenge is that integrals
on the contact surfaces typically cannot be expressed as a
ufl-form. In our implementation, we combine custom inte-
gration kernels on the contact surfaces with automatically
generated kernels based on ufl-forms for all remaining in-
tegrals. Currently, we use Nitsche’s method to enforce the
contact constraints, but in principle other methods, such
as Lagrange multiplier methods, can be implemented in a
similar fashion.
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MS121

Performance-Portable Implicit Scale-Resolving
Compressible Flow Using libCEED

Unstructured mesh CFD solvers with second order accu-
rate spatial discretizations are flexible and ubiquitous in
industry. Scale-resolving simulation techniques are viewed
as the future for predictive fluid simulations, but stan-
dard technology is inefficient when repurposed for scale-
resolving simulation. We show that greater efficiency can
be gained using a stabilized-continuous-Galerkin finite ele-
ment method with high-order basis functions on GPUs, us-
ing implicit time-stepping schemes. We explore trade-offs
in the discretization and solver using a GPU implementa-
tion based on libCEED and PETSc, which enables portable
performance from a single source code. We demonstrate ac-
curacy, stability, and efficiency of our solver on turbulent
compressible boundary layer flows.
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MS122

Dual Polynomial Spaces in Finite ElementMethods

In this presentation we will introduce a sequence of finite
dimensional function spaces for high order methods, which
form a de Rham sequence. Vector operations like the gra-
dient, curl and divergence in this representation take the
particularly simple form of incidence matrices, which are
very sparse matrices containing only 1 and −1 as non-zero
entries. The dual vector operations, in general, will not
be sparse, topological matrices unless a de Rham sequence
is constructed for the dual space. In this talk these dual
spaces will be presented, yielding also highly sparse ma-
trix representations for the dual vector operations. The
mass matrices of the primal spaces serve as Riesz maps
to switch between the primal and dual spaces. This con-
struction immediately gives a representation for the trace
spaces. These ideas are presented in [Jain, Zhang, Palha
& Gerritsma, Construction and Application of Algebraic
Dual Polynomial Representations for Finite Element Meth-
ods on Quadrilateral and Hexahedral Meshes, Computers
and Mathematics with Applications, 95, 101-142, 2021].
Time permitting, some examples of the approach will be
given.
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The Use of the Mimetic Method for Two-Phase
Flows

In an industrial setting the separation of gas bubbles from
the liquid phase can be a slow and costly process. It is
therefore desirable to study the separation process in or-
der to understand the mechanisms involved and thereby
optimise the separation process. In alkaline hydrogen PtX
plants the separation of hydrogen from the lye requires
tanks, which are costly, due to the large nickel content in
the tank material, and also due to the large size of the
tanks that is required for fast gas separation.A dynamic
two-phase model is presented using the mimetic discretisa-
tion method. The gas-liquid flow is modelled by a Naiver-
Stokes system of equations in an Eulerian representation.
The motion of gas is modelled by a separate continuity
equation.
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High-Order Accurate Unified Discontinuous
Galerkin Methods for Fluid and Solid Mechanics

A novel high-order accurate computational framework for
a unified treatment of fluid and solid mechanic problems
is presented. The framework is based on the expression
of the governing equations of either fluids or solids as the
sum of three differential operators, namely an operator in-
volving only the time derivatives of the unknown solution
fields, an advection operator involving the first-order spa-
tial derivatives and an elliptic operator involving the first-
and second-order spatial derivatives. A single formulation
for both solids and fluids is obtained by a special expres-
sion of the elliptic operator. High-order accuracy in space
is achieved by discretizing these operators via suitably-
introduced discontinuous Galerkin methods, which lead to
block-structured mass matrices, enable a natural way to
treat generally-shaped mesh elements, and are amenable to
massive parallelization. Numerical examples are provided
to model fluids within the incompressibility regime, gener-
ally anisotropic solids and fluid-solid interaction problems.
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MS122

Geometric Discontinuous Galerkin Methods for
Fluids and Plasmas

Most conservative problems in fluid dynamics, plasma
physics as well as many other branches of science and en-
gineering have the form of hyperbolic conservation laws
that inhibit a Lagrangian and/or Hamiltonian structure.
That is their dynamical equations can be obtained from
an action principle or a Poisson bracket and a Hamiltonian
functional, typically the total energy of the system. Non-
conservative problems are usually composed of a conserva-
tive (Lagrangian or Hamiltonian) and a dissipative part.
In both cases, it is important to preserve the structure
of the conservative part in the course of discretisation in
order to obtain stable numerical schemes that deliver accu-

rate and reliable simulation results. We discuss Hamilto-
nian structure-preserving discretisation approaches based
on high-order Discontinuous Galerkin Spectral Element
Methods (DGSEM). We show how these approaches re-
late to and generalise known energy-stable schemes based
on split-forms and summation-by-parts properties. The in-
viscid Burgers equation and the compressible Euler equa-
tions serve as main examples. Generalisations to other
important fluid and plasma systems are sketched. A re-
markable property of the proposed approach is that exact
mass, momentum and energy conservation can be achieved
even if the system of equations is not cast in conservative
form and momentum and energy do not explicitly appear
as variables.

Michael Kraus
Technical University Munich
Germany
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MS123

Density Estimation in RKHS with Application to
Korobov Spaces in High Dimensions

In this talk, we will consider a kernel method for estimating
a probability density function (pdf) from an i.i.d. sample
drawn from such density. Our estimator is a linear com-
bination of kernel functions, the coefficients of which are
determined by a linear equation. We will present an error
analysis for the mean integrated squared error in a general
reproducing kernel Hilbert space setting. Then, we will
discuss how this theory can be applied to estimate pdfs for
circular data. Under a suitable smoothness assumption,
our method attains a rate arbitrarily close to the optimal
rate.
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Constructive Sparsification of Finite Frames with
Application in Optimal Function Recovery

We present a new constructive subsampling technique for
finite frames to extract minimal plain subsystems which
preserve a good lower frame bound. The technique is
based on a greedy type selection of frame elements to posi-
tively influence the spectrum of rank one updates of a ma-
trix. It is a modification of the 2009 algorithm by Batson,
Spielman, Srivastava and produces an optimal size sub-
system without additional weights. It moreover achieves
this in polynomial time and avoids the Weaver subsam-
pling (based on the Kadison-Singer theorem) which has
been applied in earlier work, yielding rather bad oversam-
pling constants. In the second part of the talk we give
applications for multivariate function recovery. Here we
consider the particular problem of L2 and L∞ recovery
from sample values. In this context, the presented subsam-
pling technique allows to determine optimal (in cardinality)
node sets even suitable for plain least squares recovery. It
can be applied, for instance, to reconstruct functions in
dominating mixed-smoothness Sobolev spaces, where we
are able to discretize trigonometric polynomials with fre-
quencies from a hyperbolic cross with nodes coming from
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an implementable subsampling procedure. Inaddition we
may apply this to subspaces coming from hyperbolic cross
wavelet subspaces. Numerical experiments illustrate the
theoretical findings. Joint work with: Felix Bartel (Chem-
nitz), Martin Schaefer (Chemnitz)
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Entity: a Novel General Coordinate Particle-in-
Cell Code for Plasmas Around Neutron Stars and
Black Holes

Particle-in-cell has been the go-to approach for modeling
plasmas in the environments of compact astrophysical ob-
jects for the last decade. Yet, there is no single publicly
available code that includes all relevant radiation-plasma
coupling processes and is capable of modeling global sys-
tems. In this talk I will describe the development of a
new-generation PIC code for extreme astrophysical plas-
mas, Entity. The code is based on the Kokkos framework,
which enables efficient implicit multi-architecture portabil-
ity including GPUs. The code features algorithms for var-
ious radiation-plasma coupling processes, such as Comp-
ton scattering, production of electron-positron pairs and
their annihilation. In its core, the code is designed in gen-
eral coordinate system, defined by the metric functions;
this enables the Entity to also efficiently tackle the global
(full-system) models of the magnetospheres of compact ob-
jects, which require algorithms on non-cartesian (spherical,
cubed sphere) non-uniform grids, and even full general rel-
ativity.
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MS124

Fully Kinetic Simulations of Pulsar Magneto-
spheres Using WarpX

Pulsars are rapidly rotating neutron stars immersed in
strong electromagnetic fields that emit twin beams of elec-
tromagnetic radiation. However, the plasma composition
and structure in the region surrounding pulsars, called
magnetospheres, and the physical processes that drive par-
ticle acceleration leading to the observed spectra are not
well understood. Global pulsar magnetosphere simulations
are required to answer these questions. However, resolv-
ing the current sheet skin-depth which is O(106) smaller
than the pulsar radius for realistic systems, is intractable
even on large supercomputers. Thus, the magnetic field
strength in global PIC simulations is typically scaled-down,
restricting the maximum energy of the charged particles.
We will present the effect of scaling down the magnetic field
on particle acceleration, energy dissipation, and Poynting
flux. We use WarpX, a highly scalable, electromagnetic
PIC code with advanced algorithms to mitigate numeri-
cal artifacts in mesh-refinement simulations. We will also
present 3D simulations to study the effect of pulsar obliq-
uity and plasma injection rate on the plasma structure
and Poynting flux. Additionally, we explore the use of ul-
tra high-order spectral methods (PSATD) to perform pul-

sar magnetosphere simulations and compare their accuracy
and performance with traditional finite-difference methods.
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MS124

Simulating the Life and Death of Massive Stars
with Efficient Radiation Transport

During the formation of the densest and most massive star
clusters, the intense radiation field from young stars car-
ries significant momentum that can dominate the dynam-
ics and efficiency of the star-forming process. Following
the detailed transport of radiation in 3D hydrodynamical
simulations can reveal multi-dimensional effects that would
otherwise be lost in models assuming simple geometries. As
massive stars approach the end of their lives and explode as
core-collapse supernovae, radiation transport through the
stellar ejecta also leaves informative imprints of the pro-
genitor stars’ properties on the observed light curves and
spectra. Reliably capturing the relevant radiative processes
is instrumental to proper inference of the progenitors’ stel-
lar properties. In this talk, I will discuss the application of
Monte Carlo methods in numerical radiation transport, in-
cluding acceleration schemes optimized to deliver efficient
calculations in high-density media that shape the life and
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death of massive stars.
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Inferring the Basal Sliding Coefficient Field for the
Stokes Ice Sheet Model under Rheological Uncer-
tainty

Modeling of the dynamics of polar ice sheets is critical to
enable relevant projections of future sea levels. One of
the parameters that influences the predictions is the basal
sliding coefficient. We consider the problem of inferring the
basal sliding coefficient of an ice sheet from noisy surface
velocity measurements. The dynamics of the ice are mod-
eled by a nonlinear Stokes equation. Inference is further
complicated by the fact that the rheological parameters are
unknown and uncertain. The standard approach would
be to jointly infer the basal sliding coefficient and rheo-
logical parameters. However, the rheological parameters
are not of primary interest and are distributed through-
out the domain, thus greatly increasing the computational
costs and ill-posedness associated with the problem. To
avoid carrying out joint inference, we employ the Bayesian
approximation error (BAE) approach which allows for of-
fline premarginization over the rheological parameters. We
show numerical examples which demonstrate that incor-
rectly fixing the rheological parameters may result in un-
physical artifacts in the reconstructed basal sliding coeffi-
cient, and posterior infeasibility (ie. true parameter is not
supported by the posterior model) due to underestimation
of uncertainty in the reconstructions.
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MS125

Machine Learning Solvers of PDEs with Uncer-
tainty Quantification

We propose a physics-constrained neural network (NN) ap-
proach to solve partial differential equations (PDEs) with-
out labels. We express the loss function of these NNs in
terms of the residual of PDEs obtained through a discrete,
convolution operator-based, and vectorized implementa-
tion. We explore an encoder-decoder NN structure for both
deterministic and probabilistic models, with Bayesian NNs
(BNNs) for the latter. For BNNs, the discretized residual
is used to construct the likelihood function. Determinis-
tic and probabilistic convolutional layers are used to learn
the applied boundary conditions (BCs) and to detect the
problem domain. Dirichlet and Neumann BCs are spec-
ified as inputs to NNs, and we explore whether a single

NN can solve for similar physics; i.e., the same PDE, but
with different BCs and on a number of problem domains.
The trained BNN PDE solvers demonstrate a degree of
success at extrapolated predictions for BCs that they were
not exposed to during training. We demonstrate the capac-
ity and performance of the proposed framework by apply-
ing it to different steady-state and equilibrium boundary
value problems of diffusion, linear and nonlinear elastic-
ity. Such NN solution frameworks are important for high-
throughput solutions of PDEs with different boundary con-
ditions and on varying domains in support of design and
decision-making.
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MS125

Incorporating Full-Field Diagnostic Data into Con-
stitutive Model Discovery via Physics Informed
Neural Networks

The Virtual Fields Method (VFM) and Finite Element
Model Updating (FEMU) have shown success in calibrat-
ing constitutive model parameters for nonlinear materials.
However, VFM faces difficulties where plane-stress assump-
tions break down, and FEMU remains challenging when
calibrating complex models where computational inefficien-
cies of the inverse problem are intractable. In this presen-
tation a novel physics informed neural network (PINN) ar-
chitecture for calibration and discovery of hyperelastic con-
stitutive models will be proposed which alleviates some of
the weaknesses of VFM and FEMU due to the interpolation
power of neural networks. Our architecture consists of ra-
dial basis function neural networks and input convex neural
networks as a constitutive model surrogate trained with a
combined least-squares and gradient descent update. This
approach ensures that conservation of momentum is obeyed
to higher precision then typical PINNs while searching for
constitutive models that obey convexity and thus material
stability. Exemplars utilizing synthetic experimental data
will be shown that are illustrative of typical mechanical
test specimens with non-homogenous strain fields. Sandia
National Laboratories is a multi-mission laboratory man-
aged and operated by National Technology & Engineering
Solutions of Sandia, LLC, a wholly owned subsidiary of
Honeywell International Inc., for the U.S. Department of
Energy’s National Nuclear Security Administration under
contract DE-NA0003525.

Craig M. Hamel
Sandia National Laboratories
chamel@sandia.gov

MS125

A Machine Learning Enabled Scale Bridging
Framework for Phase Transformations in Materi-
als Physics

We propose a machine learning-enabled scale bridging
framework that combines density functional theory (DFT)
calculations at the atomistic scale with phase-field mod-
eling at the continuum scale to understand the impact of
phase stability on microstructure evolution. We accom-
plish scale bridging by incorporating traditional statistical
mechanics methods with integrable deep neural networks,
allowing formation energies for specific atomic configura-
tions to be coarse-grained and incorporated in a neural
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network description of the free energy of the material. The
resulting realistic free energy functions enable atomistically
informed phase-field simulations. Here, we use LixCoO2

(LCO) as a model system to benchmark our scale-bridging
framework. LixTMO2 (TM=Ni, Co, Mn) are promising
cathodes for Li-ion batteries, whose electrochemical cycling
performance is strongly governed by crystal structure and
phase stability as a function of Li content at the atomistic
scale. Our computational results allow us to make connec-
tions to experimental work on LCO cathode degradation as
a function of temperature, morphology, and particle size.
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Equipping Neural PDE Surrogates with Better Ge-
ometric Priors

Partial differential equations (PDEs) see widespread use in
sciences and engineering to describe simulation of physical
processes as scalar and vector fields interacting and coe-
volving over time. Due to the computationally expensive
nature of their standard solution methods, neural PDE sur-
rogates have become an active research topic to accelerate
these simulations. However, the practical utility of training
such surrogates is contingent on their ability to model com-
plex multi-scale spatio-temporal phenomena. In this talk,
we address two challenges of neural network PDE surro-
gates: (i) How to take into account the relationship be-
tween different fields and their internal components, which
are often correlated? We therefore view the time evolution
of correlated fields through the lens of multivector fields al-
lows which allows us to introduce new operations that are
grounded on the algebraic properties of Clifford algebras.
(ii) How to model multi-scale phenomena and generalize
across timescales and equations? We therefore analyze de-
sign considerations of Fourier and U-Net based PDE sur-
rogate models, showing promising results on generalization
to different PDE parameters and time-scales with a single
surrogate model. We conclude by given an outlook how the
proposed methods directly help to tackle imminent chal-
lenges in neural PDE surrogate modeling.
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Fusion Plasma Turbulence Simulation with Neural
Network Surrogate Models

Accurate predictive modelling of tokamak turbulence is a
key component of multiphysics simulation of fusion reac-
tors. Many-query applications such as scenario optimiza-
tion, experimental design, and controller design, demands
both fast and accurate modelling, infeasible with direct
numerical simulation. Surrogate models generated with
machine learning methods circumvent the conflicting con-
straints of accuracy and tractability. A key enabling step
is the development of reduced-order models, validated by
direct numerical simulation. Reduced-order model cal-
culation time is then sufficient for constructing extensive

databases of model input-output mappings using HPC re-
sources. These are used as training sets for neural network
regression. A key aspect is the physics-informed customiza-
tion of regression variables and optimization cost functions,
to capture known features of the system. The resultant sur-
rogate models accurately reproduce the original reduced-
order turbulence model with significant speedup, provid-
ing near-realtime capability, 1 trillion times faster than
the anchoring direct numerical simulations. We summarize
the state-of-the-art in tokamak turbulent transport neu-
ral network surrogate development, ranging from practi-
cal considerations on label generation, model training, and
demonstration applications for scenario optimization at the
JET tokamak and extrapolations to the next-generation
ITER performance.
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Using Deep Neural Networks to Learn Memory Ef-
fects in Integro-Differential Equations

Memory effects are ubiquitous in a wide variety of com-
plex physical phenomena, ranging from climate models
and metamaterials to glassy dynamics. The Generalised
Langevin Equation formalism provides a rigorous way to
describe all memory effects via the so-called memory kernel
in an integro-differential equation. However, the memory
kernel is often unknown, and accurately predicting or mea-
suring it via e.g. a numerical inverse Laplace transform re-
mains a herculean task. In this talk we will first review the
importance and difficulties of measuring realistic memory
kernels, and describe our recent progress using deep neu-
ral networks (DNNs) to tackle this problem. We demon-
strate that DNNs are remarkably robust against noisy data
and can therefore successfully circumvent the bottleneck
that plagues conventional inverse Laplace transform ap-
proaches. Furthermore we show that DNNs are capable of
tackling the notoriously long-lived memory effects of glassy
systems. Our work will provide a general purpose tool for
extracting memory kernels from glasses and supercooled
liquids, and, with sufficient data, from a broad range of
other non-Markovian systems.
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A PDE Structure-Preserving Deep Learning Ap-
proach to Predict Turbulent Reacting Flow Dy-
namics

High-fidelity simulations of complex chemically reacting
flows are very expensive due to high temporal and spatial
resolution requirements. Recently, there has been a sig-
nificant progress in physics-informed deep learning (DL)
approaches, which embed prior physics and domain knowl-
edge into DL models, reducing the computational cost
while retaining satisfactory solution accuracy. We utilize
a PDE-preserved Neural Network (PPNN) approach. This
architecture consists of a NN solver based on Convolutional
ResNet, where the known governing PDEs are discretized
and solved in a low-resolution grid, and high-resolution
predictions are obtained with encoding-decoding convo-
lution operations with trainable filters. We extend the
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capability of the PPNN framework to turbulent reacting
flows, demonstrated in the context of a methane tribrachial
frame. The data are generated by solving the unsteady NS
equations along with finite rate chemistry (FRC). In classi-
cal simulators, the addition of FRC at times requires even
higher temporal resolution due to the inherent stiffness of
the chemical system. It is shown that the PPNN framework
offers promises in predicting the flow variables, tempera-
ture and species mass fractions within reasonable accuracy
at different Reynolds numbers. Furthermore, the multi-
resolution information passing approach in PPNN shows
superior training efficiency and long-term prediction accu-
racy compared to the baseline Convolutional ResNet archi-
tecture.
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Enable Predictive Reduced-Order Models for Tur-
bulent Reacting Flows Using Adaptive Model Or-
der Reduction

Even with exascale computing capabilities, high-fidelity,
full-scale simulations of turbulent combustion in realistic
applications like rocket combustion remain computation-
ally expensive and inaccessible for many-query applica-
tions. Projection-based model order reduction (PMOR)
methods have shown promise in greatly improving compu-
tational efficiency. However, classical MOR methods that
seek reduced solutions in low-dimensional subspaces fail
for realistic turbulent combustion problems because react-
ing flows feature extreme stiffness, sharp gradients, and
multi-scale transport, which pose great challenges in de-
riving effective low-order representations and developing
predictive reduced-order models (ROMs). In this talk, we
introduce an adaptive reduced-order modeling technique
which updates the low-dimensional space, thus circum-
venting representation barriers faced by static reduced-
dimensional spaces. The method leverages model-form
preserving least-squares projections with variable transfor-
mation (MP-LSVT) for improved robustness of ROM and
adapts the low-dimensional subspaces based on the evalu-
ated dynamics during online calculations to enable predic-
tive ROMs for turbulent reacting flows.
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Fully Flexible Gaussians for Laser Induced Quan-
tum Dynamics

Fully flexible Gaussians for laser induced quantum dynam-
ics Laser induced quantum dynamics pose oscillatory dy-
namics, typically in high dimensions coupling various tem-
poral and spatial scales. The talk presents joint work with
Adamowicz, Kvaal, Lubich, and Pedersen on sums of Gaus-
sian ansatz functions for this challenging application. The
Gaussians have a nonlinear parametrization with complex
width matrices and phase space centers that evolve accord-
ing to the time-dependent variational principle and related
approximation methods.
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Time-Marching Schemes for Dynamical Low Rank
Approximations

The Dynamical Low Rank (DLR) method is a time-
dependent reduced basis approach attractive for the quan-
tification of uncertainties of time-dependent random PDEs
for which the optimal low-rank subspace may vary signif-
icantly over time. The true solution is approximated by
an expansion of deterministic modes weighted by stochas-
tic coefficients, all time-dependent, mimicking a trun-
cated Karhunen-Loewen expansion; evolution equations
are available for the deterministic and stochastic modes.
Time-integration of the DLR equations may be challeng-
ing as the DLR structure may lead to additional stiffness
in the system. Recently, we have shown that a projector-
splitting scheme, combined with standard first-order time
integration of the operator, leads to a fully discrete DLR
solution of a random parabolic PDE that verifies the same
norm bound properties as a standard (non-DLR) discrete
parabolic system, and is not affected by the additional stiff-
ness in the equations. In this talk, we propose extensions of
the projector-splitting scheme, including a practical Strang
scheme as well as other time-marching schemes which im-
prove on the accuracy of the approximation and its numer-
ical stability compared to the explicit integrators while not
being overly expensive.
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Adaptive Sampling for Efficiently Training Models
of Nonlinear Latent Dynamics

A typical approach for training nonlinear parametrizations
such as deep neural networks to approximate solutions of
partial differential equations is to minimize the residual at
collocation points. However, if the spatial domain is high-
dimensional or the dynamics are transport dominated with
local features such as waves, then just uniformly sampling
collocation points becomes intractable because each col-
location point entails at least one residual evaluation in
each iteration of the training. In this work, we propose
an active learning scheme that adapts collocation points
to follow the dynamics described by the partial differen-
tial equations. This means that the solution dynamics are
leveraged to adapt collocation points to where the residual
is high. In experiments with high-dimensional evolution
equations and equations that transport local features such
as waves, the proposed active scheme learns accurate ap-
proximations of the solutions from few samples whereas
traditional collocation methods based on static sampling
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fail to provide meaningful predictions.
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Uncertainty Quantification for Electromagnetic
Scattering Problems via First-Order Sparse
Boundary Element Approximation

Electromagnetic scattering problem under small magni-
tude shape randomness is an important field of research for
robust design and high precision industries. Due to the lim-
ited and probability measure dependent convergence rate
of Monte-Carlo-based simulations, we follow the first-order
shape boundary method (FOSB), whose theoretical aspects
for electromagnetic scattering were introduced in [Jerez-
Hanckes and Schwab, IMA Journal of Numerical Analysis
(2017)]. FOSB is a deterministic method based upon shape
calculus, boundary integral equations and sparse tensor ap-
proximation, allowing for a computation of the statistical
moments with a poly-logarithmic complexity for prescribed
accuracy. We conduct extensive numerical experiments re-
garding accuracy and performance. The latter validates
our claims and shows broad applicability of the technique.
Hence, further improvements are suggested.
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Multilevel Domain Uncertainty Quantification In
Computational Electromagnetics

We study the numerical approximation of time-harmonic
electromagnetic fields for the Maxwell lossy cavity prob-
lem for uncertain geometries. We adopt the same affine-
parametric shape parametrization framework, mapping the
physical domains to a nominal polygonal domain with
piecewise smooth maps. The regularity of the pullback
solutions on the nominal domain is characterized in piece-
wise Sobolev spaces. We prove error convergence rates and
optimize the algorithmic steering of parameters for edge-
element discretizations in the nominal domain combined
with: (a) multilevel Monte Carlo sampling, and (b) mul-
tilevel, sparse-grid quadrature for computing the expec-
tation of the solutions with respect to uncertain domain
ensembles. In addition, we analyze sparse-grid interpola-
tion to compute surrogates of the domain-to-solution map-
pings. All calculations are performed on the polyhedral
nominal domain, which enables the use of standard simpli-
cial finite element meshes. We provide a rigorous fully dis-
crete error analysis and show, in all cases, that dimension-
independent algebraic convergence is achieved. For the
multilevel sparse-grid quadrature methods, we prove higher
order convergence rates which are free from the so-called
curse of dimensionality, i.e. independent of the number
of parameters used to parametrize the admissible shapes.
Numerical experiments confirm our theoretical results and

verify the superiority of the sparse-grid methods.
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Efficient Adaptive Stochastic Collocation Strate-
gies for Advection-Diffusion Problems with Uncer-
tain Inputs

Physical models with uncertain inputs are commonly repre-
sented as parametric partial differential equations (PDEs).
That is, PDEs with inputs that are expressed as functions
of parameters with an associated probability distribution.
Developing efficient and accurate solution strategies that
account for errors on the space, time and parameter do-
mains simultaneously is highly challenging. Indeed, it is
well known that standard polynomial-based approxima-
tions on the parameter domain can incur errors that grow
in time. In this work, we focus on advectiondiffusion prob-
lems with parameter-dependent wind fields. A novel adap-
tive solution strategy is proposed that allows users to com-
bine stochastic collocation on the parameter domain with
off-the-shelf adaptive timestepping algorithms with local
error control. This is a non-intrusive strategy that builds a
polynomial-based surrogate that is adapted sequentially in
time. The algorithm is driven by a so-called hierarchical es-
timator for the parametric error and balances this against
an estimate for the global time-stepping error which is de-
rived from a scaling argument.
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An Adaptive Combination Technique for High-
Dimensional Problems in Uncertainty Quantifica-
tion

We present an adaptive multilevel approximation for the
computation of quantities of interest involving the solu-
tion a stochastic elliptic PDE where the diffusion coefficient
is parametrized by means of a Karhunen-Love expansion.
One common approach is to approximate the equivalent
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parametric problem by a restriction of the countably in-
finite dimensional parameter space to a finite-dimensional
parameter set and subsequently apply a spatial discretiza-
tion and an approximation in the parametric variables. In
order to reduce the computational effort, we combine these
different approximation steps using the sparse grid combi-
nation technique. By this approach, no knowledge about
the decay of the Karhunen-Love coefficients and about the
regularity of the solution is required. In a further step, we
consider, additionally to the adaptivity in the sparse grid
approach, an adaptive spatial discretization which allows
also to adjust to singularities in the spatial variable.
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A Nonlinear Preconditioning Strategy Based on
Residual Learning for PDEs

We talk about a nonlinearly preconditioned inexact New-
ton method for solving highly nonlinear system of alge-
braic equations from the discretization of PDEs. From a
large number of numerical experiments, we observe that
when the inexact Newton stagnates or fails to converge,
the space of residuals often contains a subspace that is
difficult to reach by the usual Newton direction. We in-
troduce a learning technique to identify this subspace and
then speedup the convergence.
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Fast and Scalable Algorithms for Bayesian Optimal
Experimental Design

Bayesian optimal experimental design (OED) is a princi-
pled framework for maximizing information gained from
limited data in Bayesian inverse problems. Unfortunately,
conventional methods for OED are prohibitive when ap-
plied to expensive models with high-dimensional parame-
ters. In this talk, I will present fast and scalable computa-
tional methods for large-scale Bayesian OED with infinite-
dimensional parameters, including data-informed low-rank
approximation, efficient offline-online decomposition, pro-
jected neural network approximation, and a new swapping
greedy algorithm for combinatorial optimization.
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Source Detection on Graphs

The source detection problem consists of a weighted con-
nected graph and a signal spreading through it with the
following properties. The signal is sent with a constant ve-
locity from a unique unknown source node. For each node
there is the possibility to measure the time at which the
signal reaches the node. The goal is to find the source node
with as few measurements as possible without knowledge
of the starting time or the velocity of the signal. This talk
takes two cases into account. In the deterministic offline
case the combinatorial concept of the spread dimension is
introduced. Assuming exact computation and no measure-
ment errors, the objective is to determine as few as possible
measurement nodes to uniquely locate the source node, no
matter which node actually turns out to be the source. In
the stochastic online case it is discussed how to find a prob-
able source with an iterative algorithm using parameter es-
timation and experimental design. This iterative approach
requires a repetitive nature of the signal so that in each
iteration the information gained in the previous iterations
can be used.
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Maximin-Efficient Experimental Design for Or-
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thogonally Invariant Information Criteria

Optimal selection of measurement locations for parameter
estimation is usually focused on maximizing an optimality
criterion defined on the Fisher information matrix (FIM)
associated with the estimated parameters. But different
optimality criteria may yield different optimal designs. In
consequence, strong interest is generated by compromise
solutions which would produce decent values for a broad-
est possible class of design criteria. In the search for such
universally suboptimal solutions, an approach is proposed
to compute designs maximizing the minimal efficiency with
respect to the class of orthogonally invariant information
criteria. This class is broad enough to include all opti-
mum design criteria encountered in practice. It turns out
that the minimal efficiency with respect to this class equals
that with respect to a finite set of criteria which generalize
the well-known E-optimum design criterion. An extremely
simple and fast algorithm is proposed to numerically con-
struct such designs, which is based on the appropriate semi-
infinite programming problem formulation. Its idea is to
alternate between solving the eigenproblem for the current
FIM and finding a solution to a linear-programming prob-
lem. In this way the nondifferentiability of the optimality
criterion is circumvented and the algorithm is guaranteed
to converge in a finite number of steps.
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Advances and Challenges in Solving High-
Dimensional HJB Equations Arising in Optimal
Control

This talk presents recent advances in neural network ap-
proaches for approximating the value function of high-
dimensional control problems. A core challenge of the
training process is that the value function estimate and
the relevant parts of the state space (those likely to be
visited by optimal policies) need to be discovered. We
show how insights from optimal control theory can be
leveraged to achieve these goals. To focus the sampling
on relevant states during neural network training, we use
the Pontryagin maximum principle (PMP) to obtain the
optimal controls for the current value function estimate.
Our approaches can handle both stochastic and determin-
istic control problems. Our training loss consists of a
weighted sum of the objective functional of the control
problem and penalty terms that enforce the HJB equa-
tions along the sampled trajectories. Importantly, training
is self-supervised, in that, it does not require solutions of
the control problem. We will present several numerical ex-
periments for deterministic and stochastic problems with
state dimensions of about 100 and compare our methods
to existing approaches.
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Dissipativity-Preserving Reduced-Order Modeling
from Data

Reduced-order modeling from data with dissipativity
preservation is discussed in this talk. Employing the data
informativity framework, the dissipativity of all systems
consistent with noisy data can be characterized by a data-
based linear matrix inequality (LMI). Furthermore, semi-
definite programming duality helps us to prove the exis-
tence of minimal and maximal solutions to the LMI. As in
the classical bounded-real and positive-real balanced trun-
cation, these extremal solutions play a role in the computa-
tion of well-approximating reduced-order models carrying
the dissipativity property. As an additional advantage of
using this balancing-type method, a priori error bounds of
the reduced-order models are available.

Azka Muji Burohman, Bart Besselink
University of Groningen
a.m.burohman@rug.nl, b.besselink@rug.nl

Jacquelien M. Scherpen
Rijksuniversiteit Groningen
j.m.a.scherpen@rug.nl

Kanat Camlibel
University of Groningen
Institute of Mathematics and Computer Science
m.k.camlibel@rug.nl

MS131

Energy Matching in Reduced Passive and Port-
Hamiltonian Systems

Conventional structure-preserving model order reduction
(MOR) methods for port-Hamiltonian (pH) systems focus
on approximating the input-output dynamics by (approx-
imately) minimizing classical system norms, such as the
Hardy H2 norm. Nevertheless, the definition of a pH sys-
tem consists of two objects: the input-output dynamics
and an energy function that is typically called the Hamil-
tonian. If we thus measure the approximation quality only
with respect to the input-output dynamics, then the ap-
proximation of the Hamiltonian is not reflected at all. This
is particularly relevant since recent results [Breiten and
Unger, Automatica 142, 2022] demonstrate that modify-
ing the Hamiltonian of the full order model (FOM) may
yield better reduced order models (ROMs), at least if only
the input-output dynamics are analyzed. In this talk, we
make a first step towards the dual-objective minimization
problem of optimal approximation of the input-output dy-
namics and the Hamiltonian by noticing that in the pH
ROM, we can modify the Hamiltonian without changing
the system dynamics. Thus, for a given pH ROM, we
can search for the reduced Hamiltonian that best approxi-
mates the FOM Hamiltonian. We prove that the resulting
optimization problem is strictly convex and uniquely solv-
able. Moreover, we propose a numerical algorithm to solve
the minimization problem and demonstrate its applicabil-
ity with numerical examples.
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Data-Driven Parametric Reduced-Order Model for
Aircraft Flutter Monitoring

This talk deals with the aircraft flutter analysis and detec-
tion. Such a phenomenon, responsible for stability loss and
structure destruction, is commonly explained by the so-
called flutter equation aggregating the structural dynam-
ics, the aerodynamic forces and the actuators forces. Such
a coupling leads to the following flexible aircraft model de-
scription:

(s2M + sD +K)x = Q(si, ρj)x+Bu and y = Cx,

blending a structural dynamics (M,D,K) and the so-called
generalized aeroelastic forces (Q(si, ρj)). More in details,
M,D,K and B,C are real-valued matrices while Q(si, pj)
is a complex-valued matrix known at frozen complex si
values (usually on the imaginary axis) and real parameter
ρj values (function of the flight configuration). Some chal-
lenges are to evaluate the flutter instability occurence via
the frequency/parameter couple, and second, to prevent
it by monitoring the critical damping value. To address
both objectives, SISO and MIMO parametric reduced or-
der models are first constructed using the Loewner frame-
work. These latter are then used to design a flutter detec-
tion mechanism involving nonlinear observers.
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Structured Optimization-Based Reduction and
Identification of Dynamical Systems

We discuss the benefits of optimization-based alorithms
for the model order reduction (MOR) and system iden-
tification of structured dynamical systems. For this, we
recall our MOR method [P. Schwerdtner and M. Voigt,
SOBMOR: Structured Optimization-Based Model Order
Reduction, Preprint arXiv:2011.07567, 2020] and present
recent extensions for the approximation of structured sys-
tems with an additional parameter dependency [P. Schw-

erdtner and M. Schaller, Structured Optimization-Based
Model Order Reduction for Parametric Systems, Preprint
arXiv:2209.05101, 2022] and differential-algebraic equa-
tions [P. Schwerdtner, T. Moser, V. Mehrmann, and M.
Voigt, Structure-Preserving Model Order Reduction for In-
dex One Port-Hamiltonian Descriptor Systems, Preprint
arXiv:2206.01608, 2022]. After that, we show how our
method can be modified to perform frequency domain sys-
tem identification to generate structured systems from po-
tentially noisy data. We demonstrate the effectiveness
of our methos by several numerical experiments on well-
accepted benchmark examples.
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Preconditioning a GPU-Enabled Compressible
CFD Solver

Oak Ridge National Laboratory is developing the Spin-
naker code, an implicit time-dependent compressible-flow
computational fluid dynamics solver targeting a variety of
fluid flow applications. Spinnaker is built using finite ele-
ment assembly, linear algebra, and automatic differentia-
tion capabilities from the Trilinos code library. The Kokkos
performance portability layer allows kernels to be com-
piled for several different computing architectures, includ-
ing multithreaded CPUs, Nvidia GPUs, and AMD GPUs.
Spinnaker uses an implicit time-stepping approach with
Newton’s method as a nonlinear solver within each time
step. GMRES (potentially with restarting) is typically
used as the linear solver. The preconditioner selection
has primarily focused on overlapping additive Schwarz type
preconditioners with a sparse direct solver used for the local
domain blocks. Preconditioners based on incomplete fac-
torizations (also within an additive Schwarz approach) and
algebraic multigrid methods have also been evaluated. This
talk will provide an evaluation of the linear solvers and pre-
conditioners used within Spinnaker for several compressible
2D and 3D fluid flow problems. A variety of CPU-only and
GPU-enabled preconditioners are evaluated, including na-
tive options in Trilinos as well as the SuperLU and Nvidia
cuSOLVER libraries. Results will include parallel scaling
studies and profiling to illustrate current performance bot-
tlenecks.
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Preparing Multigrid Solvers in Hypre for Exascale
Computers

The emerging exascale computers provide opportunities to
perform much larger scale simulations to obtain more ac-
curate solutions than ever before. The increasing complex-
ities of heterogeneous accelerators on such platforms have
made the development of sparse linear solvers challenging
to achieve high performance. In this talk, we will discuss
the porting strategies, new developments and performance
optimizations of the multigrid solvers in hypre in prepara-
tion for the exascale computers with the results from real
application codes.
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Efficient Fine-Grain Parallel Solution Strategies for
Extremely Ill-Conditioned Linear Systems

Design computations for complex engineering systems typ-
ically generate extremely sparse and ill-conditioned linear
systems. Their nature makes it challenging to solve them
efficiently in a fine-grain parallel fashion. Iterative linear
solvers, which can be parallelized effectively, are not per-
forming well on such ill-conditioned problems. Traditional
supernodal and multifrontal parallel strategies used in di-
rect linear solvers are not effective with extremely sparse
systems, because dense blocks created by these methods
are too small to take advantage of fast dense linear algebra.
These challenges impede deployment of design computa-
tions to heterogeneous compute platforms, which use hard-
ware accelerators such as GPUs. We propose linear solver
strategy tailored to fine-grain parallel design computations.
We take advantage of design computations creating a se-
quence of linear systems with the same sparsity pattern
to perform first factorization on the host and then move
sparse factors to the hardware accelerator. Each subse-
quent linear solve is reusing the same ordering and symbolic
factorization and performs numerical (re)factorization us-
ing a partial pivoting method. This strategy requires ad-
vanced iterative refinement to recover solution of required
quality. We present our results and show performance im-
provement over current state of the art. We discuss future
research directions to develop robust sparse linear solvers
that perform well on hardware accelerators.
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Hykkt: A Hybrid Direct and Iterative Method for
Solving Kkt Linear Systems

We propose a solution strategy for the large indefinite lin-
ear systems arising in interior methods for nonlinear opti-
mization. The method is suitable for implementation on

hardware accelerators such as graphical processing units
(GPUs). The current gold standard for sparse indefinite
systems is the LBL factorization where L is a lower trian-
gular matrix and B is 1X1 or 2X2 block diagonal. How-
ever, this requires pivoting, which substantially increases
communication cost and degrades performance on GPUs.
Our approach solves a large indefinite system by solving
multiple smaller positive definite systems, using an iter-
ative solver on the Schur complement and an inner di-
rect solve (via Cholesky factorization) within each itera-
tion. Cholesky is stable without pivoting, thereby reducing
communication and allowing reuse of the symbolic factor-
ization. We demonstrate the practicality of our approach
on large optimal power flow problems and show that it can
efficiently utilize GPUs and outperform LBL factorization
of the full system.
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Stopping Criteria for Coarsest-Grid Solver in
Multigrid V-Cycle Method

Multigrid methods are frequently used when solving sys-
tems of linear equations, applied either as standalone
solvers or as preconditioners for iterative methods. Within
each cycle, the approximation is computed using smooth-
ing on fine levels and solving on the coarsest level. With
growth of the size of the problems that are being solved, the
size of the problems on the coarsest grid is also growing and
their solution can become a computational bottleneck. In
practice the problems on the coarsest-grid are often solved
approximately, for example by Krylov subspace methods
or direct methods based on low rank approximation; see,
e.g., [M. Huber, Massively parallel and fault-tolerant multi-
grid solvers on peta-scale systems, Ph.D. Thesis, Techni-
cal University of Munich, Germany, 2019], [Buttari et al.,
Numerical Linear Algebra with Applications (2021)]. The
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accuracy of the coarsest-grid solver is typically determined
experimentally in order to balance the cost of the solves
and the total number of multigrid cycles required for con-
vergence. In this talk, we present an approach to analyzing
the effect of approximate coarsest-grid solves in the multi-
grid V-cycle method for symmetric positive definite prob-
lems. We discuss several stopping criteria derived based
on the analysis and suggest a strategy for utilizing them
in practice. The results are illustrated through numerical
experiments.
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Stability Analysis of the Asynchronous
Discontinuous-Galerkin Method

The asynchronous computing approach significantly im-
proves the scalability of time-dependent partial differen-
tial equation (PDE) solvers on massively parallel super-
computers. The method relaxes data synchronization be-
tween processing elements (PEs) at a mathematical level,
allowing computations to proceed regardless of communi-
cations status. Recently, we developed an asynchronous
discontinuous-Galerkin (ADG) method, which can provide
accurate solutions in the absence of data communication
and/or synchronization. As the arrival time of messages
between PEs is random, the latest available time level at
the buffer nodes near PE boundaries is also random. This
makes the update equations at the boundary elements of
the PDE solver stochastic, posing a challenge in analyz-
ing the stability properties of the underlying schemes using
standard methods. In this work, we develop a novel Fourier
stability analysis coupled with the eigen-decomposition
of the amplification matrix to analyze the properties of
schemes based on the ADG method. We investigate er-
rors incurred in terms of dispersive and dissipative nature.
Unlike the standard DG method, where the stability prop-
erties depend on the schemes as well as the simulation pa-
rameters like grid spacing and time step, we show that
the properties of the ADG method can also depend on the
number of PEs used and the amount of delay in communi-
cation. Our analysis results show that the ADG schemes
are stable but with stricter CFL conditions.
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Application of ParaDiag to Finite Element Atmo-
spheric Models

Numerical weather prediction involves solving very large
simulations on an operational schedule. This requires vast
amounts of computing power, so highly scalable algorithms
are essential on massively parallel modern hardware. The
ParaDiag method achieves this by exposing time paral-

lelism, in addition to the spatial parallelism exposed by tra-
ditional domain decomposition. We present recent progress
on the application of ParaDiag to finite element discreti-
sations of PDEs for atmospheric flow, which are partic-
ularly challenging for time-parallel methods due to their
hyperbolic nature. These solvers are implemented as an
open source general library using Firedrake, an automated
code generation framework for the solution of finite el-
ement methods. Various ParaDiag formulations are ex-
plored, including quasi-Newton iterations and the precon-
ditioned Newton-Krylov method, and their parallel scaling
is compared. The performance of ParaDiag is compared
against theoretical convergence estimates. We describe our
approaches to the solution of the block systems within the
ParaDiag matrix and show how these can be realised within
the library.
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Parallel-in-Time for Weather and Climate Simula-
tions

Weather and climate simulations face new challenges due to
changes in computer architectures caused by physical lim-
itations. From a pure computing perspective, algorithms
are required to cope with stagnating or even decreasing
per-core speed and increasing on-chip parallelism. These
and other showstopping trends will continue and already
led to research on partly disruptive mathematical and algo-
rithmic reformulations of dynamic cores, e.g., using (addi-
tional) parallelism along the time dimension. This presen-
tation provides an overview and introduction of a selection
of the following promising newly developed and evaluated
time integration methods for equations related to proto-
typical dynamical cores, all aimed at improving the ratio
of wall clock time vs. error: Exponential Integration, Ra-
tional Approximation of Exponential Integration (REXI),
Parallel Full Approximation Scheme in Space and Time
(PFASST) and Semi-Lagrangian methods combined with
Parareal. We get improved time-vs.-error rates, but some-
times with additional challenges on the way which need to
be further overcome. Overall, our results motivate further
investigation and combination of these methods for oper-
ational weather/climate systems. I gratefully acknowledge
collaborators related to this presentation Jed Brown, Finn
Capelle, Franois Hamon, Richard Loft, Michael Minion,
Nathanal Schaeffer, Andreas Schmitt, Pedro S. Peixoto,
Raphael Schilling
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Towards Parallel in Time Methods for Compatible
Finite Element Discretizations of the Shallow Wa-
ter Equations

Compatible finite element methods are of interest to the
weather and climate modelling community due to their
conservation and wave propagation properties on non-
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orthogonal meshes such as the cubed-sphere. These non-
orthogonal meshes allow for better scaling from spatial do-
main decomposition than meshes based on the latitude-
longitude grid which have grid points clustered at the poles.
However, parallel scaling is still limited by the sequen-
tial timestepping schemes commonly used in these appli-
cations. Here I will present recent progress towards inves-
tigating various parallel in time algorithms for compatible
finite element disrectisations of the shallow water equa-
tions. I will describe an exponential integrator that can be
computed in parallel using a rational approximation and
show how this can be used to construct a coarse propaga-
tor for the parareal algorithm. I will also outline how this
can be extended to equation sets used to model vertically
stratified flows.
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Towards Exponential Semi-Lagrangian Parallel-in-
Time Methods for the Shallow Water Equations on
the Rotating Sphere

The hyperbolic nature and the development of small-scale
spatial features in mathematical models for atmospheric
circulation constitute major challenges for parallel-in-time
(PinT) numerical simulations in climate modeling and nu-
merical weather prediction. Therefore, it is of great impor-
tance to develop coarse time stepping schemes that are able
to improve the stability and convergence of PinT methods.
In this work, we explore the application of semi-Lagrangian
exponential methods for the two- and multilevel parallel-
in-time simulation of the shallow water equations (SWE)
on the rotating sphere, using Parareal and MGRIT. As a
main feature, exponential methods (e.g. ETDRK) solve ex-
actly the linear terms of the governing equations, and their
recently proposed semi-Lagrangian version (SL-ETDRK)
was shown to be more stable in the serial integration of the
SWE on the plane. We then consider these methods on the
sphere and in the PinT context. We perform stability stud-
ies on a linearized ODE which indicate that Parareal and
MGRIT using ETDRK and SL-ETDRK as coarse schemes
have improved stability properties compared to the use of
the well-known SL-SI-SETTLS method, which turns out to
be highly unstable in the PinT framework despite of its suc-
cessful application in serial simulations of atmospheric cir-
culation. Numerical tests of standard benchmarks confirm
that exponential schemes, notably in the semi-Lagrangian
framework, are promising choices for parallel-in-time inte-
gration.
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A Quantitative Justice Primer: The #MetaMath
Project and Other Examples

The application of techniques, tools and topics from vari-
ous quantitative sciences (e.g., applied mathematics, data
science, computer science, etc.) in subject domains that
are derived from the social sciences (e.g., political science,
law, economics, history, etc.) with the goal of promot-
ing social justice has been dubbed “quantitative justice.”
This talk shall provide a primer on quantitative justice
(QJ) for attendees of CSE23 and include several examples
of work that can be described under the QJ moniker. The
#MetaMath project is one of several initiatives to emerge
from the ICERM Data Science and Social Justice program
held in Summer 2022 and continuing in Summer 2023. The
primary idea animating #MetaMath is the application of
quantitative justice techniques to the mathematics com-
munity itself. Some things that fall under the #metaMath
tag include meditations on the many definitions of the term
“mathematician” and their implications and significance,
suggestions for how to address the paucity of robust de-
mographic data on important aspects of the mathematics
community, and outlines for future projects that could fit
under the aegis of #MetaMath.
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Fast Summation on a Sphere

Fast summation techniques have proven to be of great im-
portance in a variety of fields. In this talk, I will present a
new technique for performing fast summations on spheres,
which is suitable for sums coming from spherical convolu-
tions. I present applications of this technique to problems
coming from atmospheric and oceanic modeling.
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Interfacing in-Silico and in-Situ Experiments of Or-
ganismal Fluid Pumping

Far from the surface, the ocean’s midwater present a rich
frontier of biodiversity that is not well understood. Part
of this gap in our knowledge is the great expense involved
in collecting data with remotely operated vehicles. In this
presentation, we will discuss the pipeline of developing in-
silico computational experiments in concert with in-situ ex-
perimental data. Using a combination of particle image ve-
locimetry data, optical scans, and confocal microscopy, we
will discuss the creation of fluid-structure interaction mod-
els for organismal pumping and fluid transport, with the
goal of developing an intuition on the physical mechanisms
that drive their success. Using a combination of simpli-
fied geometries and scanned body meshes, we will employ
the immersed boundary/finite element (IB/FE) method to
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simulate chambered, valveless pumping mechanism gener-
ated by the pelagic tunicate known as a larvacean. Ad-
ditionally, we will use the same modeling methodology to
explore the metachronal motion and fluid transport of the
parapodial paddles of the pelagic, midwater polychaete
known as tomopterids. All motion described in these sys-
tems will not be prescribed and will emerge from the in-
teraction of active muscular tension, passive elastic recoil,
and the local fluid environment.

Alexander P. Hoover
Cleveland State University
a.p.hoover@csuohio.edu

MS134

Exact Divisibility by the Powers of Some Binary
Number Sequences

We obtain exact divisibility results for the powers of the
balancing and Lucas balancing numbers. This gives all the
results which are analogous to those for Fibonacci and Lu-
cas numbers from 1970 to 2019. For example, Hoggatt and
Bicknell-Johnson (1977) and Benjamin and Rouse (2009)

proved that if F k
n |m, then F k+1

n |Fnm, which was later gen-
eralized by Pongsriiam (2014) to include the exact divisi-
bility such as F k+1

n ||Fnm provided that F k
n ||m, n = 3, and

n �≡ 3 (mod 6). Here Fn is the nth Fibonacci number. For
the balancing numbers Bn, we show that Bk

n||m if and only

if Bk+1
n ||Bnm for all k = 1 and m,n = 2. The correspond-

ing results for the Lucas-balancing numbers are also given
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MS135

Mixed-Precision Randomized Solution of Least
Squares Problems

We consider the preconditioned solution of least squares
problems, where a randomized preconditioner is computed
in lower precision. The idea is to reduce the amount of sam-
pling by demoting the randomization to lower precision.
For a tall and skinny mxn matrix, o(n) samples produce
a randomized preconditioner that is highly ill-conditioned
in double precision, but much better conditioned after de-
motion to single precision. From a deterministic perturba-
tion perspective, we present lower bounds for the smallest
singular values that explain the singular value increase in
lower precision. These are genuine lower bounds, in con-
trast to existing expressions which hold only to first and
second order. From a probabilistic perspective, we model
perturbations as independent, bounded random variables,
and present expressions for the expectation of the small
singular values. Numerical experiments corroborate the
effectiveness of the preconditioners.
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MS135

Randomized Algorithms for Rounding in the
Tensor-Train Format

The Tensor-Train (TT) format is a highly compact low-
rank representation for high-dimensional tensors. The fun-
damental operation used to maintain feasible memory and
computational time is called rounding, which truncates the
internal ranks of a tensor already in TT format. We pro-
pose several randomized algorithms for this task that are
generalizations of randomized low-rank matrix approxima-
tion algorithms and provide significant reduction in compu-
tation compared to deterministic TT-rounding algorithms.
Randomization is particularly effective in the case of round-
ing a sum of TT-tensors (where we observe 20× speedup),
which is the bottleneck computation in the adaptation of
GMRES to vectors in TT format. We present the random-
ized algorithms and compare their empirical accuracy and
computational time with deterministic alternatives.
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MS135

Randomized Algorithms for Tikhonov Regulariza-
tion in Linear Least Squares

We describe three randomized algorithms to efficiently
solve regularized linear least squares systems based on
sketching. The algorithms compute preconditioners for
min �Ax − b�22 + λ�x�22, where A ∈ Rm×n and λ > 0
is a regularization parameter, such that LSQR converges
in O(log(1/�)) iterations for � accuracy. We focus on the
context where the optimal regularization parameter is un-
known, and the system must be solved for a number of
parameters λ. Our algorithms are applicable in both the
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underdetermined m � n and the overdetermined m � n
setting. Our algorithms efficiently update preconditioners
for new regularization parameters. We introduce an algo-
rithm specifically for an approximately low-rank setting, in
which the matrix A has rapidly decreasing singular values
and such the problem is of low statistical dimension. The
scheme we propose exploits the low statistical dimension
while not requiring the computation of the Gram matrix,
resulting in a more stable scheme than existing algorithms
in this context.
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On the Parallelization of Sketching Algorithms for
the Tensor-Train Decomposition

In this talk, we propose TT-Sketching, a new parallelizable
tensor-train decomposition algorithm for streaming tensor
data. We introduce a couple of variants of this algorithm
for computation and storage efficiency. For these vari-
ants, we provide theoretical guarantees of accuracy, par-
allel implementation details using message passing inter-
face (MPI), and scaling analysis. Strong scaling results on
different tensors suggest that TT-Sketching is better than
its serial counterpart, and scales well with the number of
computing cores.
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MS136

Inferring Functions with Uncertain Regularity

This work describes a Bayesian framework for reconstruct-
ing functions with uncertain regularity, i.e. roughness vs.
smoothness. The regularity of functions carries crucial in-
formation in many inverse problem applications, e.g., in
medical imaging for identifying malignant tissues or in
the analysis of electroencephalogram for epileptic patients.
We characterize the regularity of a function with its frac-
tional differentiability. We propose a hierarchical Bayesian
method which estimates a function and its regularity, si-
multaneously. In addition, we quantify the uncertainties in
the estimates. Numerical results suggest that the proposed
method is a reliable approach for estimating functions in
different types of inverse problems. Furthermore, this is a
robust method under various noise types, noise levels, and
incomplete
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Variable Projection Methods for Solving Separable
Nonlinear Inverse Problems

Variable projection methods are among the classical and
efficient methods to solve separable nonlinear least squares
problems. In this talk, I will introduce the variable projec-
tion method, its use to solve large-scale blind deconvolution
problems, and some new variants that preserve the edges
in the solution.
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Computational Imaging with Low Precision Arith-
metic

Although some work has been done to exploit mixed pre-
cision computations for inverse problems, most previous
work focuses on particular applications, such as image reg-
istration and image reconstruction. Extended (high) pre-
cision has been proposed for inverse problems to control
significant digits to avoid the influence of rounding errors.
In this talk we consider a different perspective: because
we cannot expect to precisely know data, we develop and
analyze solvers for general inverse problems that can take
advantage of low precision speed of modern computer ar-
chitectures, and which can be used in a variety of imaging
applications.
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Deterministic and Bayesian Spatio-Temporal
Methods with Edge-Preserving Priors for Inverse
Problems

Inverse problems are ubiquitous in many fields of science
such as engineering, biology, medical imaging, atmospheric
science, and geophysics. Three emerging challenges on ob-
taining relevant solutions to large-scale and data-intensive
inverse problems are ill-posedness of the problem, large di-
mensionality of the parameters, and the complexity of the
model constraints. In this talk we discuss efficient meth-
ods for computing solutions to dynamic inverse problems,
where both the quantities of interest and the forward oper-
ator may change at different time instances. We consider
large-scale ill-posed problems that are made more challeng-
ing by their dynamic nature and, possibly, by the limited
amount of available data per measurement step. In the
first part of the talk, to remedy these difficulties, we apply
efficient regularization methods that enforce simultaneous
regularization in space and time (such as edge enhancement
at each time instant and proximity at consecutive time in-
stants) and achieve this with low computational cost and
enhanced accuracy. In the remainder of the talk, we fo-
cus on designing spatio-temporal Bayesian Besov priors for
computing the MAP estimate and quantifying uncertain-
ties in large-scale and dynamic inverse problems. Numer-
ical examples from a wide range of applications, such as
tomographic reconstruction, image deblurring, and mul-
tichannel dynamic tomography are used to illustrate the
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effectiveness of the described approaches.
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The Horseshoe Prior for Bayesian Inverse Prob-
lems in Imaging

In inverse problems arising in imaging science characteri-
zation of sharp edges in the solution is desired. Within the
Bayesian approach to these problems, edge-preservation is
often achieved using Markov random field priors based on
heavy-tailed distributions. Another strategy, popular in
sparse statistics, is the application of hierarchical shrink-
age priors. An advantage of this formulation lies in express-
ing the prior as a conditionally Gaussian distribution de-
pending on heavy-tailed distributed hyperparameters. In
this presentation, we revisit the shrinkage horseshoe prior
and introduce its formulation for edge-preserving settings.
Moreover, we discuss a Gibbs sampling framework to solve
the Bayesian inverse problem. Image deblurring and com-
puted tomography applications show that our computa-
tional procedure is able to compute sharp edge-preserving
posterior point estimates with reduced uncertainty.
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Can the Hartree-Fock Kinetic Energy Exceed the
Exact Kinetic Energy?

The Hartree-Fock (HF) approximation has been an impor-
tant tool for quantum-chemical calculations since its ear-
liest appearance in the late 1920s, and remains the start-
ing point of most single-reference methods in use today.
Intuition suggests that the HF kinetic energy should not
exceed the exact kinetic energy, but no proof of this conjec-

ture exists, despite a near century of development. Begin-
ning from a generalized virial theorem derived from scaling
considerations, we derive a general expression for the ki-
netic energy difference that applies to all systems. For any
atom or ion this trivially reduces to the well-known result
that the total energy is the negative of the kinetic energy
and since correlation energies are never positive, proves
the conjecture in this case. Similar considerations apply
to molecules at their equilibrium bond lengths. We use
highly precise calculations on Hooke’s atom (two electrons
in a parabolic well) to test the conjecture in a non-trivial
case, and to parameterize the difference between density-
functional and HF quantities, but find no violations of the
conjecture.

Steven Crisostomo
Department of Physics and Astronomy
University of California, Irvine
crisosts@uci.edu

MS137

Topological Index and Homotopy in Coupled Clus-
ter Theory

We propose a comprehensive mathematical framework for
Coupled-Cluster-type methods based on topological degree
theory. This allows us to establish more general existence
results and deduce local information about the solutions of
the CC equations. The idea of constructing a homotopy for
CC theory is not new, and has been extensively studied in
the past. We consider the more recent Kowalski–Piecuch
(KP) homotopy from a mathematical point of view and use
it as a theoretical tool to prove the existence of a truncated
CC solution. This follows from a more general result guar-
anteeing the existence of a whole solution curve of the KP
homotopy.
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Domain Wall Dynamics in Cubic Magnetostrictive
Materials Subject to Rashba Effect and Nonlinear
Dissipation

In this talk, we present an analytical investigation of do-
main wall motion occurring along the major axis of a thin
magnetostrictive nanostrip perfectly arranged on the top
of a thick piezoelectric actuator. The motion is driven
by magnetic fields, spin-polarized currents, and spin-orbit
torque effects and takes place in cubic magnetostrictive ma-
terials characterized by a nonlinear dissipation. The main
aim is to describe how magnetoelasticity, Rashba field, dry-
friction, chemical composition, and crystal symmetry affect
the steady and precessional dynamics of magnetic domain
walls. In detail, it is here analytically inspected how the
key features (threshold, breakdown, domain wall mobility,
and propagation direction) can be effectively manipulated
by the above contributions. Finally, the theoretical results
are numerically illustrated for realistic materials, reveal-
ing a satisfying qualitative agreement with experimental
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observations.
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On Solutions to the Hartree-Fock Equations with
a Self-Generated Magnetic Field

In this talk we will explore the existence and regularity
of solutions to the Hartree-Fock equations coupled with a
self-generated magnetic field. In the second part of the talk
we will explore some methods to numerically approximate
said solutions.
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Modified-Operator Method for the Calculation of
Band Diagrams of Crystalline Materials

In solid state physics, electronic properties of crystalline
materials are often described by the spectrum of periodic
Schrdinger operators. As a consequence of Blochs theo-
rem, the numerical computation of electronic quantities of
interest involves computing derivatives or integrals over the
Brillouin zone of so-called energy bands, which are piece-
wise smooth, Lipschitz continuous periodic functions ob-
tained by solving a parametrized elliptic eigenvalue prob-
lem on a Hilbert space of periodic functions. Classic dis-
cretization strategies for resolving these eigenvalue prob-
lems produce approximate energy bands that are either
non-periodic or discontinuous, both of which cause diffi-
culty when computing numerical derivatives or employing
numerical quadrature. We present here an alternative dis-
cretization strategy based on an ad hoc operator modifi-
cation approach. While specific instances of this approach
have been proposed in the physics literature, we describe
a systematic formulation of this operator modification ap-
proach. We derive a priori error estimates for the result-
ing energy bands and we show that these bands are peri-
odic and can be made arbitrarily smooth (away from band
crossings) by adjusting suitable parameters in the operator
modification approach. We also present numerical exper-
iments involving a toy model in 1D, graphene in 2D, and
silicon in 3D to validate our theoretical results and show-
case the efficiency of the operator modification approach.
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On the Distributed Computation of Mixed-
Strategy Nash Equilibria

We address the problem of distributedly computing mixed-
strategy Nash equilibria for repeated (generalized mixed-
integer) games, specifically, a class with monotone and
Lipschitz continuous pseudo-gradient mapping and jointly
convex feasible set for fixed integer variables. We design
efficient distributed algorithms that exploit the particu-
lar structure of the problem, namely the simplicial feasible
sets of the mixed strategies. To that end, we exploit an
operator theoretic approach and propose an extension of
the forward-reflected-backward splitting method that in-
corporates the Bregman distance of a Legendre function.
Then, we use the negative entropy function to obtain a
closed-form formula for updating the mixed strategies, re-
sulting in fast and cheap computations compared to stan-
dard Euclidean-projection-based methods. We illustrate
the performance and effectiveness of our algorithms via nu-
merical simulations on some engineering applications.
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Evolution of Wardrop Equilibria and Braess’s Para-
dox As Demand Varies

In this talk we consider routing games with affine cost func-
tions and analyze the evolution of Wardrop equilibria (WE)
and the Braess’s paradox as the demand increases. Regard-
ing Wardrop equilibria, we show that the computation of
such an evolution essentially boils down to solving a finite
number of variational inequalities. Such a computation
also provides insights on how the travel cost under WE
changes as demand increases. In particular, we derive the
direction in which this cost will change as the demand in-
creases unboundedly, and leverage this result to find a set
of roads which will carry no flow once the demand has in-
creased beyond a certain threshold. Regarding evolution
of the Breass’s paradox, a phenomenon which occurs when
removal of a path from the network counterintuitively de-
creases the travel cost under equilibrium, we show that if
a path displays Braesss paradox at a particular demand,
then it is necessarily beneficial for the network at a lower
demand. We also establish that the paradox happens only
on a finite interval of demand.
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A General Blackbox Optimization Framework for
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Hyperparameter Optimization in Deep Learning

The uprising of deep learning has brought new challenges
in the blackbox optimization (BBO) community. Notably,
tuning the hyperparameters of a deep model is a mixed-
variable BBO problem with an unfixed structure. For in-
stance, the number of hidden layers, which is itself a hyper-
parameter, affects the number of hyperparameters regard-
ing the units in the architecture of the model. Moreover,
the hyperparameter optimization problem (HPO) may si-
multaneously contain categorical, integer and continuous
variables. In conjunction, the diversity of variable types
and the unfixed structure of the HPO create a substantial
challenge in a BBO context. To tackle the HPO, we metic-
ulously developed a mathematical framework that properly
models the class of problems of interest. Meta variables are
introduced to model variables that influence which vari-
ables are included or excluded. In essence, meta variables
model the unfixed structure of the problem, and they may
affect the dimension of the problem. Many algorithmic
subtleties and implications are outlined by the mathemati-
cal framework, which ease the development of optimization
methods. A simple HPO problem is illustrated through-
out the presentation and solution strategies to tackle meta
and categorical variables are discussed with different ap-
proaches, such as direct search, heuristics and Bayesian
optimization.
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On PETSc Amd GPU Performance Benchmarking
Using the Hip Backend

In this talk, we present an overview of the HIP backend
introduced into the PETSc library. This backend essen-
tially completes the AMD GPU port of the Mat class hence
allowing full GPU utilization of KSP and SNES solvers.
Key math libraries like hipSPARSE and hipBLAS were
leveraged to enable portable performance across all AMD
hardware. Benchmarking results on MI250X GPUs demon-
strate competitive performance. Insight into the general
direction of AMD GPU hardware for scientific computing
will also be discussed.
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A Multi-GPU Accelerated Linear Solver for Large-
Scale Topology Optimization

Topology optimization is an increasingly popular tool for
engineers to obtain lightweight yet stiff designs in an au-
tomated way. However, the design resolution is directly
linked to the computational time required for the opti-
mization. This is especially true for large-scale applications
where a small design resolution is required. For instance,
optimizing the structure of TU Delft’s Flying V airplane
(65 meter wingspan) [F Faggiano, et al., Aerodynamic de-
sign of a flying-V aircraft, 2017] with a 10mm resolution
requires multiple solutions to linear systems of equations
with many billions of unknowns. This presents challenges
both regarding memory usage and computation time. To
address these challenges, we propose a matrix-free linear

solver, accelerated with GPUs. Throughout the domain,
identical trilinear finite-elements (voxels) are used, thus
only one unique element matrix needs to be calculated.
Next, sectors of 888 voxels are used to model the entire
geometry of the airplane, preventing redundant computa-
tions in regions that are not part of the airplane. Within
each sector, regularity of the data is kept, thus ensuring
coalesced memory access patterns for a high utilization of
GPUs. This, together with multigrid preconditioning and
multi-GPU strategies, results in the ability to perform ex-
tremely large-scale topology optimization at unprecedented
speeds. The technique is showcased with optimization of
the Flying V airplane.
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Distributed, GPU-Enabled Support Vector Ma-
chine Classification of Remote Sensing Data Using
Permon and PETSc

Popular machine learning frameworks provide multi-
threading parallelism on shared memory and are designed
as off-the-shelf packages. They are commonly used as high-
level building blocks for data processing pipelines; how-
ever, they typically lack extended settings of underlying
optimization solvers or monitor convergence. Currently
used machine learning applications perform parallelism on
a task level or orchestration based on multiple container
instances of an application running in Kubernetes or Mi-
crosoft Azure. In our contribution, we will present a soft-
ware solution for distributed machine learning support-
ing computation on multiple GPUs running on the top of
the PETSc framework (https://petsc.org/), which we will
demonstrate in applications related to natural hazard local-
izations and detections employing supervised uncertainties
modelling. It is called PERMON (http://permon.vsb.cz)
and is designed for convex optimization using quadratic
programming, and its extension PermonSVM implements
maximal-margin classifier approaches associated with sup-
port vector machines (SVMs). Although deep learning
(DL) is getting popular in recent years, SVMs are still ap-
plicable. Unlike DL, an underlying optimization problem
associated with SVM is convex, and PermonSVM computes
it in a deterministic way (no batch processing) through no
intrinsic limitations imposed by a single node memory, con-
vergence to a global minimum is guaranteed. Moreover, an
attained model can be easily explainable.
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Leveraging Modern MPI+GPU Communication
Strategies

Parallel applications are often dominated by MPI com-
munication costs. MPI provides several abstractions to
applications for describing how to move data across pro-
cesses, such as the use of MPI Datatypes, MPI Neighbor-
hood collectives, or both. However, the solution an appli-
cation chooses for CPU based communication may expe-
rience different performance results when performing the
same communication on GPUs. Furthermore, GPUs also
introduce additional complexities by forcing the user to de-
cide whether the CPU or the GPU is in charge of sending
the data. This talk will look into some of the performance
results modern applications and benchmarks are experienc-
ing.
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A GPU-Based DEM Solver for Large-Scale Gran-
ular Simulations

We present a new generation GPU-based solver for large
scale granular dynamics simulations, using the Discrete El-
ement Method (DEM). This simulation infrastructure is a
step beyond our current DEM solver available in the open-
source multi-physics package Chrono. The new solver uses
two GPUs to accelerate the simulation, one dedicated to
collision detection and related kinematic calculations, the
other dedicated to advancing the dynamics of the granu-
lar material. We use just-in-time compiling to allow cus-
tomization and to leverage the specific architecture of the
execution hardware. Finally, the solver leverages CUB,
an efficient CUDA utility package for parallel primitives.
The resulting solver, distributed under a BSD license, pro-
vides an open-source efficient solution for DEM problems
with millions of degrees of freedom. After a brief descrip-
tion of the underlying methods, we discuss the implemen-
tation of the new solver and illustrate its capabilities on
several large-scale DEM problems. One of these is sim-
ulation of extraterrestrial rovers over deformable terrain;
the terrain is a granular dynamics representation of the
Glenn Research Center lunar soil simulant #1 (GRC-1),
designed and manufactured to match geotechnical prop-
erties of lunar soil. The capabilities and performance of
this new solver promise to enable, on relatively inexpen-
sive hardware, simulations of a scale previously possible
only on supercomputers.
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MS140

Proving Global Nonlinear Stability of Fluid Flows
Past the ReynoldsOrr Energy Limit

A fundamental question in fluid stability is whether a lami-
nar flow is nonlinearly stable to all perturbations. The typ-
ical way to verify this type of stability, called the Reynolds-
Orr energy method, is to show that the energy of a pertur-
bation must decay monotonically under a certain Reynolds
number called the Reynolds-Orr energy stability limit. The
Reynolds-Orr energy method is known to be overly conser-
vative in many systems, such as in plane Couette flow.
Here, we present a methodology to computationally con-
struct Lyapunov functions more general than the energy,
which is a quadratic function of the magnitude of the per-
turbation velocity. These new Lyapunov functions are not
restricted to being quadratic, but are instead high-order
functionals that depend explicitly on the spectrum of the
velocity field in the eigenbasis of the energy stability op-
erator. The methodology involves numerically computing
energy eigenmodes and using them to solve a convex op-
timization problem through a semidefinite program (SDP)
constrained by sums-of-squares polynomial ansatzes. We
then apply this methodology to 2D plane Couette flow and
under certain conditions we find a global stability limit
higher than the Reynolds-Orr energy stability limit. For
this specific flow, this is the first improvement in over 110
years.
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Efficient Structure-Preserving Numerical Methods
for Transport-Dominated Problems

Many transport-dominated problems can be modeled by
partial differential equations with important secondary of
interest, e.g., the total entropy of compressible flows. Re-
cently, relaxation techniques have been proposed as modifi-
cations of standard time integration methods guaranteeing
the conservation or dissipation of such secondary quanti-
ties of interest. Here, we investigate how to combine these
relaxation techniques with efficient step size control mech-
anisms based on local error estimates. We demonstrate
our results in several numerical experiments, focusing on
nonlinear dispersive wave equations.
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A Data Based Physics-Informed Neural Network
Model for Simulation of Two-Dimensional Turbu-
lence

Turbulence is a problem yet to be fully understood. It
has many industrial applications in domains such as au-
tomotive, aerospace, to name a few. Lot of experimental
and computational resources are used to characterize and
study turbulent flow. With the advent of deep learning,
a new method known as Physics Informed Neural Net-
work (PINN) has been recently introduced which shows
tremendous promise in not only reducing computational
costs but could potentially save costs on experiments or
measurements, which is a huge advantage. In this work,
we will show solutions based on PINN methods to simulate
two-dimensional turbulence. PINN is a powerful technique
where the governing equation of the system is enforced in
the neural network architecture. Along with traditional
PINN, we also take a sparse set of training data inside the
computational domain. We show two different PINN based
neural network architectures and compare them with direct
numerical simulation (DNS) results. For Reynolds number
of order O(103), with the new PINN model which we call
as PINN-FF (Fourier filter), we observe a close match in
kinetic energy spectra even while using only 0.1% training
data. We observe very good match of the large scale struc-
tures in comparison with DNS although the small scale
structures are yet to be refined. Also, we observe similar
results at higher Reynolds numbers of order O(104) which
ensures robustness of the approach.
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DoD Stabilization for Solving Hyperbolic Conser-
vation Laws on Cut Cell Meshes

Cut cells methods have been developed in recent years for
computing flow around bodies with complicated geome-
tries. For mesh generation, the flow body is cut out of a reg-
ular Cartesian grid resulting in so called cut cells. Cut cells
can have irregular shape and may be very small. For the
solution of time-dependent hyperbolic conservation laws,
this causes the small cell problem: explicit time stepping
schemes are not stable on the arbitrarily small cut cells. In
this talk we present the Domain of Dependence (DoD) sta-
bilization for overcoming this issue for DG schemes. The
stabilization is based on adding suitable penalty terms to
the spatial discretization. In time, one can then use a
standard explicit time stepping scheme. The terms are de-
signed to restore proper domains of dependence. The terms
are constructed such that the resulting stabilized scheme
possesses desirable properties such as being monotone for
scalar conservation laws for the first-order version or en-
ergy preserving for the semi-discrete scheme for all poly-
nomial degrees. On cut cell meshes, this is a big challenge
to guarantee these otherwise ‘standard’ properties. In this
talk, we will present the idea behind the DoD stabiliza-
tion and summarize the latest developments for non-linear

problems.
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Invariant Domain Preserving Finite ElementMeth-
ods for Surface-Quasi-Geostrophic Flows

We present a new finite element method for solving
geostrophic flows. Our particular interest is the surface-
quasi-geostrophic flow model (SQG), which is a scalar non-
linear conservation law in two space dimensions. The veloc-
ity field and the viscosity term of the SQG equation involve
calculating the fractional derivative of the solution, which
is not trivial to compute numerically. For this purpose, we
use Dunford–Taylor representations of fractional operators.
Strong-stability-preserving Runge–Kutta methods are used
in time and the continuous finite element method is used
in space. The method retains the invariant domain prop-
erty under the usual CFL condition and has a second-order
accuracy in space. The method is tested by solving several
benchmark problems. This work was done in collaboration
with Andrea Bonito from Texas A&M University.
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Bounds-Preserving Discontinuous Galerkin Meth-
ods for Multi-Component MHD Flows

We present a family of subcell limiting strategies for
high-order discontinuous Galerkin spectral element meth-
ods (DGSEM) and apply them to the multi-component
GLM-MHD equations: the magneto-hydrodynamics equa-
tions augmented with a generalized Lagrange multiplier
technique to weakly enforce the divergence-free condition.
In [Rueda-Ramrez et al., Subcell Limiting Strategies for
DGSEM, 2022], the authors presented subcell limiting
strategies for DGSEM discretizations of conservation laws
based on the combination of finite volume (FV) schemes
with DGSEM. However, the multi-component GLM-MHD
equations impose two new challenges: (i) they require
the use of non-conservative terms for entropy consistency,
which adds complexity to the spatial discretization, and
(ii) impose positivity constraints for several ion species.
Our main contribution is the extension of our hybrid
FV/DGSEM to non-conservative systems, which requires
to write the DGSEM as a flux-differencing formula. To
achieve it, we propose a generalization of the telescoping
flux formula of Fisher and Carpenter [Fisher and Carpen-
ter, High-order entropy stable finite difference schemes for
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nonlinear conservation laws: Finite domains, 2013] to ac-
count for non-conservative terms. Furthermore, we show
that the hybrid FV/DGSEM can be used to impose invari-
ant domain preserving constraints (including positivity of
all ion species). We test our new strategy to solve problems
featuring shocks and turbulence.
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A Systematic Particle Filter for Estimating Time-
Varying Parameters in Nonstationary Inverse
Problems

Estimating and quantifying uncertainty in unknown sys-
tem parameters from limited data remains a challenging
inverse problem in a variety of application areas. A sub-
set of these problems includes estimating parameters that
are known to vary with time but have unknown evolution
models and often cannot be directly observed. Here we
present a particle filtering algorithm that utilizes a hier-
archical Bayesian approach to systematically estimate un-
known time-varying parameters in nonstationary inverse
problems, with several computed examples arising from de-
terministic dynamical systems.
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Correcting Convexity Bias in Function and Func-
tional Estimate

A general framework with a series of different methods is
proposed to improve the estimate of convex function (or
functional) values when only noisy observations of the true
input are available. Technically, our methods catch the bias
introduced by the convexity and remove this bias from a
baseline estimate. Theoretical analysis are conducted to
show that the proposed methods can strictly reduce the
expected estimate error under mild conditions. When ap-
plied, the methods require no specific knowledge about the
problem except the convexity and the evaluation of the
function. Therefore, they can serve as off-the-shelf tools to
obtain good estimate for a wide range of problems, includ-
ing optimization problems with random objective functions
or constraints, and functionals of probability distributions
such as the entropy and the Wasserstein distance. Numer-
ical experiments on a wide variety of problems show that
our methods can significantly improve the quality of the
estimate compared with the baseline method.
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Deep Learning for Bayesian Inverse Problems Gov-

erned by Nonlinear Differential Equations

We will discuss the use of deep neural networks for
Bayesian inference and uncertainty quantification in op-
timization problems governed by nonlinear dynamical sys-
tems. In particular, we will consider non-linear control of a
Hodgkin-Huxley model. We will use curvature information
of the negative log posterior to approximate the covariance
operator of the posterior. We will report results for the
accuracy of the inference with respect to different architec-
tures and loss functions.
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A Domain Decomposition Rayleigh-Ritz Algorithm
for Symmetric Generalized Eigenvalue Problem

In this talk we propose a distributed-memory parallel algo-
rithm for computing all the eigenvalues (and correspond-
ing eigenvectors) of a large, sparse, real symmetric posi-
tive definite matrix pencil that lie within a target interval.
The algorithm is based on Chebyshev interpolation of the
eigenvalues of the Schur complement (over the interface
variables) of a domain decomposition reordering of the pen-
cil and accordingly exposes two dimensions of parallelism:
one derived from the reordering and one from the indepen-
dence of the interpolation nodes. The new method demon-
strates excellent parallel scalability, comparing favorably
with PARPACK, and does not require factorization of the
mass matrix, which significantly reduces memory consump-
tion, especially for 3D problems. Our implementation is
publicly available on GitHub.
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Computing Diffraction Anomalies As Nonlinear
Eigenvalue Problems

When electromagnetic waves illuminate on a diffraction
grating or other periodic structure, reflected and trans-
mitted waves in different radiation channels are excited
and propagate away from the structure. Such a diffraction
problem can be studied by solving the Maxwell equations
numerically. Diffraction anomalies such as zero reflection,
zero transmission and perfect absorption may arise for in-
cident waves with specific frequencies and/or wavevectors,
and these phenomena can be used to manipulate electro-
magnetic waves and light. The frequencies and wavevec-
tors of anomalies are discretely distributed in the spec-
trum, and some anomalies may appear only in structures
with specific physical parameters. Existing methods for
computing anomalies are usually computationally expen-
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sive and not very effective, as they require repeatedly solv-
ing a boundary value problem for many parameter values.
In this study, a number of diffraction anomalies are com-
puted using an efficient numerical method based on nonlin-
ear eigenvalue formulations and a contour-integral method
(for solving the nonlinear eigenvalue problems). To demon-
strate the new method, numerical examples for structures
with periodic arrays of cylinders are provided.
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The Exascale Am Challenge Problem: Am Process
Modeling at the Fidelity of the Microstructure

With the Exascale computers arriving at the DOE facili-
ties, the ExaAM project will soon run its challenge prob-
lem. The ExaAM challenge problem is based on the NIST
AMBench experimental builds and further characteriza-
tion. These experiments both guide the model develop-
ment and provide validation for the simulations. The
project includes an integration of all the computational
components of the AM process, where each component it-
self is an exascale simulation. What has emerged is that
Exascale Computing will enable AM process modeling at
the fidelity of the microstructure. This means tight cou-
pling of Process-Structure-Property calculations. Macro-
scopic continuum codes (OpenFOAM) are used to simu-
lation the metal melt-refreeze, within which mesoscopic
codes (ExaCA, PFM) are used to simulate the develop-
ment of material microstructure. This microstructure is
then used by crystal plasticity codes (ExaConstit) to cal-
culate local material properties. We present our coupled
exascale simulation environment for additive manufactur-
ing and its application to AM builds. Jim Belak (LLNL)
and John Turner (ORNL)
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A Parallel-in-Time Approach to Part-Scale Melt
Pool Modeling of Metal Additive Manufacturing

One of the primary challenges in simulating an additive
manufacturing process such as laser powder bed fusion
(LPBF) for an entire component is the drastically vary-
ing length and time scales. As a consequence, the num-
ber of time steps required for a high fidelity LPBF process
simulation of an entire component can easily reach into the
billions, which is impractical with typical simulation codes.
We present a computationally scalable approach to simu-
lating the LPBF process for an entire component. This
scalability is achieved by parallelizing the time domain in-
tegration using an iterative technique. The proposed tech-
nique offers a path to whole component simulation of the
nonlinear heat transfer and phase change that occurs in the
LPBF process. Matthew Bement, John Coleman, ORNL
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Super-Spectral Operator Recovery via the Fast
Macroscopic Forcing Method

The macroscopic forcing method (MFM) was introduced
by Mani and Park in 2021. It recovers lower-dimensional
operators by successively forcing a high-dimensional di-
rect numerical simulation. The MFM has already suc-
cessfully recovered RANS-like turbulence models for fluid
flows. Standard algorithms for MFM apply forcings to
each coarse-scale degree of freedom and conduct a fine-
scale simulation, which is expensive. We present an al-
gorithm that is cheaper and more general. It applies
sparse reconstruction to expose local features in the dif-
ferential operator and reconstructs the coarse one in only
a few matrix-vector products. For non-local operators, we
prepend this approach by peeling long-range effects with
dense matrix-vector products to expose a more local op-
erator. We demonstrate the algorithm’s performance on
scalar transport and channel flow problems.
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Predictive Modeling And Uncertainty Quantifica-
tion For Diblock Copolymer Self-Assembly

We present a Bayesian framework for the predictive model-
ing of diblock copolymer (Di-BCP) thin film self-assembly.
It involves a procedure consisting of model calibration,
selection, and validation of phase field models centered
around Bayes rule and image data produced by microscopy
or X-ray scattering characterizations. The aleatoric uncer-
tainties of Di-BCP self-assembly represented by metasta-
bility and defectivity require introducing randomness into
model predictions. These uncertainties, however, lead to
integrated likelihoods that are generally intractable to eval-
uate. To tackle this challenge that hampers the execution
of the predictive modeling procedure, likelihood-free infer-
ence approaches via pseudo-marginal methods and measure
transport are considered in this study. To improve the ef-
ficiency of these inference methodologies, they are used in
adjunct with carefully designed summary statistics that ex-
tract features of characterization images. Several Fourier-
and energy-based summary statistics are proposed for top-
down microscopy characterizations of Di-BCP thin films.
Expected information gains are used to quantify the utili-
ties of summary statistics choices, and we show that they
can be computed via measure transport with no significant
additional computational cost.
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Algorithms for Large Scale Simulations of Mi-
crostructural Evolution

I will describe new level set methods for simulating the
motion of networks of interfaces (curves or surfaces) un-
der geometric flows such as motion by mean curvature.
These methods can be used in large scale simulations of
microstructural evolution in polycrystalline materials, for
instance grain growth and recrystallization that take place
during many (including additive) manufacturing processes.
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Variationally Stabilized Isogeometric Analysis for
Advection-Dominated Diffusion-Reaction Prob-
lems

We propose a new variationally stabilized isogeometric
analysis for advection-dominated problems. Isogeometric
analysis (IGA) is a widely-used analysis tool in modeling
and simulation. Although IGA has advantages in com-
parison with the classical finite element method (FEM),
one still requires stabilization techniques to approximate
advection-dominated problems. We extend the edge-
stabilization techniques by adding the jump of high-order
derivatives to the standard bilinear forms of isogeometric
analysis. Also, we show that the new bilinear form is con-
sistent and coercive with respect to an induced norm. Next,
using the proposed bilinear form and norm, we formulate
a residual minimization as a saddle-point problem, which
delivers a stable discrete solution. We use tensor-product
B-splines of order p, with continuity of Cp−1 to construct
the trial space Uh. Then, we obtain a discrete approxima-
tion of the solution by minimizing the residual measured in
a dual norm of a test space Vh constructed using B-splines
of order p and Cp−2. The technique also provides an error
representation deployed to guide the adaptivity. We pro-
vide numerical examples to show the performance of the

technique.
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C1 Hierarchical Splines Spaces on Surface Multi-
patch Domains

Adaptive isogeometric methods for the solution of PDEs
have been largely investigated in recent years (see [Bracco,
Buffa, Giannelli, Vzquez, Discret. Contin. Dyn. S., 2019]
for an overview). The combination of isogeometric analysis
and local refinement makes them computationally attrac-
tive, and therefore it is relevant to study the extension of
this approach to high-order problems on complex domains.
In this work, we propose an adaptive isogeometric method
for the numerical approximation of high-order PDEs based
on C1 hierarchical spline spaces defined on multipatch sur-
faces. We achieve this goal by combining the construction
of C1 multipatch spaces [Farahat, Jüttler, Kapl, Takacs,
Isogeometric analysis with C1-smooth functions over multi-
patch surfaces, Comput. Methods Appl. Mech. Engrg.,
2023] with the hierarchical framework. In particular, we
define a refinement algorithm with linear complexity which
guarantees the construction of suitably graded hierarchical
meshes fulfilling the condition for linear independence of
the set of hierarchical generating functions. A selection of
numerical examples will confirm the potential of the adap-
tive scheme on different problems defined on multipatch
surfaces.
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Preconditioners for Adaptive Splines, Or Splines
for Preconditioners?

The most common approach to achieve adaptive IGA is to
break the tensor product structure of the tensor-product-
spline space while keeping that of the basis functions: each
basis function is a products of univariate functions. By
choosing an appropriate set of basis functions local vari-
ation of the space resolution are possible. The exam-
ples of this approach are hierarchical-, T- and LR-splines.
The change from tensor-product-splines to any of these
adaptive-spline-space requires adapting the assemblying,
preconditioning and solving strategies in order to mantain
efficiency. This is challenging and adds to the source code
complexity. A space construction technique that is well
suited to the subspace correction methods and precondi-
tioned Krylov methods will be presented.
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Refinement Strategies for Locally Linearly Inde-
pendent LR B-Splines

Locally Refined (LR) B-splines are generalization of the
tensor product B-splines to achieve adaptivity in the dis-
cretization process. Thereby, the approximation efficiency
is dramatically improved as one avoids the wasting of de-
grees of freedom by increasing the number of basis func-
tions only where rapid and large variations occur in the an-
alyzed object. Nevertheless, the adoption of LR B-splines
for simulation purposes, in the Isogeometric Analysis (IgA)
framework, is hindered by the risk of linear dependence
relations. Although a complete characterization of linear
independence is still not available, the local linear inde-
pendence of the basis functions is guaranteed when the
underlying Locally Refined (LR) mesh has the so-called
Non-Nested-Support property. The local linear indepen-
dence not only avoids the hurdles of dealing with singu-
lar linear systems, but it also improves the sparsity of the
matrices when assembling the numerical solution. Such a
strong property of the basis functions is a rarity, or at least
it is quite onerous to gain, among the technologies used for
adaptive IgA. Only thee refinement strategies have been
proposed to build LR meshes with the Non-Nested-Support
property so far: the Non-Nested-Support-Structured mesh
refinement, the Effective Grading refinement and the Hi-
erarchically Locally Refined mesh refinement. In this talk,
we shall have an overview of them, highlighting and com-
paring their properties.
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Adaptive Isogeometric Analysis Based on
Tchebysheffian Splines

Tchebycheffian splines are piecewise smooth functions with
pieces in Tchebycheff spaces, the natural generalization of
polynomial spaces. Under suitable assumptions, Tcheby-
cheffian splines can be represented in terms of B-spline
like basis functions, called Tchebycheffian B-splines, with
structural similarities and all fundamental properties of
classical polynomial B-splines (compact support, non-
negativity, partition of unity, etc.). Tchebycheffian splines
offer a huge flexibility compared to classical polynomial
splines: they are equipped with parameters that can be
selected according to a problem-oriented strategy, taking
into account the geometrical and/or analytical issues of
the specific addressed problem. While the tensor-product
approach can easily build multivariate splines, they lack
adequate adaptive local refinement, which could be impor-
tant in both geometric modelling and numerical simula-
tion. This triggered the interest in alternative (polynomial)
spline structures supporting local refinement still retaining
the local tensor-product structure. Since Tchebycheffian
B-splines are plug-to-plug compatible with polynomial B-
splines, they are naturally compatible with the local re-
finement structures known for polynomial B-splines (Hi-
erarchical mesh, T-spline mesh and Locally Refined(LR-)
mesh). In this talk, we discuss the use of Tchebycheffian
splines equipped with a local tensor-product structure as a
possible tool in IGA with adaptive refinement.
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Space-Time Shape Optimization of Rotating Elec-
tric Machines

Electric machines can often be modeled by the magneto-
quasi-static approximation of Maxwell’s equations in two
space dimensions. We consider the simulation of a rotat-
ing electric machine by means of a space-time finite ele-
ment method where the rotation is captured by the tetra-
hedral space-time mesh. We derive the shape derivative
for a given cost function with respect to a perturbation of
the (spatial) geometry and present a shape optimization
algorithm for moving domains in space-time. Here, it is
important to note that the optimized geometry is moving,
but must not change its shape over time. Finally, for a
realistic simulation, the initial condition of the evolution
problem at hand is obtained as the solution to a static
PDE on the given geometry and, thus, is shape-dependent
as well. Accounting for this aspect yields a shape optimiza-
tion problem that is constrained by a system of a static and
a transient PDE. We show an extension of our sensitivity
analysis and shape optimization algorithm to this setting
and present numerical results for the optimization of a syn-
chronous reluctance machine.
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Advanced Methods for Efficient Shape Optimiza-
tion in Aeronautics

On the one hand, Sobolev gradient smoothing can con-
siderably improve the performance of aerodynamic shape
optimization and prevent issues with regularity. On the
other hand, Sobolev smoothing can also be interpreted
as an approximation for the shape Hessian. This paper
demonstrates, how Sobolev smoothing, interpreted as a
shape Hessian approximation, offers considerable benefits,
although the parameterization is smooth in itself already.
Such an approach is especially beneficial in the context
of simultaneous analysis and design, where we deal with
inexact flow and adjoint solutions, also called One Shot
optimization. Furthermore, the incorporation of the pa-
rameterization allows for direct application to engineering
test cases, where shapes are always described by a CAD
model. The new methodology presented in this paper is
used for reference test cases from aerodynamic shape opti-
mization and performance improvements in comparison to
a classical Quasi-Newton scheme are shown.
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Quasi-Newton Methods for Fully Discrete Shape
Optimization Problems

In this talk, we will consider fully discrete PDE-constrained
shape optimization problems in 2D. These problems are de-
fined on the complete manifold of planar triangular meshes
initially proposed in [Herzog, Loayza-Romero, A Manifold
of Planar Triangular Meshes with Complete Riemannian
Metric, 2020, https://doi.org/10.48550/arXiv.2012.05624].
We propose an approximation for the Riemannian parallel
transport and logarithm on the manifold of planar trian-
gular meshes based on the discrete geodesic calculus pro-
posed in [Rumpf, Wirth, Variational time discretization of
geodesic calculus,2015, doi:10.1093/imanum/dru027]. The
approximation of the parallel transport will allow us to
propose a Quasi-Newton Method for solving this problem.
We will compare the results with the traditional Rieman-
nian steepest descent method and show the acceleration in
the convergence. Finally, since computing geodesics is too
computationally expensive we propose a quality-preserving
projection-like retraction obtained by exploiting the fea-
tures of the manifold of planar triangular meshes as sug-
gested in [Absil, Malik,Projection-like Retractions on Ma-
trix Manifolds,2012, https://doi.org/10.1137/100802529].
We will apply the proposed algorithm to solve compliance
problems in structural mechanics.
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Stabilization and Tracking Control Design for
Stochastic Fuzzy Systems via Adaptive Event-
Triggered Mechanism

An adaptive event-triggered mechanism-based output
tracking control problem for stochastic T-S fuzzy systems
with state delay and external disturbance is discussed in
this work. An adaptive event-triggered mechanism is de-
veloped for the considered system to reduce the number
of triggering and communication burdens. Adaptive feed-
back control is constructed to force the output trajecto-
ries to track the bounded reference input signal even in
the presence of external disturbance. Further, the track-
ing control objective transformed into stochastic stabiliza-
tion of the considered system. For the stabilization anal-
ysis, the stochastic fuzzy system does not share the same
membership functions as the proposed control. The suffi-
cient stabilization conditions are developed in the form of
linear matrix inequalities together with the help of Lya-
punovKrasovskii functional and some integral inequalities.
Finally, the proposed methodology is applied to some en-

gineering stochastic models to validate efficiency and prac-
ticability.
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Dirichlet Control As a Topology Optimisation
Problem

In this paper we study a special Dirichlet control problem
where the control is supposed to be a piecewise constant
function which is allowed to take N ≥ 2 different values.

As the piecewise functions do not belong to H
1
2 standard

extension techniques to consider the weak solution of the
Dirichlet problem do not apply. Therefore, as done in op-
timal control, we consider very weak solutions of the state
equation. We then study the shape-to-control operator of
this problem and derive the first order necessary optimal-
ity conditions using the topological derivative. Using the
topological derivative we use a multimaterial levelset algo-
rithm and present several numerical examples in dimension
two and three for two and three different materials.
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An RBF-FD Closest Point Method for Solving
PDEs on Surfaces

In this work, we present a method for numerically solving
PDEs on closed surfaces based on the combination of the
closest point principles and radial basis function (RBF)-
generated finite difference (FD) discretizations. The clos-
est point principles allow the use of locally embedded sten-
cils with an extension along the normal direction to ap-
proximate the surface derivatives in a RBF-FD meshfree
setting. This approach only requires a scattered-node rep-
resentation of the surface and the normal vectors on these
scattered nodes. Several numerical tests are carried out
to demonstrate the accuracy and effectiveness of our ap-
proach.
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Smooth Geometry Reconstruction of the Di-
aphragm from Noisy Data Using the RBF-PUM
Method

We use the radial basis function partition of unity method
(RBF-PUM) to make a smooth reconstruction of the di-
aphragm directly from noisy point cloud data obtained
through the manual segmentation of the diaphragm from
3D medical images. The surface of the diaphragm is rep-
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resented as the zero-level-set of a global function which is
computed by covering the point cloud domain with overlap-
ping patches and computing local solutions on each patch
through RBF interpolation. The different solutions are
then combined into a global function using weight func-
tions and the data points are then moved to the zero-level-
set surface through Newton iteration. The quality of the
reconstruction is influenced by several different parame-
ters, the most important of which are the number of stencil
points in the local problems, the number of patches cover-
ing the domain and a scaling factor which determines the
size of the separation between the data representing the
lower and upper parts of the diaphragm.
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RBF Modeling of Short Laser Pulses: Thermal Ef-
fects and Wave Collapse

Numerical simulation of the thermal blooming of laser
pulses are modeled. The model includes terms representing
the contributions of thermal blooming and the Kerr effect.
In the context of the model, thermal blooming and the
Kerr effect compete; with the Kerr effect driving and ther-
mal blooming suppressing a phenomenon known as wave
collapse. Numerically, wave collapse presents itself as a
finite-time singularity. Such singularities present challeng-
ing resolution requirements for the split-step Fourier meth-
ods which have been commonly used in similar models. We
implement a model including the use of radial basis func-
tions to alleviate such challenges.

Tony Liu
Air Force Institute of Technology
Tony.Liu@afit.edu

MS147

Radial Basis Functions (RBFs) and Approximate
Definite Integrals (Quadrature/Cubature)

A Radial Basis Function Generated Finite-Differences
(RBF-FD) inspired technique for evaluating definite inte-
grals over bounded domains in up to three dimensions is
described. Such methods are necessary in many areas of
Applied Mathematics, Mathematical Physics and myriad
other application areas, where the task of evaluating def-
inite integrals follows the solution of Partial Differential
Equations or the collection of physical measurements. The
RBF-FD methods outlined in this talk are efficient, easily

parallelizable and tunable to high orders of accuracy.

Jonah A. Reeger
Air Force Institute of Technology
jonah.reeger@afit.edu

MS148

Higher-Order Activation Functions in Neural PDE
Theory

Neural networks have been used successfully in solving very
high dimensional PDEs, overcoming the curse of dimen-
sionality plaguing classical methods. A neural theory of
PDE can explain why and when these neural networks
can overcome the curse of dimensionality. The Barron
spaces and tree-like spaces have been introduced as func-
tion spaces on which to build this neural theory of PDE.
Their study has mostly been focused on the ReLU activa-
tion function. Although the ReLU is ubiquitous in deep
learning, it is of limited use for solving PDEs due to its
limited smoothness. In this work we unify previous work
on different activation functions, and extend the list of re-
lations between activation functions to create a taxonomy
of the Barron spaces based on the activation function used.
We show how the taxonomy can be used for operators.

Tjeerd Jan Heeringa, Len Spek, Felix Schwenninger,
Christoph Brune
Department of Applied Mathematics
University of Twente
t.j.heeringa@utwente.nl, l.spek@utwente.nl,
f.l.schwenninger@utwente.nl, c.brune@utwente.nl
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Physics-Informed Two-Tier Neural Network for
Non-Linear Model Order Reduction

In recent years, machine learning (ML) has had a great
impact in the area of non-intrusive, non-linear model order
reduction (MOR). However, the offline training phase still
suffers from high computational costs since it requires nu-
merous expensive full-order solutions as the training data.
Furthermore, in state-of-the-art methods, neural networks
trained by a small amount of the training data cannot
be expected to generalize well enough, and the training
phase generally ignores the underlying physical informa-
tion. Moreover, state-of-the-art affine decomposition and
hyper reduction techniques are intrusive or entail huge of-
fline computational costs. To resolve these challenges, in-
spired by recent developments in physics-informed neural
networks and the physics-reinforced neural networks, we
propose a non-intrusive, physics-informed, two-tier deep
network (TTDN) method. The proposed network, wherein
the first tier achieves the regression of the unknown quan-
tity of interest (QoI) and the second tier rebuilds the phys-
ical constitutive law between the unknown QoI’s and de-
rived quantities, is trained using pretraining and semi-
supervised learning strategies. To showcase the efficiency
of the proposed approach over the state-of-the-art meth-
ods, we perform numerical experiments on challenging non-
linear and non-affine problems and study the behavior as-
sociated with the high or relatively low computational cost
of the full-order data.

Yankun Hong, Harshit Bansal
Eindhoven University of Technology
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IgaNets: Physics-Informed Machine Learning Em-
bedded Into Isogeometric Analysis

In this talk we present a novel approach to embed physics-
informed neural networks (PINN) into the framework of
Isogeometric Analysis. IGA is an extension of the finite
element method that integrates simulation-based analy-
sis into the computer-aided design pipeline. In short,
the same mathematical formalism, namely B-splines or
NURBS, that is used to model the geometry is adopted
to represent the approximate solution, which is computed
following the same strategy as in classical finite elements.
In contrast to classical PINNs, which predict point-wise so-
lution values to (initial-)boundary-value problems directly,
our IgaNets learn solutions in terms of their expansion coef-
ficients relative to a given B-Spline or NURBS basis. This
approach is also used to encode the geometry and other
problem parameters such as boundary conditions and feed
them into the network as inputs. Once trained, our IgaNets
make it possible to explorer various designs from a family of
similar problem configurations efficiently without the need
to perform a computationally expensive simulation for each
new problem configuration. Next to discussing the method
conceptually and presenting numerical results, we will shed
some light on the technical details of our C++ reference
implementation in Torch. In particular, we will discuss
matrix-based implementation of B-splines that is particu-
larly suited for efficient backpropagation.

Matthias Moller
Delft Institute of Applied Mathematics (DIAM)
Delft University of Technology
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Data Driven Gradient Flows

We present a framework enabling variational data assimi-
lation for gradient flows in general metric spaces, based on
the minimizing movement (or Jordan-Kinderlehrer-Otto)
approximation scheme. After discussing stability proper-
ties in the most general case, we specialise to the space
of probability measures endowed with the Wasserstein dis-
tance. This setting covers many non-linear partial differen-
tial equations (PDEs), such as the porous medium equation
or general drift-diffusion-aggregation equations, which can
be treated by our methods independent of their respective
properties (such as finite speed of propagation or blow-up).
We then focus on the numerical implementation of our ap-
proach using an primal-dual algorithm. The strength of
our approach lies in the fact that by simply changing the
driving functional, a wide range of PDEs can be treated
without the need to adopt the numerical scheme. We con-
clude by presenting detailed numerical examples.

Jan-Frederik Pietschmann
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Quantitative Phase-Field Modeling by Physics-
Constrained Deep Learning

Phase-field models are recently known as standard ap-
proaches for the prediction of solidification microstructure.
However, to perform a predictive phase-field simulation is
remained still computationally challenge in practice, be-
cause numerical solutions exhibit mesh dependency issue.
As a result, the quantitative phase field modeling is limited
to very small spatial scales and low Peclet number regimes.
Recent advances in deep neural networks revealed that the
direct differentiation of neural networks makes it possi-
ble to solve nonlinear partial differential equations (PDEs)
in a computational complexity and accuracy competitive
to classic grid-based approaches like finite different and
finite element methods. In physics-informed neural net-
works methods, instead of using existing data, the physics
of problem is directly included into the training phase and
the neural-network is trained without any required data.
This work communicates results on the solution of PDEs
corresponding to the quantitative phase-field modeling of
pure elements solidification. Different network architec-
tures and ways of training on the accuracy of results are
studied. The results reveal that this method competes with
existing mesh-based approaches in terms of accuracy and
efficiency. In particular, we can train the network in a small
space-time domain, and then can solve the corresponding
PDEs with the already trained network in larger spatial
domains and longer times.

Rouhollah Tavakoli
IMDEA MATERIALS INSTITUTE
IMDEA MATERIALS INSTITUTE
rouhollah.tavakoli@imdea.org
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European Industrial Doctorate

European Industrial Doctorate is one of Doctoral networks
financed by EU within Horizon Europe, Marie Sklodowska
Curie Action, which are the flagship funding programme
for doctoral education and postdoctoral training. It aims
at implementing doctoral programs by partnership of uni-
versities and industries. Young researchers enrolled in this
type of projects are jointly supervised by academic and in-
dustrial partners and work on research projects that are
inspired by real industrial challenges. The program is an
excellent opportunity for young people who are looking to
step outside academic world and broaden their skills and
it is open to students from all over the world. The details
of the partnership between academia and industry will be
presented in this talk as well as some examples of successful
EID in mathematics.

Natasa Krejic
University of Novi Sad
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Industrial Mathematics at Fraunhofer ITWM: Ca-
reer Opportunities at the Interface of Applied Re-
search and Industry Projects

A brief look on the activities at ITWM will be given, fol-
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lowed by a short overview of the activities of the depart-
ment (Math for the Digital Factory), and how this relates
to the activities of the ITWM spin-off company fleXstruc-
tures GmbH, the collaboration with FCC Gteborg and
their spin-off IPS AB. Wr.t. this background, some re-
flections on whats important for math graduates to work
successfully in industry, or research institutes like ours that
collaborate intensively with industry will be shared, and
how this differs from research work in academia.

Joachim Linn
Fraunhofer ITWM
Kaiserslautern, Germany
joachim.linn@itwm.fraunhofer.de
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CSE Careers in the United States’ DOE National
Laboratories

The National Laboratories that are operated by the United
States Department of Energy (DOE Labs) provide oppor-
tunities for excellent careers performing research and de-
velopment in Computational Science and Engineering. The
DOE Labs specialize in Big Science, including foundational
and applied research that requires large, interdisciplinary
teams, working on grand challenge applications such as fu-
sion energy, climate modeling, battery technology, next-
generation computing architectures, and a host of national
security applications. Many of us have found a career at the
DOE Labs to be the ideal middle ground between academia
and industry, where we can work on challenging problems
with excellent colleagues to advance technology to tackle
some of the worldś most pressing issues.

Andrew Salinger
CSRI
Sandia National Labs
agsalin@sandia.gov
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Lessons from 10 Years of Mathematical Consul-
tancy

Sioux Technologies is a global technology partner that sup-
ports or acts as the RD department for high-tech compa-
nies. The company has a unique market position due to
its dedicated applied mathematics department of about 60
engineers, branded the ’Mathware’ department. This de-
partment applies mathematics in a very broad sense, from
computational physics, through signal processing up to ar-
tificial intelligence. The Mathware department spun out
of the mathematics department of the Technical Univer-
sity of Eindhoven a little over 10 years ago. Over these
10 years (and more), many lessons have been learned on
how to approach industrial mathematics coming from a
background of applied and numerical mathematics in an
academic setting, as well as experiencing the growth from
10 people to 60 people. These experiences have led to prin-
cipled approaches applied by Sioux regarding people man-
agement, technology management, software quality man-
agement and foremost project management through ’the
Mathware method’.

Bas van der Linden
Sioux Technologies
Technical University of Eindhoven
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Semi-Implicit Time Integration for Multiscale
Tokamak-Edge Plasma Dynamics

Tokamak edge plasmas are characterized by a large range
of time scales, and the scales of interest are often much
slower than the fastest scales. We present an implicit-
explicit (IMEX) time integration framework in COGENT,
a high-order code for tokamak edge simulations. The gov-
erning equations comprise collisional gyrokinetic equations
for ion species and may include fluid equations for charged
and neutral species as well as kinetic, fluid, or Boltzmann
models for electrons. The large number of physics mod-
els implemented requires a flexible framework, where the
implicit terms depend on the specific simulation. We im-
plement additive Runge-Kutta (ARK) methods, where the
implicit system is solved using the Jacobian-free Newton-
Krylov method. We also consider a modified form of the
ARK methods for ODEs with a nonlinear left-hand-side
operator, d[M(u)]/dt = L(u), that arise from a vorticity
model of the electrostatic potential. The implicit term
comprises multiple physics models; thus, we adopt a mul-
tiphysics preconditioning strategy that wraps individual
preconditioners for each model with an operator-split ap-
proach to precondition the overall system. This allows tai-
lored preconditioning strategies for each implicit physics.
We demonstrate our algorithm on test cases representative
of tokamak-edge plasma dynamics. This work was per-
formed under the auspices of the U.S. Department of En-
ergy by Lawrence Livermore National Laboratory under
Contract No. DE-AC52-07NA27344.
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A Structure Preserving, Conservative, Low-Rank
Tensor Scheme for Solving the 1D2V Vlasov-
Fokker-Planck Equation

We propose a hybrid low-rank tensor scheme for solving the
1D2V Vlasov-Fokker-Planck equation in Cartesian physi-
cal space and cylindrical velocity space. The solution is
full rank in physical space and low rank in velocity space.
By incorporating several robust methods into our proposed
algorithm, we attain a scheme that is conservative, equi-
librium preserving, relative entropy dissipative, and low-
rank with low storage complexity. A kinetic ion – fluid
electron model is assumed; the Leonard-Bernstein-Fokker-
Planck operator is discretized using a structure preserving
Chang-Cooper method; and the updated solution is trun-
cated using a local macroscopic conservative low rank ten-
sor method. Preliminary numerical results are presented
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to demonstrate these properties.

Joseph Nakao
University of Delaware
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A Time-Domain Preconditioner for the Helmholtz
Equation: Relation with Other Methods

Several methods in the literature determine solutions to
the Helmholtz equation by solving instances of a discrete
time-domain wave equation. In this work we study a new
method of this type, called a time-domain preconditioner.
Given an indefinite linear system, a matrix recurrence re-
lation is constructed, such that in the limit of infinitely
many time steps the exact discrete solution is obtained.
Using a large, finite number of time steps, an approximate
solution is obtained. To improve the convergence, the pro-
cess is used as a preconditioner for GMRES, and the time-
harmonic forcing term is multiplied by a smooth window
function. In this talk we will discuss in particular a com-
parison with other time-domain solvers, as well as some
recent performance result using graphics processing units
(GPUs).

Chris Stolk
University of Amsterdam
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Maximum-Entropy Quadrature for Moment Equa-
tions in Kinetic Gas Theory

Using the method of moments to approximate the so-
lution of kinetic equations is a popular technique espe-
cially to model rarefied gases. One attractive example the
maximum-entropy closure, which, however, in relevant sce-
narios is computationally hardly affordable due to its non-
linearity and singular behavior. In this talk, we will review
the maximum entropy approach and combine it with the
quadrature method of moments. This allows to keep pos-
itive aspects from each approach while eliminating prob-
lematic features. Entropic quadrature calculates a sparse
quadrature-based reconstruction of the unknown velocity
distribution in a discrete way and the physical meaningful
maximum-entropy principle is employed as a criterion for
selecting a denser, possibly continuous quadrature among
different quadratures fitting the given moments. We will
discuss the construction of the closure and give several nu-
merical examples of its performance in one and two dimen-
sions.

Manuel Torrilhon
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Approximation Theory of Deep Learning for Se-
quence Modelling

In this talk, we present some recent results on the approx-
imation theory of deep learning architectures for sequence
modelling. In particular, we formulate a basic mathemati-
cal framework, under which different popular architectures
such as recurrent neural networks, dilated convolutional
networks (e.g. WaveNet), encoder-decoder structures can
be rigorously compared. These analyses reveal some inter-
esting connections between approximation, memory, spar-

sity and low rank phenomena that may guide the practical
selection and design of these network architectures.
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Stabilized Neural Ordinary Differential Equations
for Long-Time Forecasting of Dynamical Systems

In data-driven modeling of spatiotemporal phenomena
careful consideration often needs to be made in captur-
ing the dynamics of the high wavenumbers. This problem
becomes especially challenging when the system of interest
exhibits shocks or chaotic dynamics. We present a data-
driven modeling method that accurately captures shocks
and chaotic dynamics by proposing a novel architecture,
the stabilized neural ordinary differential equation (ODE).
Here we learn the right hand side of an ODE by adding
the outputs of two neural networks (NN) together where
one learns a linear term and the other a nonlinear term.
Specifically, we implement this by training a sparse lin-
ear convolutional NN to learn the linear term and a dense
fully-connected nonlinear NN to learn the nonlinear term.
This is in contrast with the standard neural ODE which
involves training only a single NN for learning the RHS.
Our method is applied for learning the viscous Burgers and
Kuramoto-Sivashinsky equations where we outperform the
standard variant not only in terms of metrics but also in
terms of the capture of key physical characteristics such as
discontinuities in the former and chaotic invariant mani-
folds in the latter.

Romit Maulik
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Transformer with Fourier Integral Attentions

Multi-head attention empowers the recent success of trans-
formers, the state-of-the-art models that have achieved re-
markable success in sequence modeling and beyond. These
attention mechanisms compute the pairwise dot products
between the queries and keys, which results from the use
of unnormalized Gaussian kernels with the assumption
that the queries follow a mixture of Gaussian distribution.
There is no guarantee that this assumption is valid in prac-
tice. In response, we first interpret attention in transform-
ers as a nonparametric kernel regression. We then propose
the FourierFormer, a new class of transformers in which the
dot-product kernels are replaced by the novel generalized
Fourier integral kernels. Different from the dot-product
kernels, where we need to choose a good covariance ma-
trix to capture the dependency of the features of data, the
generalized Fourier integral kernels can automatically cap-
ture such dependency and remove the need to tune the co-
variance matrix. We theoretically prove that our proposed
Fourier integral kernels can efficiently approximate any key
and query distributions. Compared to the conventional
transformers with dot-product attention, FourierFormers
attain better accuracy and reduce the redundancy between
attention heads. We empirically corroborate the advan-
tages of FourierFormers over the baseline transformers in a
variety of practical applications: language modeling, ma-
chine translation, image classification, continuous control
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tasks.
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Physics-Inspired Machine Learning for Sequence
Modeling

Combining physics with machine learning is a rapidly grow-
ing field of research. Thereby, most work focuses on
leveraging machine learning methods to solve problems in
physics. Here, however, we focus on the reverse direc-
tion of leveraging structure of physical systems (e.g. dy-
namical systems modeled by ODEs or PDEs) to construct
novel machine learning algorithms, where the existence of
highly desirable properties of the underlying method can
be rigorously proved. In particular, we propose several
physics-inspired deep learning architectures for sequence
modelling based on coupled oscillators, Hamiltonian sys-
tems and multi-scale dynamical systems. The proposed
architectures address central problems in the field of recur-
rent sequence modeling, namely the vanishing and explod-
ing gradients problem as well as the issue of limited expres-
sive power. Finally, we show that this leads to state-of-the-
art performance on several widely used benchmark prob-
lems ranging from image recognition over speech recogni-
tion to NLP applications.
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ETH Zurich
konstantin.rusch@sam.math.ethz.ch

MS151

Universal Approximation of Random Neural Net-
works

In this paper, we study single-layer feedforward neural net-
works with randomly initialized weight matrices and bias
vectors, which is inspired by the works on extreme learn-
ing machines, random feature models, and reservoir com-
puting. In this case, only the linear readout needs to be
trained, which can be performed, e.g., by a linear regres-
sion. Despite the popularity of this approach in empirical
tasks, only little is known about the approximation capa-
bilities of such networks. By considering these so-called
“random neural networks’ as Banach space-valued random
variables, we provide several universal approximation the-
orems within the underlying Bochner space. Moreover, we
extend the results to more general function spaces such as
Lp-spaces and also consider the simultaneous approxima-
tion including the derivatives, which can be used for the
approximation in Sobolev spaces.
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Reduced Order Surrogate Modelling and Latent

Assimilation for Dynamical Systems

Reduced-order modelling and low-dimensional surrogate
models generated using machine learning algorithms have
been widely applied in high-dimensional dynamical sys-
tems to improve the algorithmic efficiency. In this work, we
develop several systems which combines reduced-order sur-
rogate models with data assimilation (DA) inside the latent
space to incorporate real-time observations from different
physical spaces. We make use of local smooth surrogate
functions which link the space of encoded system variables
and the one of current observations to perform variational
DA with a low computational cost. The proposed model
can benefit both the efficiency provided by the reduced-
order modelling and the accuracy of data assimilation. A
variety of different applications, including wildfire spread
prediction, CFD modellings for multiphase flow and surro-
gate models for microfluidic drops will be presented in this
talk.
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Error Assessment for a Finite Elements - Neural
Networks Approach Applied to Parametric PDEs

We consider a parametric PDE

F(u(x;μ);μ) = 0 x ∈ Ω, μ ∈ P ,

where Ω denotes the physical domain and P the param-
eters domain. During an offline phase, time consuming
approximations uh(·;μi) of u(·;μi) are computed using a
finite element mesh with size h, for given μi, i = 1, . . . , N .
Then, the parameter-to-solution map μ �→ uh(·;μ) is ap-
proximated using a deep neural network, producing an ap-
proximation uh,N (·;μ) of uh(·;μ). The evaluation of the
neural network, performed in an online phase, is instan-
taneous, or at least much faster than a single numerical
simulation. We next decompose the L2 error in Ω×P into

||u− uh,N ||L2(Ω×P) ≤ ||u− uh||L2(Ω×P) + ||uh − uh,N ||L2(Ω×P).

Both error terms can be estimated using Monte-Carlo type
estimates over the parameters space and an a posteriori
error estimator in the physical space for the first term. In
the presentation, we discuss in more detail the estimation
of these two terms and show numerical experiments both
for a model problem and a more complex one.
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Efficient Synthesis of Antenna Arrays Using



154 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 153

Latent-Space Modelling

A popular antenna type is the phased-array antenna, an
antenna type characterized by a large quantity of individ-
ually controllable antennas working in unison. Typically,
the applications impose strict requirements on the radia-
tion pattern from the array antenna, which require detailed
optimisation of the antenna parameters. A major draw-
back of phased-array antenna design is the array synthe-
sis problem, i.e., determining the phases of the array such
that the requirements are satisfied. The synthesis prob-
lem poses several major challenges that are tied to, e.g.,
conflicting objectives of the underlying optimisation, many
local optima, and the need to carry out computationally
costly online simulations. To address these challenges, this
work demonstrates how latent-space modelling by custom-
tailored autoencoders can augment and improve state-of-
the-art, model-based synthesis of phased arrays. We ex-
plore an encoder-decoder structure that combines highly
accurate simulation-based synthetic data with application-
tailored models that are embedded into the network ar-
chitectures, thereby guiding the latent space to reflect the
real-world antenna problem, allowing low-rank subspaces
to be extracted from the data. Numerical results demon-
strate that the autoencoder has a significant potential to
accelerate array synthesis to near real-time by generating
good starting guesses for specialized optimizers.

Lasse Hjuler Christiansen, Oscar Borries, Niels Skovgaard
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Generative Network-Based Reduced Order Model
for Data Assimilation and Uncertainty Quantifica-
tion in the Latent Space

The production of numerous high-fidelity simulations has
been a key aspect of research for many problems in compu-
tational physics. The computational resources and time re-
quired to generate these simulations can be so large and im-
practical. With several successes of generative models, we
propose a new method in which generative neural networks
within a reduced-order model (ROM) framework are used
for prediction, data assimilation and uncertainty quantifi-
cation. A method has been developed which enables a gen-
erative network to perform time series prediction and data
assimilation by training it with unconditional simulations
of a discretized partial differential equation (PDE) model.
After training, the generative model can be used to pre-
dict the spatio-temporal evolution of the physical states
and observed data can be assimilated. We also describe
the process required in order to quantify uncertainty, dur-
ing which no additional simulations of the high-fidelity nu-
merical PDE model are required. These methods work in
the latent space (reduced space), which improves efficiency,
also they take advantage of the adjoint-like capabilities of
neural networks and the ability to simulate forwards and
backwards in time. The results show that the proposed
Generative Network-Based ROM can efficiently quantify
uncertainty and accurately match the observed data, us-
ing only few unconditional simulations of the high-fidelity
numerical PDE model.
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Structure Preserving Machine Learning: Energy-
Conserving Neural Network for Turbulence Clo-
sure Modelling

In turbulence modelling, and more particularly in the LES
framework, we are concerned with finding a suitable closure
model to represent the effect of the unresolved subgrid-
scales on the larger/resolved scales. In recent years, the
scientific computing community has started to gravitate
towards machine learning techniques to attempt to solve
this issue. However, stability and abidance by physical
structure laws of the resulting closure models is still an
open problem. We apply a spatial averaging filter to a
high-resolution reference simulation to reduce the degrees
of freedom of the system and derive a new kinetic energy
conservation condition. We then suggest a data-driven
compression to represent the subgrid-scale content as la-
tent variables, living on the coarse grid, in order to com-
ply with our new conservation condition. Finally, a skew-
symmetric energy-conserving convolutional neural network
architecture is introduced that can be enhanced with dissi-
pative terms to account for viscous flows. Combined with a
structure-preserving discretization this framework is used
to evolve both the filtered solution and the latent subgrid-
scale representation in time in a structure-preserving fash-
ion. This yields stability while still allowing for backscat-
ter. We apply the methodology to both the viscous Burg-
ers’ equation and Korteweg-De Vries equation in 1-D and
show increased accuracy and stability as compared to a
standard convolutional neural network.
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Challenges and Requirements in Modeling Electri-
cal Machines for Digital Twins

A Digital twin is a virtual representation of a system that
uses physics based and data driven simulations to improve
prediction, optimization, monitoring, controlling of the sys-
tem. In this work the focus is on developing a digital twin
for an electrical machine. Based on the functions of the
digital twin, we present the requirements on the simula-
tions that needs to be developed and the main challenges
facing the construction of these models. These challenges
include real-time simulations, multiphysics coupling, data
assimilation and adaptive modeling. We present an ini-
tial investigation of those challenges by proposing solu-
tions using hierarchical and port-Hamiltonian modeling.
Port-Hamiltonian systems provide a framework that works
across different physical domains and different scales and
that can help in the development of the digital twin for elec-
trical machines, in particular on the industrial scale. An
outlook at potential solutions of the challenges and topics
that are still open is also discussed.
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Advanced Technologies Enabling Augmented Intel-
ligence and Twins

The present paper revisits the state of the art and recent
developments on the different components of a physics-
informed digital twin, in particular model order reduc-
tion techniques enabling solving physics under the strin-
gent real-time constraints; then, advanced machine learn-
ing techniques able to perform from quite reduced amount
of data and operating online. The so-called hybrid-twin
results from the hybridation of both components, making
use of the existing knowledge and the collected data ap-
propriately assimilated into the models (calibration) and
on the machine learning training. The issue related to the
optimal data collection (what data where and when) as
well as the most informative one (active leaning) will be
also addressed. The general framework will be illustrated
with some major achivements.
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On a Digital Twin for Contact Mechanics Driven by
Operator-Inference-Based Model Order Reduction
Approach

Many industrial problems include mechanical contacts,
which often are a pitfall in the context of real-time simula-
tions. Model order reduction techniques are in general uti-
lized for enabling fast simulations. For constrained prob-
lems such as contacts, an additional treatment is required.
Novel physics-based reduction methods for contact prob-
lems were presented in [Manvelyan et al., Comput Mech 68,
12831295 (2021), Manvelyan et al., Int J Numer Methods
Eng, 1-27, (2022)]. Within this work we introduce a new
method, which is a generalization of the recent physics-
based reduction frameworks. The generalized method is
driven by operator inference method and adjoint methods.
That way the unconstrained problem can be learned from
data stemming from black-box models, whereas the contact
behavior is reproduced within the adjoint system describ-
ing the Lagrange multipliers, i.e., the variables that enforce
the contact conditions.
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Real-Time Probabilistic Learning and Virtualiza-

tion of Dynamic Systems

Among the large assortment of Structural Health Monitor-
ing (SHM) techniques, vibration-based methods emerge as
a promising means of automated assessment for structural
and mechanical systems. These methods aim at providing
a diagnostic suit, which is able to notify the operators on
the occurrence of faults as well as on the necessity to un-
dertake possible actions in real-time. Although such strate-
gies may prove significantly more efficient than traditional
time-based maintenance approaches, the challenge of im-
plementation consists in the requirement for more sophis-
ticated data processing techniques that will allow to distill
the measured information and extract a set of robust and
condition-sensitive indicators. This contribution is focused
on the fusion on data-driven and physics-based modeling
techniques, in order to devise a computationally efficient
framework for online assimilation of output-only vibration
measurements into the virtual instances of monitored sys-
tems, towards the materialization of real-time Digita Twins
(DTs). The major challenges to be addressed in this re-
spect are associated with the methodological tools and the
modeling-related aspects, which comprise the uncertainty
and complexity related to global model-based approaches,
the nonlinear effects occurring on slender components, the
system variability induced by the changing environmental
and operational conditions and the existence of structural
flaws.
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Adaptive Planning for Predictive Digital Twins

A digital twin is a virtual model dynamically updating
which is able to mirror a physical asset of interest through-
out its operational lifespan. Digital twins are rapidly
spreading and are used in a diverse range of engineering ap-
plications. They allow predictive maintenance, optimiza-
tion, and planning, among others. In this talk we present
a digital representation of an unmanned aerial vehicle, fo-
cusing on its structural health, in the framework of au-
tonomous aerial cargo missions. We show how to incor-
porate adaptive planning, assimilating information during
the operational regime. We parametrize the state tran-
sition probability of the underlying Markov decision pro-
cess with a beta distributed random variable. We exploit
a Bernoulli process to update the posterior distribution
without the need of numerical integration. This allows
the selection of a new policy at every time step, adapt-
ing online the planning strategy to balance the structural
self-preservation and time to arrive at client location.
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The Eu-Maths-in OpenDesk: a European One Stop
Shop for Researchers and Entrepreneurs

The EU-Maths-IN OpenDesk launched in 2022 will be pre-
sented as a European one-stop-shop to facilitate the con-
nection between the more than 400 research centres partic-
ipating in EU-Maths-IN and industry. The OpenDesk aims
to be a driving force for European innovation for industries
and companies from all sectors, small and medium-sized
enterprises, start-ups, and administrations. In this talk,
the portfolio of services offered to companies will be pre-
sented, as well as OpenDesk workflow for both customers
- industry in the broadest sense - and service providers -
the nearly 9000 researchers integrated around 400 research
centres of excellence as nodes of the 20 national networks
of EU-Maths-IN.
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Numerical Simulation of Innovative Processes for
Silicon Production in the SisAl Project

SisAl Pilot is an Horizon 2020 funded project coordi-
nated by Norwegian University of Science and Technol-
ogy (NTNU) which comprises 22 partners from 9 coun-
tries. The main objective of this project is to demonstrate
a patented novel industrial process to produce silicon. The
actual carbothermic Submerged Arc Furnace (SAF) pro-
cess is replaced by a far more environmentally and eco-
nomically sustainable alternative: the aluminothermic re-
duction of quartz, which allows to use secondary raw mate-
rials such as aluminium (Al) EoL scrap and dross, instead
of carbon reductant used today. To attain this goal, differ-

ent types of furnaces are being analyzed. In this contribu-
tion, we will focus on modelling and simulation of induction
and rotary furnaces. Depending on the furnace, the simu-
lations require to study several physical processes strongly
coupled: heat transfer, multiphase fluid dynamics, elec-
tromagnetism, melting processes and chemical reactions.
Thus, the challenge is to carry out numerical simulations
based on these models that can support the experimental
trials in plant of the industrial partners Elkem AS, Tech-
nology (Norway) and Fundiciones Rey SL (Spain).
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Real-Time Boundary Heat Flux Estimation in Con-
tinuous Casting Molds Using Data Assimilation

In continuous casting of steel, the most critical component
is the mold. In the mold, the steel begins its solidification,
and several complex physical phenomena happen. To en-
sure a proper control of the process, it is necessary to know
how the steel is behaving inside the mold. However, it is
not possible to make measurements inside the solidifying
steel and the only available data are pointwise tempera-
ture measurements in the interior of the mold plates. To
provide a tool for the proper control of the process, we de-
veloped a methodology for the real-time estimation of the
heat flux at the steel-mold interface given the temperature
measurements. With this tool, we allow the caster oper-
ator to quickly detect any malfunctioning in the casting
increasing the safety and the productivity of continuous
casters.
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A Digital Twin for Urban Bus Routes Comparison

In Barcelona, there is service called ”Bus del Barri” with
eminently social routes usually that have a meagre recovery
ratio. Their itineraries typically respond more to the com-
munity’s will than to recommendations found in specialized
handbooks. There is a problem that consists on deciding
if it is feasible the replacement of a group of district routes
by a Bus on Demand model (DRT) by pursuing an alter-
native that offers a level of service equal to or higher than
a group of local fixed routes at a comparable or lower cost.
A DRT service is a new model of transportation based on
the concept of a tailored ride with a starting and an ending
point previously agreed by the user and the company. This
new model aims to be a more economical and ecological al-
ternative. The main objective of this talk is to present a
real-time simulation approach by means of a digital twin
(with a modular structure). These modules handle, for ex-
ample, the generation of potential service requests by using
the available data to feed forecasting models of event de-
mand. The computation of all possible combinations of
optimal routes is also considered and, also the digital twin
is responsible of the choice of the route that best suits the
service requirements (through a utility function) using a
genetic algorithm. All together it allows to extract a series
of indicators that help to decide if the change is useful or
not.
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Quadratization of Differential Equations: the Con-
nection with Analogic and Digital Computability
of Their Solutions

In this talk a recent method, said ’exact quadratization’,

of manifold immersion where the image vector field is al-
ways quadratic in the local, whatever chosen, coordinates
is described, and the relevance of such kind of immersion
is illustrated in problems of applied mathematics. In par-
ticular, it will be shown that exact quadratization allows
a fast calculation of the Taylor coefficients in Taylor series
methods for ODE numerical integration. The problem of
classify quadratizable nonlinear functions is also sketched.
It will be shown that this problem is closely related with
computability, and in particular that the class of quadra-
tizable functions consists of all the functions that can be
generated though analog computer, which in turn consists
(for ODEs) of all differentially algebraic functions. Con-
nections with the algebraic theory of control is highlighted
as well.
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Quadratisation for Periodic Solutions Continuation

The talk will be concerned with the quadratisation pro-
cess that we are using in the in-house software Manlab-4
devoted to the continuation of periodic solution branches
of smooth ODE systems. Our numerical strategy relies
on a successive use of two series expansion: a high or-
der Fourier series for the periodic solution finding and a
high order Taylor series for the continuation process (the
so-called Asymptotic-numerical Method). In order to be
able to easily and automatically derive the reduced equa-
tions (by collecting term with the same power), the ODE
system is augmented with auxiliary variables and equa-
tions, so that each equation becomes either a quadratic
one or involves only a single transcendental function (ex:
y=exp(x)). The differentiated form of the transcendental
function is also written quadratically (dy= x*dx) for use
in the series computation. The size of the augmented sys-
tem may be much higher than the one of the original ODE
system, but since we use a systematic condensation of the
auxiliary variables each time we solve a linear system, this
is not a drawback. The last implementation of this strat-
egy makes an intensive use of sparse tensors of order one,
two and three, and its computational performances allows
to treat moderate size systems obtained by a finite element
discretization of a continuous problem. Various examples
ranging from solid vibrations, nonlinear acoustics and fluid-
structure interactions will be presented.
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On the Quadratization Problem Preserving the Set
of Stable States Only

In previous work, we have shown the NP-hardness of the
quadratization optimization problem for transforming a
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polynomial ordinary differential equation (PODE) given
in explicit form in non-succinct matrix representation, into
a PODE of degree at most 2, preserving the solution of
the original variables, and introducing a minimum number
of monomial variables with bounded degrees. That prob-
lem is part of our compilation pipeline for transforming
any computable real function presented by a PODE, into
an elementary Chemical Reaction Network (CRN) which
computes that function on a distinguished output species.
In this talk, we are interested in a notion of online robust
analog computation using stabilizing CRN/PODE, i.e. sys-
tems for which the input/output relation is solely defined
by the set of stable fixed points. This leads us to study
a variant of the quadratization problem which preserves
the set of stable states of the original system instead of
the complete trajectories. While this problem may seem
simpler than the previous one, we show its NP-hardness
in the non-succinct representation with a reduction of the
cover vertex set problem as previously. We report however
on satisfactory practical performance results obtained with
our MAXSAT implementation on a benchmark of CRN
synthesis problems.
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Towards Automatic Quadratization for PDEs

Quadratization problem is, given a system of ODEs with
polynomial right-hand side, transform the system to a sys-
tem with quadratic right-hand side by introducing new
variables. Such transformations have been used, for exam-
ple, as a preprocessing step by model order reduction meth-
ods and for transforming chemical reaction networks. We
will present an extension of a recent algorithm for finding
optimal quadratizations with new variables being mono-
mials to the case of systems with inputs, and show its ap-
plications to models from the literature. We will use this
to give an algorithm for quadratizing evolutionary polyno-
mial PDEs. The talk is based on joint works with Andrey
Bychkov and Boris Kramer.
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On Convergence Analysis of a First-Order Semi-
Discrete Numerical Scheme for a Hydrodynamic
Q-Tensor Model for Liquid Crsytals

We present a convergence analysis of an unconditional
energy-stable first-order semi-discrete numerical scheme
designed for the hydrodynamic Q-tensor model based on
the Invariant Quadratization Method(IEQ). This model
couples a Navier-Stokes system for the flows and a
parabolic type Q-tensor system governing the nematic crys-
tal director fields. The invariant Quadratization Method
enables us to construct a linear scheme for the systems, ac-
celerating the computation speed. However, it introduces
an auxiliary variable into the systems to replace the bulk
potential energy. A typical problem is whether this new
variable coincides with the original energy. In this work,

we prove the stability properties of the scheme and show its
convergence to a weak solution of the coupled liquid crystal
system. In the weak sense, we have also demonstrated the
equivalence of the solution for the reformulated and origi-
nal systems. Numerical experiments are also provided.
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Projection Scheme in a Discrete Exterior Calculus
Framework for the Navier-Stokes Equations

Discrete exterior calculus (DEC) is a discretization within
the family of geometric integrators. A fundamental prop-
erty of DEC is that it naturally satisfies the relation d2 = 0
to machine precision, where d is the discrete exterior dif-
ferential operator. This relation is essential as it describes
both identities curl grad = 0 and div curl = 0 of the vector
calculus. Thus, ensuring these relations at the discrete level
circumvents parasitic solutions. Many attempts have been
made to predict flows by DEC, and the stream-function
approach is often preferred due to its pressure-free for-
mulation. For many other applications where the explicit
computation of the pressure is required, we need to solve
the governing equations in primary variables (velocity-
pressure). In this case, Chorins projection scheme based on
the HelmholtzHodge decomposition can be used. It con-
sists of predicting an intermediate velocity field, which is
subsequently projected onto a solenoidal space via a Pois-
son equation for the pressure with Neumann boundary con-
ditions. In this presentation, a projection scheme adapted
to DEC is formulated. In particular, we show how Neu-
mann boundary conditions can be incorporated into the
DEC formulation, independent of the choice of the discrete
Hodge operator. Validation experiments are performed in
a benchmark simulation: lid-driven cavity flow. We show,
for different Reynolds numbers, that our results very accu-
rately match those in the literature.
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Generating DEC Simulations from Diagrammatic
Equations

When assembling multiphysics simulations, the complexity
of mathematics and software can overwhelm the simulation
developer. By approaching the representation and assem-
bly of multiphysics problems as a synthetic differential ge-
ometry problem and using de Rahm complexes to model
partial differential equations, we developed Decapodes.jl,
a software library for representing, composing, and solv-
ing partial differential equations. The diagrammatic repre-
sentations provide an intuitive interface for specifying the
relationships between variables in a system of equations,
a method for composing systems equations into a multi-
physics model using an operad of wiring diagrams, and an
algorithm for deriving solvers using directed hypergraphs.
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This approach yields a method of generating executable
systems from these diagrams using the operators of dis-
crete exterior calculus on a simplicial set. The generated
solvers produce numerical solutions consistent with state of
the art open source tools as demonstrated by benchmark
comparisons with SU2. This software demonstrates the
feasibility of synthetic approach to differential geometry
as a foundation for numerical multiphysics simulation and
identifies areas requiring further development, potentially
via implementation of the finite-element exterior calculus.
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Naturality of Discrete Exterior Derivative and Dis-
crete Wedge Product

In discrete exterior calculus, simplicial cochains play the
role of discrete forms, the coboundary operator serves as
the discrete exterior derivative and an antisymmetrized cup
product like operator plays the role of wedge product. In
smooth calculus on manifolds, an important property of
the exterior derivative and wedge product is the naturality
of these two operators with respect to smooth maps. That
is, the exterior derivative commutes with pullbacks and
so does the wedge product. Both these naturality prop-
erties are important in the smooth theory. For example,
the chain rule in calculus is precisely the naturality of the
exterior derivative. We show that in the discrete theory,
abstract simplicial maps play the role of smooth maps in
this context. That is, the discrete exterior derivative and
wedge product commute with pullback via abstract simpli-
cial maps.
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On the Role of the Weights in Polynomial Interpo-
lation of Differential Forms

For the polynomial interpolation of differential k-forms on
simplices, we present a framework that allows to general-
ize fundamentals concepts featuring in the classical scalar
case. To this purpose, we rely on particular degrees of free-
dom that fit with the physical and geometrical nature of
the field to interpolate: the weights on small k-simplices.
A weight is the integral of a k-form on a k-simplex. As

nodal evaluations of a scalar field are done at the nodes
of suitably selected sets in the mesh elements, similarly,
weights of a field, intended as a k-form, are computed, in
each mesh element, on suitably selected sets of simplices
of dimension k, called small k-simplices (that are nodes for
k = 0, edges if k = 1, faces for k = 2, volumes for k =
n). Weigths on small k-simplices play the role of interpo-
lation coefficients when reconstructing scalar/vector fields
in terms of a set of selected multivariate polynomial forms.
As in the nodal case, a generalised Lebesgue constant pops
up naturally to measure the stability of the interpolation
and the Runge phenomenon may appear for particular dis-
tributions of small k-simplices.
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An Introduction to DEC and FEEC

Discrete Exterior Calculus (DEC) and Finite Element Ex-
terior Calculus (FEEC) are two closely related frameworks
for structure-preserving numerical modeling and computa-
tion. Both are based on the exterior calculus of differential
forms, which generalizes the usual calculus of scalar and
vector fields, making it possible to express a wide variety
of PDEs in this language. As the opening talk of this min-
isymposium, this presentation will give a brief introduction
to exterior calculus and a survey of the DEC and FEEC
frameworks.
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Escaping the Abstraction: a Foreign Function In-
terface for the Unified Form Language (ufl)

High level domain specific languages for the finite element
method underpin high productivity programming environ-
ments for simulations based on partial differential equa-
tions (PDE) while employing automatic code generation
to achieve high performance. However, a limitation of this
approach is that it does not support operators that are not
directly expressible in the vector calculus. This is critical in
applications where PDEs are not enough to accurately de-
scribe the physical problem of interest. Examples include
nonlinear implicit constitutive laws such as the Glen’s flow
law for glacier flow, the use of deep learning models to
include features not represented in the differential equa-
tions, or closures for unresolved spatiotemporal scales. We
introduce an interface within the Firedrake finite element
system that enables the inclusion of arbitrary operators
in PDE-based problems. This new feature composes with
the automatic differentiation capabilities of Firedrake, en-
abling the automated solution of inverse problems.
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Mixed-Domain Coupled Finite Elements in FEn-
iCSx

Mixed-dimensional partial differential equations (PDEs)
are equations coupling fields defined over distinct domains
that may differ in topological dimension. Such PDEs nat-
urally arise in a wide range of fields including geology,
bio-medicine, and fracture mechanics. Mixed-dimensional
models are also used to impose non-standard conditions
through Lagrange multipliers. Finite element discretiza-
tions of such PDEs involve nested meshes of possibly het-
erogeneous topological dimension. The assembly of such
systems is non-standard and non-trivial, and requires the
design of both generic high level software abstractions and
lower level algorithms. The FEniCS project aims at au-
tomating the numerical solution of PDE-based models us-
ing finite element methods. A core feature is a high-level
domain-specific language for finite element spaces and vari-
ational forms, close to mathematical syntax. Lately, FEn-
iCS gave way to its successor FEniCSx, including ma-
jor improvements over the legacy library. An automated
framework was developed in core FEniCS legacy libraries
to address the challenges characterizing mixed-dimensional
problems. These concepts were recently ported to FEn-
iCSx, taking advantage of the underlying upgrades in the
library features and design. This talk gives an overview of
the abstractions and algorithms involved, and their imple-
mentation in the FEniCS project core libraries. The intro-
duced features are illustrated by concrete applications in
engineering and biomedicine.
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xDSL: A Compiler Infrastructure for Python DSLs

Domain scientists simulate increasingly larger and more
complex phenomena, and as a result, must reason about
complex low-level parallelism to harness the full power of
heterogeneous architecture. Domain Specific Languages
(DSLs) abstract away lower-level decisions for multiple
back-ends and architectures, allowing domain experts to
reason only about high-level concepts. However, DSLs
are often developed in isolation and require a lot of effort
on the part of the DSL developer, because they cannot
reuse pre-existing abstractions defined by other compila-
tion pipelines. We present xDSL, an extensible Python
compiler framework that allows compiler developers to
reuse abstractions of existing DSLs. xDSL can also lever-

age the compiler back-end provided by MLIR, which is a
new compiler framework from the LLVM community. Ad-
ditionally, we will present our first integration of xDSL in
the Devito and Psyclone compilers, to demonstrate the ca-
pabilities of xDSL towards representing different abstrac-
tions. The goal of this project is to help different com-
munities share compiler abstractions, in order to build a
rich ecosystem of shared intermediate representations and
optimizations instead of a large set of isolated monolithic
compilers.
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The Next Step: Interoperable Domain-Specific
Programming

Even though domain-specific programming approaches al-
low for readable, scalable, and maintainable software with-
out sacrificing performance, the new paradigm of learned
physics-informed models calls for an interdisciplinary ap-
proach typically involving multiple domain-specific lan-
guages. Take for example the problem of inverting for the
fluid-flow properties from time-lapse seismic data, which
entails domain-specific programming on the intersection of
wave simulators, matrix-free linear algebra, learned neu-
ral surrogates for two-phase flow, and prior and posterior
distributions for the fluid-flow properties. While domain-
specific solutions exist for each of these sub-disciplines,
integrating these approaches which may involve differ-
ent programming languages into a single coupled scalable
inversion framework that supports algorithmic differenti-
ation can be a challenge. However, we show that chal-
lenges like this can be met when working with proper ab-
stractions. In our inversion example, this involves math-
inspired symbolic abstractions for numerical solutions of
the wave equation (Devito), matrix-free implementations
for its Jacobians (JUDI.jl), abstractions for Automatic Dif-
ferentiation (ChainRules.jl), and homegrown implementa-
tions for conditional Invertible Neural Networks (Invert-
ibleNetworks.jl) and Fourier Neural Operators (Parametri-
cOperators.jl).
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ProtoX: A First Look

Stencil operation is a key component in the numerical so-
lution of partial differential equations. Developers tend
to use different libraries that provide these operations for
them. One such library is Proto. It is a C++ based do-
main specific library designed to provide an intuitive in-
terface that optimizes the designing and scheduling of an
algorithm aimed at solving various partial differential equa-
tions numerically. The high level of abstractions used in
Proto can be fused together to improve its current perfor-
mance. However, abstraction fusion cannot be performed
easily by a compiler. In order to overcome this shortcom-
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ing we present ProtoX, a code generation framework for
stencil operation based on Proto and uses SPIRAL as its
backend. SPIRAL is a GAP based code generation system
that focuses on generating highly optimized target code in
C/C++. We demonstrate the construction of ProtoX by
considering two examples, the 2D Poisson problem and the
Euler equations that appear in the study of gas dynamics.
Some of the code generated for these two problem spec-
ifications is shown along with the initial speedup result.
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Learning-to-Prune: A Machine Learning Frame-
work to Speed Up Combinatorial Optimisation Al-
gorithms

In a large number of industrial applications, combinatorial
optimization problems are repeatedly solved with datasets
from similar distribution. In recent years, machine learn-
ing techniques have been shown to be quite effective in
speeding up such computations. However, black-box end-
to-end machine learning approaches suffer from poor inter-
pretability and the requirement for a large amount of la-
belled data. In this talk, I will present a simple and highly
effective way to incorporate the insights from the algorith-
mic and optimization literature on these problems into a
machine learning framework to speed-up the solutions of
these problems. We considered a range of optimization
problems: Steiner trees, travelling salesperson problem, k-
median and set cover. These problems are well studied and
a number of algorithms have been designed for these prob-
lems. We look at the kind of quantities these algorithms
employ and use these to derive useful features for training
a classifier that helps quickly reduce the problem size by
identifying the difficult core of the problem and pruning the
remainder. The difficult core is then solved using an Inte-
ger Linear Programming (ILP) solver. A prime advantage
of using such features is that we do not require much data
to train the classifier. This results in algorithms return-
ing a better trade-off between running time and solution
quality compared to commercial ILP solvers.
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Structural Analysis of Unsatisfiable Cores for a
Combinatorial Problem

Our work deals with the problem of searching for small
subsets in the set [n] = {1 . . . n} that do not contain any
arithmetic triplets (i.e. elements a, b, c (sorted) such that
b− a = c− b). Furthermore, the set has to be saturated in
the sense that if any other number from [n] is added to the
subset, it forms an arithmetic triplet with (at least) two
other numbers. We are interested in empirically comput-
ing the smallest such subset and finding interesting prop-
erties in the process. Instead of crafting our solver for this
particular problem, we opted to construct an encoding to
the SAT problem and use state-of-the-art solvers to solve
it. We further explore Minimal Unsatisfiable cores (MUS)
to see what interesting properties could be extracted from
them. We generated all the MUSes for small n and observe
vast differences in the number of MUSes both for different
sizes as well as different encodings. These expressions were
then transformed into graphs and we explore their struc-
tural properties. We emphasize the main differences and
connect them with the semantics of the original problem.
The main goal was to compute a set of graph properties
and see how they behave, and how they change in var-
ious contexts. By using common data-exploration tech-
niques we identified interesting patterns and we connect
these patterns through the increasing size of the problem.
We present the results of this exploration and show the
potential of such analysis for other similar problems.
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Graph Theory and Combinatorial Scientific Com-
puting: Review and Perspectives

Problems on the discrete side of scientific computing are
solved by various means. Sometimes we use well developed
solvers like LP or SAT. And sometimes we develop spe-
cialized algorithms, as general solvers may have drawbacks
like speed or robustness. In the course of developing such
algorithms graphs and graph theoretical approach appear
more and more often. In some cases graph emerge nat-
urally as obvious models. In some chemical related prob-
lems the chemical structure represented by graph structure.
Distances measured and clusters searched in network mod-
els for roads, social interactions or chemical interactions in
complex systems as our body. In other cases graphs used as
a modeling language alike numbers, and thus graph mod-
els could represent hidden relationships far from obvious.
For analysis of the stock market the market graph is build
from pairwise temporal correlation of stock price. Aux-
iliary graphs can represent scheduling problems, protein
docking sites and many more. In this talk we will review
the state of the art methodologies in the above sense with a
special focus on algorithmic complexity. Concentrating on
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hard problems we will highlight the modeling expressivity
as well as the efficiency of different algorithmic engineering
approaches. We will also outline the potential approaches
for future research trends.
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Graph-Based Matrix Completion Applied on
Weather Data

Low-rank matrix completion is the task to recover unknown
entries of a matrix from partial observations by assuming
that the true matrix admits a good low-rank approxima-
tion. Sometimes additional information about the vari-
ables is known, and incorporating this information into a
matrix completion model can lead to a better completion
quality. This information between the column/row entities
of the matrix is expressed as a graph. In our work, we
are interested in the network of automatic stations of the
Royal Meteorological Institute (RMI) in Belgium, which
provides temperature measurements at 10-minute inter-
vals. We evaluated the effectiveness and importance of
good spatial and temporal graphs for improving the com-
pletion of missing data in these meteorological data.
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Faster Greedy Optimization of Resistance-Based
Graph Robustness

The total effective resistance, also called the Kirchhoff in-
dex, provides a robustness measure for a graph G. We con-
sider the optimization problem of adding k new edges to
G such that the resulting graph has minimal total effective
resistance (i. e., is most robust). The total effective resis-
tance and effective resistances between nodes can be com-
puted using the pseudoinverse of the graph Laplacian. The
pseudoinverse may be computed explicitly, but this takes
cubic time in practice and quadratic space. We instead ex-
ploit combinatorial and algebraic connections to speed up
gain computations in established generic greedy heuristics.
Moreover, we leverage existing randomized techniques to
boost the performance of our approaches by introducing a
sub-sampling step. Our different graph- and matrix-based
approaches are indeed significantly faster than the state-of-
the-art greedy algorithm, while their quality remains rea-
sonably high and is often quite close. Our experiments
show that we can now process large graphs for which the
application of the state-of-the-art greedy approach was in-
feasible before. As far as we know, we are the first to be

able to process graphs with 100K+ nodes in the order of
minutes.
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An Optimal Eighth-Order Three-Step Multiple
Roots Solver For Nonlinear Equations

In this paper, we develop an optimal eighth-order multiple
roots solver for nonlinear equations with multiplicity ′m′.
The new scheme is established by using only four func-
tional evaluations and three weight functions. The per-
formance of presented scheme is tested through numerical
examples of different nature. Numerical results of the pro-
posed scheme have an edge over the other existing robust
methods in the literature. Basins of attraction are also pre-
sented to compare the results of proposed methods with the
existing ones.
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High-Resolution High-Order Weighted Essentially
Non-Oscillatory Schemes for Reshocked Single-
Mode Richtmyer-Meshkov Instability

Turbulent mixing due to hydrodynamic instabilities occurs
in a wide range of science and engineering applications.
The experimental, theoretical, and numerical studies help
us to understand the dynamics of hydrodynamically un-
stable turbulent flows such as Kelvin-Helmholtz, Rayleigh-
Taylor, and Richtmyer-Meshkov Instabilities. In this talk,
we present an increasingly accurate and robust front track-
ing method for the numerical simulations of single mode
Richtmyer-Meshkov Instability (RMI) of an air/SF6 in-
terface. The front tracking method is used to track the
interface explicitly with high order accuracy. This tech-
nique stores and dynamically evolves a meshed front that
partitions a simulation domain into two or more regions,
each representing a different material or physics model.
The simulations based on front tracking with the classi-
cal weighted essentially non-oscillatory (WENO) schemes
in Jiang and Shu (1996) with Yang’s artificial compression
and Balsara and Shu (2000) are compared with Collins and
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Jacobs (2002) shock tube experiments. We address verifi-
cation and validation issues to achieve good agreement on
the amplitude and the displacement of interface at all times
including the pre-reshock and post-reshock.
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A Multivariate Spline Based Collocation Method
for Numerical Solution of PDEs

We propose a collocation method based on multivariate
polynomial splines over triangulation or tetrahedralization
for the numerical solution of partial differential equations.
We start with a detailed explanation of the method for
the Poisson equation and then extend the study to the
second-order elliptic PDE, Keller-Segel equations, Stokes,
and Navier-Stokes equations. We shall show that the nu-
merical solution can approximate the exact PDE solution
very well. Then we present a large amount of numeri-
cal experimental results to demonstrate the performance
of the method over the 2D and 3D settings. In addition,
we present a comparison with the existing multivariate
spline methods in [G. Awanou, M. -J. Lai, and P. Wen-
ston, The multivariate spline method for scattered data
fitting and numerical solution of partial differential equa-
tions. In Wavelets and splines: Athens 2005, pages 24–74.
Nashboro Press, Brentwood, TN, 2006] and [M. -J. Lai
and Wang, C. M., A bivariate spline method for 2nd order
elliptic equations in non-divergence form, Journal of Scien-
tific Computing, (2018) pp. 803–829] to show that the new
method produces a similar and sometimes more accurate
approximation in a more efficient fashion.
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High-Order Numerical Integration for Closed Sur-
faces

We propose a novel high-order integration method for sur-
face integrals. The approach rests on curved triangula-
tions, approximating a vast class of regular (smooth) sur-
faces. The novelty of our contribution is given by accurate
interpolation of the closest point projection π : Mh −→
M ⊂ R3, realising the curved triangles. To do so, we
incorporate recent advances in multivariate interpolation,
suppressing Runge’s phenomenon when interpolating π in
proper chosen, transformed Chebyshev-Lobatto nodes. The
specific transformation we propose here, yield the integra-
tion scheme to be largely independent of the mesh quality
and maintains stability for high orders. Further, we com-
bine our technique with the novel global polynomial level
set parametrisation method (GPLS). GPLS only requires
regular samples P ⊆ M of the surface M in order to de-
rive implicit global models of the surface M = Q−1

M (0).
This allows us to apply our high-order integration scheme
to a vast class of non-parameterised surfaces by deriving
the closest point map from the global polynomial level set
QM. As our empirical demonstrations suggest, we expect
the approach to be applicable for a broad class of compu-

tational tasks in numerical differential geometry arising for
”real world” problems across disciplines, e.g., bio-physics,
material sciences and computer graphics.
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Progressive Fusion for Multimodal Integration

Integration of multimodal information from various sources
has been shown to boost the performance of machine learn-
ing models and thus has received increased attention in re-
cent years. Often such models use deep modality-specific
networks to obtain unimodal features which are combined
to obtain ‘late-fusion’ representations. However, these de-
signs run the risk of information loss in the respective uni-
modal pipelines. On the other hand, ‘early-fusion’ method-
ologies, which combine features early, suffer from the prob-
lems associated with feature heterogeneity and high sample
complexity. We present an iterative representation refine-
ment approach, called Progressive Fusion, which mitigates
the issues with late fusion representations. Our model-
agnostic technique introduces backward connections that
make late stage fused representations available to early lay-
ers, improving the expressiveness of the representations at
those stages, while retaining the advantages of late fusion
designs. We test Progressive Fusion on tasks including af-
fective sentiment detection, multimedia analysis, and time
series fusion with different models, demonstrating its ver-
satility. We show that our approach consistently improves
performance, for instance attaining a 5% reduction in MSE
and 40% improvement in robustness on multimodal time
series prediction.
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Residual Multi-Fidelity Neural Networks

We present a residual multi-fidelity computational frame-
work that effectively utilizes the approximation power of
deep neural networks. Given a low-fidelity and a high-
fidelity computational model, we formulate the correlation
between the two models in terms of a residual function.
Precisely, instead of searching for a direct correlation be-
tween the two models, we consider a possibly nonlinear
relation between the low-fidelity model and the residual
of the two models. The smaller magnitude of the residual
function, compared to the size of the high-fidelity quantity,
enables the construction of a residual network that learns
the residual function using a small set of high-fidelity data.
The trained residual network is then used to efficiently gen-
erate additional high-fidelity data. Finally, the set of all
available and newly generated high-fidelity data are used
to train a deep network that learns the high-fidelity quan-
tity of interest. We present several numerical examples to
demonstrate the power of the proposed framework. We
show that dramatic savings in computational cost may be
achieved when the output predictions are desired to be ac-
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curate within small tolerances.
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Neural-Network Interpretability for Time Series
Classification Task

Neural networks (NN) have been gaining significant trac-
tion for time series classification tasks over the past few
years. Yet, they are frequently perceived as black-box
tools, whose results may be difficult to interpret. To ad-
dress this issue, several methods have been proposed to ob-
tain maps of relevance scores highlighting the importance
of different time steps for a given model. These methods
were initially applied to images, and more recently to time-
series data. Yet, interpretability of NN remains challeng-
ing. Trust in these interpretability methods will only be
brought through a formal evaluation of their performance,
which has been studied but with some drawbacks. These
methods typically provide different evaluations of impor-
tance, sometimes even diametrically opposite results, and
do not explain how neurons collaborate to represent specific
patterns. Some studies, therefore, aim to introduce novel
metrics to rank interpretability methods across the most
commonly used machine learning (ML) models. Another
aspect of the research focuses on developing novel inter-
pretability methods to provide more meaningful insights
for practitioners working with ML models. In this work,
we extend interpretability methods to recognize patterns
indicative of a given class across samples. We argue that
this work is a critical step toward understanding NN-based
decisions for a given classification task at a more holistic
dataset scale, rather than the individual sample.
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Measuring Uncertainty in Data Fusion Algorithms

In recent years, the fields of optimization, uncertainty
quantification and machine learning have all been gravi-
tating towards developing algorithms and models that can

enable the capacity to incorporate, or fuse, data from dis-
parate sources or fidelities. In this talk, we give an overview
of common themes in approaches for data fusion across
applications and domains, setting the stage for subsequent
discussions and talks in this minisymposia. In addition, we
discuss current challenges in information fusion and discuss
our recent work developing methods of uncertainty quan-
tification for data fusion algorithms.
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CAS4DL: Christoffel Adaptive Sampling for Deep
Learning in Scientific Computing Applications

Many problems in computational science and engineering
require the approximation of a high-dimensional function
from data. In many such applications, data is costly to
generate: for example, it each sample may require a costly
PDE solve. Therefore, it is imperative to develop highly
sample efficient algorithms. Recently, deep neural networks
and deep learning have shown great promise to provide
breakthrough performance in challenging function approx-
imation tasks. In this work, we propose an adaptive sam-
pling strategy, CAS4DL (Christoffel Adaptive Sampling for
Deep Learning) to increase the sample efficiency of DL. Our
novel approach is based on interpreting the second to last
layer of a DNN as a dictionary of functions defined by the
nodes on that layer. With this viewpoint, we then define
an adaptive sampling strategy motivated by adaptive sam-
pling schemes recently proposed for linear approximation
schemes, wherein samples are drawn randomly with respect
to the Christoffel function of the subspace spanned by this
dictionary. We present numerical experiments comparing
CAS4DL with standard Monte Carlo (MC) sampling. Our
results demonstrate that CAS4DL often yields substantial
savings in the number of samples required to achieve a
given accuracy, particularly in the case of smooth activa-
tion functions. These results, therefore, are a promising
step toward fully adapting DL to scientific computing ap-
plications.
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A Neural Network Approach for Homogenization
of Multiscale Problems

We propose a neural network-based approach to the
homogenization of multiscale problems. The proposed
method uses a derivative-free formulation of a training loss,
which incorporates Brownian walkers to find the macro-
scopic description of a multiscale PDE solution. Compared
with other network-based approaches for multiscale prob-
lems, the proposed method is free from the design of hand-
crafted neural network architecture and the cell problem to
calculate the homogenization coefficient. The exploration
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neighborhood of the Brownian walkers affects the overall
learning trajectory. We determine the bounds of micro-
and macro-time steps that capture the local heterogeneous
and global homogeneous solution behaviors, respectively,
through a neural network. The bounds imply that the
computational cost of the proposed method is independent
of the microscale periodic structure for the standard peri-
odic problems. We validate the efficiency and robustness
of the proposed method through a suite of linear and non-
linear multiscale problems with periodic and random field
coefficients.
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Self-Supervised Deep Image Restoration via Adap-
tive Stochastic Gradient Langevin Dynamics

While supervised deep learning has been a prominent tool
for solving many image restoration problems, there is an
increasing interest on studying self-supervised or un- su-
pervised methods to address the challenges and costs of
collecting truth images. Based on the neuralization of a
Bayesian estimator of the problem, this paper presents a
self-supervised deep learning approach to general image
restoration problems. The key ingredient of the neural-
ized estimator is an adaptive stochastic gradient Langevin
dynamics algorithm for efficiently sampling the posterior
distribution of network weights. The proposed method is
applied on two image restoration problems: compressed
sensing and phase retrieval. The experiments on these
applications showed that the proposed method not only
outperformed existing non-learning and unsupervised so-
lutions in terms of image restoration quality, but also is
more computationally efficient.
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Operator Network Approximations for Elliptic
PDEs

The application of neural networks (NNs) to the numer-
ical solution of PDEs has seen growing popularity in the
last five years: NNs have been used as an ansatz space for
the solutions, with different training approaches (PINNs,
deep Ritz methods, etc.); they have also been used to in-
fer discretization parameters and strategies. In this talk,
I will focus on the convergence of operator networks that
approximate the solution operator of linear elliptic PDEs.
I will, in particular, consider operator networks that, given
a fixed right-hand side, map sets of diffusion-reaction co-
efficients into the space of solutions (coefficient-to-solution
map). When the coefficients are smooth and with peri-
odic boundary conditions, the size of the networks can be
bounded with respect to the H1 norm of the error, uni-
formly over the parameter set. Specifically, the number of
non zero weights grows at most poly-logarithmically with
respect to the error. The proofs of our approximation rates

combine elliptic regularity, classical and recent results in
numerical analysis, and tools from NN approximation the-
ory. Using the same techniques, we extend the analysis to
linear elasticity and parametric problems.
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Low-Rank Matrix and Tensor Factorization for
Community Detection in Dynamic Networks

Many real-world systems and relational data can be mod-
eled as networks or graphs, where the different entities of
the system and the interactions between them are repre-
sented by the vertices and edges of a graph, respectively.
With the availability of large amounts of network data, it
is important to be able to reduce the networks dimension-
ality and extract useful information from it. A key ap-
proach to network data reduction is community detection.
Early work in graph-based community detection methods
has focused on static networks. This type of networks is
usually considered as an oversimplification as many real-
world complex systems exhibit variation in their commu-
nity structure over time. Consequently, there is a grow-
ing need to develop algorithms that detect the community
structure and track its evolution across time. In this talk,
we will present low-rank matrix and tensor decomposition
methods for community detection in dynamic networks.
The first part of the talk will focus on a low-rank + sparse
model for evolutionary spectral clustering to detect and
track the community structure in temporal weighted and
binary networks. We will then extend this framework by
considering a tensor formulation of the time-varying net-
works and introduce a low-rank tensor model to identify
and track the community structure. The performance of
the proposed methods will be illustrated on various bench-
mark network models as well as real networks from a vari-
ety of applications.
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Relational Learning on Temporal Knowledge
Graphs

There has recently been increasing interest in learning rep-
resentations of temporal knowledge graphs (tKGs), which
record the dynamic relationships between entities over
time. As tKGs dynamically evolves, the low-rank approx-
imation embedding approaches should be empowered to
capture temporal dynamics on tKGs. In this talk, we would
like to introduce two approaches specified for tKG with
two different perspectives. Firstly, the existing approaches
model the tKGs in discrete state spaces while links on tKGs
often vary continuously over time. To this end, we pro-
pose a novel continuum model by extending the idea of
neural ordinary differential equations (ODEs) to modeling



166 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 165

tKGs. The proposed model preserves the continuous na-
ture of dynamic multi-relational graph data and encodes
both temporal and structural information into continuous-
time dynamic embeddings. Secondly, tKGs often exhibit
multiple simultaneous non-Euclidean structures. However,
existing embedding approaches for temporal KGs typically
learn entity representations and their dynamic evolution
in Euclidean space, which might not capture such intrin-
sic structures very well. Thus, we propose DyERNIE, a
non-Euclidean embedding approach that learns evolving
entity representations in a product of Riemannian mani-
folds. We conduct extensive experiments on benchmark
tKG datasets, demonstrating the proposed methods’ supe-
rior performance.
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Online Nonnegative CP-Dictionary Learning for
Markovian Data

Online Tensor Factorization (OTF) is a fundamental tool
in learning low-dimensional in- terpretable features from
streaming multi-modal data. While various algorithmic
and theoretical aspects of OTF have been investigated
recently, a general convergence guarantee to stationary
points of the objective function without any incoherence
or sparsity assumptions is still lacking even for the i.i.d.
case. In this work, we introduce a novel algorithm that
learns a CANDECOMP/PARAFAC (CP) basis from a
given stream of tensor-valued data under general con-
straints. We prove that our algorithm converges almost
surely to the set of stationary points of the objective func-
tion under the hypothesis that the sequence of data tensors
is generated by an underlying Markov chain. Our setting
covers the classical i.i.d. case as well as a wide range of
application contexts including data streams generated by
independent or MCMC sampling. Our result closes a gap
between OTF and Online Matrix Factorization in global
convergence analysis for CP-decompositions. Experimen-
tally, we show that our algorithm converges much faster
than standard algorithms for nonnegative tensor factoriza-
tion tasks on both synthetic and real-world data. Also,
we demonstrate the utility of our algorithm on a diverse
set of examples from image, video, and time-series data,
illustrating how one may learn qualitatively different CP-
dictionaries from the same tensor data by exploiting the
tensor structure in multiple ways.
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Fusing Dynamic and Static Data Using Parafac2-
Based Coupled Matrix and Tensor Factorizations

There is an emerging need to jointly analyze time-evolving
data sets together with static data in many areas such as

social networks, omics data analysis, and temporal pheno-
typing. A promising approach in that direction is to jointly
factorize data sets from multiple sources using coupled ma-
trix and tensor factorizations. The PARAFAC2 model for
tensor decompositions has been shown to be a promising
alternative to the CANDECOMP/PARAFAC (CP) model
for temporal data due to its capability of capturing time-
evolving patterns. While there have been studies using
a PARAFAC2 model coupled with a matrix decomposi-
tion for joint analysis of dynamic and static data, they
rely on implicit estimation of the evolving mode or a flex-
ible PARAFAC2 constraint, and are therefore limited in
terms of possible regularizations on the evolving mode. In
this talk, we present a flexible algorithmic framework for
joint factorization of dynamic and static data based on the
PARAFAC2 model. It allows the PARAFAC2 model to be
coupled to a matrix or a CP decomposition in any static
mode. The algorithmic framework utilizes Alternating Op-
timization with the Alternating Direction Method of Mul-
tipliers and facilitates the use of linear couplings and many
different constraints on all modes, including the evolving
mode in the PARAFAC2 model. In our framework, we al-
low for any proximable constraint, thus also enabling the
use of time-aware constraints on the evolving mode.
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Parametrized Model Order Reduction to a Heat
Transfer Simulation of a Selective Laser Melting
Process

Selective laser melting (SLM) is an additive manufacturing
process in which a laser of high intensity sequentially melts
layers of metal powder altogether to build an object with a
specific geometry. The thermo-viscoplastic reaction occur-
ring during the building process is dynamically intense and
open to several issues. Many parameters come into play to
control the quality of the designed material. Each one has
its specific sensitivity to the final mechanical properties of
the material and therefore needs to be adjusted. Using
numerical simulation to analyze these models helps get a
better understanding of the sensitivity of each parameter
and its effect on the quality of the final material. However,
the computational cost of these simulations is demanding
in terms of time and resources. This work investigates the
application of Model Order Reduction (MOR) to the ther-
mal process of SLM. A hyper-reduction strategy, relying on
the Energy Conserving Sampling and Weighting method, is
presented before being implemented within an adaptative
POD-Greedy algorithm to build a more general reduced
order base composed of versatile thermal modes. To this
end, an a posteriori error estimator is used alongside Or-
dinary Kriging to evaluate the degree of error committed
during the parametrized-MOR process. The authors ac-
knowledge SIM and VLAIO (Flanders, Belgium) for fund-
ing the ”PROCSIMA” project (M3 research program).
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Applications of a Space-Time First-Order System
Least-Squares Formulation of Parabolic PDEs

While the common space-time variational formulation of
a parabolic equation results in a bilinear form that is
non-coercive, [Führer–Karkulik, Spacetime least-squares fi-
nite elements for parabolic equations, Computers & Math-
ematics with Applications, 2019] recently proved well-
posedness of a space-time first-order system least-squares
formulation of the heat equation. Least-squares formula-
tions always correspond to a symmetric and coercive bi-
linear form. In particular, the Galerkin approximation
from any conforming trial space exists and is a quasi-
best approximation. Additionally, the least-squares func-
tional automatically provides a reliable and efficient error
estimator. In [Gantner–Stevenson, Further results on a
space-time FOSLS formulation of parabolic PDEs, ESAIM.
Mathematical Modelling and Numerical Analysis, 2021],
we have generalized the least-squares method of Führer–
Karkulik to general second-order parabolic PDEs with pos-
sibly inhomogenoeus Dirichlet or Neumann boundary con-
ditions. We employ the space-time least-squares method
for parameter-dependent problems as well as optimal con-
trol problems [Gantner–Stevenson, Applications of a space-
time FOSLS formulation for parabolic PDEs, arXiv, 2022].
In both cases, coercivity of the corresponding bilinear form
plays a crucial role.
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A Certified Reduced Basis Method for Quasilinear
Parabolic Equations

We propose a certified reduced basis (RB) method for
quasilinear parabolic problems with strongly monotone
spatial differential operator. We provide a residual based
a posteriori error estimate for a space-time formulation
and the corresponding efficiently computable bound for
the certification of the method, where we use EIM to ap-
proximate the nonlinearity. We numerically validate our
method at a parametrized magnetoquasistatic approxima-
tion of Maxwells equations (the eddy current model).
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Residual Data-Driven Variational Multiscale Re-
duced Order Models for Parameter Dependent
Problems

ROMs for fluid flows have been used to successfully min-

imize the computational cost of scientific and engineer-
ing applications dominated by a small number of recur-
ring dominant spatial structures. For under-resolved sim-
ulations, using a relatively small number of ROM basis
functions often yields an inaccurate approximation. Since
numerical efficiency is one of the big advantages of the
ROM, we want to increase the numerical accuracy while
preserving the computational efficiency. Thus, we add a
low-dimensional closure term Closure(a) to the standar
Galerkin ROM and solve the following closed ROM,

•
a = F (a) + Closure(a), (1)

where the Closure(a) term models the interaction between
the unresolved ROM basis functions {ϕr+1, . . . ,ϕd} and
the resolved ROM basis functions {ϕ1, . . . ,ϕr}. In this
talk, we propose a consistent data-driven (D2) variational
multiscale (VMS) reduced order model (ROM) framework
to increase the ROM accuracy at a modest computational
cost for under-resolved regimes. To construct the new con-
sistent D2-VMS-ROM, we need to model the closure term
by using the residual term as:

Closure(a) ≈ ÃRes(a). (2)
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Model Order Reduction for Parametric Optimal
Control Problems in Space-Time Formulation

In this talk, we deal with optimal control problems gov-
erned by parabolic partial differential equations employing
the certified reduced basis method. Specifically, we rely
on a new easy-to-compute error estimator that guarantees
a rigorous and efficient bound to the problem variables.
We first introduce the space-time formulation for optimal
control. To solve the space-time optimality system faster,
we use a Greedy method. In the talk, we propose some
insights on the derivation of such an error estimator. We
test the performances of the proposed strategy on a physi-
cal parametrized distributed optimal control problem and
a boundary optimal control problem with physical and geo-
metrical parameters. The obtained results are compared to
previously proposed bounds based expensive on the compu-
tation (or approximation) of the optimality system inf-sup
constant. The comparison regards reliability and compu-
tational costs [M. Strazzullo, F. Ballarin, G. Rozza, “A
Certified Reduced Basis Method for Linear Parametrized
Parabolic Optimal Control Problems in Space-Time For-
mulation’, submitted, 2021]. Moreover, the findings hold
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for steady problems, too: we will show some novel applica-
tions to varying boundary control, i.e. problems where the
parameter changes the portion of the boundary where the
control acts highlighting the pros and cons of the strategy
in such a scenario.
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Diagrammatic Methods for Open Quantum Sys-
tems with Bold Lines

We consider the diagrammatic Monte Carlo methods for
quantum systems coupled with a harmonic bath. The vari-
ance of the Monte Carlo methods grows exponentially with
time, which is known as the dynamical sign problem. To
mitigate the sign problem, we introduce the bold diagrams,
which is a partial sum of the path integral that can be
reused in future calculations. We will discuss various ap-
proaches to accelerating the algorithm, including different
ways to use bold diagrams, fast implementation of the bath
influence functional, and the sampling strategy to reduce
calculations. The spin-boson model will be tested to vali-
date our algorithms.
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Quantum Perturbation Theory Using Tensor Cores
and a Deep Neural Network

Time-independent quantum response calculations are per-
formed using Tensor cores. This is achieved by mapping
density matrix perturbation theory onto the computational
structure of a deep neural network. The main compu-
tational cost of each deep layer is dominated by tensor
contractions, i.e. dense matrix-matrix multiplications, in
mixed precision arithmetics which achieves close to peak
performance. Quantum linear response calculations using
self-consistent charge density-functional tight-binding the-
ory are presented where we demonstrate a peak perfor-
mance of almost 200 Tflops using the Tensor cores of two
Nvidia A100 GPUs. Additionally, a novel parameter-free
convergence criterion is presented that is well-suited for

numerically noisy low precision floating point operations.
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Hierarchical Low-Rank Matrix Methods for the
Numerical Solution of the Nonequilibrium Dyson
Equation

We propose a method to improve the computational and
memory efficiency of numerical solvers for the nonequi-
librium Dyson equation (NDE), which appears in simu-
lations of the effect of strong radiation fields on atoms and
molecules, quantum materials, nuclear physics, and many
other many-body quantum systems. The NDE is a coupled
system of nonlinear Volterra integral equations, for which
the history integrals lead to O(N3) computational com-
plexity and O(N2) memory complexity for N time steps
in traditional solvers. Our method is based on the em-
pirical observation that for many problems of physical in-
terest, the kernels of the integral operators in the NDE,
as well as its solutions, can be represented as hierarchical
off-diagonal low rank (HODLR) matrices. We present an
algorithm which builds these HODLR representations on
the fly during the course of time stepping, and uses the
them to reduce the cost of computing history integrals.
For systems with the hierarchical low rank property, our
method achieves O(N2 logN) computational complexity
and O(N logN) memory complexity. We present numeri-
cal examples demonstrating orders of magnitude speedup
and memory reduction over previous methods, and reach-
ing unprecedented propagation times.
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Ternary Unitary Quantum Lattice Models and Cir-
cuits in 2 + 1 Dimensions

We extend the concept of dual unitary quantum gates
[Phys. Rev. Lett. 123, 210601 (2019)] to quantum lattice
models in 2 + 1 dimensions, by introducing and studying
ternary unitary four-particle gates, which are unitary in
time and both spatial dimensions. When used as building
blocks of lattice models with periodic boundary conditions
in time and space (corresponding to infinite temperature
states), dynamical correlation functions exhibit a light-ray
structure. We also generalize solvable MPS [Phys. Rev. B
101, 094304 (2020)] to two spatial dimensions with cylin-
drical boundary conditions, by showing that the analogous
solvable PEPS can be identified with matrix product uni-
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taries. In the resulting tensor network for evaluating equal-
time correlation functions, the bulk ternary unitary gates
cancel out. We delineate and implement a numerical algo-
rithm for computing such correlations by contracting the
remaining tensors. (Preprint: arXiv:2206.01499)
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Numerical Methods for Simulating Non-
Equilibrium Quantum Many-Body Dynamics

A practical way to compute time-dependent physical ob-
servables of a quantum many-body system is to focus on
a two-time Green’s function, which is a two-point corre-
lator of the creation and annihilation field operators de-
fined on the Keldysh contour. The equation of motion
satisfied by the two-time non-equilibrium Green’s function
is a set of nonlinear integro-differential equations called
the Kadanoff-Baym equations. We will describe numeri-
cal methods for solving this type of equations and tech-
niques for reducing the computational complexity of this
approach.
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Fluctuating Hydrodynamics for Multiphase Mix-
tures

A wide range of mesoscale phenomena involve fluids that
exhibit heterogeneous structure at the nanoscale. A key
feature of these problems is that the dynamics occurs on
nanometer to micrometer scales. At those scales, thermal
fluctuations play an important role in the overall dynam-
ics and are expected to have significant impact on overall
behavior of the system, particularly for problems such as
those discussed above that are far from equilibrium. Here,
we introduce a model for multiphase, multicomponent mix-
tures based on an N-component form of the Flory-Huggins
extension to regular solution theory. The thermodynamics
of the system is described by a free energy that includes
entropy and enthalpy of mixing as well as non-local terms
representing interfacial tension. The multiphase model
is incorporated into a fluctuating hydrodynamics (FHD)
model for nonideal liquid mixtures. The FHD model repre-
sents thermal fluctuations by adding stochastic flux terms
to both the species transport and momentum equations
based on a model originally proposed Landau and Lifshitz.
The presentation will discuss the basic formulation of the
model and sketch the derivation of the equations of mo-
tion. Numerical results will be presented validating the
model and illustrating the range of phenomena that it can
represent. Finally, we will show how fluctuations shift the
stability region Rayleigh-Plateau instability that describes

the breakup of fluid threads.
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Numerical Methods for Phase Separation of Sur-
face Tension Dominated Immiscible Fluid Mixtures

Microscale particles–1 to 100 micrometer sized capsules–
can enable the cheap and precise analyses of both sin-
gle cells and individual molecules. Current research uses
temperature-induced phase separation of aqueous polymer
mixtures to efficiently fabricate microparticles of desired
shapes and sizes. To better understand this process, we
develop several mathematical models of microscale phase
separation of ternary fluid mixtures. While the equilib-
rium configuration of the microparticles is described by
a volume-constrained minimization of a Ginzburg-Landau
free energy, a diffuse interface fluid mechanical model re-
veals a wide landscape of interesting parameter regimes;
varying surface tensions, densities, viscosities, and concen-
trations can all influence the microparticle manufacture.
We discuss some key features of a Cahn-Hilliard-Stokes
model used to describe these effects, as well as its sim-
ulation with a pseudo-spectral method, and we highlight
how fluid stresses can influence microparticle evolution.
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Modeling Microparticle Manufacture

Microparticles - 1 to 100 micrometer sized capsules - will
enable cheap and precise single-cell analysis. Current re-
search uses temperature-induced phase separation to ef-
ficiently fabricate polymer gel microparticles of desired
shapes and sizes. To better understand this process, we
develop several models of microscale phase separation of
ternary fluids. A simple surface energy minimisation model
describes possible equilibrium microparticle shapes. We
then interrogate the dynamics of microparticle manufac-
ture by combining a ternary Cahn-Hilliard model with sur-
face tension- and buoyancy-driven Stokes flow in the Cahn-
Hilliard-Stokes-Boussinesq (CHSB) model. By simulating
the CHSB model in three dimensions using the efficient
Dedalus spectral code, we show that all physical effects -
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surface tension, fluid flow, and buoyancy - are necessary
for microparticles to attain minimal energy crescent con-
figurations. Without fluid flow or buoyancy, microparticles
consistently settle on spherical shell equilibria, in contrast
to experiments. We then outline how varying surface ener-
gies, densities, viscosities, and concentrations can each in-
fluence microparticle manufacture, before concluding with
a discussion of how fluid stresses drive microparticle evo-
lution.
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Simulation of Micro-Scale Particulate and Droplet
Motion in Gases

Low-speed gas flow around micro-scale particles (e.g. soot
and other pollutants), and through suspensions of parti-
cles, are surprisingly rich in physics and challenging to
simulate. The hydrodynamic reach of a single particle
is extremely wide, preventing application of straightfor-
ward numerical-simulation approaches (e.g. finite-volume
CFD). Furthermore, their scale renders the conventional
Navier-Stokes equations, and associated boundary condi-
tions, inaccurate, unable to capture rarefied effects such as
thermophoresis and velocity slip. The problems are espe-
cially challenging in the transitional Knudsen regime for
non-canonical geometries. In this paper, a framework is
presented for simulating micro-scale particulate flows us-
ing the Method of Fundamental Solutions, applied to the
linearised Grads 13 moment equations, which provides a
convenient and numerically efficient alternative to solving
the full Boltzmann equation. A range of particulate geom-
etry are considered, including agglomerates, such as soot.
We present a methodology to couple heat transfer within
the solid particle (i.e. for problems of finite particle conduc-
tivity) to that of the external rarefied gas flowfield. Results
are compared to available experimental results and known
analytical results, where they exist. The talk describes re-
search funded in the UK by the EPSRC (EP/N016602/1).
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A Realizable Scheme for Moment Models of Poly-
disperse Sprays of Non-Spherical Droplets

New models for polydisperse sprays with coupling capa-
bilities to the separated phases zone have been proposed
recently through a two-scale modeling of interfacial two-
phase flows. In the present contribution, we design spe-
cific numerical methods for their resolution. The key in-
gredient in these models is a good choice of state vari-
ables, which describe both the polydisperse character of a
spray as well as the geometrical dynamics of non spherical
droplets. The resulting system of equations is hyperbolic
and involves a complex structure: the continuous solutions
evolves in a convex set called the realizability domain. This

induces constraints on the numerical methods. To achieve
accuracy, robustness and realizability, we rely on kinetic
finite volume schemes and Discontinuous Galerkin meth-
ods. We focus on a two-phase simulation of a polydisperse
spray with oscillating droplets and assess the ability of the
model and of the related numerical methods to capture the
physics of such flows.
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Novel Methods for Dynamic, Time-Dependent
Simulation of Optical Propagation Through Atmo-
spheric Turbulence

Applications of optics such as imaging, remote sensing,
and adaptive optics can involve highly dynamic changes
in propagation direction over extended time intervals. The
standard method for modeling the turbulent random media
involved in simulations of such scenarios is to construct a
sequence of two-dimensional random phase screens gener-
ated based on the statistics of the medium. Current meth-
ods rely on Fourier series approximations and therefore suf-
fer from numerical artefacts due to artificial periodicity and
are limited to static scenarios. We develop new approaches
using sinc bases, which are naturally suited to infinite do-
mains, for both computing the diffraction integrals involved
in propagation and for generating and extending the ran-
dom phase screens. The efficient computational methods
arising from this approach allow for arbitrarily long time-
dependent simulations while capturing the correct evolu-
tion of the physical two-point statistics of the medium.
We demonstrate the power of these methods in complex
scenarios of practical interest to scientific applications.
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Multilevel Optimization for Inverse Problems in
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Imaging

Image reconstruction suffers from the curse of dimension-
ality. One way of overcoming this challenge is through a
multigrid type of method. In this work, we apply multigrid-
based optimization framework (MG/OPT) to enhance the
reconstruction performance. MG/OPT is designed to ac-
celerate a traditional optimization algorithm applied to a
high-fidelity problem by exploiting a hierarchy of coarser
models. In the context of inverse problem, we design its hi-
erarchical structure recursively in resolution of the image,
as well as the measurement data. We provide several nu-
merical results on the performance of MG/OPT in terms
of reconstruction quality, as well as significant speedup and
improvement of accuracy.
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Multilevel Proximal Methods for Image Restora-
tion

We propose a family of multilevel proximal gradient meth-
ods going from the simplest multilevel iterative soft-
thresholding to inexact and inertial forward-backward ex-
tensions. Several algorithmic solutions are proposed to
handle non-smooth functions. The convergence of the se-
quences generated in these different algorithmic variants
is proved. We present promising numerical performances
in the context of large image restoration highlighting the
benefit of multilevel approaches for such a domain of ap-
plication.
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Stream Triggered Communications for Mesh Ap-
plications on GPU Systems

With the advancement of GPGPUs as powerful and reliable
scientific computing tools, communication performance has
become increasingly important. Due to both the relative
increase in the amount of time being spent in communi-
cations as well as the often synchronous nature of these
calls, improving the performance of communication ker-
nels a high-value target for HPC simulation performance
improvement. One new technology that may be able to
improve performance of HPC communication kernels is
stream triggered communication. This talk will give an
overview of our investigation into stream triggered com-
munication options and their application in AMReX. We
will present the results from a toy halo exchange code used
to identify the optimal algorithmic motifs and compare
current stream triggered options, including MPI-X and
MPI-ACX. Well then present the results of adding stream-
triggered communications to AMReXs FillBoundary halo
exchange operation, using the optimal algorithm. Finally,
higher level application improvements that are enabled by
stream-triggered communications will be discussed, such as
redesigning stream interactions between the CPU and GPU
to eliminate synchronizations and maximize GPU uptime.
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Optimizing Wavefield-Modelling for Seismic Inver-
sion Applications on HPC Architectures

The seismic imaging process aims at creating an image of
the subsurface layer interfaces by acoustic reflection mea-
surements along the surface of the Earth. In many of such
algorithms so-called one-way depth propagation of acoustic
wavefields is the core mechanism, in order to reconstruct
the acoustic waves as they would have occurred inside the
Earth. Such process allows finding out where the reflec-
tions have occurred and with which strength. The com-
putational efficiency of these applications resolves to the
efficiency of the underlying wavefield propagator. An al-
gorithm that has been proposed in the literature is the
Phase-Shift Plus Interpolation, which handles wave propa-
gation through inhomogeneous media by phase-shift prop-
agation with a set of reference velocities - each assuming
a local homogeneous medium - and a spatial interpola-
tion mechanism. One objective of our work is to deliver
a performance-portable wavefield propagation solver for
various computer architectures. Our approach to this is
to provide the algorithm through an architecture-agnostic
interface, developed based on C++ templates, which at
compile-time resolves to an architecture-specific back-end.
We develop the OpenMP back-end for threaded parallelism
on CPUs, CUDA for acceleration on Nvidia GPUs, and
HIP for porting CUDA to AMD GPUs. To evaluate the ef-
ficiency of the implementations we use the roofline model.
In this presentation we will describe our implementation
and show some benchmark results.
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Performance Engineering in CSE: A Bird’s Eye
View

Performance Engineering (PE) in Computational Science
and Engineering (CSE) has two goals: First, to under-
stand the performance bottlenecks of a code, and second,
to use this insight to apply changes that will improve per-
formance. There is a wide spectrum of workflows and tools
in this field, but all have in common that the whole PE pro-
cess is iterative, yielding improvements until some preset
target is achieved or some other criterion is met (such as
”I’ve done enough”). This talk gives an overview of meth-
ods, tools, and metrics that are in use for Performance
Engineering in CSE. Some, but not all PE activities are
well defined in the sense of a prescribed workflow, and
we try to accommodate that by building mostly on exam-
ples from performance research, performance tools devel-
opment, and performance-aware application development.
Whichever strategy is applied, performance patterns can
help to build a better understanding of the performance
issues at hand. We will describe typical performance pat-
terns and how they can serve to accelerate the PE process.
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Performance of Low-Rank Tensor Algorithms

We discuss low-rank tensor algorithms and in particular al-
gorithms for the tensor-train (TT) format (known as MPS
in computational physics). We focus on the required build-
ing blocks and model their node-level performance on mod-
ern multi-core CPUs. More specifically, we consider the
lossy compression of large dense data (TT-SVD), as well
as linear solvers in TT format (TT-MALS, TT-GMRES).
For the data compression, we derive the optimal roofline
runtime for the complete algorithm based on the two main
building blocks in an optimized implementation: Q-less
TSQR and tall-skinny matrix-matrix multiplication. For
the low-rank linear solvers, we categorize the different kinds
of building blocks according to performance characteris-
tics and show possible performance optimizations. While
all required tensor operations can be mapped onto stan-
dard BLAS/LAPACK routines theoretically, faster imple-
mentations need specific performance optimizations: These
include (1) avoiding costly singular-value decompositions
(SVDs), and (2) employing special fused operations for se-
quences of memory-bound tensor-contractions and reshap-
ing operations, as well as (3) tracking properties of tensors
such as orthogonalities. We show the effect of the different
optimizations and compare the runtime of our implemen-
tation with other tensor libraries.
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Porting An Ocean Modeling Application to Fujitsu
A64FX

In this presentation we report our preliminary efforts in
porting ROMS (Regional Ocean Modeling System) to Fu-
jitsu A64FX. ROMS is a free-surface, terrain-following,
primitive equations ocean model widely used by the sci-
entific community for a diverse range of applications. The
arm-based Fujitsu A64FX processor developed by Fujitsu
and RIKEN is used in Fugaku, which until June 2022 has
been the fastest machine worldwide for two years. Its main
features of SVE, HBM and being power efficient makes it
unique in the world of HPC. ROMS is one of few Ookami
user codes that demonstrate performance parity of A64FX
compared to mainstream architectures. This implies a huge
power advantage as the power usage on A64FX is around
2-3 times less than on Intel.
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Learning Green’s Functions with Randomized Nu-
merical Linear Algebra

Can one learn a differential operator from pairs of solu-
tions and righthand sides? If so, how many pairs are re-
quired? These two questions have received significant re-
search attention in differential equation learning. Given
input-output pairs from an unknown partial differential
equation, we will derive a theoretically rigorous scheme
for learning the associated Green’s function G. By exploit-
ing the hierarchical low-rank structure of Greens functions
and extending the randomized SVD algorithm to Hilbert-
Schmidt operators, we will identify a learning rate associ-
ated with elliptic and parabolic partial differential opera-
tors and bound the number of input-output training pairs
required to recover a Greens function approximately.
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An Overview of Randomized Linear Algebra in Sci-
entific Computing

This talk gives an overview of the potential offered by ran-
domization to speed up, improve the robustness, and in-
crease the flexibility of numerical algorithms for solving
large-scale linear algebra tasks in scientific computing. For
more than a decade, randomization has proven its effec-
tiveness in performing low-rank approximation and related
tasks. Recently, the scope of randomization has been ex-
tended to essentially every part of numerical linear alge-
bra, including linear systems, eigenvalue problems, model
reduction, and matrix functions.
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Randomized Compression Algorithms for Rank
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Structured Matrices

The talk describes a set of recently developed randomized
algorithms for computing a data sparse representation of
a rank structured matrices (such as an H-matrix, or an
HSS matrix). The algorithms are black box in the sense
that they interact with the matrix to be compressed only
through its action on vectors, making them ideal for tasks
such as forming Schur complements or matrix matrix mul-
tiplication. In situations where the operator to be com-
pressed (and its transpose) can be applied in O(N) oper-
ations, the compression as a whole does in many environ-
ments have linear complexity as well.
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Convergence of a Jacobi Iteration with Repeated
Random Sparsification

The traditional methods of numerical linear algebra are
prohibitively expensive for high-dimensional problems for
which even a single matrix multiplication by a dense vector
may be too costly. In this talk I will discuss a general frame-
work for reducing the cost of classical iterative schemes like
Jacobi iteration by randomly sparsifying the approximate
solution at each iteration. I will provide a characterization
of the error properties of Jacobi iteration with repeated
random sparsification and show results of numerical tests
applying the scheme to coupled cluster quantum chemistry
calculations.
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Computational Tools for Koopman Spectral Anal-
ysis of Nonlinear Dynamical Systems

Dynamic Mode Decomposition (DMD) is a data driven
spectral analysis technique for a time series. For a sequence
of snapshot vectors f1, f2, . . . , fm+1 in Cn, assumed driven
by a linear operator A, fi+1 = Afi, the goal is to represent
the snapshots in terms of the computed eigenvectors and
eigenvalues of A. We can think of A as a discretization of
the underlying physics that drives the measured fi’s. In
a pure data driven setting we have no access to A. In-
stead, the fi’s are the results of measurements, or e.g. A
represents PDE/ODE solver (software toolbox) that gener-
ates solution in high resolution, with given initial condition
f1. In this talk, we present recent development of numeri-
cally robust computational tools (numerical methods with
analysis and robust software implementation) for dynamic
mode decomposition and data driven Koopman spectral

analysis. This includes new implementation of the DMD
and an improved methods for nonlinear system identifica-
tion in data driven setting.
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Compositionality-Based Computation of Control
Lyapunov Functions Using Deep Neural Networks

Common methods for computing control Lyapunov func-
tions are often confined to low dimensions due to an ex-
ponential growth of the computational effort in the state
dimension. In this talk, we discuss the use of neural net-
works to avoid this curse of dimensionality. To this end, we
build on the known fact that neural networks are capable of
efficiently approximating so-called compositional functions
and present conditions on the underlying control system
that yield the existence or non-existence of compositional
control Lyapunov functions. Therefore, we can identify
systems where an efficient approximation of a control Lya-
punov function via neural networks is possible. Moreover,
suitable network architectures and training algorithms for
the computation of control Lyapunov functions are pre-
sented. We also discuss aspects of the more general case
of an optimal control problem and the approximation of a
compositional optimal value function. Further, we demon-
strate how these approaches perform in practice.
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Autoencoders and Pod for Very Low Dimensional
Nonlinear Controller Models

The control of nonlinear large-dimensional systems is a
challenging task. Linearization based approaches can cope
well with the computational bottlenecks but, by design,
are limited to regimes where the nonlinearities do not
dominate. The idea of considering state dependent coeffi-
cients, i.e. factorizing nonlinear terms f(x(t)) as f(x(t)) =
A(x(t))x(t), where x is the system’s state and where A is
a matrix valued function of the state, seems capable to ad-
dress control tasks in a nonlinear fashion while keeping a
linear structure that is important for exploiting the many
relevant tools from linear theory and numerical linear al-
gebra. Still, the resulting formulation can be too complex
for large-scale systems. Therefore, we propose an approxi-
mation by an affine-linear parametrization

f(x(t)) = A(x(t))x(t) ≈
r∑

i=1

ρi(x(t))Ai x(t) (3)

with an encoding ρ(x(t)) ∈ Rr and r being much smaller
than the actual state dimension and with constant matri-
ces Ai, i = 1, . . . , r. In this talk we present a study how
convolutional autoencoders can provide such parametriza-
tions of very low dimensions and compare to more stan-



174 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 173

dard approaches like Proper Orthogonal Decomposition
(POD). Furthermore, we show how the low-dimensional
parametrization is applied for nonlinear controller design
for incompressible Navier-Stokes equations and discuss the
interplay of approximation quality and controller perfor-
mance.
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A Data-Driven Approach to Stability Using the
Koopman Operator

The Koopman operator offers a linear representation of
nonlinear dynamical systems. This opens the door to sys-
tematic methods for global stability analysis, since global
stability properties of nonlinear systems can be directly
inferred from the linear stability analysis of the oper-
ator. Moreover, the Koopman operator framework is
amenable to data-driven analysis, in the sense that a finite-
dimensional approximation of the (infinite-dimensional)
Koopman operator can be inferred from data (e.g. EDMD
method). In this talk, we will leverage this framework to
provide a novel method for data-driven stability analysis.
In particular, we construct a candidate Lyapunov function
for the data-driven approximation of the operator and es-
timate its validity region from the data. This allows to
derive stability guarantees and compute an inner approx-
imation of the attraction region in a purely data-driven
fashion. The method will be illustrated with several exam-
ples and the use of the probabilistic scenario approach will
be discussed in the case of high-dimensional systems.
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Learning of Euler-Lagrange Dynamics from Data

The principle of least action is one of the most fundamen-
tal physical principles. It says that among all possible mo-
tions connecting two points in a phase space, the system
will exhibit those motions which extremise an action func-
tional. Many qualitative features of dynamical systems,
such as the presence of conservation laws and energy bal-
ance equations, are related to the existence of an action
functional, i.e. the presence of variational structure. In
this talk I will show how to learn dynamical systems from
data while incorporating variational structure and why it
is important to do so. Moreover, I will demonstrate that
when trajectories of a learned system are computed nu-
merically, then discretisation errors can be much bigger
than expected rendering predictions unsuable. As a rem-
edy, I will introduce our new machine learning approach,
coined Lagrangian Shadow Integration. It compensates for
discretisation errors and enables highly accurate long-term

predictions of dynamics.
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University of Paderborn
sinaob@uni-paderborn.de

MS170

Aaa-Eigs: Solving Nonlinear Eigenvalue Problems
in Julia

The nonlinear eigenvalue problem (NEP) is a variant of the
standard eigenvalue problem Ax = λx where the matrix
can depend nonlinearly on the eigenvalue:

A(λ)x = 0

These NEPs arise in many engineering and physics appli-
cations such as acoustics and quantum mechanics. In Ju-
lia, a software package called NEP-PACK, has been devel-
oped by researchers at KTH university Stockholm to deal
with and solve such NEPs. It contains an extensive library
of state-of-the-art algorithms. One algorithm for solving
NEPs that it does not yet provide, is AAA-EIGS. Its main
application is to find eigenvalues in some specified subre-
gion of the complex plane for large, sparse NEPs. AAA-
EIGS uses AAA for setting up rational approximants of
the nonlinearities in the NEP. Afterwards it linearizes the
resulting rational eigenvalue problem and solves it using a
compact version of the rational Krylov method (CORK).
The eigenpairs computed by CORK are related to eigen-
pairs of the original NEP. When implementing AAA-EIGS
in Julia, we numerically compare its performance to that
of a similar method in NEP-PACK, named NLEIGS. They
mainly differ in the way the rational approximation is con-
structed. Experiments show that the new AAA-EIGS im-
plementation does significantly better than NLEIGS for
most problems, which can be attributed to the use of AAA
and a better implementation of CORK. Future work can be
done to extend the AAA-EIGS implementation with more
features to improve its performance.
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RandLAPACK: a Standard Library for Random-
ized Numerical Linear Algebra

Randomized numerical linear algebra, or RandNLA, con-
cerns the use of randomization as a tool to solve large-scale
linear algebra problems. RandNLA algorithms are unpar-
alleled in their capacity for producing approximate solu-
tions to problems such as low-rank approximation. For
suitably structured problems, they can even offer substan-
tial speedups over deterministic methods without sacrific-
ing accuracy. This talk describes the philosophy of Rand-
LAPACK an aspiring standard library for RandNLA.
Through careful identification of motifs occurring across
RandNLA, it is possible to articulate many algorithms
without making strong assumptions on the implementa-
tions of their core subroutines. This motivates RandLA-
PACKs object-oriented design: interfaces are used to spec-
ify the semantics of tasks, while algorithms manifest as
interface-conformant classes. In order for an algorithm to
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be executed it is necessary to instantiate it as an object
in-memory. By allowing these objects to be stateful, we
are able to achieve excellent performance without compli-
cating the semantics of the task that an algorithm needs
to carry out.
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An Overview on T-LAPACK

To this day, LAPACK remains a very popular tool for lin-
ear algebra. Because of the many wrappers and variants, a
user can use the high performance library from almost any
programming language. However, the package itself is still
written in Fortran. Even Fortran enthousiasts must admit
that it is less than ideal for writing a large software pack-
age. Instead of being another wrapper, T-LAPACK aims
to be a complete rewrite of LAPACK in c++ using tem-
plates. C++ has major advantages over Fortran. Firstly,
routines no longer need to be replicated to support differ-
ent argument types. This eliminates a major source of bugs
and inconsistencies. Secondly, there are better developer
tools. Not only is it easier to configure debuggers, format-
ters and static code checkers for c++, but compiling For-
tran code can also be difficult on some platforms like Apple
silicon. Lastly, templates make it easier to support special
storage formats like banded or even distributed storage.
This talk will discuss some design decisions, show some
major advantages of using templates and finally we will
show an overview of what has already been implemented
in T-LAPACK.
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The Future of Linear Algebra in the C++ Standard

Linear Algebra support is coming to the ISO C++ stan-
dard, delivering a future where developers of scientific code
do not need to explicitly deal with specific vendor APIs or
Fortran/C++ interoperability just to call a matrix-vector
multiply. In this talk I will provide an update on the status
of this effort, and directions of further extensions of the
proposal. I will also discuss some early experience with
implementations of the proposal, including an early pro-
totype preview which comes with NVIDIA’s HPC-SDK.
Attendees will also learn a bit about C++23 mdspan, as
the foundational layer on which the linear algebra effort
rests.
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Portable Performance in the SLATE Linear Alge-
bra Library

The SLATE project provides a dense linear algebra library
designed to support distributed HPC machines with large
numbers of cores and multiple hardware accelerators per
node. We discuss the portability of the software design of
SLATE, including the use of C++ templates and matrix
abstractions, and the implementation of the BLAS++ and
LAPACK++ packages for vendor and device abstraction.
SLATE implements tile-based algorithms to execute effec-
tively on HPC architectures using batch-BLAS, OpenMP
and MPI to achieve performance and scalability. We will
present some results to show how SLATE adapts to multi-
ple architectures.
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Reduced Order Models for Inverse Scattering
Problems

We introduce a novel, computationally inexpensive ap-
proach for imaging with an active array of sensors, which
probe an unknown medium with a pulse and measure the
resulting waves. The imaging function is based on the prin-
ciple of time reversal in non-attenuating media and uses a
data driven estimate of the internal wave originating from
the vicinity of the imaging point and propagating to the
sensors through the unknown medium. We explain how
this estimate can be obtained using a reduced order model
(ROM) for the wave propagation. We analyze the imag-
ing function, connect it to the time reversal process and
describe how its resolution depends on the aperture of the
array, the bandwidth of the probing pulse and the medium
through which the waves propagate.
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Waveform Inversion via Reduced Order Modeling

A novel approach to full waveform inversion (FWI), based
on a data driven reduced order model (ROM) of the wave
equation operator is introduced. The unknown medium is
probed with pulses and the time domain pressure waveform
data is recorded on an active array of sensors. The ROM,
a projection of the wave equation operator is constructed
from the data via a nonlinear process and is used for effi-
cient velocity estimation. While the conventional FWI via
nonlinear least-squares data fitting is challenging without
low frequency information, and prone to getting stuck in
local minima (cycle skipping), minimization of ROM mis-
fit is behaved much better, even for a poor initial guess.
For low-dimensional parametrizations of the unknown ve-
locity the ROM misfit function is close to convex. The
proposed approach consistently outperforms conventional
FWI in standard synthetic tests.
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The Lippmann Schwinger Lanczos Algorithm for
Inverse Scattering Problems

We combine data-driven reduced order models with the
Lippmann- Schwinger integral equation to produce a di-
rect nonlinear inversion method. The ROM is viewed as a
Galerkin projection and is sparse due to Lanczos orthog-
onalization. Embedding into the continuous problem, a
data-driven internal solution is produced. This internal so-
lution is then used in the Lippmann-Schwinger equation, in
a direct or iterative framework. The new approach also al-
lows us to process non-square matrix-valued data-transfer
functions, i.e., to remove the main limitation of the earlier
versions of the ROM based inversion algorithms. We show
numerical experiments for spectral domain data for which
our inversion is far superior to the Born inversion.
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Inverse Scattering Problems via Estimates of In-
ternal Waves

In this talk, we consider inverse scattering problems in
a reduced-order modeling framework. We show that a
data-driven reduced-order model, constructed from obser-
vations of scattered waves, can be used to estimate the
Greens function inside an unknown medium. Subsequently,
we show how this estimation can be used in a Lippman-
Schwinger-based inversion approach.
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Data-Driven Reconstruction of Ocean Wave Sur-
faces from Sparse Observations

Knowledge about water wave conditions in the near fu-
ture is essential for a broad range of ocean engineering
activities. The initialization of numerical wave prediction
models first requires the reconstruction of water wave sur-
faces from sparse measurement data. However, common
reconstruction methods rely on a computationally expen-
sive optimization procedure, that often compromises the
real-time capability of the entire wave prediction process.
Since the inference of a trained deep learning model can
usually be accomplished in a fraction of a second, we pro-
pose a novel data-driven method for ocean wave recon-
struction. In the present case, two-dimensional radar snap-
shots are the input of a neural network, while the output
is the reconstructed ocean wave surface at the same time
instant. As these inputs and outputs are grid-structured
data types, we employ an adapted U-Net-type convolu-
tional neural network. The surface similarity parameter is
used as the loss function for training, as it has been shown
to be particularly useful for regression tasks concerning os-
cillatory data. The quality of the deep-learning-based re-
construction results is comparable to results achieved by
classical ocean wave reconstruction methods. Neverthe-
less, collecting non-synthetic ground truth wave surfaces
for this fully supervised approach is challenging. To ad-
dress the problem of data availability, a physics-informed
approach is promising for upcoming work.

Svenja Ehlers, Merten Stender, Marco Klein, Mathies
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Physics-Aware Convolutional Neural Networks for
Computational Fluid Dynamics Simulation

CFD simulations are very costly to compute and have to be
repeated if the geometry changes even slightly. Recently
there have been a number of attempts to speed up this
process using neural networks. Among these is the use of
Convolutional Neural Networks (CNN) as surrogate models
for CFD simulations with varying geometries; see, e.g., [1].
Here, the model is trained on images of high-fidelity simu-
lation results. However, the generation of training data is
expensive and this approach usually requires a large data
set. Thus, it is of interest to be able to train a CNN in the
absence of abundant training data with the help of phys-
ical constraints. First results have already been achieved
for the heat equation on a fixed geometry and flow prob-
lems in parameterizable geometries; see [2, 3]. In this talk,
we present a physics-aware approach to train CNNs as sur-
rogate models for CFD simulations in varying geometries.
The employed CNN takes an imags of the geometry as in-
put and returns images of the associated CFD simulation
results, i.e., velocity and pressure, as output. Our CNN
architecture is based on the structure of U-Net [?]. Since
the model is trained on pixel images, it can be applied
to a variety of different geometries. We show results for
two-dimensional flows around obstacles of varying size and
placement and in non-rectangular geometries, esp. arteries
and aneurysms.
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Incorporating Boundary Conditions into
Physics-Informed Neural Networks for Solving
Parametrized Time Dependent Partial Differential
Equations

We explore new methods for efficiently solving
parametrised time-dependent partial differential equations
(PDEs) by modifying the architecture of physics informed
neural-networks (PINNs) and evolving their parameters
in a time-stepping scheme. We use the eigenfunctions of
the Laplace operator as an embedding layer, which allows
us to encode geometrical information about domains
with complicated shapes, e.g. with holes. We further
demonstrate how to enforce Dirichlet and Neumann
boundary conditions (BCs) exactly for the predicted
PDE solution field. Our numerical experiments show
that this can reduce training time and increase accuracy
of the predicted solution compared to standard PINNs
with Fourier Feature embedding. Evolutional neural
network (ENNs) use a time-stepping scheme based on
the PDE residual to evolve the network parameters such
that at each time step, the parameter state allows to
predict the PDE solution. Our proposed modified PINNs
eliminate the BC loss term and thus allow to extend this

paradigm to more general geometries. We discuss how to
efficiently implement the proposed numerical integration
schemes and the challenges in balancing accuracy and
computational time. Computational experiments on a
parametrised time-dependent heat equation are conducted
and results are compared with a classical PDE solver.
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Deep Fourier Neural Operator for Solving a Class
of Inverse Problems

In the present work, we develop a model, named Deep
Fourier Neural Operator, to learn the map from opera-
tors to functions. The model is employed in the contexts
of inverse problem for partial differential equation with un-
known function coefficients. In particular, we aim at learn-
ing the underlying map from the Dirichlet-to-Neumann op-
erator, defined for a wide collection of boundary data, to
the PDE coefficient. The use of this model is supported
by rigorously proven statements demonstrating the unique-
ness and well-posedness of such map. Moreover, we also
present extensive numerical experiments to support the ro-
bustness and accuracy of the model.
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Advances in Model Reduction in Parametric CFD
Problems with Machine Learning and Data-Driven
Approaches

We deal with advances in reduced order modelling with
a special focus on parametric CFD and applications, cur-
rently based on offline-online computing. Data-driven ap-
proaches are combined with online machine learning al-
gorithms to improve computational performances, and to
guarantee real-time capabilities in complex settings, incor-
porating turbulence, geometry parametrisation, as well as
multi-physics.
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Seeking Viable Paradigms for Hydrogen Peroxide
Signalling in the Cytoplasm of Human Cells

Hydrogen peroxide (H2O2) regulates cell proliferation,
inflammation, chemotaxis, apoptosis and other cellular
processes with a key relevance for cancer progression and
therapy, but the molecular mechanisms mediating this
regulation remain unclear. It is known that the 2-Cys per-
oxiredoxins, Prx1 and Prx2, not only control cytoplasmic
H2O2 concentrations but can also mediate H2O2 sig-
nalling. Recent experiments indicate that H2O2 signalling
at the cytosol of human cells is spatially localised. In this
talk we will present and discuss reaction-diffusion model
of the cytosolic human peroxiredoxin (Prdx)-based system
that accounts for the differential kinetic parameters. The
results confirm that H2O2 signalling at the cytosol of
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human cells is spatially localised and that site-specific
scaffold proteins allow H2O2 released to the cytosol at
distinct sites to independently regulate distinct genes
and processes. Work financed by European Regional
Development Fund, through COMPETE2020-Operational
Program for Competitiveness and Internationalisation,
and Portuguese funds via FCT-Fundao para a Cin-
cia e a Tecnologia, under projects UIDB/04539/2020,
UIDP/04539/2020, LA/P/0058/2020, UIDB/00313/2020,
UIDP/00313/2020, UIDB/00324/2020, PTDC/MAT-
APL/28118/2017, POCI-01-0145-FEDER-028118. MG
funded by University of Bath grant NE/L002434/1.
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Modelling the Coupling of Calcium Signalling and
Mechanics in Embryogenesis

Calcium (Ca2+) signalling is one of the most important
mechanisms of information propagation in the body. The
coupling between Ca2+ signalling and mechanics plays a
crucial role in fertilisation, embryogenesis, wound healing,
and cancer. One of the most important stages of embryoge-
nesis is neural tube closure (NTC), which is responsible for
the formation of the neural tube, the structure that later
develops into the central nervous system. NTC is driven,
in part, by the complex interplay of Ca2+ signalling and
mechanics through Apical Constriction (AC) and malfor-
mations like anencephaly and Spina Bifida can result when
this coupling is disrupted. However, this mechanochemical
coupling is poorly understood and few models are avail-
able. We have developed a novel cell-based mechanochem-
ical model that integrates Ca2+ signalling into the vertex
modelling framework. Using the vertex-based model (de-
veloped in Python), we investigate how the spatial and
temporal patterning of Ca2+ can trigger changes in cell
shape by regulating their mechanical properties, resulting
in tissue deformation, and how this deformation in turn
impacts the Ca2+ patterning. Crucially, the model re-
produces key aspects of the NTC process asynchronous,
cell-autonomous Ca2+ flashes precede pulsed contractions
at the cell level and a monotonic reduction of the tissue
area.
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Scale Free Chaos in Insect Swarming

Swarms are examples of collective behavior of insects pos-
sessing strong correlations but no global order. They ex-
hibit finite-size scaling and have dynamic critical expo-
nent z ≈ 1. Midge swarms have reproductive purposes,
form near a marker placed on the floor, and comprise less
than 900 flying male insects. An important model of flock-
ing is Vicesks: N particles under discrete time dynamics
align their velocities to the average velocity of all particles
within their sphere of influence plus an alignment noise.
To avoid aligned particles escaping to infinity, particles are
usually confined within a box with periodic boundary con-
ditions. Instead, we subject the particles to a confining
harmonic potential in infinite space. For this model, appro-
priate noise and confinement strength, we have discovered
a novel phase transition. The confinement versus noise crit-
ical line separates disperse single-cluster from multicluster
chaos (distinguished by topological data analysis), swarms
are scale-free, have minimal correlation time, correlation
length proportional to swarm size. The largest Lyapunov
exponent vanishes with confinement. Susceptibility, cor-
relation length, dynamic correlation function, largest Lya-
punov exponent obey power laws. Their critical exponents
agree fairly with observations of natural midge swarms.
These results contrast with those obtained from the order-
disorder transition of the Vicsek model confined in a finite
box under periodic boundary conditions.
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MS173

Predicting Biophysical Properties of Proteins

We report our recent work for the prediction of pro-
tein binding affinity using convolutional neural networks
(CNNs). This work utilizes uniform features extraction
from both topological data analysis and electrostatics from
charged protein-ligand complexes. Our methods overcome
the difficulties of involving electrostatics, which is expen-
sive to compute due to its long range and pairwise natures.
The simulation results show accurate prediction of binding
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affinity and meanwhile demonstrate the significance of in-
volving electrostatics in the machine learning framework.
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Active Vertex Model and Coarse Graining of Col-
lective Cell Migration in a Monolayer

Due to its importance in wound healing, cancer progres-
sion and embryonic development, collective cell migration
in a cellular monolayer has been extensively studied by
mathematical and physical modeling, computation and ex-
perimentation. Confluent motion of epithelial cells can be
described using simpler active vertex models, in which cells
are polygons forming a Voronoi tessellation of the tissue.
The dual Delaunay triangulation comprises cells centers
that evolve according to dynamics including collective in-
ertia and active forces. To model motion on supracellular
length scales, we should develop continuum theories in-
formed by models describing cell motion. Here we describe
coarse graining strategies of the active vertex model that
produce continuum equations for density, mean velocity,
pressure and nematic order parameter and include active
forces. We extract coarsened quantities directly from simu-
lations of the active vertex model and compare with results
from the continuum examples equations in simple cases of
wound healing assays and formation of fingers.
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MS174

Towards Integral Equations at Exascale in Rust

Over the last year we have started at University College
London a project to develop a new set of core libraries to
solve boundary integral equations at very large scale. Our
developments are based on a suite of small core libraries de-
veloped in Rust for functionalities such as field translation
of operators, octrees, kernel evaluation, etc. In this talk
we motivate our approach, discuss software challenges and
provide an overview of our current state of development
and first benchmarking results.
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Bembel: The BEM-Based Engineering Library

Bembel, the BEM-based engineering library, is a flexible
header-only C++ framework featuring higher order iso-
geometric Galerkin boundary element methods. To that
end, functionality for Laplace, Helmholtz, and Maxwell-
type problems is readily implemented and new problem
types can be implemented in a few lines of code. Bembel is
compatible with geometries from the Octave NURBS pack-
age, and provides an interface to the Eigen template library
for linear algebra operations. For computational efficiency,
it applies an embedded fast multipole method tailored to
the isogeometric analysis framework and OpenMP paral-
lelization.
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Fast Direct Solvers for Helmholtz Problems Using
Fmm3dbie

Recent years have seen the development of fast direct
solvers which aim to reduce the inversion cost of the dense
matrices that arise from boundary integral formulations
to O(N). In this talk we survey some recent approaches for
the solution of oscillatory scattering problems and the soft-
ware currently available, and present a recent fast direct
solver for Helmholtz scattering problems developed with
FMM3DBIE.
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The Shifted Boundary Method for Embedded Do-
main Computations Using a High-Order Spectral
Element Method for the 2D Poisson Problem

In recent years, the Shifted Boundary Method (SBM) have
gained interest due to the its ability to handle complex do-
mains through embedded domain computations. The SBM
address the problem of avoiding small cut cells and makes
the meshing task close to trivial. The key feature - and the
expense - of the SBM is how the boundary conditions (BCs)
are applied on a surrogate/approximate boundary via the
use of Taylor expansions to ensure that the convergence
rates of the overall discrete formulation is preserved, see
[Main and Scovazzi, 2017 and 2018]. This original work by
Main & Scovazzi was exploiting the classical - second-order
accurate - Finite Element Method (FEM), however, higher-
order contributions have recently been made, see [Nouveau
et al., 2019] and [Atallah et al., 2022]. A high-order numeri-
cal method is the Galerkin-based Spectral Element Method
(SEM) [Xui et al., 2018] which can be viewed as a multi-
domain version of the single-domain polynomial spectral
method. We present a SEM-based model combined with
the SBM for solving the Poisson equation in 2D on different
domains/geometries with various BCs. Convergence stud-
ies are performed to establish the legitimacy of the work,
including considerations of matrix conditioning when im-
posing Dirichlet BCs weakly via Nitsche’s method. Also,
the presented work is free of higher-order derivatives from
the aforementioned Taylor expansions, as the formulation
utilizes the polynomial behaving nature of the basis func-
tions.
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MS175

The Ubiquitous Sparse Matrix-Matrix Products

Multiplication of a sparse matrix with another matrix is
a fundamental operation that captures the computational
patterns of many data science applications, including but
not limited to graph algorithms, sparsely connected neural
networks, graph neural networks, clustering, and many-to-
many comparisons of biological sequencing data. In the
majority of these application scenarios, the matrix mul-
tiplication takes places on an arbitrary algebraic semir-
ing where the scalar operations are overloaded with user-
defined functions with certain properties or a more general

heterogenous algebra where even the domains of the input
matrices can be different. Here we provide unifying treat-
ment of the sparse matrix-matrix operation and its rich
application space.
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Predicting ILU(0) Effectiveness for Sparse Matrix
Systems via Explainable Machine Learning

Incomplete LU factorization of sparse matrices, which pre-
serves the sparsity pattern of the original system, plays an
important role in preconditioning iterative solvers. ILU(0)
is a simple yet powerful preconditioner technique for many
problems. However, generation of the ILU(0) precondi-
tioner is costly, and it is thus useful to know whether it
would be useful for a given problem beforehand. In this
work we investigate the feasibility of machine learning tech-
niques to aid in determining whether ILU(0) comprises a
suitable preconditioner for a given matrix system. Our con-
tributions are threefold: 1) We train a deep artificial neural
network on examples from the SuiteSparse matrix collec-
tion to predict the effectiveness of ILU(0) based on meta-
features describing the sparsity pattern. 2) Since deep
learning approaches require huge amounts of training data,
which cannot be provided by real-world matrix systems of
appropriate sizes, we further evaluate the possibility of us-
ing partial matrices as a synthetic dataset for pretraining
the model. 3) Additional insight into which characteristics
are crucial for the successful ILU(0) is revealed through
explainable machine learning via feature importance eval-
uation in tree-ensemble approaches. Our results show that
ILU(0) effectiveness can be predicted with sufficient accu-
racy based on a few representative matrix characteristics,
and that accuracy for very large matrices improves through
learning on partial matrices.

Charlotte Debus
Karlsruhe Institute of Technology (KIT), SCC
charlotte.debus@kit.edu

Anna Ostrovskaya
Karlsruhe Institute of Technology, SCC
kontakt@annaos.dev

Markus Götz
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2D S-Step Methods for Machine Learning

Stochastic gradient descent (SGD) is one of the most
widely used optimization methods for solving various ma-
chine learning problems. SGD solves an optimization prob-
lem by iteratively sampling a few data points from the in-
put data, computing gradients for the selected data points,
and updating the solution. However, in a parallel setting,
SGD requires interprocess communication at every itera-
tion. We introduce an s-step SGD algorithm which adapts
the s-step technique from Krylov methods to re-organize
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the SGD computations into a form that communicates ev-
ery s iterations instead of every iteration, where s is a tun-
ing parameter. Furthermore, we develop 2D distributed-
memory variants of the s-step SGD algorithm by leveraging
existing work on 2D sparse matrix kernels and combining
1D s-step SGD with other existing SGD variants such as
divide and conquer SGD and asynchronous SGD.
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Single-Factorization Interior Point Method for
Constrained Optimization

This work proposes a new inexact interior point algorithm
for convex quadratic programming problems with both
equality and inequality constraints. Our method uses new
preconditioned iterative methods to solve the linear sys-
tems that arise at every Newton step. These precondi-
tioned conjugate gradient methods operate on an implicit
Schur complement of the KKT system at each iteration.
In contrast to standard approaches, the Schur complement
we consider enables the reuse of the factorization of a fixed
KKT subsystem across all interior point iterations. Fur-
ther, the resulting reduced system admits precondition-
ers that directly alleviate the ill-conditioning associated
with the strict complementarity condition in interior point
methods. We propose two preconditioners that provably
reduce the number of unique eigenvalues for the coefficient
matrix (CG iteration count). One is efficient when the
number of equality constraints is small, while the other is
efficient when the number of remaining degrees of freedom
is small. Numerical experiments with synthetic problems
and problems from the Maros-Mszros QP collection show
that our preconditioned inexact interior point solvers are
effective at improving conditioning and reducing cost rela-
tive to the best alternative preconditioned method for each
problem.
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Communication-Avoiding Algorithms for Sparse
Triangular Matrices

Sparse triangular matrices occur extensively in scientific
computing and data-intensive applications, most notably
for solving systems of linear equations using Gaussian elim-
ination. Such matrices have emerged as essential tools for
artificial intelligence applications as they effectively model
certain kinds of uni-directional information flow, such as
the kind that occurs within feed-forward and graph neural
networks or neuromorphic hardware. In this talk, I will
discuss how we can exploit structured sparsity to reduce
data transfer in parallel computation. Specifically, I will
discuss new communication-avoiding algorithms for solv-
ing sparse triangular equations systems, which illustrate
the more general idea of path decomposition and duplica-
tion two techniques that facilitate performing sparse tri-
angular computation with reduced communication. The
path-duplication technique, while generalizing traditional
edge duplication-based methods like 3D matrix multipli-
cation and ghost cells in stencil computation for reducing
communication, also shows some differences that may be
useful for broader sparse linear algebraic and graph com-

putations and beyond.
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Random Tree Besov Priors

We propose alternatives for Bayesian a priori distribu-
tions that are frequently used in the study of inverse prob-
lems. The aim is to construct priors that have same kind
of good edge-preserving properties than total variation or
Mumford-Shah but correspond to well defined infinite di-
mensional random variables and can be approximated with
finite dimensional random variables. This is done by intro-
ducing a new random variable T that takes values in the
space of trees, and which is chosen so that the realisations
of the unknown have singularities only on a small set.
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Randomized MISMC Ratio Estimators

We consider the problem of estimating expectations with
respect to a target distribution with an unknown nor-
malizing constant, and where even the unnormalized tar-
get needs to be approximated at finite resolution. Un-
der such an assumption, we extend a recently introduced
multi-index Sequential Monte Carlo (SMC) ratio estima-
tor, which provably enjoys the complexity improvements
of multi-index Monte Carlo (MIMC) and the efficiency of
SMC for inference. The present work leverages a random-
ization strategy to remove bias entirely, which simplifies es-
timation substantially, particularly in the MIMC context,
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where the choice of index set is otherwise important. With
theoretical results, the proposed method provably achieves
the same canonical complexity of MSE−1 under appropri-
ate assumptions as the original method, but without dis-
cretization bias. It is illustrated on examples of Bayesian
inverse problems.
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Recent Advancements of Non-Gaussian Processes
in Bayesian Inversion

This talk is focused on the recent work, which has con-
sidered the promotion of non-Gaussian priors for tasks in
inverse problems. This is a challenging area as there are
numerous applications where one requires learning rough
features and edges, while not having a universal prior that
works well for this. As a result this presentation will con-
sider recently proposed prior and their developments, such
as analysis and numerical evidence that they outperform
Gaussian, and other non-Gaussian priors. This will be
tested on a range of inverse problems such as tomography
and PDE-inversion.
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Bayesian Inversion for Multiscale Materials with
Limited Observations

Recovering material properties in the presence of multi-
scale features is particularly challenging for two reasons:
the large amount of data needed to infer the small scale
variations, and the very high computational cost of solving
the forward problem. In this talk, we propose a procedure
to overcome these difficulties for a stationary physical sys-
tem with spatial multiscale features, that is, a system for
which the measured quantities can be modeled as output
functionals of the solution to an elliptic partial differential
equation with multiscale diffusion coefficient. In order to
estimate the uncertainties in the inversion procedure, we
use a Bayesian approach. To handle the fact that the data
are often to little informative to infer the multiscale coeffi-
cient, we aim at recovering effective properties of the sys-
tem based on the local orthogonal decomposition (LOD),
whose relationship with the microscale properties is ap-
proximated via a neural network surrogate constructed in
a pre-processing procedure. In the inversion algorithm,
the surrogate allows to solve the forward problem at the
macroscale only, therefore reducing considerably the com-
putational cost.
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Trade-Offs between Performance, Energy, and Ac-
curacy of Non-Standard Computer Number For-
mats

Computer number formats like Posits or BFloat16 con-
stitute alternative approaches to the IEEE floating-point
standard that can potentially achieve reductions in terms
of memory storage, bandwidth, and compute costs. In-
deed, hardware vendors have incorporated half-precision
data formats and have implemented mixed-precision (MP)
instructions. This talk will discuss the advantages and lim-
itations of these alternative formats with respect to the
IEEE standard in terms of trade-offs between performance,
energy, and accuracy.
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Verificarlo: Tuning and Debugging Floating-Point
Computations Through Stochastic Rounding

Reducing the cost, both in time and energy, of com-
puter simulations is critical. The numerical preci-
sion of simulations should be sufficient to provide sci-
entific insights but as low as possible to save energy
and computation time. We discuss the design of veri-
ficarlo (https://github.com/verificarlo/verificarlo),
an open-source framework to verify and optimize numeri-
cal accuracy in complex programs. Verificarlo is a compiler
tool built upon the LLVM infrastructure. It includes differ-
ent floating-point backends simulating the effect of numer-
ical errors and the impact of using lower precision. Before
lowering precision, one must ensure that the simulation
is numerically correct. In Verificarlo, we rely on alterna-
tive floating-point models, such as Stochastic Rounding,
to pinpoint numerical bugs in simulation codes. A proba-
bilistic definition of the number of significant digits allows
us to estimate the accuracy of a computation. Verificarlo
can then explore the compromise between precision and
performance through its variable precision backend that
simulates lower precisions on software. It can identify the
parts of the code that benefit from smaller floating-point
formats. Verificarlo has been applied in HPC codes such as
neuroimaging pipelines, DFT quantum mechanical model-
ing, or structure simulations. In particular, we show how
Verificarlo was used to optimize the speed and energy con-
sumption of a deflated conjugate-gradient solver.
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Interflop: a Project for Interoperable Tools for
Computing, Debugging, Validation and Optimiza-
tion of Floating-Point Programs

The InterFLOP project aims at providing a modular and
scalable platform to both analyze and control the costs
of floating-point behavior of today’s real programs facing
those new paradigms (bigger problems, new architectures,
new representation formats). The results of existing tools
often generate new questions such as: Is this small error
guaranteed? May this numerical error occur and how to
reduce it? Some more costly analyses bring pieces of an-
swers to these questions, but also require more expertise.
In InterFLOP, we propose new analyses and combinations
of existing ones to address the challenge of providing a
quick and precise numerical diagnosis requiring little user
expertise. For that, InterFLOP will collect and combine
information on numerical instabilities, catastrophic cancel-
lations, unstable tests, build various statistical analyses of
program executions at minimal overhead. In this talk, we
will describe advances made within the InterFLOP project
which aims at 1) enlarging the class of possible applications
by considering new front-ends and, therefore, new analyses;
2) providing finer numerical analyses based on formalized
composite analyses; 3) verifying the accuracy in the con-
text of precision auto-tuning to make applications more
efficient and robust; 4) building statistical analyses tools
and help the developer interpret the numerical behavior of
program through graphical interpretation.
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Reliable and Sustainable Computations: A Brief
Overview

A traditional view on computing and algorithms, offered
in classic books on numerical linear algebra and analysis,
often relies on sequential representation of algorithms as
well as on rigorous error analysis of them. The former has
been changing over the past 30 years, especially with in-
creasing power of computing centers, while the later was
largely untouched and still provides rather worse case sce-
narios (pessimistic estimates). In this talk, I present my
work on accuracy and reproducibility assuring strategies
for parallel iterative solvers that may not hold due to the
non-associativity of floating-point operations; these strate-
gies primarily rely on guarding every bit of resulting com-
putation until the final rounding, hence they can be costly.
Driven by the energy consumption constraint for comput-
ing centers and, hence, computations, scientists began a
revision of applications, algorithms, as well as the underly-
ing working / storage precision. The main aim is to make
the computing cost sustainable and apply the lagom prin-
ciple, especially when it comes to precision but also to the
error estimates. Hence, I will also present preliminary re-
sults on probabilistic (aka optimistic) error analysis that
closely captures the actual accumulated error.
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Hotelling Deflation and sTRLED Algorithm for
Computing Many Eigenpairs

Numerous applications in physical simulations and data
analysis give rise to the need for computing many eigen-
pairs of large-scale Hermitian matrices. Subspace projec-
tion methods such as the Lanczos algorithm are expen-
sive to apply directly due to the high costs of maintain-
ing the orthogonality of a large number of projection basis
vectors. To address the issue, we revisit Hotelling’s ex-
plicit external deflation (EED) technique that sequentially
shifts away converged eigenvalues while only maintaining
a small number of basis vectors inside a subspace projec-
tion method. We first show that the EED with suitable
shifts is numerically backward stable. We then introduce
an eigensolver sTRLED, a combination of the EED with
the s-step communication-avoiding thick-restarted Lanc-
zos method (TRLan). sTRLED incrementally computes a
batch of eigenpairs at a time and only uses a small projec-
tion subspace of TRLan. In addition, the sparse-plus-low-
rank structure of the EED matrix allows for the design of
specialized matrix power kernels that further reduces both
communication and computation costs in sTRLED. This is
joint work with Z. Bai, J. Dongarra, C. Lin, J. Wang, and
I. Yamazaki.
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Contour Integration for a Class of Eigenvalue Prob-
lems with Eigenvector Nonlinearities

Solving polynomial eigenvalue problems with eigenvector
nonlinearities (PEPv) is an interesting computational chal-
lenge, outside the reach of the well-developed methods for
nonlinear eigenvalue problems. We present a natural gen-
eralization of these methods which leads to a contour inte-
gration approach for computing all eigenvalues of a PEPv
in a compact region of the complex plane. Our methods
can be used to solve any suitably generic system of poly-
nomial or rational function equations.
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TNL: Numerical Library for Modern Parallel Ar-
chitectures

TNL (www.tnl-project.org) is a collection of building
blocks that facilitate the development of efficient numeri-
cal solvers and HPC algorithms. It is implemented in C++
using modern programming paradigms in order to provide
a flexible and user-friendly interface similar to, for exam-
ple, the C++ Standard Template Library. TNL provides
native support for modern hardware architectures such as
multicore CPUs, GPUs, and distributed systems, which
can be managed via a unified interface. In our presenta-



184 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 183

tion, we will demonstrate the main features of the library
together with efficiency of the implemented algorithms and
data structures.
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Czech Technical University in Prague
radek.fucik@fjfi.cvut.cz, ales.wodecki@fjfi.cvut.cz

MS179

Uncovering the Dynamics of Liquid Metal Films
via Efficient 3D GPU Simulations

This talk focuses on the influence that thermal effects have
on the dewetting of liquid metal films deposited on ther-
mally conductive substrates, and heated by an external
heat source. Using asymptotic analysis we develop a math-
ematical model that simultaneously incorporates thermal
effects in the metals, heat transfer in the substrate, and the
evolution of the metallic films. In order to solve the under-
lying model we develop a 3D GPU code that implements
an implicit-explicit finite difference scheme and allows us
to simulate self-consistently free-surface evolution and heat
conduction on large domains. In this talk, we focus in par-
ticular on the numerical algorithm and its parallelization.
By utilizing this code, we find that the properties of the
thermally conductive substrate – in particular its thickness
and rate of heat loss – play a critical role in controlling the
film temperature and dynamics. The authors acknowledge
support from the USMA Dean’s Faculty Research Fund
and NSF DMS-1815613.
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Deep Reduced Order Models for Grain Microstruc-
ture Evolution

Predicting grain formation during alloy solidification is of
great importance in additive manufacturing (AM). Nu-
merical simulations require fine spatial and temporal dis-
cretizations that can be computationally expensive. In
this talk we introduce GrainNN, an efficient and accurate
reduced-order model for epitaxial grain growth in addi-
tive manufacturing conditions. GrainNN is a sequence-
to-sequence long-short-term-memory (LSTM) deep neural
network that evolves the dynamics of manually crafted fea-
tures. We present results in which GrainNN can be orders
of magnitude faster than phase field simulations, while de-
livering 5%15% pointwise error. This speedup includes the

cost of the phase field simulations for generating training
data. This is joint work with Yigong Qin (UT Austin),
Steve DeWitt (ORNL), and Balasubramanian Radhakrish-
nan (ORNL)
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Assimilation of in-Situ Thermal Observations into
Component-Scale Additive Manufacturing Simula-
tions to Improve Thermal State and Model Param-
eter Estimates

Through controlled deposition of heat and mass, additive
manufacturing offers the potential for complex component
shapes and location-specific material properties. A down-
side of the flexibility in the geometry and the heat in-
put into the system, however, is that thermal evolution is
complex with rapid variation across the component. This
thermal evolution is critical in determining factors such as
the final microstructure in the component as well as the
residual stress. Here we present a new approach for es-
timating the temperature throughout an additively man-
ufactured component as it is being built. We combine a
GPU-accelerated finite element thermal solver with in-situ
infrared imaging and thermocouple data using an ensem-
ble Kalman filtering approach with localization. We also
explore augmenting the filtered state with model param-
eters (e.g. laser absorptivity, thermal diffusivity) to learn
the values of those parameters that are most consistent
with observations. Using synthetic observations where the
ground truth is known, we demonstrate improved temper-
ature estimates in the interior of the component using data
assimilation, especially with the parameter-augmented ap-
proach. We also demonstrate assimilation of real infrared
imaging and thermocouple data. Finally, we discuss future
applications of this approach for qualification of compo-
nents and for adaptive process control. Stephen DeWitt,
Bruno Turcksin, and James Haley
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Application of Gaussian Process Auto-Regressive
Models for Capturing Microstructure Evolution
Paths in Ni Alloys

Phase field (PF) simulations using the MEUMAPPS code
have been used to generate a set of microstructures rep-
resenting the nickel-based superalloy Inconel 718 during
a post additive manufacturing (AM) heat treatment pro-
cess, covering a range of niobium concentration levels from
0.08 to 0.16 (atom fraction), characteristic of a solidifica-
tion induced niobium segregation in the as-built AM mi-
crostructure. It has been demonstrated that varying Nb
concentration influences the relative volume fractions of
the delta and gamma precipitate phases in the alloy. The
Materials Knowledge Systems (MKS) framework has been
used to statistically quantify the microstructure arrays pro-
duced by the PF simulations. The resulting reduced-order
representations capture all of the salient features of the mi-
crostructural morphology. Gaussian process autoregression
(GPAR), a subset of Gaussian process regression, has been
utilized to predict the time evolution of the reduced-order
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microstructure representations. This result demonstrates
that a combination of the MKS framework and machine
learning modeling is a powerful tool for predicting the time
evolution of microstructures in heat treatment processes.
Work was supported by the Exascale Computing Project
(17-SC-20-SC) at ORNL. This research used resources of
the Oak Ridge Leadership Computing Facility, under the
Office of Science of the United States Department of En-
ergy under contract DE-AC05-00OR22725.
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MS180

Local h-, p- and k-adaptive Refinement through
Non-Uniform Polynomial degree LR B-Splines
with Application to Isogeometric Analysis

Locally Refined B-splines (LR B-splines) [Dokken et al.,
Polynomial splines over locally refined box-partitions,
CAGD, 2013] have proven a very flexible and powerful
framework in several applications, such as, interpolation
and data reconstruction, Computer Aided Design (CAD)
and isogeometric analysis (IGA). In this work we extend
LR B-splines to allow for non-uniform polynomial degree.
This capability, combined with local h-refinement, also al-
lows for local k-refinement, that is, increasing the poly-
nomial degree as well as the smoothness at newly intro-
duced knot lines. The novel refinement schemes are based
on degree elevation of individual basis functions by means
of certain two-scale relations, and lead to nested spaces.
We study the properties of the introduced spaces and ap-
ply them to several two-dimensional model problems, il-
lustrating the efficacy of the proposed adaptive refinement
methodology in the context of isogeometric analysis.
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MS180

Geometrically Smooth Surfaces and Basis for Iso-
geometric Analysis Simulations

Geometrically smooth spline functions are piecewice poly-
nomial functions defined on a mesh, that satisfy properties
of differentiability across shared edges; their unstructured
nature provide them a wide range of application like, for
example, Isogeometric Analysis approaches on surfaces of
arbitrary topology. In this presentation, we consider G1

splines on quadrangular meshes with given quadratic glu-
ing data along shared edges. We describe briefly their prop-
erties, analyse their spaces, and provide dimension formula.
Computing efficiently basis functions for these spaces is
critical in the IGA approach; we investigate this problem

and show an explicit construction for such bases. A few
experimentations illustrate these developments.

Michelangelo Marsala
INRIA Sophia Antipolis Méditerranée
France
michelangelo.marsala@inria.fr

MS180

Isogeometric Boundary Element Methods for Mul-
tipatch Geometries

The multi-patch IgA formulation of BEMs is considered
and applied in particular to the discretization of con-
ventional boundary integral equations coming from 3D
Helmholtz problems. B-spline tailored quadrature rules
developed for both singular and integrals allow us to per-
form numerical integration directly in the support of each
B-spline generating the adopted IgA discretization space.
The proposed quadratures combine higher order analyt-
ical singularity extraction process for the governing sin-
gular integrals and a B-spline quasi-interpolation numeri-
cal integration for the regular integrals. A special care is
needed to correctly address integration across patch inter-
faces. On numerical examples we demonstrate that the
expected orders of convergence for the approximate so-
lutions are achieved with a small number of quadrature
nodes.Joint work with Antonella Falini (University of Bari,
Italy), Tadej Kanduč (University of Ljubljana, Slovenia),
Alessandra Sestini (University of Florence)
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MS180

Smooth Isogeometric Discretizations for Fourth
Order PDEs

In this talk we discuss the construction of smooth iso-
geometric discretization spaces and their applicability to
solve fourth order PDEs. Here we focus mostly on C0-
matching multi-patch constructions to represent complex
geometries. In this case, the global continuity for the ba-
sis functions is usually only C0. To obtain exactly C1-
smooth isogeometric functions, special constructions need
to be employed. It could be shown in [Collin, Sangalli,
Takacs. Analysis-suitable G1 multi-patch parametrizations
for C1 isogeometric spaces. CAGD, 2016] that generic, C0-
matching multi-patch parametrizations do not allow C1-
smooth isogeometric discretizations of sufficient approxi-
mation power. Depending on the patch interior continu-
ity, approximation orders are drastically reduced or conver-
gence may be completely prevented. To circumvent this is-
sue one can increase the polynomial degree locally or relax
the smoothness conditions. Two such approaches are de-
veloped in [Weinmüller, Takacs. An approximate C1 multi-
patch space for isogeometric analysis with a comparison to
Nitsche’s method. CMAME, 2022] and [Takacs, Toshni-
wal. Almost-C1 splines: Biquadratic splines on unstruc-
tured quadrilateral meshes and their application to fourth
order problems. CMAME, 2023], respectively. We discuss
these approaches and use them to solve fourth-order prob-
lems, such as the biharmonic equation or Kirchhoff–Love
shell problems.

Thomas Takacs
Johann Radon Institut (RICAM)
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MS181

Efficient Data-Driven Control Using Autonomous
Surrogate Models

In recent years, significant progress has been made in the
field of machine learning and data-based methods, includ-
ing the modeling of dynamical systems with the help of
data-based surrogate models. These methods have also
found their way into the field of control engineering, espe-
cially in model predictive control. However, compared to
the creation of surrogate models for autonomous models
(without control input), the building of data-based mod-
els for controlled systems is typically much more difficult
and data hungry. To address these issues, in this talk, we
present a framework which is based on a discretization of
the control inputs such that modeling techniques for au-
tonomous systems can be used without adaptations. As a
result, the modeling effort and also the amount of required
data can be reduced. Relaxation and rounding techniques
from the area of mixed-integer control are then used to
solve the newly derived discrete control problem. We ver-
ify the presented approach with various examples where we
use different techniques to build the data-based models.
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MS181

Line-of-Sight Based Games in a Domain with Ob-
stacles

We consider a pursuit-evasion game in which a moving pur-
suer seeks to maintain visual contact with an evader which
is moving in an environment containing obstacles. We in-
troduce a new visibility function to determine the region
of the domain in which the line of sight between the play-
ers is not cut by any obstacle. Then, we use this approach
to analyze the solution of the Hamilton-Jacobi-Isaacs (HJI)
equation associated to the game, especially near the bound-
ary, where the solution happens to be discontinuous. Fi-
nally, we show how the new visibility function can be used
to design (sub)optimal feedback policies, which approxi-
mate the optimal one given by the (HJI) equation, and
are computationally much more efficient. This is a joint
work with Richard Tsai (UT Austin) and Carola-Bibiane
Schnlieb (University of Cambridge).
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MS181

Risk Neutral Quantum Optimal Control Using
Quadratic Approximations

For the design of quantum logic gates – the fundamen-
tal building block of quantum algorithms – achieving high
target fidelities is essential to the success of an algo-
rithm. However, current Noisy Intermediate Scale Quan-
tum (NISQ) era quantum devices are typically polluted

by noise. This work investigates performing optimal con-
trol of closed quantum systems for logic gate synthesis un-
der time-dependent uncertainty. We consider an objective
function that is the mean of the trace infidelity measure,
leading to a risk-neutral optimal control problem. Rather
than using a Monte Carlo estimate for the risk-neutral ob-
jective, we consider taking a quadratic approximation of
the objective with respect to the uncertainty as a proxy.
This leads to an explicit expression for the mean of the
control objective in terms of the trace of the (precondi-
tioned) Hessian with respect to the uncertainty, for which
we leverage trace estimators to approximate with a modest
number of Hessian-vector products. Finally, we reformu-
late the risk-neutral optimization problem as a constrained
optimization problem in which we employ a quasi-Newton
method to minimize the quadratic approximation with re-
spect to the control. This approach yields a method for
which the computation of the risk-neutral objective and
its gradient (with respect to the control) has a cost that
depends only on the number of trace estimators used which
can be chosen independently of the dimension of the con-
trol and uncertainty.
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MS181

Distributed Inexact Newton Method with Adap-
tive Step Size

In distributed optimization a set of computational agents
has to cooperatively solve a given optimization problem.
One of the main issues in this framework is the selection of
the stepsize: classical globalization strategies such as line-
search are not feasible in the multi-agent setting, while em-
ploying a fixed stepsize is known to often cause the method
to be slow, and usually requires the knowledge of the reg-
ularity constants of the problem, which can be hard to
estimate distributedly. We propose a distributed Inexact
Newton method that combines the penalty formulation of
the problem with Jacobi Overrelaxation method, and uses
an adaptive stepsize that can be computed without a priori
knowedge of the constants of the problem. Under suitbale
regularity assumptions over the objective function and on
the connectivity of the underlying network, we prove both
global and local fast convergence of the proposed method,
with convergence order that depends on the choice of the
parameters of the method. We also presents a set of nu-
merical results that shows the comparison between the pro-
posed algorithm and several methods from the literature.

Greta Malaspina, Dušan Jakovetic, Nataša Krejic
University of Novi Sad
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MS181

A Multigrid Method for Challenging Optimal Con-
trol Problems Constrained by Random PDEs

In this contribution we present a multigrid method to solve
the full-space optimality systems that arise in Optimal
Control Problems (OCPs) constrained by random Partial
Differential Equations (PDEs). These optimality systems
are of very large dimension, and are often characterized
by N state PDEs, N adjoint PDEs, and a single optimal-
ity condition, where N is the total number of collocation
points used to discretize the probability space. Our ap-
proach is based on a collective smoother that requires the
solution (possibly in parallel) of several reduced linear sys-
tems, each of dimension 2(N + 1) × 2(N + 1), which can
be achieved with optimal linear complexity. The efficiency
of the multigrid scheme is tested on several problems, in-
cluding a simple unconstrained linear-quadratic OCP, an
OCP with box constraints and a L1 penalization on the
control, and a risk-adverse OCP involving the smoothed
CVaR risk measure. In addition, the multigrid solver pre-
sented is robust against several important parameters of
the model problems considered.
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MS182

Positive Definite Kernels on General Regular Do-
mains

Positive definite functions and kernels are an important
tool for interpolation and approximation of functions in
several dimensions. They give rise to well-defined interpo-
lation problems and provide a variety of further approxima-
tion methods including, for example, quasi-interpolation
and radial basis function approximation. In this paper we
construct and analyse positive definite kernels on special
domains; we study the kernel functions on a particular list
of regular domains. The list includes the unit ball, conic
surfaces, hyperbolic surfaces, solid hyperboloids, and sim-
plices.

Martin Buhmann
Justus-Liebig-University
Giessen
buhmann@math.uni-giessen.de

Yuan Xu
University of Oregon
yuan@uoregon.edu

MS182

Global-Local-Integration-Based Radial Basis Func-

tion Methods for Numerical Simulations

In this talk, the development in global, local, and
integration-based meshless computational methods via the
use of radial basis function (RBF) will be presented.
The local radial basis function computational method
(LRBFCM) is an extension to solve large scale problems
which has hindered the practical application of the global
RBF method for years due to the ill-conditioning of its re-
sultant full coefficient matrix. The LRBFCM has recently
been applied to solve 2D cavity flows problems with free
surface and some nonlocal diffusion and phase field prob-
lems. The main idea of the integration-based radial ba-
sis function (FIM-RBF) method is to transform the origi-
nal partial differential equation into an equivalent integral
equation whose approximation can be sought by standard
numerical integration techniques. Due to the advantages of
unconditional stability of numerical integration and spec-
tral convergence of RBF approximation, the FIM-RBF
method can solve boundary value problem under irregular
domain with various kinds of stiffness. Recently, the FIM
method has been generalized to solve multi-dimensional
options pricing problems. Numerical examples with sen-
sitivity analysis will be given to verify the efficiency and
effectiveness of these meshless computational methods.
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Solving Hyperelastic Problems in Solid Mechanics
with RBF-FD Based Methods

Even though the collocation version of RBF-FD has been
applied in various fields, researchers still struggle to for-
mulate a method that would be robust, especially in the
presence of nonlinearities and Neumann boundary condi-
tions. For elliptic problems, these deficiencies have recently
been addressed by the introduction of oversampled RBF-
FD methods that replace collocation with a solution proce-
dure based on least squares. This has also facilitated the in-
troduction of an unfitted version of the method that further
reduced the constraints on node positioning and helped al-
leviate problems with skewed stencils near domain bound-
aries. In this talk an application of oversampled RBF-FD
methods to problems in nonlinear solid mechanics will be
presented, motivated by the desire to produce a meshless
numerical model for the human diaphragm.
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A Non-Oscillatory Finite Volume Method Based
on a Pointwise Smoothing RBF Approximation for
Conservation Laws

One of the properties of a conservation law problem is
that even if the initial condition is smooth the solution
may evolve into a discontinuity or a sharp front. These
discontinuities and sharp gradients result in non-physical
oscillations in the numerical solution. The purpose of nu-
merical methods is to precisely capture and suppress these
oscillations while achieving a solution with a high order
of convergence. There are several approaches but one of
the most significant and commonly used is a class of essen-
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tially non-oscillatory (ENO) or weighted ENO (WENO)
methods. The primary idea behind the ENO (or WENO)
reconstruction is to determine a set of stencils surround-
ing a control volume, execute a reconstruction on each
of these stencils, and finally pick up the smoothest (or
a weighted) approximation as the desired reconstruction
for that control volume. In this talk, we present an al-
ternative approach which employs a single central stencil
per any cell and suppresses oscillations by utilizing a new
RBF approximate-interpolation method based on a point-
wise smoothing approximation.
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A Parallel-in-Time Contour Integral Method for
RBF-FD Discretizations

We study the numerical performance of the parallel-in-time
contour integral method for one-dimensional differential
equations of the reaction-diffusion-convection type. The
method is based on the representation of a Dunford-Cauchy
integral along a contour which encompasses the spectrum
of an unbounded infinitesimal operator A corresponding
to the equation. The discrete operator is constructed as
a discretization of diffusion and advective, resp. convec-
tive terms by the Radial Basis Functions with generalized
Finite Difference (RBF-FD) method. A contour is chosen
to be of the elliptic shape with varying number of cuba-
ture points. Numerical performance of the contour integral
method is compared with sequential-in-time realizations of
the θ-scheme. The studied algorithm is 2NtimeNquad paral-
lelizable, where Ntime is the number of time points at which
the numerical solution is computed and Nquad is the num-
ber of cubature points on the contour. The method is flex-
ible with respect to the choice of a discretization method
and can be extended to multiple dimensions. Correspond-
ing numerical examples are demonstrated.

Andriy Sokolov
Technische Universitat Dortmund
andriy.sokolov@math.tu-dortmund.de

Pavel Barkhayev
B. Verkin Institute of Low Temperature
Academy of Science of Ukraine
pavlo.barkhayev@gmail.com

Stefan Turek
Institute for Applied Mathematics,
TU Dortmund
ture@featflow.de

MS183

Learning Filtered Discretisation Operators: Non-
Intrusive vs Intrusive Approaches

Simulating multi-scale phenomena such as turbulent fluid
flows is typically computationally very expensive. Filter-
ing the smaller scales allows for using coarse discretizations,
however, this requires closure models to account for the ef-
fects of the unresolved on the resolved scales. The common
approach is to filter the continuous equations, but this gives

rise to several commutator errors due to nonlinear terms,
non-uniform filters, or boundary conditions. We propose
a new approach to filtering, where the equations are dis-
cretized first and then filtered. For a non-uniform filter
applied to the linear convection equation, we show that
the discretely filtered convection operator can be inferred
using three methods: intrusive (explicit reconstruction) or
non-intrusive operator inference, either via derivative fit-
ting or trajectory fitting (embedded learning). We show
that explicit reconstruction and derivative fitting identify
a similar operator and produce small errors, but that tra-
jectory fitting requires signicant effort to train to achieve
similar performance. However, the explicit reconstruction
approach is more prone to instabilities.
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MS183

Non-Intrusive Model Order Reduction for Nonlin-
ear Coupled Problems

We are interested in thermo-electro-mechanical problems
arising in applications like curing process and spark plasma
sintering. These models consists of non-linear material
models like viscoelasticity and viscoplasticity. High-fidelity
simulations of such coupled multiphysics problems are pro-
hibitively expensive for performing parametric studies, op-
timization, control or estimation. In order to solve such
problems, accelerating the forward model solves by means
of efficient reduced order models is necessary. However, de-
veloping ROMs addressing these non-linearities is challeng-
ing due to the history dependence and presence of inter-
nal variables. To address this, hyper-reduction techniques
have been used in the literature to construct reduced order
models for non-linear problems. In particular, Reduced
Basis - Empirical Quadrature Procedure (RB-EQP) has
been used for hyperelasticity problems. RB-EQP has been
shown to provide offline efficiency by reducing the num-
ber of integration points and the required full-order solves
which can be very expensive to compute. Furthermore,
methods in scientific machine learning have demonstrated
online efficiency by avoiding expensive assembly of the re-
duced nonlinear problem. Exploiting these advantages of
hyper-reduction and ML methods, we propose a unified nu-
merical framework for an offline and online efficient non-
intrusive ROM technique. Finally, we demonstrate the per-
formance of the proposed method on a macroscale sintering
problem.
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Model Enhancement by Discovering Friction Terms
Using Physics-Informed Neural Networks for Con-
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trol

Often, technical systems cannot be fully modeled due to
limited knowledge, limited resources or due to the com-
plexity of the task to be solved. This leads to shortcomings
in the resulting governing equations and to a lack of accu-
racy. In a control setting, this is often treated by a larger
control input. However, modern physics-inspired machine
learning does not only allow us to solve complex problems
in a data-driven way, but also to gain new insights into the
underlying physics. In this work, we use physics-informed
neural networks (PINNs) as well as sparse regression learn-
ing to identify the missing physics of a complex system in-
side a control setting. In detail, we identify nonlinear fric-
tion terms inside the model of a 2-dof manipulator based
on a limited number of training data, which is either ob-
tained from simulation or experiment. Based on the origi-
nal and enhanced model, we generate feed-forward control
sequences for a trajectory tracking task. A simple PID con-
troller is used to compensate for errors that occur in the
feed-forward control. The results show that the controller
has to make far fewer corrections to the control variable
based on the improved model than was the case with the
original model.
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MS183

Physics Informed Neural Networks Assessment on
Fluid Dynamics Problems

Machine learning and more specifically deep learning have
revolutionised the way classification, pattern recognition,
and regression tasks are performed in various application
areas. Historically the solving of computational fluid dy-
namics problems relies on finite elements and finite volume
methods, meaning complex meshes and an important num-
ber of degrees of freedom are used to estimate solutions to
governing equations. Recently however the development of
the Physics Informed Neural Network (PINN) has emerged
as a promising tool to improve the solution methods to
these equations. The purpose of this talk is to assess dif-
ferent variants of these methods on a few representative
equations from fluid dynamics. We aim to show how the
performance and the precision of different types of models
are affected by altering networks hyper-parameters includ-
ing altering number of hidden layers, number of neurons
to a hidden layers and the use of different activation func-
tions including locally adaptive functions which have been
shown to improve the accuracy of estimators. We will pro-
pose then some alternatives to the state of the art.
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MS183

A Bregman Learning Framework for Sparse Neural
Networks

I will present a novel learning framework based on stochas-
tic Bregman iterations. It allows to train sparse neural net-
works with an inverse scale space approach, starting from
a very sparse network and gradually adding significant pa-
rameters. Apart from a baseline algorithm called LinBreg,
I will also speak about an accelerated version using momen-
tum, and AdaBreg, which is a Bregmanized generalization
of the Adam algorithm. I will present a statistically pro-
found sparse parameter initialization strategy, stochastic
convergence analysis of the loss decay, and additional con-
vergence proofs in the convex regime. The Bregman learn-
ing framework can also be applied to Neural Architecture
Search and can, for instance, unveil autoencoder architec-
tures for denoising or deblurring tasks.
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MS184

Structure-Preserving Numerical Algorithms for
Hyperbolic and Related Models with Uncertainty

In this talk, we will discuss design of structure-preserving
numerical methods for hyperbolic and related models with
uncertainty. As a primary example, shallow water sys-
tems with uncertainty will be considered, but the developed
ideas can be extended to a wider class of models, includ-
ing different models of conservation/balance laws. Shallow
water equations are widely used in many scientific and en-
gineering applications related to modeling of water flows in
rivers, lakes and coastal areas. We will show that the devel-
oped structure-preserving numerical methods deliver high-
resolution and satisfy necessary stability conditions. We
will illustrate the performance of the designed algorithms
on a number of challenging numerical tests. Current and
future research will be discussed as well.
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Locally-Implicit Discontinuous Galerkin Methods
for Kinetic Boltzmann-BGK that are Arbitrarily
High-Order and Asymptotic-Preserving

The kinetic Boltzmann equation with the Bhatnagar-
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Gross-Krook (BGK) collision operator allows for the simu-
lation of gas dynamics over a wide range of Knudsen num-
bers with a simplified collision operator. Efficient numer-
ical methods for Boltzmann-BGK should be asymptotic-
preserving, which allows the numerical method to be sta-
ble at fixed mesh parameters for any value of the Knud-
sen number, including in the fluid (very small Knudsen
numbers), slip flow (small Knudsen numbers), transition
(moderate Knudsen numbers), and free molecular flow
(large Knudsen numbers) regimes. In this work we de-
velop a novel approach for solving the Boltzmann-BGK
equation for achieving both arbitrary high-order and the
asymptotic-preserving property. The proposed method is
a locally-implicit discontinuous Galerkin (LIDG) scheme
with careful modification in both the prediction and cor-
rection steps to achieve the asymptotic-preserving prop-
erty. Some key advantages of the proposed schemes are:
(1) no splitting between macroscale and microscale com-
ponents of the distribution function is required; (2) only a
single unified time-discretization is required; and (3) arbi-
trary high-order in both space and time can be achieved
simply by increasing the spatial polynomial order in each
element. Several numerical examples are shown to demon-
strate the effectiveness of the proposed numerical scheme.
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A Particle-in-Cell Method for Plasmas with a Gen-
eralized Momentum Formulation

In this talk, some of our recent work on new particle-in-
cell-methods for the Vlasov-Maxwell system will be pre-
sented. We propose a formulation in terms of potentials,
in which the first-order Maxwell system is cast as a col-
lection of second-order wave equations with the aid of the
Lorenz gauge condition. Then, the usual Lorentz force for
the particles is expressed in terms of these wave potentials
and their spatial derivatives through the use of generalized
momentum. A new BDF wave solver is presented for the
solution of these equations for the potentials that induces
a discrete equivalence between the Lorenz gauge condition
and the continuity equation. We also discuss the new meth-
ods used to construct the spatial derivatives required in the
update for particles, which are inspired by the wave solver
used to evolve the potentials. Numerical results will be pre-
sented to demonstrate the application of the new method.
If time permits, some of our on-going work in extending
these methods to high-order accuracy will be discussed.
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MS184

Structure Preserving Numerical Methods for Gy-

rokinetic Models

For long time simulations, especially relevant in magnetic
fusion devices like tokamaks and stellarators, the conser-
vation of invariants is essential to get physically relevant
results. As for the Vlasov-Maxwell equations, the drift-
kinetic or gyrokinetic models which are generally used in
magnetic fusion can be derived from an action principle
or a non canonical hamiltonian formulation. We will show
in this talk how geometric Particle-In-Cell methods that
have been recently derived for the Vlasov-Maxwell equa-
tions can be extended to the more complex drift-kinetic
and gyrokinetic models.
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Well-Conditioned Mode Matching Method for Ap-
plications in Photonics

To analyze photonics devices such as optical waveguides,
resonant cavities and diffraction gratings, it is necessary to
solve the Maxwells equations numerically. Due to the com-
plexity of the structure, conventional numerical methods,
such as the finite difference and finite element methods,
are not very efficient. Often, a photonic device consists
of several simpler parts for which the dielectric function
depends only on one spatial variable. The mode match-
ing method and its many numerical variants have been
widely used to analyze photonic devices with simple one-
dimensional parts. Since the dielectric function is typi-
cally piecewise constant, numerical mode matching meth-
ods based on piecewise polynomials, such as the polyno-
mial expansion mode matching method (PEMM) and the
pseudo-spectral mode matching method (PSMM), are par-
ticularly efficient. However, the condition numbers associ-
ated with PEMM and PSMM are often very large, leading
to limited accuracy and difficulty in convergence when it-
erative methods are used. In this paper, we develop a well-
conditioned numerical mode matching method based on a
spectral Galerkin scheme. We show that this method pro-
duces numerical modes with good orthogonality and sig-
nificantly reduces the condition numbers of the final linear
systems.
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MS185

Multifactor Sequential Disentanglement via
Spectrally-Structured Koopman Autoencoders

Disentangling complex data to its latent factors of variation
is a fundamental task in representation learning. Existing
work on sequential disentanglement mostly provides two
factor representations, i.e., it separates the data to time-
varying and time-invariant factors. In contrast, we con-
sider multifactor disentanglement in which multiple (more
than two) semantic disentangled components are gener-
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ated. Key to our approach is a strong inductive bias where
we assume that the underlying dynamics can be repre-
sented linearly in the latent space. Under this assumption,
it becomes natural to exploit the recently introduced Koop-
man autoencoder models. However, disentangled represen-
tations are not guaranteed in Koopman approaches, and
thus we propose a novel spectral loss term which leads to
structured Koopman matrices and disentanglement. Over-
all, we propose a simple and easy to code new deep model
that is fully unsupervised and it supports multifactor disen-
tanglement. We showcase new disentangling abilities such
as swapping of individual static factors between characters,
and an incremental swap of disentangled factors from the
source to the target. Moreover, we evaluate our method
extensively on two factor standard benchmark tasks where
we significantly improve over competing unsupervised ap-
proaches, and we perform competitively in comparison to
weakly- and self-supervised state-of-the-art approaches.
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Long-Time Stability of Deep Learning-Based Fore-
cast Models of Multi-Scale Chaos

There is growing interest in fully data-driven forecast mod-
els (aka digital twins) for multi-scale nonlinear dynamical
systems such as Earths climate and turbulence. Recent
studies have shown the promise of deep neural networks
(DNNs) for this purpose, producing models (learned from
data) with short-term forecast skills comparable to those
of high-fidelity numerical solvers. However, these models
are all long-time unstable, failing to reproduce the statis-
tics of the system. The roots of these instabilities are not
understood. Here, using observational weather data and
simulation data of turbulent flows, we show that the root
of the instability is spectral bias: the well-known inability
of DNNs in learning small scales. We demonstrate how the
DNNs fundamental inability to represent small scales insti-
gates instability, which then propagates to the large scales.
We further show that training a DNN using a Fourier spec-
tral loss function that promotes the learning of small scales
combined with a time-integration scheme that dampens er-
ror propagation leads to a long-time stable DNN for both
testcases. The framework developed here is readily appli-
cable to stabilizing digital twins of any other multi-scale
chaotic or turbulent system. Such long-time stable digital
twins have wide applications in science and engineering.
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MS185

Learning Physical Models that Can Respect Con-
servation Laws

Recent work in scientific machine learning (SciML) has fo-
cused on incorporating partial differential equation (PDE)
information into the learning process. Most of this work
has focused on relatively easy PDE operators (e.g., elliptic
and parabolic), with less emphasis on relatively hard PDE

operators (e.g., hyperbolic). Within numerical PDEs, the
latter problem class is difficult since one must control a
type of volume element or conservation constraint, which
is known to be challenging. Delivering on the promise
of SciML, however, requires seamlessly incorporating both
types of problems into the learning process. To address this
issue, we propose PhysNP, a framework for incorporating
constraints into a generic SciML architecture. We provide
a detailed analysis of our approach on learning with the
Generalized Porous Medium Equation (GPME), a widely-
applicable parameterized family of equations that illus-
trates the qualitative properties of both easier and harder
PDE operators. PhysNP is effective for easy variants of
the GPME, performing well with state-of-the-art competi-
tors with little additional cost; and for harder variants of
the GPME it out- performs other approaches that do not
guarantee volume conservation. PhysNP seamlessly con-
ditions on known physical invariants, it maintains proba-
bilistic uncertainty quantification, and it deals well with
spatial/temporal shocks. In each case, it achieves superior
predictive performance on downstream tasks.
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Probabilistic Geometry Reconstruction for Addi-
tive Manufacturing Digital Twins

As more and more critical parts are being fabricated via
additive manufacturing (AM), there is an increasing need
to ensure that the geometric and material properties of
the parts conform to certain requirements. Currently this
need is addressed by expensive, time consuming, and envi-
ronmentally wasteful destructive testing of physical replica
components. However, with more and more connected sen-
sors being installed in AM machines, new possibilities are
emerging for creating digital replicas, or digital twins, of
the physical parts, inline. Such digital twins can be used
as a basis for qualifying parts digitally, removing the need
for excess physical parts. In this talk we will discuss ap-
proaches for creating digital twins from inline sensor data,
focussing on the problem of extracting the geometry from
volumetric images. To do this we transfer techniques de-
veloped in the medical imaging domain, to the setting of
AM. A digital twin is never an exact representation of the
physical object or process, as there are unknowns inherent
in both the dynamics of the process and in the capture
of the sensor data. We therefore also investigate the use
of techniques such as Kalman filters and Markov random
fields to capture these uncertainties in the digital twin.
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Real-Time Parametric Adaptation of Digital Twins

Digital twin frameworks more and more resort to
projection-based reduced order models (ROM) to perform
real time simulations of complex systems. Several reduced
bases may be simultaneously manipulated, either to project
the equations onto a lower dimensional subspace, or to
approximate nonlinear terms resisting the real time con-
straint. These reduced bases are often computed with the
Proper Orthogonal Decomposition (POD) which requires
snapshots of the solution for a given set of parameters.
A difficulty then arises when it comes to adapt both ef-
ficiently and accurately these multiple reduced bases for
new set of parameters. In this contribution, we compare
different state of the art approaches to build the paramet-
ric reduced order model of a gas bearings dynamical sys-
tem. We revisit the Interpolation on the Tangent Space
of the Grassmann Manifold (ITSGM) technique, and we
propose several improvements. Numerical experiments are
presented to demonstrate the potential of the developed
model to perform fast and accurate simulations for future
digital twin applications.
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Creating Value with Models in the Physical World
Through the Executable Digital Twin

The digital twin has become an intrinsic part of the prod-
uct creation process. Basically, it is a virtual image of a
real asset, integrating all data, models and other digital
information over the lifecycle. Its true power lies in the
relationship with its physical counterpart. Data acquired
on the physical asset can validate and enrich the digital
twin. Inversely, the digital representation can bring value
to the physical asset. Dedicated digital twin encapsulations
can be extracted to model a specific set of behaviors in a
specific context, delivering a stand-alone executable repre-
sentation referred to as the Executable Digital Twin. The
process and basic methodologies of the Executable Digi-
tal Twin are reviewed. Key enabling technologies are fast
simulation methods, Model Order Reduction and state es-
timation. Data reduction approaches include the use of
machine learning to allow compact representations of com-
plex non-linear systems. Hybrid co-simulation linking the
executable models in an open runtime environment are key.
The concept is illustrated by several examples in the auto-
motive, aerospace and manufacturing industries. This in-

cludes embedded models for virtual sensing, model-based
control, performance monitoring and X-in-the-loop hybrid
testing. Also, the potential to use the Executable Digital
Twin as a companion to the physical asset through its life-
cycle for decision support is discussed. An outlook on open
challenges will identify further research needs.
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Virtual Inspection of 3D Printing via Process-Scale
Digital Twins and Computer Vision

In the age of digitalization, physical objects are increas-
ingly being represented by digital twins. Our work at
LLNL focuses on developing digital twins of additive man-
ufacturing (AM) systems and processes with the goal of
virtually designing and optimizing 3D printed components
before needing to manufacture them. Currently, we man-
ufacture mission-critical components from direct-ink-write
AM systems and manually inspect and test parts. Using
on-board sensor data from cameras and kinematic motion
data, our work aims to automate the inspection and test-
ing process by geometrically tolerancing parts with deep
learning and computer vision. Furthermore, we aim to im-
prove the accuracy of our process-scale digital twin of the
3D printing process by injecting real sensor noise into the
simulator. We also compare our digital and physical twins
in a virtual reality (VR) environment, allowing for intu-
itive interactions among multiple collaborators who need
not be co-located. Using in situ process monitoring, data-
driven prediction enhancement, and VR, we hope to yield
insights into machine health, preventative maintenance,
and corrective strategies with the goal of moving toward
AM process certification. This work was performed under
the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-
07NA27344, and funded by the Laboratory Directed Re-
search and Development Program at LLNL under project
tracking code 23-SI-003.
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Lifting Transformations and One-Sided Model Re-
duction for Classes of Nonlinear Dynamical Sys-
tems

The problem of approximating and equivalently formulat-
ing generic nonlinear systems with analytic nonlinearities
is studied. We are concerned with the study of lifting non-
linear systems to a polynomial (i.e., quadratic-bilinear, in
short QB) structure, and with applying model order reduc-
tion (MOR) techniques for lowering the complexity (num-
ber of states) of such reformulated systems. Lifting tech-
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niques have been successfully applied in recent years for
MOR purposes, starting with the works of Gu, Benner,
Breiten, Goyal (and collaborators), and more recently, with
those of Willcox, Peherstorfer, Kramer, Qian (and collabo-
rators). Systems with bilinear and quadratic dynamics can
be used as surrogates for systems with more general nonlin-
earities. By means of lifting transformations, one is able to
reformulate the original nonlinear dynamics into such a for-
mat. Then, the problem of MOR for large-scale lifted QB
models arises. In particular, we propose a data-driven ap-
proach that requires samples of multivariate input-output
mappings (in the frequency domain). The latter are (sym-
metric) generalized transfer functions (symGTFs), which
are appropriately defined for QB systems. The MOR ap-
proach is data-driven, moment-matching-based, and it re-
quires evaluations of the symGTFs. We show how to (ex-
plicitly) fit only a few sample values thereof, and also how
to use the available degrees of freedom to derive QB ROMs,
in a non-intrusive way. Finally, we present two numerical
applications.

Ion Victor Gosea
Max Planck Institute Magdeburg
gosea@mpi-magdeburg.mpg.de

MS187

Nonlinear Dynamics in Gas Transport Networks -
Are They Polynomial?

Gas flow in pipes is typically modeled via isothermal Eu-
ler equations. The nonlinear friction term is a product
including an absolute value. Rewriting this into a poly-
nomial setting is nontrivial. However the system can be
interpreted as a switched quadratic system with a bit of a
state dependent switching signal. We investigate quadratic
model order reduction for switched systems in this context.
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Reachability of Weakly Nonlinear Systems Using
Carleman Linearization

In this presentation we introduce a solution method for a
special class of quadratic initial-value problems using set-
propagation techniques. We employ a particular embed-
ding (Carleman linearization) to leverage recent advances
of high-dimensional reachability solvers for linear ordinary
differential equations based on the support function. Us-
ing a global error bound for the Carleman linearization
abstraction, we are able to describe the full set of behav-
iors of the system for sets of initial conditions and in dense
time.
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Rewriting Almost Every Function As the Solution
of Quadratic IVODEs

In this talk, we present an approach to recast non-
polynomial IVODEs (e.g. elementary and piecewise differ-
entiable) into polynomial differential systems that exploits
auxiliary variables, and provide several examples. We also

discuss an a priori error bound for the solution to polyno-
mial IVODES of polynomial form. If there is time, we will
also demonstrate an approach to recast a system of poly-
nomial IVODEs into a single variable higher order IVODE.
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Optimal-Complexity Multigrid Solvers for High-
Order FEM in the De Rham Complex

The Riesz maps of the L2 de Rham complex frequently
arise as subproblems in the construction of fast precondi-
tioners for more complicated problems. In this work we
present multigrid solvers for high-order finite element dis-
cretizations of these Riesz maps with optimal complexity
in polynomial degree, i.e. with the same time and space
complexity as sum-factorized operator application. The
key idea of our approach is to build new finite elements
for each space in the de Rham complex with orthogonal-
ity properties in both the L2 and H(d) inner products
(d ∈ {grad, curl,div}) on the reference hexahedron. The
resulting sparsity enables the fast solution of the patch
problems arising in the generalised Arnold–Falk–Winther
and Hiptmair space decompositions, in the separable case.
In the non-separable case, the method can be applied
to a spectrally-equivalent auxiliary operator. With exact
Cholesky factorizations of the sparse patch problems, the
application complexity is optimal but the setup costs and
storage are not. We overcome this with the use of incom-
plete Cholesky factorizations with carefully specified spar-
sity patterns arising from static condensation. This yields
multigrid relaxations with computational complexity and
storage that are both optimal in the polynomial degree.
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Quasi-Interpolation for the Helmholtz-Hodge De-
composition

We propose a computationally efficient and stable quasi-
interpolation based method for numerically computing the
Helmholtz-Hodge decomposition of a vector field. To this
end, we first explicitly construct a matrix kernel in a gen-
eral form from polyharmonic splines such that it includes
divergence-free/curl-free/harmonic matrix kernels as spe-
cial cases. Then we apply the matrix kernel to vector de-
composition via a convolution technique together with the
Helmholtz-Hodge decomposition. More precisely, we show
that if we convolve a vector field with a scaled divergence-
free (curl-free) matrix kernel, then the resulting divergence-
free (curl-free) convolution sequence converges to the corre-
sponding divergence-free (curl-free) part of the Helmholtz-
Hodge decomposition of the field as the scale parameter
tends to zero. Finally, by discretizing the convolution se-
quence via certain quadrature rule, we construct a family of
(divergence-free/curl-free) quasi-interpolants (defined both
in the whole space and over a bounded domain) for approx-
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imating divergence-free/curl-free part corresponding to the
Helmholtz-Hodge decomposition of the field, respectively.
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Discretization of the Incompressible Navier-Stokes
Equations Based on the De Rham Complex

We are interested in the numerical resolution of the Navier-
Stokes equations using the tools of exterior calculus and the
De Rham complex. The use of the De Rham complex not
only allows us to take advantage of the numerous results
on its discretization [Arnold,Finite Element Exterior Cal-
culus,2018] but also of the naturalness of the construction
to create structure preserving schemes. We present here an
expression of the equations in the exterior calculus formal-
ism and how the desired properties on the scheme guide
the different choices made during the discretization. Fi-
nally we look more concretely at the resulting scheme by
showing the well-posedness of the problem, by analyzing
the error and the preservation of the quantities, and with
a numerical simulation.
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Background Independent Formulations of Conser-
vation Laws in Structured Solids

The approximation of materials as continuous solids leads
to the classical formulations of conservation of scalar (mass,
energy, charge) and vector (linear and angular momentum)
quantities in terms of their densities. Such formulations do
not allow for describing localisations of properties and pro-
cesses by underlying material structures. One approach
to address the deficiency of the classical formulations is
to consider explicitly the internal structures of engineering
materials as assemblies of discrete, finite cells with differ-
ent apparent dimensions. Calculus on such cell complexes
was born at the beginning of this century. It offers great
opportunities for revisiting and reformulating the descrip-
tions and analyses of real materials. The talk will show the
development of discrete analogues of the conservation laws
relevant to the analysis of materials with complex internal
structures. These are based on the notions of combinato-
rial vector fields and differential forms on cell complexes.
Topological, i.e., metric-independent, as well as metric-
dependent operation of such forms will be discussed, to-
gether with the strategy that combines them into intrinsic,
i.e., background-independent, descriptions of the conserva-
tion laws.
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Towards Conforming Discretizations for Bending
Shell Problems

We consider numerical simulations of large-deformation
bending plates. These are models of thin mechanical ob-
jects (such as sheets of paper) that are constraint to de-
form isometrically. Previous research has focused on non-
conforming approaches. As an alternative, we formulate
the model as a mixed problem where one variable takes its
values in a Stiefel manifold. A discretization by nonlinear
Discrete Kirchhoff Triangle (DKT) finite elements then al-
lows to interpret the discrete problem as an optimization
problem on a manifold. For such problems, efficient solvers
can be constructed and shown to converge. We explain the
geometric construction and show numerical tests.
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High-Performance Matrix Computations: We
Need More Than Fast Libraries

As matrix computations are the bottleneck in countless
workflows and applications, many excellent libraries have
been developed. These offer a broad range of computa-
tional building blocks, optimized for different aspects such
as computing platform, problem size, precision, and ma-
trix properties. However, in spite of the quality of such
libraries, we observe that end users are increasingly less
likely to use them, at least directly. In fact, realistic work-
flows are significantly more complex than the functionality
of the kernels offered in such libraries, and the intelligent
decomposition of a workflow in terms of a set of avail-
able kernels is in itself a challenging task. We refer to
this task as ”Linear Algebra Mapping Problem” (LAMP).
In practice, the problem is often circumvented by adopt-
ing high-level languages such as Matlab, Python, and R,
or C++ (in combination with libraries such as Armadillo
or Eigen), which offer a convenient high-level syntax for
matrix computations, thus boosting user productivity; by
contrast, these languages are still immature with respect
to the solution of the LAMP, and in terms of performance
they suffer from vastly suboptimal choices. In a nutshell:
High-performance libraries are a necessary, but not suf-
ficient component for high-performance matrix computa-
tions.
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High Performance Domain-Specific Language for
Probabilistic Programming

In this talk, we will go through the design and imple-
mentation of the DynamicPPL library (the modelling lan-
guage for Turing.jl). DynamicPPL is a high-performance,
general-purpose domain-specific language for probabilistic
programming. It allows applied scientists to specify proba-
bilistic models using an intuitive syntax. The same model
program can be transformed into many forms correspond-
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ing to various statistical operations, such as sampling from
the prior, evaluating the prior density, evaluating the log-
likelihoods and evaluating the joint log density. These
different model forms significantly reduce boiler-and-plate
code for statistical programming, enhance communication,
and accelerate the speed of iterating modelling workflows.
DynamicPPL has been used in some critical settings such
as Covid-19 modelling, and pharmaceutical modelling.
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Data Layout in Domain-Specific Compilers and
Code Generators

Domain-specific compiler technology bridges between
the domain scientist’s expression of their problem and
architecture-specific code generation. In this talk, we
will describe how domain-specific code generation is facil-
itated by a data layout description that is co-optimized
with the computation. We will examine how to generate
performance-portable code with data layouts designed to
minimize data movement for the application domain.
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Halide: Growing Dopsies from Research Projects
to Industrial Adoption

While research into domain-specific programming systems
(”dopsies”) continues to expand, only a few of these sys-
tems have matured enough to find adoption outside of
small research communities. One notable exception is
Halide [Ragan-Kelley et al, SIGGRAPH 2012; Ragan-
Kelley et al, PLDI 2013], a programming language and
compiler for dense computations on images and tensors.
Used in multiple shipping products, including Adobe Pho-
toshop and Google Photos, Halide presents an interesting
case study of a dopsy used for production while still form-
ing the basis of continuing research projects. This talk
outlines the history of Halide’s adoption, the design de-
cisions that enable this adoption, and the challenges that
come with simultaneously supporting multiple production
use cases across multiple (sometimes competing) compa-
nies.
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An Extension of C++ with a Memory-Centric
Specification Language for HPC

The C programming language and its cousins such as C++
lean towards a memory-inefficient storage of structs: devel-
opers have to commit to one, invariant data model unless
they rearrange the data structures manually, the natural
data structure for object-based models is array of structs,
and the compiler has to insert bits such that individual
attributes align with byte boundaries. Furthermore, the
language provides no native support for data exchange via
MPI and precision formats beyond the IEEE standard.

We propose a language extension based upon C++ at-
tributes which give developers more fine-grained control
over the memory implementation of data structures: nu-
merical types tailored to their value ranges with bit-level
granularity, automatic bit packing of boolean and enumer-
able fields, customisable reduced-precision storage types
for floating-point data, as well as local declarative conver-
sions between Array-of-Structures to Structure-of-Arrays
layouts for ”for” and ”for-each” loops. Finally, we pro-
pose attribute-driven MPI mappings generation for arbi-
trary data types, including the new data types that we
offer. Our proposals are realised via a compiler-based ap-
proach by extending the Clang/LLVM compiler toolchain.
In the presentation we demonstrate the capabilities of our
extensions, as well as show the performance impacts on a
set of large-scale smoothed-particle hydrodynamics simu-
lation (SPH) codes.
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Network-Based Framework for Estimating the Risk
Factors of Epidemic Spreading

Network-based adaptations of traditional compartmental
infection models such as SIR or SEIR can be used to model
the spreading of diseases between cities, countries or other
geographical regions. One of the common challenges aris-
ing in these applications is the lack of available transmis-
sion probabilities between these geographical units. Sev-
eral methods have been proposed recently for solving this
task. One of them is the Generalized Inverse Infection
Model (GIIM) [A. Bta, L. M. Gardner: A generalized
framework for the estimation of edge infection probabil-
ities. arXiv:1706.07532]. GIIM offers a large amount of
modelling flexibility and allows transmission probabilities
to be defined as a function of known attributes, or risk
factors in an epidemic context. In this presentation we
will see how GIIM works in two specific real-life outbreaks.
The first one considers the 2015-2016 Zika virus outbreak
in the Americas [L. M. Gardner, A. Bta, N. D. Grubaugh,
K. Gangavarapu, M. U. G. Kramer: Inferring the risk fac-
tors behind the geographical spread and transmission of
Zika in the Americas. PLoS Neglected Tropical Diseases
12 (1), e0006194 (2018)], while he second application mod-
els the 2009 H1N1 outbreak between the municipalities of
Sweden [A. Bta, M. Holmberg, L. M. Gardner, M. Rosvall:
Socio-economic and environmental patterns behind H1N1
spreading in Sweden. Scientific Reports 11 (1), 1-14, 2021.]
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Spatio-Temporal Dynamics of Disinformation with
Committed Minorities

The spread of disinformation through social networks has
led to many negative consequences, including manipulation
of the 2016 presidential election, vaccine hesitancy during
the COVID-19 pandemic, and the rise of QAnon. Dis-
information campaigns with the presence of a committed
minority are of particular concern because a minority with
as low as 10% of the population can overtake the majoritys
opinion. This phenomenon is characterized by a strong tip-
ping point (phase transition) separating two distinct out-
comes. Previous studies employed the binary agreement
model on Erdős-Rényi random, scale-free, and complete
networks. Here, we examine the binary agreement model
on hundreds of random graphs of several types (e.g., bar-
bell, small world, etc.) to connect the tipping point to
graph metrics (e.g., assortativity, betweenness, etc.). We
also explore the dynamics on Facebook networks. The bi-
nary agreement model is run to steady state on all networks
utilizing hundreds of core hours. Using the data generated
in these simulations, we calculate correlation functions of
individuals opinions and calculate scaling exponents of the
phase transitions. Gaining insights into the nature of the
tipping points suggests strategies for mitigating the spread
of disinformation.

David J. Butts, Sam Bollman, Michael Murillo
Michigan State University
buttsdav@msu.edu, bollma13@msu.edu, muril-
lom@msu.edu

MS190

Optimal Link Scheduling via Subgraph Coloring

In datacenters, optical technologies allow the establishment
of a limited set of additional direct connections of high
bandwidth between pairs of top-of-rack switches. To max-
imize throughput, it is desirable to establish direct connec-
tions between those pairs that currently have a high com-
munication demand and to reconfigure the links whenever
the demand changes. We show how the problem of deter-
mining an optimal configuration can be cast as a subgraph
coloring problem and study its complexity and various al-
gorithmic solutions both in theory and practice.

Kathrin Hanauer
University of Vienna
kathrin.hanauer@univie.ac.at

MS190

Degree Sequence Problems in NMR Spectroscopy

The 1H-NMR spectroscopy can measure how many hydro-
gen atoms a carbon atom can bind, furthermore, how many
hydrogen atoms the neighbor carbon atoms altogether can
bind. Each carbon atom can make four covalent bonds.
Therefore, the number of neighbor carbon atoms to a par-
ticular carbon atom is four minus the number of its hydro-
gen atoms. Furthermore, the number of second neighbor
carbon atoms is three times the number of neighbor car-
bon atoms minus the number of those hydrogen atoms that
the neighbor carbon atoms bond. That is, from the 1H-
NMR spectroscopy, we can obtain the degree and neighbor
degree sequences of hydrocarbons. When these hydrocar-

bons are saturated and acyclic (these properties are easy
to check by simple, fast and cheap lab tests), the chemical
structure prediction is equivalent to constructing bounded
degree trees with prescribed degree and neighbor degree se-
quences. We will present a polynomial running time algo-
rithm to the construction problem and we will also provide
a polynomial delay enumeration algorithm to enumerate
all possible solutions.

Istvan Miklos
Renyi Institute
miklosi@renyi.hu

MS190

A Clique Based Algorithm for Scheduling Coupled
Tasks with Delay

The clique search algorithms has improved to such an ex-
tent that today we may compute clique numbers of highly
non-trial size graphs. These algorithm are even more ef-
ficient in the particular case when one wants to locate k-
cliques in k-partite graphs. In this work we single out a
scheduling problem in which tasks are coupled and the
time delay between the first and second member of the
couple is fixed by technological constraints. We will show
that this scheduling problem can be reduced to the ques-
tion to decide if a tactically constructed k-partite auxiliary
graph contains a k-clique. The scheduling problems can
be reformulated as an integer linear program and can be
handled using powerful solvers. We argue that if the clique
version of the scheduling problem is not overly large and
the existing clique solvers can handle it, then the clique
approach has certain advantages. These are the following.
The clique solver does not use floating point arithmetic
and so it is rounding error free. The clique reformulation
technique is flexible enough to incorporate extra conflicts
between tasks in case they would arise in practice. We will
point out that before submitting the auxiliary graph to a
clique solver it is useful to carry out various inspections in
order to delete nodes and edges of the graph. In the lack of
theoretical tools we will carry out numerical experiments
to test the practicality of the clique approach.

Sandor Szabo
Institute of Mathematics and Informatics
University of Pecs
sszabo7@hotmail.com

MS191

Exposing AMR Application Interfaces for Time In-
tegrators

We will discuss software design and lessons learned from
our experience implementing SUNDIALS time integrators
in the Chombo-based BISICLES ice sheet code. The
C++-based software ”adapter” was designed to be flexible
enough for a variety of adaptive mesh refinement (AMR)
applications, with abstractions that allow rapid prototyp-
ing and trying different time integration schemes. We
will review some of the scientific software practices we
used (from math and design, to testing and validation) in
the process, then demonstrate the resulting flexibility and
other design benefits on model problems and real ice sheet
applications from BISICLES. We hope to provide this as a
case study in mathematical software integration that oth-
ers can benefit from.

Steven Roberts
Lawrence Livermore National Laboratory
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MS191

Overview of Fastmath Research for High-
Performance Computing

In this presentation, I will give an introduction to the
FASTMath Institute and an overview of our research ac-
tivities in applied mathematics and high-performance nu-
merical software for scientific applications. I will highlight
some of the impacts that have been made on applications.

Todd Munson
Argonne National Laboratory
Mathematics and Computer Science Division
tmunson@mcs.anl.gov

MS191

AMReX: An Overview of Recent Software Devel-
opments and Scientific Applications

In this talk I will give an overview of current features
and scientific partnerships involving the AMReX software
framework. AMReX is a key technology in the FASTMath
structured mesh area, supporting block-structured adap-
tive mesh refinement algorithms on exascale systems, in-
cluding native support for hyperbolic and parabolic/elliptic
PDEs, subcycling approaches, particle-mesh algorithms,
and embedded boundary representation of geometry. The
framework is also interoperable with other FASTMath
technologies including SUNDIALS and HYPRE. AMReX
is the basis for numerous mature application codes across
academia and industry; here I will detail some newly-
funded SciDAC partnerships with Biological and Environ-
mental Research (BER) and High Energy Physics (HEP)
in applications such as atmospheric modeling, ocean mod-
eling, particle accelerators, and cosmology.

Andrew Nonaka, Ann S. Almgren
Lawrence Berkeley National Laboratory
ajnonaka@lbl.gov, asalmgren@lbl.gov

John B. Bell
CCSE
Lawrence Berkeley Laboratory
jbbell@lbl.gov

Weiqun Zhang
Lawrence Berkeley National Laboratory
Center for Computational Sciences and Engineering
weiqunzhang@lbl.gov

Andrew Myers
Lawrence Berkeley National Lab

atmyers@lbl.gov

Jean M. Sexton
Lawrence Berkeley National Laboratory
jmsexton@lbl.gov

MS191

Adaptive Time Integrators and Their Use in Non-
Equilibrium Quantum Simulations

Adaptive time integrators have long shown significant effi-
ciency benefits over fixed step integrators in scientific appli-
cations. Despite these efficiency benefits, they are still not
used in many application areas, including non-equilibrium
quantum dynamics. In this work we explore the use of
adaptive step integration methods for the Kadanoff-Baym
equations (KBE) which give Greens function information
for a quantum system. Because of the need for including
the full time history in the solution of this system of two-
time integral equations, constant step size methods have
traditionally been used. This presentation will overview
adaptive time integrator technologies and discuss their im-
plementation within the FASTMath time integration soft-
ware suite, SUNDIALS. We will then show the potential
benefits of these adaptive methods for the KBE system and
discuss targeted extensions within the SUNDIALS CVODE
integrator to provide adaptive methods for two-time sys-
tems.
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MS192

A Study of Prediction Performances of Economet-
ric Arima and Soft Computing Ann Models in Fore-
casting Black Carbon Concentration Data

Fresh air is imminent for life and to thrive on this planet.
However, this vital component of life is ill-effected by fast-
paced industrialization, urbanization, automobiles, facto-
ries and coal-based thermal power generation as over the
years these have jeopardized the air quality index. Due to
hazardous impact of black carbon on the environment as
well as human health, researchers have turned their at-
tention towards its study. The comparative analysis of
artificial neural network and econometric models used to
predict the time series of monthly observations of black
carbon emissions from three major coal mines located at
Bokaro, Jharia and Raniganj in India. These coal mines
have large emissions of particulate matter ( ) that con-
tribute significantly to pollution levels. A multilayer per-
ceptron feedforward artificial neural network is used to pre-
dict the black carbon concentration data from these three
coal mines. The neural network is trained using a Bayesian
regularization backpropagation algorithm. The efficiency
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of neural network models is evaluated by mean absolute
deviation (MAD), root mean square (RMSE), and coeffi-
cient of determination ( ) values. The results obtained are
then compared with the well-known and widely used au-
toregressive integrated moving average (ARIMA) model.
The results of the study reveal the effective performance of
artificial neural networks over the ARIMA model in fore-
casting black carbon concentration data.
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Meta Net Ann: a New Fusion Algorithm

The fundamental characteristic of the Meta-Net consists
of considering not only the positive credibility of its com-
posing classifiers (i.e., this pattern is white), but also their
negative credibility (i.e., this pattern is not white). So, the
characterizing connection of the Meta-Net is to connect
each output node of each composing classifier with each
output class. Complete grid connections are planned be-
tween Meta-Net inputs and outputs, and each connection
can be either excitatory (positive numbers), or inhibitory
(negative numbers).

Massimo Buscema
Semeion
University of Colorado Denver
m.buscema@semeion.it

MS193

Deep Learning of Systems with Physical Structures

We propose a data-driven method to learn the dynamics
of systems with physical structures using deep neural net-
works. We incorporate the physical structures into the de-
sign of the networks and show that such models can predict
dynamics obeying desired physical laws of the system. To
demonstrate our method, we focus on conservation laws in
partial differential equations and derive conservative form
networks. Numerical results show that models with phys-
ical structures outperform models without ones in both
accuracy and physical property.

Zhen Chen
Dartmouth College
zhen.chen@dartmouth.edu
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MS193

Graph Construction in Multi-Fidelity Networked

Surrogates

This talk discusses graph-inference methodologies for
MFNets – a paradigm for multifidelity information fusion
via directed acyclic graphs. MFNets provide a flexible ap-
proach to modeling the relationships between unstructured
ensembles of models and information sources by linking the
outputs of each information source though a network of
models. These structures can then be leveraged for for-
ward and inverse problems. One of the challenges in this
approach is determining good graphs to represent the infor-
mation sources. In this talk we discuss and overview sev-
eral graph-building strategies and apply them to MFNets.
Specifically, we compare graph incremental construction,
model selection, and model averaging. We take a proba-
bilistic viewpoint for assessing and developing graph con-
struction algorithms and investigate how the inner infer-
ence loops affect the resulting outcome. For example, we
determine how posteriors based on variational inference af-
fect the resulting graphs. Examples from both synthetic
and physical models are provided.

Alex Gorodetsky
University of Michigan
goroda@umich.edu

MS193

Adaptive Random Fourier Features with Metropo-
lis Sampling

The supervised learning problem to approximate a func-
tion f : Rd → R by a neural network approximation

Rd � x �→ ∑K
k=1 β̂ke

iωk·x with one hidden layer is stud-
ied as a random Fourier features algorithm. Here the
mean square loss problem can be solved easily, since it

is convex in the amplitude parameters β̂k given a den-
sity p : Rd → [0,∞) for independent frequencies ωk. It
is also well known that the corresponding generalization

error is bounded by K−1�|f̂ |2/((2π)dp)�L1(Rd), where f̂ is
the Fourier transform of f . In my talk I will first show

how the constant �|f̂ |2/((2π)dp)�L1(Rd) can be minimized
by optimally choosing the density p and then how to ap-
proximately sample from this density, only using the data
and certain adaptive Metropolis steps. I will also show re-
sults with other activation functions. [1] Kammonen, Aku
and Kiessling, Jonas and Plechac, Petr and Sandberg, Mat-
tias and Szepessy, Anders. Adaptive random Fourier fea-
tures with Metropolis sampling. Foundations of Data Sci-
ence, 2020. [2] Kammonen, Aku and Kiessling, Jonas and
Plechac, Petr and Sandberg, Mattias and Szepessy, Anders
and Tempone, Raul. Smaller generalization error derived
for a deep residual neural network compared with shallow
networks. IMA Journal of Numerical Analysis, 2022.
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MS193

Modeling Spatio-Temporal Processes in Climate
Models via Functional Tensor Networks

We present a flexible framework for capturing high-
dimensional non-linear interactions in computationally ex-
pensive models. In this talk we will use the land model
component of E3SM to drive algorithm developments.
Specifically we will rely on functional tensor networks to
construct surrogate models for the land model dynamics
at several observation sites. We will compare the perfor-
mance of several network topologies to capture the interac-
tions between model components and will use the resulting
spatio-temporal surrogates to extract parameter sensitivity
indices and for subsequent model calibration studies.
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MS194

Deep Neural Network Approximations for Solu-
tions of PDEs Based on Monte Carlo Algorithms

In the past few years deep artificial neural networks
(DNNs) it has been proposed in the scientific literature
to reformulate high-dimensional partial differential equa-
tions (PDEs) as stochastic learning problems and to em-
ploy DNNs together with stochastic gradient descent meth-
ods to approximate the solutions of such high-dimensional
PDEs. One key argument in most of these results is, first,
to employ a Monte Carlo approximation scheme which can
approximate the solution of the PDE under consideration
at a fixed space-time point without the curse of dimension-
ality and, thereafter, to prove then that DNNs are flexible
enough to mimic the behaviour of the employed approx-
imation scheme. Having this in mind, one could aim for
a general abstract result which shows under suitable as-
sumptions that if a certain function can be approximated
by any kind of (Monte Carlo) approximation scheme with-
out the curse of dimensionality, then the function can also
be approximated with DNNs without the curse of dimen-
sionality. The main result of this work, roughly speaking,
shows that if a function can be approximated by means of
some suitable discrete approximation scheme without the
curse of dimensionality and if there exist DNNs which sat-
isfy certain regularity properties and which approximate
this discrete approximation scheme without the curse of

dimensionality, then the function itself can also be approx-
imated with DNNs without the curse of dimensionality.

Phillip Grohs
University of Vienna
philipp.grohs@univie.ac.at;
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The Kolmogorov Superposition Theorem can
Break the Curse of Dimensionality When Approx-
imating High Dimensional Functions

We explain how to use Kolmogorov’s Superposition The-
orem (KST) to overcome the curse of dimensionality in
approximating multi-dimensional functions and learning
multi-dimensional data sets by using neural networks of
two layers. That is, there is a class of functions called K-
Lipschitz continuous in the sense that the K-outer function
of is Lipschitz continuous can be approximated by a ReLU
network of two layers with widths to have an approxima-
tion order O(d2/n). In addition, we show that polynomi-
als of high degree can be expressed by using neural net-
works with activation function σl(t) = (t+)

l with l ≥ 2
with multiple layers and appropriate widths. More layers
of neural networks, the higher degree polynomials can be
reproduced. Hence, the deep learning algorithm can well
approximate multi-dimensional data when the number of
layers increases with high degree activation function σl.
Finally, we present a mathematical justification for image
classification by using a deep learning algorithm.
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pde-Learn: Using Deep Learning to Discovery Par-
tial Differential Equations from Noisy, Limited
Data

Scientific progress is contingent upon finding predictive
models for the physical world. In this paper, we intro-
duce PDE-LEARN, a novel PDE-discovery algorithm that can
identify PDEs directly from noisy, limited measurements of
a physical system governed by a hidden PDE. PDE-LEARN
uses a Rational Neural Network, U , to approximate the
system response function and a sparse, trainable vector ξ
to characterize the hidden PDE. Our approach couples the
training of U and ξ using a specially designed loss func-
tion that (1) makes U approximate the system response
function, (2) encapsulates the fact that U satisfies a hid-
den PDE that ξ characterizes, and (3) promotes sparsity
in ξ using ideas from iteratively reweighted least-squares.
This approach yields a robust algorithm that applies to
many physical systems. We demonstrate the efficacy of
PDE-LEARN by identifying several PDEs from noisy and lim-
ited measurements.

Robert R. Stephany
Cornell University
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A Non-intrusive Domain-Decomposition Model
Reduction Method for Linear Steady-State Partial
Differential Equations with Random Coefficients

Domain decomposition methods have been proved to be
an effective strategy to reduce the dimension of paramet-
ric partial differential equations (PDEs). However, exist-
ing domain decomposition methods for parametric PDEs
are usually intrusive, which means domain decomposition
based solvers need to be implemented from scratch for each
target parametric PDE. To address this issue, we develop a
new non-intrusive domain-decomposition model reduction
method for linear steady-state PDEs with random-field co-
efficients. As a variant of our previous work by Mu and
Zhang, the new method only needs access to the final lin-
ear system, that is, the global stiffness matrix and the right
hand side, of a deterministic PDE solver, in order to build
a domain-decomposition-based reduced model without in-
trusive implementation from scratch. The key idea is to re-
move the interface condition between sub-domains and rely
on the correlation between columns of the linear system to
couple the sub-domains. The non-intrusive feature enables
the applicability of the proposed method to a broader class
of uncertainty quantification problems, where many legacy
codes/solvers can be fully reused by our method. Two nu-
merical examples including diffusion equations with ran-
dom diffusivity and convection-dominated transport with
random velocity, are provided to demonstrate the effective-
ness and efficiency of our method.

Guannan Zhang
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Reduced-Order Modeling Using Hybrid Operator
Inference for Nonlinear Thermo-Mechanics

Simulating large-scale nonlinear thermo-mechanics systems
is crucial in many industrial problems. Hence, compact
modeling is required. However, many challenges arise when
dealing with nonlinearities. Typically, commercial FEM
code does not allow the user to extract the operators de-
scribing the dynamics. Instead, only solution trajectories
are available. As a result, nonlinear model reduction is of-
ten achieved using data-driven techniques. However, com-
plex physical characteristics are usually not preserved with
solely data-based approaches. Therefore, in this work a hy-
brid operator inference-based approach is proposed which
combines both physics-based and data-based techniques.
With this approach, it is demonstrated how nonlinear ma-
terial properties of thermo-mechanical systems can be effi-
ciently reproduced in a reduced-order model.
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Symplectic Model Reduction of Hamiltonian Sys-
tems on Nonlinear Manifolds

Classical model reduction techniques project the govern-
ing equations onto linear subspaces of the high-dimensional
state-space. However, for problems with slowly decaying
Kolmogorov-n-widths such as certain transport-dominated
problems, classical linear-subspace reduced order models
(ROMs) of low dimension might yield inaccurate results.
Thus, the reduced space needs to be extended to more
general nonlinear manifolds. Moreover, as we are dealing
with Hamiltonian systems, it is crucial that the underlying
symplectic structure is preserved in the reduced model. To
the best of our knowledge, existing literatures addresses
either model reduction on manifolds or symplectic model
reduction for Hamiltonian systems, but not their combi-
nation. In this talk, we bridge these two approaches by
providing a novel projection technique called symplectic
manifold Galerkin, which projects the Hamiltonian system
onto a nonlinear symplectic trial manifold such that the
ROM is again a Hamiltonian system. We provide numeri-
cal results which demonstrate the ability of the method to
outperform linear-subspace ROMs. high-level commands.
Do not include keywords, references or citations separately
at the end of the abstract. All citations must be within the
abstract text in general form ”[Authorname, Title, etc].”
Improper citations will be deleted.
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MS195

Model Order Reduction for Large-Scale Seismic
Wave Propagation

Several applications require repetitive numerical solutions
of large-scale wave-type equations to resolve an inverse
problem or produce a sizeable training dataset. Such nu-
merical computations for multiple parameters are com-
putationally expensive. A suitable approach to tackle
such problems is model order reduction (MOR), where we
solve the problem in an appropriate subspace of the high-
dimensional discretization space. Standard MOR meth-
ods generally exhibit several issues for wave-type problems,
including reducibility and potentially weak stability. We
present a goal-oriented MOR approach for wave-type prob-
lems with band-limited output of interests (e.g., in seis-
mology) or damping (e.g., in structural health monitor-
ing). The proposed method combines numerical Laplace
inversion within the Greedy algorithm to identify a pa-
rameter with the worst reduced basis (RB) approximation.
A POD-based compression is then used in the frequency
domain to iteratively enrich the RB space, where we ex-
ploit band-limited functions to limit high frequencies and
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guarantee rapid convergence of the RB approximation. We
also present a goal-oriented error estimator, targeting con-
struction of the RB space to the output of interest. The
proposed approach yields an amenable reduction and pre-
serves the accuracy of the RB approximation in both the
time and frequency domains. We also present supporting
numerical results for the 2D parametric seismic wave equa-
tion with semi-realistic data functions.
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A Multi-Fidelity Ensemble Kalman Filter with
Adaptive Reduced-Order Models

The use of model order reduction techniques in combina-
tion with ensemble-based methods for estimating the state
of systems described by nonlinear partial differential equa-
tions has been of great interest in recent years in the data
assimilation community. Methods such as the multi-fidelity
ensemble Kalman filter (MFEnKF) and the multi-level en-
semble Kalman filter (MLEnKF) have been developed and
implemented in several papers and are recognized as state-
of-the-art techniques. However, the construction of low-
fidelity models in the offline stage, prior to solving the data
assimilation problem, leads these methods into a trade-off
between the accuracy and computational cost of the ap-
proximate models. In this work, we investigate the use
of adaptive reduced-basis techniques in which the approx-
imation space is modified (but not retrained) online based
on the information extracted from the full-order solutions.
This has the potential to simultaneously ensure good ac-
curacy and low cost for the employed models and thus
improve the performance of the multi-fidelity/multi-level
methods.

Francesco Silva, Cecilia Pagliantini, Karen Veroy-Grepl
TU/e Eindhoven University of Technology
f.a.b.silva@tue.nl, c.pagliantini@tue.nl, k.p.veroy@tue.nl

MS195

Registration-Based Model Reduction of Advection-
Dominated PDEs with Spatio-Parameter Adaptiv-
ity

We present a nonlinear registration-based model reduction
procedure for rapid and reliable solution of parameterized
two-dimensional steady conservation laws. This class of
problems is challenging for model reduction techniques due
to the presence of nonlinear terms in the equations and also
due to the presence of parameter-dependent sharp gradi-
ent regions that cannot be adequately represented through
linear approximation spaces. Our approach builds on the
following ingredients: (i) a general (i.e., independent of the
underlying equation) registration procedure for the compu-

tation of a parametric mapping that tracks moving features
of the solution field; (ii) an hyper-reduced least-squares
Petrov-Galerkin reduced-order model for the rapid and re-
liable estimation of the solution field; (iii) a greedy proce-
dure driven by a residual-based error indicator for efficient
exploration of the parameter domain; and (iv) an adaptive
mesh refinement technique for the definition of an accurate
discretization for all parameter values. We present results
for a representative nonlinear problem in steady aerody-
namics to demonstrate the effectiveness and the mathe-
matical soundness of our proposal.
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Insights into Non-Equilibrium Spectroscopy from
Theory

Time-resolved angle-resolved photoemission spectroscopy
is one of the most powerful pumpprobe measurements of
materials driven far from equilibrium. Concomitantly, it
is also difficult to interpret and model. In this talk, I will
attempt to shed some light on the numerical simulation
and the interpretation of time-resolved spectra. First, I
will introduce the non-equilibrium Keldysh formalism and
the methodology for solving it in an efficient manner. Fol-
lowing that, I will discuss some aspects of interpretation,
primarily focusing on building a connection to the under-
lying equilibrium physics, as this is one of the goals of non-
equilibrium experiments. Specifically, I will outline how a
number of fundamental relations used in equilibrium break
down when going out of equilibrium, where approximate
relations hold, and how we can use these ideas to interpret
non-equilibrium quantum measurements.
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Taming the Dynamical Sign Problem in Diagram-
matic Methods for Quantum Dynamics

Numerical simulations for open quantum system dynamics
is a profound challenge. In this talk, we will present some
recent works on diagrammatic algorithms for open quan-
tum systems. The focus will be an interplay between the
dynamical sign problem and error amplification in numer-
ical integration. In particular, our analysis demonstrates
that the technique of partial resummation provides a tool
to balance these two types of error, and the recently intro-
duced inchworm Monte Carlo method is a successful case
to suppress the numerical sign problem. This is joint work
with Zhenning Cai and Siyao Yang.
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Non-Equilibrium Dynamics of Interacting Elec-
trons, Phonons and Excitons from First Principles

Combining density functional theory with kinetic equations
has advanced the modeling of ultrafast dynamics in materi-
als out of equilibrium. This talk will focus on recent devel-
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opments of this framework, including a numerical approach
to evolve in time the coupled Boltzmann equations of elec-
trons and phonons using ab initio interactions, extensions
to model exciton interactions and non-equilibrium dynam-
ics, simulations of ultrafast spectroscopies, and data-driven
methods. Selected applications to bulk and 2D semicon-
ductors will be presented. I will conclude with an overview
of our Perturbo code, an open-source framework to study
electron interactions and dynamics in materials, highlight-
ing open problems and future directions.
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Stochastic Real-Time Green’s Function Theory for
Neutral Excitations in Molecules

We present a real-time second-order Green’s function
method (TD-GF2) for computing neutral excitations in
molecules and nanostructures. The framework is com-
bined with the stochastic resolution of the identity to de-
couple the 4-index electron repulsion integrals (ERI) in
the system Hamiltonian. This leads to the reduction of
the computational cost to O(N3) with system size. The
stochastic implementation recovers deterministic results
for the electronic dynamics and excitation energies, and
reproduces benchmark results from the analogous linear-
response implementation in frequency. This approach is
further combined with the Dynamic Mode Decomposition
(DMD) technique to predict the nonlinear long-time dy-
namics of the density matrix. The statistical error due to
the incorporation of the stochastic resolution of the iden-
tity and DMD extrapolation is analyzed in terms of the
number of stochastic orbitals, system size, and propaga-
tion time. Overall, this approach offers an efficient route
to investigate excited states in finite systems containing
hundreds of electrons.
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MS197

Mathematical Framework for Basic Freeform Opti-
cal Systems

We present one mathematical framework for sixteen ba-
sic freeform optical systems. We consider configurations
with a parallel or point source and a parallel, point, near-
field or far-field target. This gives eight systems, if we use
reflectors only and take the minimum number of freeform
surfaces required. Similarly, we get eight basic lens systems
if we only use freeform lens surfaces. Our goal is to find the
shape and location of the freeform surfaces that convert a
given source distribution into a desired target distribution.
Many papers in freeform illumination optics cover only one
particular optical system. Here we derive models based on
Hamilton’s characteristic functions and conservation of lu-
minous flux for all sixteen systems. Some configurations
lead to standard or generalized Monge-Ampre equations.
The remaining systems are described by so-called gener-
ated Jacobian equations. Our numerical method for finding

the optical surface(s) is an iterative least-squares solver.
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MS197

The Second Boundary Value Problem for a Dis-
crete Monge-Ampere Equation

In this work we propose a discretization of the second
boundary condition for the Monge-Ampere equation aris-
ing in geometric optics and optimal transport. The dis-
cretization we propose is the natural generalization of the
popular Oliker-Prussner method proposed in 1988. For the
discretization of the differential operator, we use a discrete
analogue of the subdifferential. Existence, unicity and sta-
bility of the solutions to the discrete problem are estab-
lished. Convergence results to the continuous problem are
given.
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MS197

Discretization of the Second Boundary Value
Problem for the Monge-Ampere Equation Using
Voronoi’s First Reduction

The Monge-Ampre equation belongs to the class of fully
nonlinear degenerate elliptic equations. A general argu-
ment often allows to prove the convergence of numerical
schemes for such equations, provided that those schemes
satisfy a property of monotonicity. I will show how
Voronoi’s first reduction, a tool originating from the the-
ory of low-dimensional lattice geometry, allows to design
a monotone and convergent finite difference scheme for
the Monge-Ampre equation. I will also discuss the dis-
cretization of the optimal transport boundary condition,
which is the relevant boundary condition for the Monge-
Ampre equation in many applications, but which prevents
the direct application of the theory of monotone numerical
schemes to the resulting boundary value problem, due to
the fact that the comparison principle does not hold in the
usual sense for this problem. Finally, I will illustrate the
talk by numerical results obtained in the context of an ap-
plication to the far-field refractor problem in nonimaging
optics.
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MS197

Efficient Monotone Discretization of the Monge-
Ampre Equation Through Quadrature

The Monge-Ampre equation is a fully nonlinear degener-
ate elliptic PDE used in a large number of applications
including mesh generation, optical design, and medical im-
age processing. The development of convergent numerical
methods for this PDE has been guided by the Barles and
Souganidis framework, which requires the use of monotone
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schemes. However, existing monotone schemes are built
using wide stencils, which are low accuracy and expensive
to construct - in 3D just evaluating these schemes can be
prohibitively expensive. In this talk, I will introduce an in-
tegral representation of the Monge-Ampre equation, which
leads to a new monotone discretization through the use of
numerical quadrature. By using higher order quadrature,
we are able to improve on both the formal truncation er-
ror and the computational cost of evaluating the scheme,
while preserving the monotonicity of the scheme. The re-
sult is a provably convergent scheme that allows for nar-
rower stencils and better accuracy than existing methods.
Computational results confirm the expected accuracy and
efficiency.
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MS197

Generated Jacobian Equations in Freeform Optical
Design

Modern optical components are free-shape reflectors and
lenses that transform the light from the LED source into
the required light output of the lighting system. The in-
verse design of freeform optical surfaces involves solving a
nonlinear PDE called a generalized Monge-Ampère equa-
tion. This PDE can be derived using the laws of geometri-
cal optics and conservation of energy. The laws of geometri-
cal optics define an optical map which connects coordinates
on the source to coordinates on the target. Substituting the
mapping into the relation for energy conservation leads to
a nonlinear second-order PDE for the location of the op-
tical surface. I developed a generic framework to derive
the PDEs for a wide range of optical systems (e.g., in-
volving parallel and point light sources with parallel, point
and near- and far-field targets). This framework can be
applied to optical systems that can be described using a
cost function in optimal transport theory. However, many
optical systems cannot be cast as optimal-transport prob-
lems, e.g., systems involving near-field targets or multiple
freeform surfaces. For these systems I generalized the con-
cept of a cost function to a generating function. In these
cases, the PDE for the location of the optical surface is
a so-called generated Jacobian equation. The PDEs can
be solved using a least-squares numerical algorithm. I will
present 16 optical systems that all fit into this framework.

Lotte Romijn
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MS198

High-Order Adaptive Multi-Domain Time Integra-
tion Scheme for Microscale Lithium-Ion Batteries
Simulations

The modeling of ionic transport and charge conservation
in lithium-ion batteries (LIBs) at microscale is a multi-
physics problem which involves a wide range of time scales.
The associated computational challenges motivate the in-
vestigation of numerical techniques that can decouple the

time integration of the governing equations in the liquid
electrolyte and the solid phase (active materials and cur-
rent collectors). First, it is shown that semi-discretisation
in space of the governing equations leads to a system of
index -1 differential-algebraic equations (DAEs). Then, a
new generation of strategies for multi-domain integration
is presented, enabling high-order adaptive coupling in time
of both domains. A simple 1D LIB code is implemented as
a demonstrator of the new strategy for the simulation of
charge, discharge, and relaxation. The integration of the
decoupled subsystems is performed with high-order accu-
rate implicit nonlinear solvers. A fully coupled monolithic
time integration scheme is also presented as reference. The
accuracy of the space discretisation is assessed by compar-
ing numerical results to analytical solutions. Then, tem-
poral convergence studies demonstrate the accuracy of the
new multi-domain coupling approach. Finally, considera-
tions on its computational efficiency are also discussed. It is
believed that this new approach will constitute a key ingre-
dient for full-scale 3D simulations based on actual electrode
microstructures.
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MS198

Fluctuating Diffuse Interface Method: a Stochas-
tic Mesoscale Model to Numerically Address the
Bubble Nucleation Process

Vapour bubble nucleation is a multiscale and still puzzling
process: its origin is found at the molecular scale but it
develops up to millimetric scales, where bubbles evolve.
Thermal fluctuations of the liquid molecules play a crucial
role in the process. Most often these fluctuations lead to
the formation of small vapour embryos, not large enough
to survive and grow. However, rare events occur where
the vapour cluster is big enough to trigger the transition
to a stable phase change, leading to the appearance of a
macroscopic bubble. The intrinsic stochasticity of this pro-
cess, together with the wide range of length scales involved,
makes the investigation of nucleation events a major chal-
lenge both from an experimental and a numerical view-
point. Focusing on the numerical methodologies, the com-
mon toolkit dealing with the interface tracking/capturing
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and the surface tension modelling of pre-existing bubbles
are not enough to address nucleation. Capturing the spon-
taneous formation of a new vapour region with the proper
statistical is critical to succeed. The Fluctuating Diffuse
Interface (FDI) model, we recently developed, represented
an important breakthrough in the numerical analysis of
bubble nucleation. The FDI method, in fact, enabled the
investigation from the very first inception of the vapour em-
bryos up to the bubble growth. In this talk the application
of this methodology to cavitation and boiling conditions
will be presented.
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MS198

Structure and Dynamics of Magnetically Respon-
sive Particle-Stabilized Emulsion Gels

Complex multicomponent fluids continue to attract inter-
est for their nonlinear rheological properties that enable
mixture formulations with applications in materials pro-
cessing. The interplay of phase behavior, fluid dynamics,
and interfacial thermodynamics in complex fluids gives rise
to interesting structure-property relations such as interfa-
cial assembly and kinetically arrested phase morphologies.
One particular example of kinetically arrested liquid mix-
tures are interfacially jammed emulsion gels (bijels) that
emerge due to colloidal jamming during spinodal decom-
position, resulting in an out-of-equilibrium liquid morphol-
ogy with gel-like properties. Computational modeling and
simulations can help gain a fundamental understanding of
the structure and dynamics of particle-stabilized emulsions.
In this talk, I will present results from lattice Boltzmann
simulations of binary fluid mixtures with anisotropic sus-
pended particles. Magnetic particles can be used for con-
trolled deformation and coalescence of particle-stabilized
droplets by applied fields. I will further present simula-
tions of bicontinuous interfacially jammed emulsion gels.
The simulations shed light on the effect of magnetic fields
on the domain size and morphology of liquid mesophases.
Potential applications include the development of control
mechanisms that enable design of fluid templates with tai-
lored structure, which can be leveraged to fabricate porous
membranes and fibers for filtration and separation.
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Rogue Nanowaves: A New Route to Thin Film
Rupture

Understanding the stability of thin liquid films and their
potential to spontaneously rupture is crucial for a wide
range of fluid-based applications. Over the last thirty
years, there has been significant progress in understand-
ing the stability of ultra thin films, where disjoining pres-
sure creates a linear instability that leads to a hole forming

(the so-called ‘spinodal regime’). Notably, it is known that
thermal capillary nanowaves, driven by Brownian motion
in the bulk, play a key role in speeding up this instability.
Here, we consider an alternative and complementary possi-
bility - that the formation of rogue nanowaves can lead to
the rupture of linearly stable films. Experimentally, such
a ‘thermal regime’ has been observed, but a theoretical
framework and predictive capability for this regime is ab-
sent. In this talk, it will be shown that the film’s dynamics
can be described by a stochastic thin film equation, which
naturally captures the generation of nanowaves and, once
solved computationally, predicts the rupture of linearly sta-
ble nanofilms. Then, using large deviation theory, which
has recently been applied to model rogue ocean waves, we
are able to formulate a theory which describes the most
likely route to rupture and the timescale associated with
this process, which compare well to our direct simulations.
Finally, comparisons to experimental analyses and molec-
ular simulations will be presented and directions of future
research discussed.
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MS198

Multi-Component and Multi-Phase Diffuse Inter-
face Model: Objectivity and Thermodynamic Con-
sistency

Multi-component and multi-phase fluids are omnipresent
in our daily lives as well as in industrial applications. Two
typical examples are coffee-ring effect and inkjet printing
for electronics, where the fluid often contains more than
two components. The fluid behavior is governed sometimes
by diffusion, sometimes by convection, and sometimes by
a mixture of them. Moreover, the fluid usually contacts
a solid wall, where the fluid-solid interaction has to be
considered. In this presentation, we will derive the evo-
lution equations of multi-component and multi-phase flu-
ids coupling with wetting phenomenon based on two basic
facts: (i) Thermodynamic consistency and (ii) objectivity.
Specifically speaking, we will derive the evolution equation
starting from the free energy formulation to fulfill the sec-
ond law of thermodynamics as well as the Gibbs-Duhem
equation. We will show that the derived evolution equa-
tions are consistent with Fick’s diffusion equation, Allen-
Cahn (AC) model, Cahn-Hilliard (CH) model, and the cou-
pled AC-CHmodel. The associated boundary condition co-
incides with Young’s law. Next, we will show a generalized
Navier-Stokes equation for systems with a large density ra-
tio, where the origin of the Kortweg stress is discussed. At
last, we will demonstrate that all the derived equations are
objective, i.e., if an Euclidean transformation is performed,
the evolution equations remain the respective form.
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Accelerating Sparse Iterative Solvers and Precon-
ditioners Using Race

Sparse linear iterative solvers are indispensable for large-
scale simulations. In this talk, we present methods to ac-
celerate some of the existing solvers and preconditioners by
using the concept of levels as developed in the context of
our RACE library framework. Levels are constructed using
breadth-first search on the graph related to the underlying
sparse matrix. These levels are then used to implement
cache blocking of the matrix elements for high spatial and
temporal reuse. The approach finds its use in kernels like
sparse-matrix-power vector multiplication, which perform
back-to-back sparse-matrix vector multiplication (SpMV)-
type iterations without global synchronizations in between.
The method is highly effective and achieves performance
levels of 50-100 GF/s on a single modern Intel or AMD
multicore chip, providing speedups of typically 2x - 4x com-
pared to a highly optimized classical SpMV implementa-
tion. After briefly introducing the optimization strategy,
we shed light on the application of these optimized kernels
in iterative solvers. To this end, we discuss the coupling of
the RACE library with the Trilinos framework and address
the application to communication-avoiding s-step Krylov
solvers, polynomial preconditioners, and algebraic multi-
grid preconditioners. We then dive into the performance
benefits and challenges of the RACE integration and show
that our optimization produces numerically identical re-
sults and improves the total solver time by 1.3x - 2x.
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Performance Engineering of Madness

MADNESS (multiresolution numerical environment for
scientific simulation) is a long-lived community software
project that employs multiresolution analysis (MRA) and
an advanced parallel runtime to solve differential and inte-
gral equations in broad areas of physics and chemistry with
guarantees of both accuracy and speed. Its irregular and
fine grain computational patterns have proven challenging
to port to modern hybrid computer architectures. In this
presentation, we discuss experience porting and tuning the
software to the Fujitsu A64FX processor and also the com-
plete re-design and new implementation using the Tem-
plate Task Graph programming model in order to exploit
GPUs and the massive size of modern exascale supercom-
puters.
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Exploiting Tensor Product Structure to Accelerate
Eigenvalue Problem Solvers in Few-Body Physics

In this presentation a computationally and numerically ef-
ficient method to compute both binding energies and their
corresponding wave function in quantum mechanical few-
body physics. The linear eigenvalue solver takes exploits
the tensor product structure of the multidimensional sta-
tionary Schrdinger equation. The application of the Hamil-
tonian Operator is represented by matrix-matrix methods
and then combined with a newly-designed preconditioner
for the Jacobi-Davidson QR. This tensor method allows
for significantly faster, highly-accurate computation of the
three-body energies. For higher dimensions, we introduced
a hybrid distributed/shared memory parallel approach. A
GPU accelerated computing implementation was also con-
sidered. We will analyses the advantages of this implemen-
tation by looking at throughput, latency, memory usage as
well as the numerical performance considerations
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An Optimal GPU Implementation for Computa-
tional Fluid Dynamics with the Finite Element
Code Alya

Alya is a high-performance computational mechanics code
for complex coupled multiphysics engineering problems. It
is one of the two CFD codes of the Unified European Ap-
plications Benchmark Suite (UEBAS). On its path to Ex-
ascale, it has needed significant changes to adapt to new
architectures, such as GPUs. This work describes recent
improvements focused on large-scale incompressible flow
problems. The momentum equation is treated explicitly
while the pressure is solved implicitly. A fractional step
scheme is used to enable elements that do not satisfy the
inf-sup condition. The Laplacian matrix for the pressure
remains fixed during the simulation for typical cases with
a fixed mesh. Therefore, the two main kernels are calculat-
ing the right-hand side term for the momentum equation
and the solution of a linear system for the pressure. This
work focuses on the first step, but some minor comments
on the linear solver will also be presented. Compared to
our previous GPU implementation, more than an order of
magnitude reduction in computational time for the assem-
bly has been obtained. OpenACC has allowed us to be
close to 50% of the maximum floating-point performance
on an A100 Nvidia GPU. While optimizing the GPU ver-
sion, improvements to the CPU implementation have also
been obtained. Comparing the current CPU and GPU en-
ergy consumption shows good agreement with the ratios
one can expect from the Top500 or Green500 lists.
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Effective Simd Vectorisation for Finite Element
Kernels

We examine the performance of finite element kernels for
a wide range of problems on different CPU architectures.
When the code is structured appropriately, modern com-
pilers can auto-vectorize very effectively, and almost ideal
vectorization can be achieved. As an added benefit, the
maintenance and portability burden of special intrinsics
and special programming instructions can be avoided. The
structure of the code may also need to vary depending on
the machine architecture. In general, memory bandwidth
is a more important factor than raw floating-point perfor-
mance. A performance model is presented, based on em-
pirical data such as cache bandwidths and flops, to guide
the optimization process and algorithm selection. Finally,
automatic code generation is used to write suitable code
for different kernels, whilst incorporating the insights from
the performance model and compiler-friendly code design.
We present the node-level performance of our generated
code for three different architectures: Intel Icelake, Fujitsu
A64fx, and AMD Milan processors.
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Norm and Trace Estimation Using Rank-One Ran-
dom Vectors

A few matrix-vector multiplications with random vectors
are often sufficient to obtain reasonably good estimates for
the norm of a general matrix or the trace of a symmetric
positive semi-definite matrix. Several such probabilistic
estimators have been proposed and analyzed for standard
Gaussian and Rademacher random vectors. In this talk,
we discuss the use of rank-one random vectors, that is,
Kronecker products of (smaller) Gaussian or Rademacher
vectors. It is not only cheaper to sample such vectors but
it can sometimes also be much cheaper to multiply a ma-
trix with a rank-one vector instead of a general vector. We
provide theoretical and numerical evidence that the use of
rank-one instead of unstructured random vectors still leads
to good estimates. In particular, we show that our rank-
one estimators multiplied with a modest constant consti-
tute, with high probability, both upper and lower bounds
of the quantity of interest. We illustrate the application of
our techniques to condition number estimation for matrix

functions.
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Speeding Up the Computation of Matrix Functions
via Randomized Methods

In this talk we discuss randomized algorithms for com-
puting the action of a matrix function f(A), such as the
matrix exponential or the matrix square root, on a vec-
tor b. For a general (non symmetric) matrix A, this can
be done by computing the projection of A onto a suitable
Krylov subspace. Such projection is usually computed by
forming an orthonormal basis of the Krylov subspace us-
ing the Arnoldi method. In this talk, we propose to use
non-orthonormal bases of the Krylov subspace, which are
faster to construct. Then we use a fast randomized algo-
rithm for least squares problems to compute the projection
of A onto the Krylov subspace. We present some numerical
examples which show that our proposed algorithms can be
faster than the standard Arnoldi method while achieving
comparable accuracy.
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Randomized Contour Integral Methods for Eigen-
value Problems

Randomized NLAmethods have recently gained popularity
because of their easy implementation, computational effi-
ciency, and numerical robustness. In this talk, we present
the analysis of a randomized version of a well-established
FEAST algorithm that enables computing the eigenvalues
of the Hermitian matrix pencil (A,B) located in the given
real interval I ⊂ [λmin, λmax]. First, we establish new
structural as well as probabilistic error analysis of the ac-
curacy of approximate eigenpairs and subspaces obtained
using the randomized FEAST algorithm, i.e., bounds for
the canonical angles between the exact and the approxi-
mate eigenspaces, and for the accuracy of the eigenvalues
and the corresponding eigenvectors. Since this part of the
analysis is independent of the particular distribution of an
initial subspace, we denote it as structural. In the case
of the starting guess being a Gaussian random matrix, we
provide more informative, probabilistic error bounds. Our
modified algorithm allows to improve the accuracy of or-
thogonalization when B is ill-conditioned, efficiently apply
the rational filter by using MPGMRES-Sh [Bakhos, Ki-
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tanidis, Ladenheim, Saibaba and Szyld, 2016] method to
accelerate solving shifted linear systems and estimate the
eigenvalue counts in a given interval. Finally, we illustrate
numerically the effectiveness of presented error bounds and
proposed algorithmic modifications.

Agnieszka Miedlar
Virginia Tech
amiedlar@vt.edu

Arvind Saibaba
North Carolina State University
saibab@ncsu.edu

Eric De Sturler
Virginia Tech
sturler@vt.edu

MS200

Randomization Techniques Applied to Krylov
Methods for Solving Sparse Symmetric Systems of
Equations

We present our study on randomized orthogonal projection
methods (ROPMs) applied to symmetric systems of lin-
ear equations. We discuss both their absolute performance
and their performance compared to that of deterministic
orthogonal projection methods (OPMs), and their possible
implementations, such as full-orthogonalization algorithms
(FOM, randomized FOM).
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MS201

A Quantile Conserving Ensemble Filtering Frame-
work: Regressing Quantile Increments to Update
Unobserved Variables

Ensemble Kalman filters are commonly used for data as-
similation in geoscience applications. A novel efficient al-
gorithm that allows the use of arbitrary continuous priors
and likelihoods for an observed variable was presented at
several recent SIAM meetings. The key innovation was to
select posterior ensemble members with the same quan-
tiles with respect to the continuous posterior distribution
as the prior ensemble had with respect to the prior con-
tinuous distribution. While this method led to significant
improvements in analysis estimates for observed variables,
those improvements can be lost when using standard lin-
ear regression of observation increments to update other
state variables. However, doing the regression of obser-
vation quantile increments in a bivariate quantile space
guarantees that the posterior ensembles for state variables
also have all the advantages of the observation space quan-
tile conserving posteriors. For example, if state variables
are bounded then posterior ensembles will respect those
bounds and eliminate most bias near the boundary. The

posterior ensembles also respect other aspects of the contin-
uous prior distributions. Examples are shown for a variety
of bivariate prior ensembles including bounded quantities
and multimodal distributions. The method has potential to
significantly improve data assimilation for distinctly non-
Gaussian quantities in Earth system models like tracers.
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Time-Limited Balanced Truncation for Data As-
similation

Balanced truncation is a well-established model order re-
duction concept in system theory that has been applied
to a variety of problems. Recently, a connection between
linear Gaussian Bayesian inference problems and the sys-
tem theoretic concept of balanced truncation was drawn
for the first time. Although this connection is new, the
application of balanced truncation to data assimilation is
not a novel concept: It has already been used in four-
dimensional variational data assimilation (4D-Var) in its
discrete formulation. In our work, the link between system
theory and data assimilation is further strengthened by dis-
cussing the application of balanced truncation to standard
linear Gaussian Bayesian inference, and, in particular, the
4D-Var method. Similarities between both data assimila-
tion problems allow a discussion of established methods as
well as a generalisation of the state-of-the-art approach to
arbitrary prior covariances as reachability Gramians. Fur-
thermore, we propose an enhanced approach that allows
to balance Bayesian inference for unstable systems and im-
proves the numerical results for short observation periods.
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Efficient, Scalable and Parallel Uncertainty Quan-
tification for Electromagnetic Data via the RTO-
TKO

The goal when inverting electromagnetic (EM) data is to
understand the composition of the solid Earth down to
several kilometers below the ocean floor. The main issue
in EM inversions is that the data do not constrain all as-
pects of the (resistivity) model. For this reason, regular-
ization has a very large effect on the inversion and associ-
ated uncertainty quantification (UQ). In this talk, I will ex-
plain how to adapt ideas from ”randomize-then-optimize”
(RTO) to the inversion and UQ of EM data. Specifically, I
will argue that one can easily extend RTO so that the in-
version incorporates a data-driven regularization and that
one can do so at an acceptable computational cost, leverag-
ing parallelism and high-performance computers. We call
the overall algorithm the RTO-TKO, because it essentially
amounts to performing two optimizations per sample. The
TKO stands for ”technical knock out” because the RTO-
TKO algorithm samples an approximate Bayesian poste-
rior distribution, but a ”knock out” would be to sample
without bias.
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MS201

An Adaptive Ensemble Gaussian Mixture Filter

The ensemble Gaussian mixture filter (EnGMF) attempts
to bridge the gap between Kalman filter-based methods
and particle filters. Its major downside is that it relies on a
largely heuristic bandwidth parameter to describe the prior
and posterior Gaussian mixtures. We provide a method-
ology by which this parameter can be determined in an
online fashion, and generalize this methodology to a larger
class of parameterized covariances in the EnGMF.
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MS201

Efficient Randomization Techniques for Solving
Bayesian Inverse Problems

Large-scale inverse problems involve fusing incomplete and
noisy information from multiple sources, such as model
simulations, measurements from sensors, and physical ex-
periments, to obtain a consistent description of the state
of the underlying physical system. Solving the Bayesian
formulation of these problems enables quantifying the un-
certainties associated with the solution. However, solv-
ing Bayesian problems presents a major challenge: Solving
Bayesian inverse problems is computationally demanding,
often requiring hundreds to thousands of expensive simula-
tions to accurately estimate the parameters and their un-
certainties. Randomized algorithms provide an attractive
means to reduce the computational cost. In this work, we
will explore efficient randomization techniques as a means
to develop scalable solvers and pre-conditioners to mitigate
the computational costs associated with solving Bayesian
inverse problems.
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MS202

Data-Enabled Predictive Control

We consider the problem of optimal and constrained con-
trol for unknown systems. A novel data-enabled predic-
tive control (DeePC) algorithm is presented that computes
optimal and safe control policies using real-time feedback
driving the unknown system along a desired trajectory
while satisfying system constraints. Using a finite number
of data samples from the unknown system, our proposed al-
gorithm uses a behavioral systems theory approach to learn
a non-parametric system model used to predict future tra-
jectories. We show that, in the case of deterministic linear
time-invariant systems, the DeePC algorithm is equivalent
to the widely adopted Model Predictive Control (MPC),
but it generally outperforms subsequent system identifi-
cation and model-based control. To cope with nonlinear
and stochastic systems, we propose salient regularizations
to the DeePC algorithm. Using techniques from (distri-
butionally) robust stochastic optimization, we prove that
these regularization indeed robustify DeePC against cor-
rupted data. We illustrate our results with nonlinear and
noisy simulations and experiments from power electronics
and power systems.
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MS202

Analysis and Validation of Parameter Varying Ge-
netic Toggle Switches Using Koopman Operators

The genetic toggle switch is a well-known model in syn-
thetic biology that represents the dynamic interactions be-
tween two genes that repress each other. The mathemat-
ical models for the genetic toggle switch that currently
exist have been useful in describing circuit dynamics in
rapidly dividing cells, assuming fixed or time-invariant ki-
netic rates. As cells transition from one growth phase to
another, kinetic rates can be modeled with time-varying
parameters. We propose a novel class of parameter vary-
ing nonlinear models to capture the dynamics of genetic
circuits, including the toggle switch, as they transition
from different phases of growth. We show that there exists
unique solutions for this class of systems. We show that
the domain of these systems, which is the positive orthant,
is positively invariant. We showcase a theoretical control
strategy for these systems that would grant asymptotic
monostability of a desired fixed point. We then take the
general form of these systems and analyze their stability
properties through the framework of time-varying Koop-
man operator theory. A necessary condition for asymptotic
stability is also provided as well as a sufficient condition for
instability. Furthermore, we use real data from a genetic
toggle switch which contains a hybrid promoter to validate
the models using an algorithm which constructs time vary-
ing parameters to model the toggle switch’s behavior.
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A Data-Based Approach for Optimal Planning of a
Surgical Cannula

For future medical interventions, concentric tube contin-
uum robots are considered promising approaches. This re-
quires mathematical research in both, modeling and con-
trol. In this presentation, we focus on a path planning task
for a multi-tube cannula as it could be used in deep-brain
neurosurgery. A system model derived by first principles
has to be refined by data-based approaches. Improving
the accuracy of the tool tip position, a data-based itera-
tive control scheme is applied.
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MS202

Data-Driven Predictive Control with Stochastic
Uncertainties

Commonly, Model Predictive Control (MPC)—which is
also called receding-horizon control—is based on the re-
peated solution of an optimal control problem. As such
MPC usually relies onmodel of underlying dynamics. How-
ever, there is rapidly growing line of research which replaces
the model with data-driven system descriptions. Of partic-
ular interest are methods which can work with output-data
only. So far most of the research on data-driven predictive
control has focused on noisy measurement data but not on
the consideration of stochastic disturbances. In this talk,
we discuss data-driven predictive control with stochastic
uncertainties. We show how a tailored variant of the ubiq-
uitous fundamental lemma in combination with polyno-
mial chaos expansions enables data-driven output-feedback
stochastic predictive control. We present sufficient stabil-
ity conditions and we draw upon numerical examples to
illustrate our findings.
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Distributed Control of Partial Differential Equa-
tions Using Convolutional Reinforcement Learning

We present a convolutional framework which significantly
reduces the complexity and thus, the computational ef-
fort for distributed reinforcement learning control of par-
tial differential equations (PDEs). Exploiting translational
invariances, the high-dimensional distributed control prob-
lem can be transformed into a multi-agent control problem
with many identical agents. Furthermore, using the fact
that information is transported with finite velocity in many
cases, the dimension of the agents’ environment can be
drastically reduced using a convolution operation over the
state space of the PDE. In this setting, the complexity can

be flexibly adjusted via the kernel width or using a stride
greater than one. A central question in this framework is
the definition of the reward function, which may consist of
both local and global contributions. We demonstrate the
performance of the proposed framework using several stan-
dard PDE examples with increasing complexity, where sta-
bilization is achieved by training a low-dimensional DDPG
agent with small training effort.
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MS203

Ginkgo’s In-Register Compression for Accelerating
Memory-Bound Linear Algebra

Ginkgo is an open source linear algebra library for high
performance on modern HPC architectures. As much of
sparse linear algebra is memory bound, accelerating algo-
rithms means reducing the data access volume. We present
the idea of decoupling the memory format from the arith-
metic format and use in-register compression to improve
the performance of numerical linear algebra while preserv-
ing the final output accuracy.
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Trilinos: Portable and Scalable Linear Algebra us-
ing MPI+Kokkos

The Trilinos collection of software packages provide all the
functionality required to build high-performance scientific
applications. It includes a wide variety of scalable linear
algebra data structures, solvers, and preconditioners. Trili-
nos builds upon MPI for efficient inter-process communi-
cation and Kokkos for portable, shared-memory parallel
computational kernels. With the MPI+Kokkos model, the
same source code performs well on all common HPC hard-
ware, including the upcoming DOE exascale machines: In-
tel, AMD and ARM CPUs and NVIDIA, AMD and Intel
GPUs. We present performance results from low-level vec-
tor migration to high-level FEM graph assembly and pre-
conditioned sparse linear solves using algebraic multigrid.
We also share some of the software engineering techniques
that have helped us develop portable code without sacrific-
ing performance or specializing for each type of hardware.
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Portable C++ for Modern, Heterogenous Mixed-
Precision Methods

Mixed precision methods are increasingly popular in nu-
merical linear algebra. However, developing and imple-
menting these methods often requires repeatedly imple-
menting the same logic for different combinations of data
types. Furthermore, adding support for hardware accel-
erators often compounds this issue due to differences in
API and hardware behaviors. Fortunately, modern C++
features, such as templating, allow for generic implements
that provide both performance and readability.
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MS203

Eigen: System Overview, Maintenance Challenges,
and Lessons Learned

Eigen is an open-source C++ template library for linear
algebra, supporting matrix and tensor operations, geomet-
ric transforms, numerical solvers, and related algorithms.
It is the principal C++ math library used internally across
Google, underpinning TensorFlow, Waymo, and Android
ARCore. As such, performance is critical across a wide
range of devices. To accomplish this, Eigen uses expression
templates to build compile-time computation graphs, and
a generic SIMD abstraction layer to allow explicit vector-
ization for multiple platforms. In this talk, we will provide
an overview of the system architecture, its usage in Ten-
sorFlow and Google at large, and some of the maintenance
challenges due to both the current design and use at scale.
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MS204

A Data-Driven ROM Algorithm for Synthetic
Aperture Radar Imaging in Multi-Scattering En-
vironment

The data-driven reduced order models (ROMs) have re-
cently emerged as an efficient tool for the solution of the
inverse scattering problems with applications to seismic
and sonar imaging. One specifics of this approach is that
it requires the full square multiple-output/multiple-input
(MIMO) matrix valued transfer function as the data for
the multidimensional problems. The synthetic aperture
radar (SAR) however is limited to the single input/single
output (SISO) measurements corresponding to the diag-
onal of the transfer function. We present a ROM based
Lippmann-Schwinger approach overcoming this drawback.
It also simplifies the data-driven computations of the in-
ternal field by formulating it as a composition of Gram-
Schmidt transformations on the known background field.
Our algorithm allows us to obtain the solution of the non-
linear inverse scattering problem at the cost of the lin-
earized Born method however suppressing multi-scattering

artifacts such as ghost echoes. Efficiency of the proposed
approach is demonstrated on 2D and 2.5D numerical ex-
amples.
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Finding the Conductivity on a Graph from Internal
Power Measurements

We consider the problem of finding the resistors in a re-
sistor network from knowing the power dissipated by each
of the resistors under different imposed voltages at cer-
tain nodes. We give conditions under which the linearized
problem is injective, including in cases where some of the
imposed voltages may leave some resistors with zero cur-
rent traversing them. The approach is inspired by the Bal
uniqueness proof for certain linearized continuum inverse
problems with internal functionals. The same approach
can be applied to a discrete version of the Schroedinger
problem and is illustrated with numerical experiments.
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MS204

Machine Learning and Computational Methods for
Blood Flow in Organs

Mapping the vascular system in the liver organ helps prac-
titioners with diagnosis, treatment, and surgical planning.
There is growing interest to use deep learning techniques to
more efficiently and effectively model the vascular system
and to use computational methods to provide insight to the
flow of blood in the organ. Using PocketNet paradigm, we
create a 3D neural network for vessel segmentation on CT
images. From these segmentations, the blood vessels are
skeletonized and their centerlines are computational do-
mains for reduced 1D models while the liver is converted
to a 3D mesh to be the simulation domain. Using the 3D
liver and the 1D vasculature we model the flow of solute
from the vessels into the liver using finite element method.
Such automation of vessel segmentation and simulation of
flow modeling can be translated into the clinical setting to
improve patient outcome and care. This is particularly
beneficial for the treatment of hepatocellular carcinoma
where the delivery of chemotherapy to hepatic tumors can
be modeled.
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Distance Preserving Model Order Reduction of
Graph-Laplacians for Cluster Analysis

Graph-Laplacians play an important role in multiple areas
of machine learning directly related to imaging, such as im-
age segmentation and, in general, discovering the structure
of large data sets that may not have explicit geometric in-
terpretation. Spectral imbedding of graph-Laplacians pro-
vides a low-dimensional parametrization of the data man-
ifold which makes the subsequent task (for example, clus-
tering, with k-means or any of its approximations) much
easier. However, despite reducing data dimensionality, the
overall computational cost may still be prohibitive for accu-
rate clustering of large data sets. In this talk we present a
novel multi-level divide-and-conquer approach for cluster-
ing of big data sets. At each level, independent clustering
tasks are performed for small data subsets. Unlike conven-
tional greedy graph coarsening algorithms, the crucial part
of our approach is efficient clustering of each of these sub-
sets (target subsets) that ensures the consistency of subset
clustering with the clustering of the full data set (if one
would perform such). To achieve this goal we construct a
low-dimensional representation of the original graph that
respects important distances between the vertices of the
target subset. Our main tool is the so-called reduced-order
graph Laplacian that approximates these distances with
spectral accuracy. Numerical results will be provided to
illustrate the performance of the approach.
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MS205

Algebraic Multilevel Domain Decomposition Pre-
conditioners

Multilevel Domain decomposition (MDD) methods are
among the most efficient iterative methods for solving
sparse linear systems. One of the main technical difficulties
in using efficient MDD methods (and most other efficient
preconditioners) is that they require information from the
underlying problem which prohibits them from being used
as a black-box. I will present a framework that simplifies
the analysis of the algebraic two-level overlapping Schwarz
preconditioner. Based on this framework, I will present
a series of robust and fully algebraic MDD methods, i.e.,
that can be constructed given only the coefficient matrix
and guarantee a priori prescribed convergence rate. The se-
ries consists of preconditioners for least-squares problems,
sparse SPD matrices, general sparse matrices, and certain
saddle-point systems. Numerical experiments on challeng-
ing discretized PDEs and systems from the SuiteSparse
Collection illustrate the effectiveness, wide applicability,
scalability of the proposed preconditioners. A comparison
of each one against state-of-the-art preconditioners is also

presented.
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How to Recover from Node Failures in s-step Con-
jugate Gradient Methods

With the massive growth of concurrency in large-scale com-
puter systems, global communication becomes a major bot-
tleneck and the likelihood of component failures increases.
The Preconditioned Conjugate Gradient (PCG) method
is an iterative solver for large sparse linear systems fac-
ing these challenges. To reduce the number of global syn-
chronizations by a factor of O(s), communication-avoiding
s-step PCG methods compute the iterations of PCG in
blocks of s. Our focus is on resilience against node failures,
for which the commonly used approach is periodically sav-
ing the state of the solver (Checkpoint-Restart). Other
approaches exploit algorithm-specific properties to achieve
scalable resilience on large-scale parallel computers. Dur-
ing the failure-free phase of resilient PCG, a small part of
the states data can be stored redundantly by exploiting the
inherent data redundancy in each iteration. In the event
of node failures, the lost parts of the state are recovered
using an exact state reconstruction (ESR) strategy after
retrieving this redundantly stored data. We incorporate
resilience against multiple node failures in two s-step PCG
methods using ESR ideas and illustrate very low overhead
compared to the non-resilient methods. By providing the-
oretical and experimental evaluations, we confirm that the
communication-avoiding properties and therefore scalabil-
ity of the s-step PCG methods are preserved.
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MS205

Block Preconditioning for Magnetic Confinement
Fusion Relevant Resistive MHD Simulations

A base-level mathematical basis for the continuum fluid
modeling of dissipative plasma system is the resistive mag-
netohydrodynamic model. This model requires the solu-
tion of the governing partial differential equations (PDEs)
describing conservation of mass, momentum, and thermal
energy, along with various reduced forms of Maxwells equa-
tions for the electromagnetic fields. The resulting systems
are characterized by strong nonlinear and nonsymmetric
coupling of fluid and electromagnetic phenomena, as well
as the significant range of time- and length-scales that these
interactions produce. These characteristics make scalable
and efficient iterative solution, of the resulting poorly-
conditioned discrete systems, extremely difficult. In this
talk we consider the use of block preconditioners for solv-
ing the coupled physics block systems. The block precondi-
tioner considered here is based on an approximate operator
splitting approach which can isolate certain coupled sys-
tems, allowing them to be handled independently. Here we
use the splitting to create two independent 2x2 block sys-
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tems, a magnetics-flow system and a magnetics-constraint
system. We demonstrate this approach for various resistive
MHD problems that are relevant to magnetic confinement
fusion applications and compare the performance with al-
ternative preconditioning methods.
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MS205

Efficient Multigrid Reduction Strategies for Sub-
surface Flow Applications

Simulation of subsurface fluid flow involves solving a multi-
physics problem in which multiphase flow and transport are
tightly coupled. To capture this dynamic interplay, fully
implicit methods, also known as monolithic approaches,
are usually preferred. However, this requires solution
of large linear systems that result from the discretiza-
tion and linearization of the governing balance equations.
Such systems are non-symmetric, indefinite, and highly ill-
conditioned, which make them difficult to solve. These
problems become even more challenging when the flow is
coupled to mechanical processes such as rock fracture and
deformation. Thus, designing preconditioners that can
handle the couplings between different physics is critical
for fast convergence. Furthermore, the emergence of new
HPC hardware with accelerators, such as GPUs, provide
opportunities to further improve the performance of the
solution process, when adequately exploited. This work
will present our efforts to develop scalable linear solver
strategies for subsurface flow applications, designed to be
efficient on modern HPC systems. We present a frame-
work based on multigrid reduction (MGR) that is suited
for tightly coupled systems of PDEs and demonstrate its
applicability to handle challenging problems from multi-
phase flow applications. We show that the framework is
flexible to accommodate a wide range of scenarios, as well
as efficient and scalable for large problems on state-of-the-
art HPC architectures.
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MS206

Iterative Coupling of PDEs and Neural Networks

Coupled processes govern many real-world systems. In the
computational sciences, the robust and efficient numerical
solution of coupled systems has become therefore of in-
creased interest in the recent past. Consequently, the field
has seen many theoretical and practical advances, mainly
for problems explicitly stated as PDEs and solved using
high-fidelity simulators. New challenges appear when cou-
pling data-driven models with high-fidelity simulators. In
this talk, we investigate to which extent widely studied
concepts from poroelasticity (the coupling of flow and de-
formation in porous media) can be applied also in this con-
text. Particular focus lies on iterative coupling using sta-
bilization and extrapolation methods. PINNs are utilized
as data-driven models, while a finite volume simulator is
used as physics-based model.
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Deep Neural Network Approximation in Shape Un-
certainty Quantification for Acoustic and Electro-
magnetic Scattering

We consider the acoustic and electromagnetic scattering
problems by random domains and surfaces. Our goal is to
construct an efficient approximation of the corresponding
domain-to-solution map. After considering a domain or
surface parametrization depending on countably many pa-
rameters, one obtains a high-dimensional parametric map
describing the problem’s solution manifold. To tackle the
efficient approximation of these maps, we adopt the ap-
proach proposed by Hesthaven and Ubbiali (Journal of
Computational Physics 363 (2018): 55-78.). Firstly, by us-
ing a collection of so-called high-fidelity solutions or snap-
shots, a reduced basis is constructed to approximate the
solution manifold. Then, we use deep feed-forward neural
networks to compute the coefficient of the reduced basis
solution. This procedure renders the evaluation of the ap-
proximate parameter-to-solution in the online phase inde-
pendent of the offline part. Provided that the parameter-
to-solution map satisfies certain smoothness properties,
which have been verified for a range of models used in
acoustic and electromagnetic scattering, we show that one
can use quasi-Monte Carlo quadrature rules in the com-
putation of the snapshots used in the reduced basis and
also in the training of the involved deep neural networks.
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Finally, we provide numerical results for different models
arising in acoustic and electromagnetic scattering.

Fernando Henriquez
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Enhancing Training of Scientific Machine Learning
Applications

Scientific machine learning (SCL) approaches employ su-
pervised and unsupervised deep learning techniques in or-
der to model the dynamics of complex multiscale and mul-
tiphysics problems, and are designed to provide exception-
ally cheap surrogates. Despite their performance during
model evaluation, SCL approaches suffer from a compu-
tationally exhaustive training phase. In this talk, we will
leverage ideas from multilevel minimization methods to ef-
ficiently train deep neural networks (DNNs) employed in
SCL applications. The main idea behind multilevel meth-
ods is to employ a hierarchy of auxiliary problems, which
are minimized internally to accelerate the solution process
of the original problem. We will discuss how to construct
a multilevel hierarchy and transfer operators by exploring
the properties of the loss function and the structure of the
DNN architecture. The convergence properties of our novel
training method will be analyzed using a series of numerical
experiments, including physics-informed neural networks,
and deep operator learning approaches. A comparison with
the stochastic gradient and Adam optimizers will be also
presented, showing a significant reduction in terms of the
computational cost for the training phase.
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MS206

A Hybrid Finite Element / Neural Network
Method for the Navier-Stokes Equations

In this talk we discuss the use of deep neural networks
for augmenting classical finite element simulations in fluid-
dynamics. Classical simulation methods often reach their
limits. Even if the finite element method is highly efficient
and established for the discretization of the Navier-Stokes
equations, fundamental problems, such as the resolution
of fine structures or a correct information transport be-
tween scales, are still not sufficiently solved. We discuss
approaches to connect the finite element method with neu-
ral networks to overcome these obstacles. The paradigm is
to use classical simulation techniques where their strengths
are eminent, such as in the efficient representation of a
coarse, large-scale flow field. Neural networks are used
where a full resolution of the effects does not seem possible
or efficient. The Deep Neural Network Multigrid Solver
takes up these ideas by combining a geometric multigrid
solver and a deep neural network. We show the efficiency,

generalizability and scalability by 2D and 3D simulations.
We introduce an approach to retrain the network adap-
tively based on the uncertainty of the predictions. Based
on extensions of the Deep Neural Network Multigrid Solver
we offer perspectives on how finite element simulations can
benefit from neural networks in the future. In addition to
the desired increase in efficiency, the focus is particularly
on issues of stability, generalizability and error accuracy.
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MS206

Scientific Machine Learning Models in Cardiac
Electrophysiology

Cutting-edge machine- and deep-learning technologies for
processing and analyzing clinical data enable new ap-
proaches to personalized diagnosis and treatment based
on individual patient characteristics. These approaches
require large volumes of high-resolution data for training
the models, which are not always available: measurements
may be incomplete, affected by noise, or give a partial re-
construction of the phenomenon. In this talk, we present
physics-aware and physics-informed learning approaches
that leverage clinical data with the physical knowledge of
underlying phenomena. Specifically, we adopt dimension-
ality reduction techniques built from simulation snapshots
in physics-aware artificial neural networks to improve pre-
diction accuracy and training efficiency. We also consider
additional physics-informed constraints to data-driven loss
functions. These terms directly penalize the residual of
partial differential equations or boundary/initial condi-
tions. In this way, we simultaneously counterbalance in-
complete data with physical knowledge and improve the
performance of low-complexity architectures based on a
limited number of hyperparameters. We finally show some
numerical results of physics-aware and physics-informed
neural networks with applications to cardiac electrophysi-
ology.
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Self-Supervised, Probabilistic Surrogates of PDEs
Without Labeled Data

The cost of repeatedly solving a PDE under different para-
metric inputs is the main computational bottleneck in
many-query applications such as uncertainty quantification
and inverse problems. While several data-driven strate-
gies for the construction of inexpensive surrogates have
been proposed, their majority is hampered by the follow-
ing difficulties: - they rely on a large, training dataset of
input-output pairs which in turn implies a significant com-
putational cost. - the inputs for which training data is
generated are decided a priori without regard to their in-
formational content in constructing the surrogate. - de-
terministic surrogates are mostly considered which can-
not quantify predictive uncertainty, especially in out-of-
distribution settings. We propose a fully probabilistic ap-
proach in which the governing PDE is treated as a source
of virtual data which is inquired iteratively by consider-
ing appropriate weighted residuals. We formulate this as a
Variational Inference optimization objective, the output of
which is a fine-tuned, probabilistic surrogate. We consider
several variations of the main strategy and demonstrate its
efficacy in a variety of problems.
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Sparse Sampling for Accelerating On-The-Fly
Reduced-Order Modeling with Time-Dependent
Subspaces

We present a model reduction framework for the computa-
tion of finite-time nonlinear sensitivities in dynamical sys-
tems. Unlike solving a linearized system that assumes in-
finitesimal perturbations around a base state, this frame-
work considers nonlinear sensitivity equations (NLSE) for
finite perturbations. To solve the NLSE, we propose a low-
rank approximation that leverages a time-dependent basis
by extracting correlations between sensitivities on-the-fly.
To this end, we derive forward low-rank evolution equa-
tions for an orthonormal state basis, correlation matrix,
and orthonormal parametric basis. The resulting equations
are Jacobian-free and leverage the same nonlinear solver
that is used to compute the evolution of the base state.
To enable efficient computation of the low-rank equations,
we employ a rank-adaptive sparse sampling strategy. This
strategy constructs a low-rank approximation for the right
hand side of the NLSE via the discrete empirical interpola-
tion method (DEIM). Not only does this approach reduce
the computational cost, it is significantly less intrusive as it
does not require implementing the reduced operators term
by term. For nonlinear sensitivities with arbitrarily time
dependent base state, we demonstrate that low-rank struc-
ture often exists, and can be extracted in real time by solv-
ing evolution equations. We consider two case studies: (i)
2D compressible flow and (ii) species transport in a turbu-
lent reacting flow.
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MS207

Machine Learning Based Structural Design and
Analysis with Uncertainty Quantification

Machine learning for structural design and optimization
problems have been receiving significant interest in recent
years. While much progress has been done, it is becoming
challenging to discern where classical versus ML-based ap-
proaches should be used. In this talk, I will share our past
and ongoing studies trying to answer this question. Specif-
ically, I will introduce our work in data-driven as well as
on-line neural network based structural topology optimiza-
tion approaches and compare how they perform relative to
the classical approaches. Also, I will introduce a new ML-
driven scalar field prediction approach that aims to per-
form fast predictions of engineering quantities of interest
on geometrically and topologically different structures. I
will discuss our approach to uncertainty quantification in
these predictions, which becomes critical for an industrial
adoption of such techniques.
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Constrained Optimization of Neural Networks
for Physics-Based Learning of Partial Differential
Equations

Physics-informed neural networks (PINNs) are typically
trained using a composite objective function, which is a
weighted sum of the residuals of a governing partial differ-
ential equation (PDE) and its boundary conditions. A ma-
jor drawback of this approach is that boundary conditions
are not properly used to constrain the solution and the
weighting factors in the objective function are problem spe-
cific and not known a priori. Additional complications arise
when multi-fidelity observations are introduced into the ob-
jective function as well. To address these limitations in a
principled fashion, we pursue equality constraint optimiza-
tion to determine the parameters of neural networks. In
our approach, we adopt the augmented Lagrangian method
(ALM) to constrain PDE loss with its boundary conditions
and any high-fidelity observations that may be available for
the PDE at hand. Furthermore, we present a strategy to
learn non-smooth solutions, where we introduce auxiliary
parameters to reduce the order of differential operators and
further constrain the solution. We demonstrate the efficacy
and versatility of our framework by applying it to several
forward and inverse problems involving multi-dimensional
PDEs. We achieve orders of magnitude improvements in
accuracy levels in comparison with state-of-the-art physics-
informed neural networks.
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Data and Operator-Adapted Basis for Predictive
Reduced Order Modeling

This work presents advances towards the development of
effective projection-based reduced order models (ROMs)
for complex multi-scale multi-physics problems. In par-
ticular, we emphasize the process of accomplishing true
predictivity in a scalable setting. Dimension reduction ap-
proaches based on static manifolds - linear or non-linear -
are not effective in predictive modeling of multi-scale prob-
lems with significant transport effects. To address this is-
sue, we present an adaptive formulation in which the ba-
sis vectors and sampling points are adapted online using
a novel non-local procedure. We compare and contrast
adapting the basis to the solution manifold, and to the un-
derlying PDE operator. Results are presented in a combus-
tion dynamics problem involving compressible turbulence,
reactions, and acoustics.
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MS208

Analysis of the Shallow Water Model with Two Ve-
locities

The Shallow water equations (also called Saint-Venant’s
equations) are the usual model governing fluid flow in the
rivers, channels or the oceans. They are used, for exam-
ple, for the protection of the environment, the prediction of
tides and storm urges, the transport of the sediment or the
study of floods. Some references in the literature propose
an improvement of the Shallow water equations to take into
account the vertical profile of the horizontal velocity. The
objective of this work is to develop a scheme of the model
with two velocities in the vertical profil based on a recent
analysis of the Riemann problem. We look for a scheme
able to exactly recover any steady solution in 1D over ar-
bitrary topography. To do so, first we analyse the moving
steady solutions following the Bernouilli’s principle for C1

regular solutions and the Rankine-Hugoniot conditions as
well as the dissipation of entropy at a point of discontinu-
ity. We then propose several well-balanced and positivity
preserving Approximate Riemann solvers. Finally, we val-
idate our results with numerical simulations.
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A New Unstaggered Locally Divergence-Free Fi-
nite Volume Scheme for Ideal and Shallow Water

Magnetohydrodynamics

Many mathematical models of fundamental interest are
constrained by the infamous divergence-free condition of
magnetic fields or velocity profiles. Seen within a wide
range of astrophysical, geophysical, and engineering ap-
plications, such divergence-free constraints are physically
and analytically exact. On a discrete level, however, an
improper treatment of an identically-zero divergence may
lead to large instabilities in solutions even when applying
methods that already successfully simulate fluids without
this constraint. Thus, a careful algorithmic construction is
required to ensure these constraints are exactly preserved
within numerical approximations. In this talk, we restrict
our attention to an important sub-class of divergence-free
systems the magnetohydrodynamic equations, keeping in
mind that the developed method can be extended to other
models constrained by zero-divergence. We present a new
method that exactly preserves the divergence-free condi-
tion of the magnetohydrodynamic system on an unstag-
gered mesh. The designed method has been successfully
tested on several examples.
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MS208

Moment Model Cascades for Non-Hydrostatic
Shallow Flow

We will discuss some recent results regarding a hierarchy of
nonhydrostatic moment equations for shallow flow. These
include energy balances and numerical solutions for insta-
tionary flow. Shallow flow models are of high practical
relevance, however, in certain situations they reach their
limits. Due to an averaging process, information on the
vertical profile of the flow variables is generally lost. This
paper presents a framework for the systematic derivation
of dimensionally reduced dispersive equation systems that
hold information on the vertical profiles of the flow vari-
ables. The derivation from a set of balance laws is based on
a splitting of the pressure followed by a same-degree poly-
nomial expansion of the velocity and pressure fields in ver-
tical direction. Dimensional reduction is done via Galerkin
projections with weak enforcement of the boundary condi-
tions at the bottom and at the free surface. The resulting
equation systems of order zero and one are presented in
linear and nonlinear form for Legendre basis functions and
an analysis of dispersive properties is given. A numerical
experiment shows convergence towards the resolved refer-
ence model in the linear stationary case and demonstrates
the reconstruction of vertical profiles.
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Transient Velocity Profiles in Complex Shallow
Flow

Shallow water models are successfully used for simulat-
ing geophysical flows like river floods, tsunamis, sediment
transport, or debris flows. One important characteristic
in all these applications is the underlying material closure,
e.g. a Newtonian fluid for water. In order to model more
complex fluids like snow or debris as granular material, dif-
ferent closure relations are required. The μ(I)-rheology is
one such closure for granular flow that has already been ap-
plied successfully in depth-averaged models. An extension
of classical shallow water models, which typically require
a constant or predefined vertical velocity profile, is intro-
duced in the shallow moment method. This method retains
transient information about the vertical flow profile using
a finite Legendre expansion to resolve the vertical velocity
with time-dependent coefficients. The shallow moment ap-
proach allows to include more information systematically
and generates a hierarchy of models that in the limit, re-
cover the reference equations before depth-averaging and
are therefore vertically fully resolved. However, even a low
number of basis functions significantly increases the pre-
dictive power of the model compared to classical shallow
water systems. The shallow moment method has mostly
been studied for Newtonian fluids. Therefore, this talk will
focus on current developments and challenges in modeling
complex fluids within the shallow moment framework.
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MS208

Two-Dimensional Hyperbolic Shallow Water Mo-
ment Equations

The recently derived Shallow Water Moment Equations
(SWME) are an extension of the Shallow Water Equations
and allow for vertical changes in the horizontal velocity.
This results in a system that is more accurate in situations
where the horizontal velocity varies considerably over the
height of the fluid. Unfortunately, these models lack global
hyperbolicity. This has previously been observed for the
1D SWME and we show that the loss of hyperbolicity also
occurs in the 2D systems. We derive 2D Hyperbolic Shal-
low Water Moment Equations (HSWME) by modifying the
system matrix. After the derivation of the 2D equations,
an equilibrium stability analysis of the new system is per-
formed. Equilibrium manifolds are derived and structural
stability conditions are checked for these manifolds. The
analysis is a direct extension of the work done on the one-
dimensional equations. We show that the 2D HSWME
contain stable and unstable equilibrium states. Next, a
formulation of the SWME in cylindrical coordinates is pre-
sented. The model is useful in situations where cylindri-
cal coordinates are more appropriate, e.g., when the ap-
plication exhibits circular symmetry, as is the case in the

modelling of a tsunami, for example. Finally, a hyperbolic
system for axisymmetric flow is derived.
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Detecting Inclusions in Soil Profiles

We propose a computational framework to evaluate the
presence of inclusions of different kinds of materials in spe-
cific soil profiles by full waveform inversion. We construct a
cost functional using the data recorded at a grid of receivers
in response to signals emitted by a set of sources. Next,
we propose posible shapes and locations for the inclusions
by topological energy techniques, which we parametrize in
terms of a moderate number of parameters. Then, we im-
plement constrained optimization schemes which decrease
the cost starting from the selected initial guess and sub-
ject to wave equation constraints. Numerical simulations
illustrate the performance of the method.
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MS209

Reconstruction of the Mechanical Properties in
Optical Coherence Elastography

In this talk we present a mathematical model to reconstruct
the mechanical properties of an elastic medium, in the op-
tical coherence elastography imaging technique. We start
by addressing the numerical simulation of the mechani-
cal wave propagation and induced displacements. This di-
rect problem is the computational basis to solve the in-
verse problem which consists of determining the param-
eters that characterize the mechanical properties of the
medium, knowing the displacement field for a given ex-
citation. We formulate the inverse model problem as a
PDE-constrained optimization problem, where the objec-
tive function measures the discrepancy between observa-
tions and predictions. We will discuss different strategies
for learning the space varying elasticity coefficients, which
include the use of neural networks. We report several com-
putational results that illustrate the behavior of the pro-
posed methods in terms of accuracy and efficiency. This
work was supported by FEDER Funds through the Opera-
tional Program for Competitiveness Factors - COMPETE
and by Portuguese National Funds through FCT - Founda-
tion for Science and Technology under the PTDC / EMD-
EMD / 32162/2017 project “Optical Coherence Elastogra-
phy, for imaging of the mechanical properties of the retina
and by the Centre for Mathematics of the University of
Coimbra - UIDB/00324/2020, funded by the Portuguese
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The Same, But Different Discovering Differences
Between Neutrophil Elastase and Cathepsin G

Although the general mechanism for serine protease catal-
ysis is well established, some questions still remain. For in-
stance, the two enzymes, neutrophil elastase and cathepsin
G, have a lot of structural resemblances; however, elastase
degrades virulence factors, while cathepsin G does not. But
their crystal structures are remarkably similar. Molecular
dynamics simulations have been employed to study the two
enzymes in solvent and probe their conformational differ-
ences. The two protein structures do not have the same
number of residues, which renders the measurement of the
similarity over the duration of simulations problematic. In
order to tackle the problem, we established and imple-
mented a three-step-protocol: The Frchet distance is used
to superimpose the two protein structures, such that only
internal motions will be probed in subsequent steps. The
dynamic time warping algorithm and its penalty matrix
is used to generate suitable pairs of amino acids between
the two proteins. Lastly, a symmetrized version of the
so-called Kullback-Leibler divergence is employed to quan-
tify the difference and similarities between the two protein
dynamics trajectories. The approach showed a subtle dif-
ference in a specific residue in the two protein trajectories,
which might explain the difference in specificity.
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MS209

Data Processing and Reduced Order Modeling in
Semiconductor Electron Transport

Self-sustained oscillations associated with electron trans-
port in a single miniband semiconductor superlattice are
analyzed by means of efficient data processing techniques.
The system is modeled by a drift-diffusion equation in one
spatial dimension, which describes the temporal evolution
of the scalar current density and the distributed electric
field in the voltage-biased superlattice. Numerically com-
puted data show that, for some parameter regimes, the
dynamics become temporally periodic after a transient:

a traveling solitary wave for the electric field cyclically
moves from cathode to anode. The higher order dynamic
mode decomposition is applied to uncover the broad fre-
quency spectrum of the spatio-temporal dynamics driv-
ing the transport mechanisms. The purely decaying tran-
sient can be isolated from the attractor, which is approxi-
mated by considering snapshots in short time intervals. On
the other hand, the pattern associated with the electric
field traveling wave is further investigated by the spatio-
temporal Koopman decomposition. The related dispersion
diagram and an estimation of the overall propagation ve-
locity are accurately recovered. Finally, the construction
of a data-driven reduced order model of the physical sys-
tem is illustrated. The outcome allows to fast simulate
the dynamical response of the superlattice over a range of
different configurations.
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Band-Based Binary Indices for the Analysis of
Gene Expression Data

The statistical concept of depth induces an ordering from
centre outwards in multivariate data. Most depth defi-
nitions are unfeasible for dimensions larger than three or
four, but the Modified Band Depth (MBD) is a notable
exception. It relates the centrality of each individual to
its (partial) inclusion in all possible ’j-bands’ formed by j
distinct elements of the data set. We assess (dis)similarity
between pairs of observations by accounting for such bands
and constructing binary matrices associated to each pair.
From these, contingency tables are calculated and used to
derive standard similarity indices. Our approach is com-
putationally efficient and can be applied to bands formed
by any number of observations from the data set. We have
evaluated the performance of several band-based similarity
indices with respect to that of other classical distances in
standard tasks in a variety of high dimension, simulated
and real gene expression data sets. Our experiments show
the benefits of our technique, with some of the selected
indices outperforming classical distances.
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A Boundary-Integral Computational Framework
for Molecular Electrostatics Modeling

Even though in molecular solvation small atomic-level
scales are important, continuum models can take us a long
way. In the case of electrostatics, they give rise to a sys-
tem of partial differential equations where the Poisson and
Poisson-Boltzmann equations are coupled on a molecular
surface, which interfaces the solute and solvent regions. A
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boundary-integral approach is a natural choice to simulate
such system, as the interface and Dirac delta-like charge
distributions are accurately represented. There are a num-
ber of Poisson-Boltzmann solvers available that are widely
used, however, they fall short in terms of usability in a
larger computational workflow, and extensibility to incor-
porate modifications to the model. In this talk, we will
introduce the Poisson-Boltzmann & Jupyter (PB&J) code,
a boundary integral solver based on Bempp-cl, designed
to be easy to use and extend without sacrificing accuracy
or speed. We will review the main design principles and
present application examples showing its efficiency in terms
of user and computer time. Moreover, this Python-based
approach is aligned with current developments in compu-
tational chemistry and biophysics, making it possible to
integrate into existing computational workflows for multi-
scale modeling or analysis software, straight from a Jupyter
notebook.
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Automatic Synthesis of Fast Algorithms for the So-
lution of Elliptic PDEs

When using the Fast Multipole Method to evaluate a po-
tential satisfying a Elliptic PDE, we can exploit the knowl-
edge about the potential and the PDE to reduce the cost
of the FMM. In this talk, we present two methods that
make use of the symbolic form of the potential and the
symbolic form of the PDE given by the user to synthe-
size efficient FMM code. First we describe a method that
automatically synthesizes low complexity translation oper-
ators for arbitrary potentials satisfying an elliptic PDE us-
ing a compression scheme. These operators have the same
complexity as the state of the art spherical/plane wave
based translation operators. We observe the asymptotic
time complexities for these operators and also give an up-
per bound on the error in the compression scheme. Next
we outline a method that automatically synthesizes execu-
tion plans for an integral equation representation involving
multiple input Green’s function and multiple outputs. We
introduce tools to reduce the number of FMM calls needed
by doing algebraic manipulations on the symbolic integral
equation representation. Finally, we describe applications
where our methods are able to synthesize efficient execu-
tion plans and generate efficient code for each FMM in the
execution plan.
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Scalable Parallelization of the Phonon Boltzmann
Transport Equation

The Boltzmann Transport Equation (BTE) for phonons
is often used to predict thermal transport in semiconduc-
tors. The BTE is a seven-dimensional nonlinear integro-
differential equation, resulting in difficulty in its solution
even after linearization under the single relaxation time
approximation. Furthermore, parallelization and load-
balancing are challenging given the high dimensionality
and variability of the linear systems’ conditioning. This
work presents a ”synthetic” scalable method for solving

the BTE on large-scale clusters. The method includes
cell-based parallelization and combined cell-based/band-
based techniques. The cell-based parallelization consists
of a sparse matrix-vector product (SpMV) that can be in-
tegrated with an existing linear algebra library like PETSc.
Additionally, we developed a batched SpMV enabling mul-
tiple linear systems to be solved simultaneously. The
batched method reduces the communication overhead as
the grain size becomes smaller. We present numerical
experiments to demonstrate our method’s excellent scal-
ability and speedups compared with previously existing
schemes.
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Towards a Modified Nested Dissection Ordering to
Enhance Low-Rank Compressibility in Sparse Di-
rect Solvers

The advent of rank-structured compression techniques for
the solution of large-scale sparse linear systems has been
demonstrated to significantly reduce both the computa-
tional cost and the memory footprint of sparse direct
solvers. The block low-rank (BLR) compression format ex-
ploits the blockwise low-rank property of sparse matrices
that arise in many scientific applications. In this talk, we
investigate the potential of new combinatorial algorithms
that enhance BLR solvers through the computation of a
smarter ordering of the unknowns prior to the factoriza-
tion phase. Our purely algebraic approach aims to bridge
the gap between traditional dense and sparse linear alge-
bra methods, and improve compression rates at the cost of
additional fill-in. Instead of building low-rank clusters on
top of nested dissection, we adopt an alternative approach
by clustering the unknowns before exhibiting a nested dis-
section on top of it. We demonstrate the efficiency of this
new approach by means of experiments that have been con-
ducted for the PaStiX solver.
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Sampling Algorithms for Distributed-Memory
Sparse CP Decomposition

Low rank Candecomp / Parafac (CP) Tesnsor Decompo-
sition is a powerful computational tool to extract patterns
from sparse data, but its computational cost may become
intractable for massive sparse tensors. Recently, a num-
ber of randomized sketching algorithms have been pro-
posed to drive down the cost of Alternating Least Squares,
a popular heuristic to compute the CP decomposition.
We extend two algorithms based on statistical leverage-
score sampling to the distributed-memory setting, where
processor-to-processor communication overhead is a ma-
jor obstacle to achieving the speedup enjoyed in a shared-
memory system. We investigate multiple strategies to com-
bat this problem by adapting techniques from distributed
sparse matrix algorithms and produce high-performance
implementations of these algorithms. Using NERSC Perl-
mutter, our communication-avoiding algorithms produce
low-rank CP decompositions of billion-scale sparse tensors
in seconds.
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Incremental Graph Clustering in Parallel

We develop a distributed memory graph clustering algo-
rithm to find clusters in a graph where new nodes and
edges are being added incrementally. At each stage of the
algorithm, we maintain a summary of the clustered graph
computed from all incremental batches received thus far.
As we receive a new batch of nodes and edges, we cluster
the new graph and merge new clusters with the previous
summary clusters. We use sparse linear algebra to per-
form these operations. Our algorithm would make it pos-
sible to find clusters in very large graphs for which regular
graph clustering algorithms could not run due to compu-
tation/communication bottlenecks. We use this algorithm
to cluster billions of metagenomic proteins that are being
collected incrementally in various databases.
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Decoupling Multivariate Functions

While linear functions are well-understood, for nonlinear
(multivariate vector) functions it is unclear how to i) define
their complexity, ii) reduce the complexity and iii) increase
their interpretability. To answer these questions, we pro-
pose a decomposition of nonlinear functions [P. Dreesen,
M. Ishteva, and J. Schoukens. Decoupling multivariate
polynomials using first-order information and tensor de-
compositions. SIMAX, 36:864–879, 2015], which can be
viewed as a generalization of the singular value decomposi-
tion. In this decomposition, univariate nonlinear mappings
replace the simpler scaling performed by the singular val-
ues. We discuss the computation of the decomposition,
which is based on tensor techniques. We also mention an
application in nonlinear system identification.
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Optimizing Locality in Dynamic Graph Data Struc-
tures

This talk discusses dynamic graph data structures and how
to choose data structures that optimize for locality, which
is key to performance in graph computations. The focus
is on how different use cases, which can cause different
data patterns and access patterns, can influence the design
of these structures and how to exploit these differences to
maximize performance.
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Using Machine Learning in Geophysical Data As-
similation

In recent years, data assimilation, and more generally the
climate science modelling enterprise have been influenced
by the rapid advent of artificial intelligence, in particular
machine learning (ML), opening the path to various form of
ML-based methodology. In this talk we will schematically
show how ML can be included in the prediction and DA
workflow in three different ways. First, in a so-called non-
intrusive ML, we will show the use of supervised learning
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to estimate the local Lyapunov exponents (LLEs) based
exclusively on the systems state. In this approach, ML is
used as a supplementary tool, added to the given physical
model. Our results prove ML is successful in retrieving the
correct LLEs, although the skill is itself dependent on the
degree of local homogeneity of the LLEs on the systems
attractor. In the second and third approach, ML is used to
substitute fully or partly a physical model with a surrogate
one reconstructed from data.
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Gradient Flows and Randomised Thresholding:
Sparse Inversion and Classification

Sparse inversion and classification problems are ubiqui-
tous in modern data science and imaging. They are of-
ten formulated as non-smooth minimisation problems. In
sparse inversion, we minimise, e.g., the sum of a data fi-
delity term and an L1/LASSO regulariser. In classifica-
tion, we consider, e.g., the sum of a data fidelity term and
a non-smooth Ginzburg–Landau energy. In this work, we
study splitting from a stochastic continuous-time perspec-
tive. Indeed, we define a differential inclusion that follows
one of the two subtarget function’s negative subgradient at
each point in time. The choice of the subtarget function
is controlled by a binary continuous-time Markov process.
The resulting dynamical system is a stochastic approxi-
mation of the underlying subgradient flow. We investi-
gate this stochastic approximation for an L1-regularised
sparse inversion flow and for a discrete Allen-Cahn equa-
tion minimising a Ginzburg–Landau energy. In both cases,
we study the longtime behaviour of the stochastic dynam-
ical system and its ability to approximate the underlying
subgradient flow at any accuracy. We illustrate our theo-
retical findings in a simple sparse estimation problem and
also in a low-dimensional classification problem.

Jonas Latz
Heriot-Watt University
j.latz@hw.ac.uk

MS212

A Bayesian Approach to Modelling Biological Pat-
tern Formation with Limited Data

Pattern formation plays an important role in the develop-
ment of living organisms. Since the classical work of Alan
Turing, a pre-eminent way of modelling has been through
reaction-diffusion mechanisms. Alternative models have
been proposed, that link dynamics of diffusing molecular
signals with tissue mechanics. Model validation is com-
plicated as in many experimental situations only the lim-
iting, stationary regime of the pattern formation process
is observable, without any knowledge of the transient be-
haviour or the initial state. To overcome this problem, the
initial state of the model can be randomised. But then
fixed values of the model parameters correspond to a fam-
ily of patterns rather than a fixed stationary solution, and
standard estimation approaches, such as the least squares
method, are not suitable. Instead, statistical character-
istics of the patterns should be compared, which is diffi-
cult given the typically limited amount of available data in
practical applications. To deal with this problem, we ex-
tend the recently developed statistical approach (the Cor-
relation Integral Likelihood method) for parameter identi-

fication by pattern data. We introduce modifications that
allow increasing the accuracy of the identification process
without resizing the data set. The proposed approach is
tested using different classes of pattern formation models
and severely limited data sets.

Robert Scheichl
Universitaet Heidelberg
r.scheichl@uni-heidelberg.de

MS212

Convergence Guarantees for MCMC in Statistical
Inverse Problems: Upper and Lower Bounds

In this presentation we exhibit examples of high-
dimensional unimodal posterior distributions arising in
non-linear regression models with Gaussian process priors
for which worst-case (cold start) initialised MCMC meth-
ods typically take an exponential run-time to enter the re-
gions where the bulk of the posterior measure concentrates.
The counter-examples hold for general MCMC schemes
based on gradient or random walk steps, and the theory is
illustrated for Metropolis-Hastings adjusted methods such
as pCN and MALA.

Sven Wang
Massachusetts Institute of
Technology
svenwang@mit.edu

MS213

An Overview of Adaptive Mesh Refinement: Algo-
rithms and Applications

Adaptive mesh refinement (AMR) is one of several tech-
niques for adapting the spatial resolution of a simulation in
particular regions of the spatial domain. Block-structured
AMR specifically refines the mesh by defining locally struc-
tured regions with finer spatial, and possibly temporal,
resolution. This combination of locally structured meshes
within an irregular global hierarchy is in some sense the
best of both worlds in that it enables regular local data
access while enabling greater flexibility in the overall com-
putation. Algorithms that evolve the solution on a hierar-
chical mesh are more complex than algorithms operating
on a single uniform domain. The nature of the complex-
ity typically depends on the mathematical character of the
governing equations and the additional physics being rep-
resented across levels. In this talk I will give a very brief
overview of the different types of block-structured AMR,
different strategies for creating the mesh hierarchy, differ-
ent approaches to time advancement, and some of the ways
that algorithms must be adapted for use on an AMR hier-
archy.

Ann S. Almgren
Lawrence Berkeley National Laboratory
asalmgren@lbl.gov

MS213

A Fast, Adaptive, Matrix-Free Direct Elliptic
Solver on Quadtree Meshes

Elliptic partial differential equations (PDEs) are difficult
to solve on adaptive meshes due to their global nature
and the dynamic mesh. Direct solvers, like the Hierar-
chical Poincar-Steklov (HPS) method, work by forming a
factorization of the system matrix that can be applied to
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as many right-hand sides or time steps as needed. How-
ever, when the mesh changes, the factorization must be
completely reformed. The HPS method attempts to solve
this by forming a set of solution operators that are built
on an adaptive, quadtree structure. The HPS method can
achieve linear O(N) factorization performance in 2D and is
matrix-free as it does not need to form the system matrix.
It also allows for a dynamic update to the solution oper-
ators when the mesh changes, solving the so-called near-
by problem. We present our implementation of the HPS
method on quadtree meshes with the p4est software library.
We will show results solving Poissons equation for eventual
coupling with a hyperbolic solver through the ForestClaw
software library. In addition, we will present our progress
on a parallel implementation on distributed memory archi-
tectures.

Damyn M. Chipman, Donna Calhoun
Boise State University
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MS213

Insights into Compressible Reacting Flows in Com-
plex Geometry Using Adaptive Mesh Refinement
Simulations

With the increased availability of exascale computing hard-
ware, detailed simulations of realistic devices can be per-
formed at practically relevant time and length scales. In-
sights into the multiscale driving mechanisms in compress-
ible reacting flow systems with complex geometry, such
as combustors, can be used for design optimization and
technology improvements. However, to effectively perform
these simulations, advanced numerical algorithms must be
used to maintain solution accuracy without incurring un-
due computational costs. PeleC, part of the Pele suite
of codes, leverages block-structured adaptive mesh refine-
ment (AMR) through the AMReX library to capture fine-
scale flow features in compressible reacting flows. In this
talk, we discuss recent improvements to the numerical al-
gorithms, particularly in regard to describing flows at com-
plex boundary structures, and PeleCs performance on ex-
ascale computing hardware. We will demonstrate that
PeleC is well-suited for modern, extreme-scale, heteroge-
nous compute platforms.

Marc Henry de Frahan, Jon Rood, Nicholas Wimer,
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MS213

Adaptive Grids for Algebraic Stabilizations of

Convection-Diffusion-Reaction Equations

Non-linear discretizations are necessary for convection-
diffusion-reaction equations for obtaining accurate solu-
tions that satisfy the discrete maximum principle (DMP).
Algebraic stabilizations belong to the very few finite el-
ement discretizations that satisfy this property. This
talk considers three algebraically stabilized finite element
schemes for discretizing convection-diffusion-reaction equa-
tions on adaptively refined grids. These schemes are the
algebraic flux correction (AFC) scheme with Kuzmin lim-
iter, the AFC scheme with BJK limiter, and the recently
proposed Monotone Upwind-type Algebraically Stabilized
(MUAS) method. Both conforming closure of the refined
grids and grids with hanging vertices are considered based
on a residual-based a posteriori error estimator. A non-
standard algorithmic step becomes necessary before these
schemes can be applied on grids with hanging vertices. The
assessment of the schemes is performed with respect to
the satisfaction of the global discrete maximum principle
(DMP), the accuracy, e.g., smearing of layers, and the ef-
ficiency in solving the corresponding nonlinear problems.

Abhinav Jha
University of Stuttgart
jha.abhinav0207@gmail.com
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MS213

Multiscale Fluid Dynamics Enabled by Adaptive
Mesh Refinement in Aerospace and Wind Energy
Applications

Many fluid dynamics problems found in aerospace and
wind energy applications require multi-scale simulation ca-
pabilities to track turbulent vortical fluid structures such as
the wakes generated by wind turbines or helicopter rotors.
To resolve these complex multiscale phenomena, parallel
adaptive mesh refinement paired with overset grid tech-
nologies provides a computationally efficient and scalable
solution. We highlight the octree-based AMR approach
in tandem with overset grid assembly for simulating these
relative-body motion problems. Further, we leverage char-
acteristics of octree-based AMR algorithms to accelerate
the overset grid assembly process for implicit hole cut-
ting. Lastly, we’ll discuss future capabilities needed for
AMR and overset to leverage next-generation heteroge-
neous computing systems.

Andrew Kirby
University of Wyoming
akirby@uwyo.edu

Dimitri Mavriplis
Department of Mechanical Engineering
University of Wyoming
mavripl@uwyo.edu

MS214

Exploration Strategies for Control of Chaotic Dy-
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namical Systems Using Reinforcement Learning

Predicting and controlling the future state of a complex
physical system is a cornerstone in a wide range of situa-
tions. This aim however often remains difficult to achieve.
In particular, for a high-dimensional multiscale nonlinear
system, a model is not necessarily available or usable due
to real-time control constraints which drastically limit the
affordable computational complexity. Data-driven control
circumvents the need for an a priori model and constitutes
an attractive approach. In this talk, we will focus on a Re-
inforcement Learning strategy fully leveraging its theoret-
ical foundation in optimal control theory while accounting
for challenges of practical situations such as weak observ-
ability. We identify the multiple factors and their influ-
ence on the policy identification without relying on physics
constraints or prior knowledge. In particular, we develop
consistent exploration strategies allowing to carefully sam-
ple new observations in order to improve knowledge of the
system. As a result, better control policies could be ob-
tained with fewer interactions with the system, resulting
in a faster learning. To achieve this, we rely on tools from
information theory and optimal design of experiments to
quantify the knowledge gathers during the process. Our
framework will be illustrated on simplified models of tur-
bulent flows such as the Kuramoto-Sivashinsky equations.
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semeraro@lisn.upsaclay.fr;

Lionel Mathelin
LISN, CNRS, Univ. Paris-Saclay
lionel.mathelin@lisn.upsaclay.fr

MS214

Machine-Learning-Based Spectral Methods for
Partial Differential Equations

Spectral methods are an important part of scientific com-
puting’s arsenal for solving partial differential equations
(PDEs). However, their applicability and effectiveness de-
pend crucially on the choice of basis functions used to ex-
pand the solution of a PDE. The last decade has seen the
emergence of deep learning as a strong contender in provid-
ing efficient representations of complex functions. In the
current work, we present an approach for combining deep
neural networks with spectral methods to solve PDEs. In
particular, we use a deep learning technique known as the
Deep Operator Network (DeepONet) to identify candidate
functions on which to expand the solution of PDEs. We
have devised an approach that uses the candidate functions
provided by the DeepONet as a starting point to construct
a set of functions that have the following properties: (1)
they constitute a basis, (2) they are orthonormal, and (3)
they are hierarchical, i.e., akin to Fourier series or orthog-
onal polynomials. We have exploited the favorable proper-
ties of our custom-made basis functions to both study their
approximation capability and use them to expand the so-
lution of linear and nonlinear time-dependent PDEs. The

proposed approach advances the state of the art and ver-
satility of spectral methods and, more generally, promotes
the synergy between traditional scientific computing and
machine learning.

Saad Qadeer
University of North Carolina Chapel Hill
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MS214

Learning Homogenized Constitutive Models in Vis-
coelasticity and Viscoplasticity

The macroscopic behavior of materials is governed in part
by small-scale rapidly-varying material properties. Fully
resolving these features within the balance laws thus in-
volves expensive fine-scale computations which need to be
conducted on macroscopic scales. The theory of homog-
enization provides an approach to derive effective macro-
scopic equations which eliminates the small scales by ex-
ploiting scale separation. An accurate homogenized model
avoids the computationally-expensive task of numerically
solving the underlying balance laws at a fine scale. In sim-
ple settings the homogenization produces an explicit for-
mula for a macroscopic constitutive model, but in more
complex settings it may only define the constitutive model
implicitly. In these complex settings machine learning can
be used to learn the constitutive model from localized fine-
scale simulations. In the case of one-dimensional viscoelas-
ticity, the linearity of the model allows for a complete anal-
ysis. For this case, we derive a homogenized constitutive
model and develop a theory to prove that the model may be
approximated by a recurrent neural network (RNN) model
that captures the memory; this may be thought of as dis-
covering appropriate internal variables. Simulations are
presented which validate the theory, and additional numer-
ical experiments demonstrate extension of the methodology
to higher dimensions and to nonlinear viscoplasticity.

Margaret K. Trautner
California Institute of Technology
mtrautne@caltech.edu

MS214

Data in Deep Operator Learning

In this talk, I will show the importance of data in deep op-
erator learning. First, I will show the accuracy of a MOD-
Net (Model-operator-data) with physics-informed loss to
learn the operator of a PDE could be greatly improved by
using few data points computed by traditional numerical
schemes on coarse-grained grids. Second, I will use data-
driven DeepONet to solve an inverse problem of fractional
problem. Finally, I will show a good sampling scheme is
extremely important for learning the operator of a stiff
ODE system, such as combustion chemical system, where
our neural network model is accurate and efficient in many
different working conditions for large reaction systems.

Zhi-Qin Xu
Shanghai Jiao Tong University
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MS215

From Perspective Maps to Epigraphical Projec-
tions

The projection onto the epigraph or a level set of a closed
proper convex function can be achieved by finding a root
of a scalar equation that involves the proximal operator
as a function of the proximal parameter. We develop the
variational analysis of this scalar equation. The approach
is based on a study of the variational-analytic properties of
general convex optimization problems that are (partial) in-
fimal projections of the the sum of the function in question
and the perspective map of a convex kernel. When the
kernel is the Euclidean norm squared, the solution map
corresponds to the proximal map, and thus the variational
properties derived for the general case apply to the prox-
imal case. Properties of the value function and the cor-
responding solution map including local Lipschitz conti-
nuity, directional differentiability, and semismoothness are
derived. An SC1 optimization framework for computing
epigraphical and level-set projections is thus established.
Numerical experiments on 1-norm projection illustrate the
effectiveness of the approach as compared with specialized
algorithms.
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MS215

An Inexact Trust-Region Algorithm for Nons-
mooth Nonconvex Optimization

In this talk, we develop a new trust-region method to min-
imize the sum of a smooth nonconvex function and a non-
smooth convex function. Our method is unique in that
it permits and systematically controls the use of inexact
objective function and derivative evaluations. We prove
global convergence of our method in Hilbert space and
analyze the worst-case complexity to reach a prescribed
tolerance. Our method employs the proximal mapping of
the nonsmooth objective function and is simple to imple-
ment. Moreover, when using a quadratic Taylor model,
our algorithm represents a matrix-free proximal Newton-
type method that permits indefinite Hessians. We demon-
strate the efficacy of our algorithm on various examples
from data-science and PDE-constrained optimization.

Drew P. Kouri
Optimization and Uncertainty Quantification
Sandia National Laboratories
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MS215

Surrogation Methods for Nonconvex Nondifferen-

tial Problems in Finite Dimensions

Optimization problems with coupled nonconvexity and
nondifferentiability are particularly challenging to solve.
Foremost is the question of what kind of “stationary so-
lutions’ can be computed in practice. In this talk, we
present several classes of these problems that arise in var-
ious topical areas of contemporary interests. We give an
overview of the family of surrogation methods and illus-
trate their applications to a few applied problems. If time
permits, we will also briefly discuss some challenging non-
convex stochastic optimization problems that so far have
been minimally studied at best. Much of the materials to
be presented is documented in the recent research mono-
graph on Modern Nonconvex and Nondifferentiable Opti-
mization published by SIAM and co-authored by the pre-
senter and Dr. Ying Cui of the University of Minnesota.
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Inexact Proximal Newton Methods in Hilbert
Spaces

We consider proximal Newton methods in Hilbert spaces
for the solution of nonsmooth variational problems. In con-
trast to classical proximal gradient methods on Rn these
methods enjoy fast local convergence and thus need only
few iterations until convergence. However, the subprob-
lems are typically harder, and we apply an inner nons-
mooth multigrid solver (TNNMG) for their efficient inex-
act solution. We discuss inexactness criteria and their rela-
tion to global and fast local convergence of our algorithm.
Finally we present some applications and numerical exam-
ples.
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Regularized Smoothing for Solution Mappings of
Convex Problems, with Applications to Two-Stage
Stochastic Programming and Some Hierarchical
Problems

Many modern optimization problems involve in the objec-
tive function solution mappings or optimal-value functions
of other optimization problems. In most/many cases, those
solution mappings and optimal-value functions are nons-
mooth, and the optimal-value function is also possibly non-
convex (even if the defining data is smooth and convex).
Moreover, stemming from solving optimization problems,
those solution mappings and value-functions are usually
not known explicitly, via any closed formulas. We present
an approach to regularize and approximate solution map-
pings of fully parametrized convex optimization problems
that combines interior penalty (log-barrier) with Tikhonov
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regularization. Because the regularized solution mappings
are single-valued and smooth under reasonable conditions,
they can also be used to build a computationally prac-
tical smoothing for the associated optimal-value function
and/or solution mapping. Applications are presented to
two-stage (possibly nonconvex) stochastic programming,
and to a certain class of hierarchical decision problems that
can be viewed as single-leader multi-follower games.
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MS216

Quadratures for Edge and Corner Discretization
Schemes in Three Dimensions

In this talk, we present an RCIP-type scheme for discretiz-
ing corner and edge singularities in three dimensions. The
resulting scheme attempts to resolve the geometric singu-
larities in a weak sense. We demonstrate the performance
of the algorithm in the context of FMM-based field solvers.

Zydrunas Gimbutas
National Institute of Standards and Technology
zydrunas.gimbutas@nist.gov

MS216

Fast and Accurate Boundary Element Methods for
Large-Scale Computational Acoustics

The Helmholtz equation can be numerically solved using
the boundary element method (BEM) by reformulating the
volumetric partial differential equation as a boundary inte-
gral equation on the surface of the scatterers. The explicit
use of Greens functions avoids domain truncation of un-
bounded regions and accurately models wave propagation
through homogeneous domains. Triangular surface grids
with few linear elements per wavelength suffice to discretize
the boundary integral operators with a Galerkin method.
However, the dense matrices require a large amount of
memory, and the convergence of iterative linear solvers de-
teriorates at high frequencies and large material contrasts
relative to the exterior medium. This talk presents novel
preconditioning techniques for coupled BEM formulations
modelling multiple scattering and transmission through on-
surface radiation conditions that are especially effective at
high frequencies. Also, we designed novel boundary inte-
gral formulations that are well-conditioned when different
domains have high contrasts in density or speed of sound.
We used our fast BEM implementation to simulate focused
ultrasound propagation in the human body, which can be
translated to important biomedical applications such as the
non-invasive treatment of liver cancer and neuromodula-
tion of the brain. We validated the methodology within an
international benchmarking exercise and implemented all
functionality in our open-source Python library, OptimUS.
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MS216

High-Order Boundary Integral Methods for Slen-
der Bodies

The dynamics of active and passive filaments in viscous
fluids is frequently used as a model for many complex flu-
ids in biological systems such as: microtubules which are
involved in intracellular transport and cell division; flagella
and cilia which aid in locomotion. The numerical simula-
tion of such systems is generally based on slender-body the-
ory which give asymptotic approximations of the solution.
However, these methods are low-order and cannot enforce
no-slip boundary conditions to high-accuracy, uniformly
over the boundary. Boundary-integral equation methods
which completely resolve the fiber surface have so far been
impractical due to the prohibitive cost of current layer-
potential quadratures for such high aspect-ratio geome-
tries. In this talk, we will present new quadrature schemes
which make such computations possible and new integral
equation formulations which lead to well-conditioned lin-
ear systems upon discretization. We will present numerical
results to show the efficiency of our methods.
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Kinematic Boundary Element Approaches to Imag-
ing Earthquake Cycle Activity

Large earthquakes occur infrequently but have substantial
impacts on both society and the evolution of seismogenic
fault systems. Forecasting these events is difficult because
of small sample sizes, uncertain mechanics, and the ques-
tionable identification of precursor signals. Here, we de-
scribe a physics-based approach to imaging fault systems
during the slow interseismic phase of the earthquake cy-
cle, when elastic strain is temporarily stored before it is
released in great earthquakes. We do this through the
development of large-scale kinematic fault system models
that integrate the motions of tectonic plates with a quasi-
static representation of earthquake cycle kinematics. To
accurately represent elastic deformation in geometrically
complex fault systems, we exploit closed form boundary
integral solutions to relate observations of surface defor-
mation to fault system activity at depth.

Brendan J. Meade
Harvard University
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A Boundary Integral Method for the Klein-Gordon
Equation with Interface Waves

In this talk, we analyze the behavior of solutions to the
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time-harmonic Klein-Gordon equation in the presence of an
interface. For certain jump conditions, solutions are local-
ized near, and propagate along, the interface. We present
a well-posed boundary integral formulation for this PDE
and describe a fast iterative algorithm for solving it. We
illustrate our theoretical results with several numerical ex-
amples of solutions and scattering effects.
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Outreach for Better Scientific Software: The
IDEAS Productivity Project

Since 2017, the IDEAS Productivity project has been sup-
ported by the DOE Exascale Computing Project (ECP)
to help improve developer productivity and software sus-
tainability and reliability. With roughly 1,000 participants
involved in the ECP, it was immediately clear that the
small IDEAS project team could not provide direct hands-
on support for all of the software development efforts in
the ECP. A major portion of IDEAS effort, therefore, goes
into outreach activities, aimed at (1) raising the level of
awareness and discussion of software-related issues in the
community, (2) providing seminars and training to help de-
velopers improve their skills, (3) an online portal for the
exchange of information and resources on scientific soft-
ware development, and (4) a fellowship program to help
bring new voices and new ideas to the scientific software
community. In this talk, I will provide more detail about
why and how IDEAS approaches these areas and discuss
some of the impacts weve seen from them.
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Continuous Deployment on HPC Clusters Using
Spack

Installing highly optimized software stacks on specific HPC
architectures is a tenuous task. Spack solves the depen-
dency hell problem, configuring and installing libraries.
The remaining challenge is to exploit Spack automatic in-
stallations with already installed vendor software. More-
over, we want to keep track of all installed software. We
use git as a deployment notebook and database of machine
configurations and rely on Gitlab-CI to drive installation
processes. We will present this infrastructure named Spack
Organizer and will show how this tool can boost software

quality and development productivity.
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E4S Extreme-Scale Scientific Stack

The Extreme-scale Scientific Software Stack (E4S) is a col-
lection of open source software packages for high perfor-
mance computing. The E4S stack comes with up to 100+
HPC applications, libraries and tools, MPI, development
tools such as TAU, HPCToolkit, PAPI, math libraries in-
cluding PETSc and Trilinos, and node-level programming
libraries including Kokkos and RAJA. E4S is available for
use via containers, buildcache, AWS EC2 image, and facil-
ity tuned spack based deployments. E4S provides a new
model for providing a standard set of software stack to
HPC centers with dedicated support to help bridge the
gap between HPC facilities and application developers of
E4S products.
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Achieving and Maintaining Performance and Per-
formance Portability Within the Albany Multi-
Physics Code: Perspectives and Tools

The focus of this talk is the Albany multi-physics finite
element code, a software framework created using the Ag-
ile Components code development strategy. This strategy
enables the rapid development of parallel efficient multi-
physics tools by requiring that: (1) application codes be
built primarily from modular pieces (independently devel-
oped libraries, e.g., Trilinos), abstract class hierarchies, and
template-based generic classes, and (2) projects both lever-
age and contribute to a comprehensive set of software com-
ponents. Specifically, I will discuss our experience with
and perspectives on evaluating, improving and maintain-
ing performance and performance-portability within Al-
bany. For performance portability, Albany relies primarily
on the Kokkos library and programming model, which en-
ables the same code to run correctly and efficiently, with
reasonable scalability, across a variety of computer archi-
tectures including the most current generation of GPUs.
I will present some key performance-portability develop-
ments for the land ice modeling application implemented
within Albany and known as Albany Land Ice (ALI), cover-
ing topics including both finite element assembly and linear
solvers. I will also discuss some recently-developed tools
that have helped us maintain performance of Albany across
a variety of platforms, namely automatic parameter tuning
and automated performance testing/analysis.
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High-Performance Computing in Tensor Networks:
the Current Status and the Challenges Ahead

Numerical techniques based on tensor networks has been
used in the past twenty years to tackle problems in quan-
tum many-body physics. In recent years, tensor net-
work methods have witnessed applications beyond quan-
tum physics to include quantum circuits, artificial intelli-
gence and lattice gauge theory, just to name a few. This
expansion in application domain is accompanied by an in-
crease in the scale of the simulations performed and their
computational complexity. In order to address complex-
ity and scale, there have been few initiative towards the
introduction of high-performance and parallel computing
methods in tensor networks computations. The aim of this
contribution is to highlight the current status of HPC in
tensor networks and give a measure of some of the chal-
lenges ahead, setting the stage for all the contributions to
this minisymposium.
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Low-Rank Tensor Approximation for the Numeri-
cal Solution of Elliptic and Parabolic Problems

Low-rank tensor decompositions are an attractive tool for
the numerical solution of differential equations, reduc-
ing the complexity of the problem by the adaptive low-
parametric approximation using techniques of numerical
linear algebra and optimization. We focus on a multilevel
approximation scheme based on the tensor decomposition
known as matrix product states (MPS) in computational
quantum physics and as tensor train (TT) in computa-
tional mathematics. This scheme has been shown, both
theoretically and experimentally, to efficiently approximate
functions with algebraic singularities and highly-oscillatory
solutions to multiscale diffusion problems, achieving ex-
ponential convergence with respect to the total number
of representation parameters. We present recent results
on the use of the multilevel MPS-TT representation for
the numerical solution of elliptic and parabolic PDE prob-
lems, which involves the multilevel preconditioning and
the iterative solution of resulting linear systems in low-
rank form. The approach is based on generic finite-element
spaces and amounts to the adaptive computation of a col-
lection of quasi-optimal low-dimensional subspaces. The
use of low-rank tensor approximation in combination with
robust multilevel preconditioning allows to work with ex-
travagantly large finite-element spaces and leads to data-
driven computations with effective discretizations adapted
to the data, which contrasts with the use of approximation
spaces designed analytically.
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MS218

Introduction to the ITensor Software Library for
Tensor Network Calculations

ITensor is a software library for developing tensor network

algorithms. Modeled on tensor diagram notation, ITensor
has a unique memory-independent tensor interface which
allows users to focus on the connectivity of a tensor network
without manually bookkeeping tensor indices. ITensor has
primarily been used in applications to quantummany-body
physics, but has found applications in a variety of fields
such as quantum computing, machine learning, chemistry,
and differential equations. Here we will introduce the ITen-
sor interface and discuss recent advancements in the library
such as multithreaded block sparse operations, general ten-
sor network optimization, GPU support, and more as time
allows.
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2D Tensor Network Optimization via Automatic
Differentiation

Two-dimensional quantum many-body systems exhibit
some of the most elusive problems in condensed matter
physics, whose solution is foreseen to impact material sci-
ence and information processing. In recent years, practi-
cal progress has been made towards finding an approxima-
tion to their ground-state(s) by means of tensor-network
ansatzes, in particular (infinite) projected entangled pair
states (iPEPS). Based on the variational principle, such
ground-state search can be formulated as a highly non-
linear optimization problem, for which well established
gradient-based non-linear optimization strategies like con-
jugate gradient or quasi-Newton methods could be em-
ployed. Computing explicitly the gradient via a plethora
of tensor contractions to be programmed case-by-case has
traditionally obstructed this approach. Nowadays, algo-
rithmic differentiation has considerably eased the path,
and the variational procedure has been demonstrated to
yield lower energies and less biased many-body configura-
tions than alternative methods like imaginary-time evolu-
tion. Here, we report on our implementation of a flexible
and efficient library for this state-of-the-art approach in
the programming language Julia, based on the TensorKit
package, and we showcase some results on frustrated 2d
quantum spin models.
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The Importance of Mode Ordering of Intermediate
Tensors

The contraction of tensor networks dominates the runtime
of many scientific fields (e.g., quantum circuit simulations,
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condensed matter physics), requiring thousands of com-
pute hours on sophisticated hardware systems. While the
inputs and the output of a tensor network contraction are
fixed, the intermediate tensors are not; this provides both
additional complexity but also ample opportunity for opti-
mizations. This talk outlines a constructive way of choos-
ing different mode orders (i.e., data layouts) for the in-
termediate tensors and highlights its impact on end-to-end
performance on the simulation of Google’s 53-bit Sycamore
quantum circuit.
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Brownian HydroDynamics in Doubly-Periodic
Confined Geometries

We develop a linearly-scaling variant of the Force Coupling
Method for computing hydrodynamic interactions among
particles confined to a doubly-periodic geometry with ei-
ther a single bottom wall or two walls (slit channel) in the
aperiodic direction. Our spectrally-accurate Stokes solver
uses the Fast Fourier Transform (FFT) in the periodic xy
plane and Chebyshev polynomials in the aperiodic z di-
rection normal to the wall(s). We decompose the problem
into a doubly-periodic subproblem in the presence of par-
ticles (source terms) with free-space boundary conditions
in the z direction, which we solve by borrowing ideas from
a recent method for rapid evaluation of electrostatic in-
teractions in doubly-periodic geometries [Maxian et al., J.
Chem. Phys., 154, 204107, 2021], and a correction sub-
problem to impose the boundary conditions on the wall(s).
Instead of the traditional Gaussian kernel, we use the ex-
ponential of a semicircle kernel to model the source terms
(body force) due to the presence of particles, and provide
optimum values for the kernel parameters that ensure a
given hydrodynamic radius with at least two digits of ac-
curacy and rotational and translational invariance. The
computation time of our solver, which is implemented in
graphical processing units, scales linearly with the number
of particles, and allows computations with about a million
of particles in less than a second for a sedimented layer of
colloidal microrollers.
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A Novel Polydisperse Gaussian-Moment Model for
the Air Dispersion of Virus-Containing Aerosols

The COVID-19 pandemic has highlighted the need for im-
proved models to describe the transport of virus-containing
droplets and aerosols. Although Lagrangian-based models
have been widely adopted for the study of such bio-aerosols,
they remain prohibitively expensive to generate statisti-
cally relevant predictions often requiring an excessive num-
ber of particles and numerical experiments. This limitation
is further exacerbated as the physics describing the droplet
transport become more complex, specifically as it pertains
to inertial interactions, evaporation, and the naturally en-
countered virus decay. The proposed new model of the
polydisperse Gaussian-moment model (PGM) family pro-
vides an Eulerian treatment for virus-laden aerosols. The
model notably provides a direct treatment for local higher-
order statistics such as covariances between particle dis-
tinguishable properties (e.g., diameter, temperature, viral
load, and non-volatile solute) and particle velocity. Derived
within an entropy-maximization moment-closure formula-
tion, the new model yields a set of first-order robustly-
hyperbolic balance laws which are efficiently solved with
a high-order, massively parallel, discontinuous-Galerkin-
Hancock method. This talk provides a summary of the
model derivation and its mathematical properties, and il-
lustrates the predictive capabilities for several scenarios of
bio-aerosol dispersion.
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Modeling Electrokinetic Flows with the Discrete
Ion Stochastic Continuum

In this talk we present a methodology for the mesoscale
simulation of fluid/particle systems such as strong elec-
trolytes. This is an extension of the Fluctuating Immersed
Boundary (FIB) approach that treats a solute as discrete
Lagrangian particles that interact with Eulerian hydrody-
namic and electrostatic fields. In both cases the Immersed
Boundary (IB) method of Peskin is used for particle-field
coupling. Hydrodynamic interactions are taken to be over-
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damped, with thermal noise incorporated using the fluctu-
ating Stokes equation, including a ”dry diffusion” Brow-
nian motion to account for scales not resolved by the
coarse-grained model of the solvent. Long range electro-
static interactions are computed by solving the Poisson
equation, with short range corrections included using a
novel immersed-boundary variant of the classical Particle-
Particle Particle-Mesh (P3M) technique. This approach
is designed to enable scaling to large problems which are
difficult to tackle using many existing mesoscale methods.
It has been implemented using the AMReX framework for
use on large scale HPC systems, including heterogeneous
CPU+GPU architectures.
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A Spectral Discretization for Fluctuating Fiber Hy-
drodynamics

Semiflexible filaments are ubiquitous in nature and cell
biology, including in the cytoskeleton, where reorganiza-
tion of actin filaments allows the cell to move and divide.
Most methods for simulating semiflexible bending fluctua-
tions are based on worm-like chain models, which become
prohibitively expensive in the slender limit when comput-
ing hydrodynamics. In this talk, we develop a novel ap-
proach for simulating fluctuating slender filaments. Our
numerical method is based on using a non-uniform spec-
tral discretization of the filament centerline combined with
a spectrally-accurate “slender-body’ quadrature for hydro-
dynamics. We apply our method to simulate equilibrium
and non-equilibrium dynamics of semiflexible fibers, and
conclude by analyzing the role of semiflexible fluctuations
in actin filament bundling.
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Efficient Brownian Dynamics for Suspensions of
Rigid Bodies or Semiflexible Fibers

I will describe a new ”one-solve” midpoint temporal in-
tegrator for efficiently solving the equations of Brownian
dynamics for rigid bodies or semiflexible fibers. The tech-
nique is similar, but different from, a drift-corrected scheme
of Westwood, Delmotte and Keaveny. The scheme I will
present has particular advantages when calculating Brow-
nian contributions to suspension rheology, and I’ll present
examples that demonstrate this.
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Exascale Computing for Thermal Fluid Applica-
tions

Simulating thermal fluid for full-core nuclear reactors has
been a great interest for nuclear engineers. In particular,
performing wall-resolved large eddy simulations (LES) can
predict the steady state performance and help improve the
reactor design. High order method is known to be able to
capture the turbulence with minimal numerical dissipation.
Our spectral element methods code, Nek5000/NekRS, uses
curved hexahedral elements that takes O(n) storage where
n = EN3 is the number of grid points for E elements and
polynomial order N, and with an efficient preconditioner,
the computational cost is only O(nN). However, elevating
N requires 2-3 orders of magnitude fewer elements than
standard finite elements, which brings challenges to mesh-
ing complex geometries at large scales. We present an all-
hex meshing strategy for randomly packed spheres in peb-
ble bed reactors. With Voronoi decomposition, spheres are
bounded by cells and the facets are tessellated into quads
that are swept to the sphere to generate a base mesh. The
singularities at contact points between spheres are covered
by the overlapping region to achieve the target void frac-
tion that realizes the correct pressure drop. We generate
high quality meshes with 102105 spheres using 300 ele-
ments per sphere. We present mesh quality metrics and its
impact to the solver performance under different precondi-
tioners which realizes fluid simulations for full-core pebble
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bed reactors at exascale platforms.
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Advanced Simulation Methods for the Prediction
of Aerodynamically Generated Noise

The mitigation of aerodynamically generated sound is an
important technical field. It usually requires an accurate
prediction of the turbulent flow and a computational
aeroacoustics method to predict the noise generation and
the propagating sound field. In this paper, a direct-hybrid
simulation method is presented, in which a solver for the
flow field is directly coupled to a solution of the acoustic
perturbation equations. It uses an interleaved execution
pattern such that an efficient parallelization is achieved
also on high-performance computing (HPC) systems, see
[Michael Schlottke-Lakemper, Ansgar Niemller, Matthias
Meinke, Wolfgang Schrder, Efficient parallelization for
volume-coupled multiphysics simulations on hierarchi-
cal Cartesian grids, Computer Methods in Applied
Mechanics and Engineering, Volume 352, 2019, Pages
461-487, https://doi.org/10.1016/j.cma.2019.04.032]
[Ansgar Niemller, Michael Schlottke-Lakemper,
Matthias Meinke, Wolfgang Schrder, Dynamic load
balancing for direct-coupled multiphysics simulations,
Computers & Fluids, Volume 199, 2020, 104437,
https://doi.org/10.1016/j.compfluid.2020.104437]. Several
applications are presented for which the HPC performance
is analyzed. For a landing gear noise mitigation is studied
by applying fairings made of porous material. Other large
scale applications will be discussed, such as the noise
generated by jets from chevron nozzles or from propellers
interacting with a downstream located wing.
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Analysis and Compression of Temporal CFD Data
Sets Using Streaming and Parallel SVD

Computational Fluid Dynamics is characterized by its pro-
duction of high dimensional data, which must often be
treated to extract useful and interpretable information. For
this purpose, Singular Value Decomposition (SVD), a pow-
erful tool used in various fields under different names, is
often utilized. The main characteristic of the method, as
used in fluid dynamics, is to decompose an original data
set into a set of basis functions dependent on space and co-
efficients dependent on time. Given that SVD provides an

optimal representation of the original data set, it is often
used for data analysis and compression, since low energetic
modes can be discarded while keeping a reasonable recon-
struction of the original fields. The present work takes
advantage of the temporally dynamic and spatially par-
titioned nature of the domains in turbulence simulations
by calculating local SVDs in different regions of the flow
field. This approach exploits the locality of the flow fea-
tures which allows SVD to find a sparser basis to describe
the flow and, in turn, increase compression. Apart from
the inherently parallel nature of the approach, we calcu-
late the local SVDs in a streaming manner such that, in
general, the original data does not need to be stored but
can be analyzed at simulation runtime. Thus, our approach
provides a way to compress data with local SVDs, obtain
global POD modes, and a simple way to calculate DMD,
another modal decomposition used for understanding flow
dynamics.
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Hierarchical Bayesian Multifidelity Modelling Ap-
plied to Turbulent Flows

Conducting high-fidelity studies in fluid mechanics can
be prohibitively expensive, particularly at high Reynolds
numbers. Thus, it is necessary to develop accurate yet cost-
effective models for outer-loop problems involving turbu-
lent flows. One way is to use multifidelity models (MFMs)
which aim at accurately predicting quantities of interest
(QoIs) and their stochastic moments by combining the
data obtained from different fidelities. When constructing
MFMs, a balance is sought between a few expensive (but
accurate) simulations and many more inexpensive (but po-
tentially less accurate) simulations. Two main character-
istics have to be considered. 1) there is a distinguish-
able hierarchy in the fidelity of the turbulence simulation
approaches such as RANS, hybrid RANS-LES, LES, and
DNS. 2) the outcome of any of these approaches can be po-
tentially uncertain due to various inherent uncertainties.
We further develop and apply a MFM that is consistent
with these characteristics and is based on the Gaussian pro-
cesses (GP). The fidelity-specific calibration parameters as
well as the hyperparameters appearing in the GPs are si-
multaneously estimated within a Bayesian framework. The
Bayesian inference is done using a Markov Chain Monte
Carlo (MCMC) approach, and the predictions of the MFM
are accompanied by estimates of the confidence intervals.
The efficiency and performance of this MFM are illustrated
for various problems involving turbulent flows.
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Neko: A New Spectral Element Code Applied to
the Simulation of a Flettner Rotor

Ways to reduce the fuel consumption of ships have been
gaining increased interest. One potentially relevant ap-
proach is a Flettner rotor, i.e. a rotating cylinder that uses
the Magnus effect to generate lift. While Flettner rotors
have been considered in experiments and RANS simula-
tions, no direct numerical simulation (DNS) ofa Flettner
rotor, focusing on the interaction with the surrounding tur-
bulent boundary layer has been carried out. Our simula-
tion demonstrates our new CFD code Neko, a solver that
owes its homage to Nek5000. Neko is based on similar nu-
merical methods, but differs in that it also accommodates
modern computer architectures such as GPUs and has an
object-oriented codebase written in modern Fortran. Spe-
cial emphasis has been put on portability, scalability and
the possibility to extend to code easily with new features;
thereby keeping the complexity for the domain scientist to
a minimum. The flow case under consideration is a Flettner
rotor submerged in a turbulent boundary layer, consisting
of 1M spectral elements, which turns into 0.5B unique grid
points. We discuss the strong scaling efficiency with com-
paring several architectures, including latest GPUs. We
observe excellent parallel scaling, up to hundreds of nodes.
Our initial findings for the lift are in excellent agreement
with experimental data. We further observe that there is
a strong interaction between the rotor and the turbulent
boundary layer, in terms of modified coherent structures.
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Scalable Computation of Mixed Dimensional Prob-
lems in FEniCSx

Problems involving fields defined over domains of differ-
ent topological dimensions arise in many areas of mathe-
matics, science, and engineering. Examples include hybrid
discontinuous Galerkin methods, where function spaces de-
fined only over the facets of the mesh are introduced, and
problems with boundary or interface conditions enforced
by Lagrange multipliers. Solving such problems for real-
world applications typically requires large scale simulations
to provide sufficient accuracy. We present recent develop-
ments in the FEniCSx core libraries, inspired by earlier
work in FEniCS [C. Daversin-Catty et al., Abstractions
and Automated Algorithms for Mixed Domain Finite El-
ement Methods, ACM Trans. Math. Softw. 47, 4, 31],

that allows mixed dimensional problems to be solved in an
efficient manner. Subdomains, of possibly differing topo-
logical dimensions, can be created by specifying a subset of
mesh entities, yielding a submesh. Forms can then be as-
sembled involving functions defined over different meshes.
The relationships between the meshes can be nested, and
high-order geometry is supported. Parallelism and scala-
bility are at the heart of the design philosophy, and code
prototyped on a laptop can be deployed on an HPC system
without modification. We present scaling results for several
applications, including hybridised discontinuous Galerkin
methods and Lagrange multiplier problems.
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BDDC Preconditioners for Hybrid Discontinuous
Galerkin Discretizations in Cardiac Electrophysi-
ology

The drive to better understand complex phenomena like
cardiac functions has led to mathematical models that are
able to describe the multiscale structure and dynamics of
the heart. The numerical simulation of these complex
cardiac models is very challenging since it requires high-
resolution space and time discretizations, as well as nu-
merical tools that can handle natural discontinuities (for
instance, disconnected cells). Here we consider a cardiac
microscopic model, which is able to describe a cell-by-cell
framework. We show how physiological discontinuities can
be naturally included through a standard space discretiza-
tion. Then, we build an ad-hoc non-overlapping domain
decomposition preconditioner for the solution of the asso-
ciated algebraic system. This preconditioner relies on the
one introduced by [Dryja et al. (2007)], but differs since
it handles a global discontinuous solution across the do-
main. We prove theoretical convergence of the proposed
solver and we provide several numerical tests that show
scalability and robustness, as well as optimality.
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Monolithic Multiphysics Preconditioning

Numerous engineering, biology and medicine systems con-
sist of components governed by their respective physical
laws interacting across a common interface. The interface
is typically a manifold of co-dimension 1 or 2 with the
latter being the case in reduced-order models. The mixed-
dimensional nature of the models, the coupling between
the subsystems and the large ranges of physical parame-
ters found in the applications of interest present a challenge



SIAM Conference on Computational Science and Engineering (CSE23)                                                    231230 CSE23 Abstracts

for designing efficient numerical schemes. In this talk, we
develop monolithic preconditioners leading to order opti-
mal and parameter robust solvers for coupled multiphysics
models where the coupling is realized through a dedicated
Lagrange multiplier on the interface as well as for the for-
mulations where it is enforced weakly. A crucial compo-
nent in the analysis is correctly posing the interface condi-
tions between the subsystems. In particular, we show that
robust preconditioning requires weighted fractional order
Sobolev spaces and their intersections. The performance
of the preconditioners will be illustrated in biomedical ap-
plications in cardiac and brain mechanics.
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Multiresolution and Iterative Schemes for the Dis-
crete Element Method Using Triangulated Shapes

Discrete Element Methods (DEM) simulate the interac-
tion of large numbers of rigid, incompressible objects with
each other. We present a family of algorithmic ideas where
computationally cheap iterative approximations are used
to solve most instances of aspects of the code. Where
convergence isnt reached we fall back to a more expen-
sive but robust method. This pattern allows us to take
advantage of modern parallel architectures. Geometry dis-
tance checks are calculated using a distance minimisation
algorithm. The precision of the result from this minimi-
sation can be tuned to produce a result only as precise as
needed. We support triangulated particles with efficient
implicit DEM code using a multiresolution and multipreci-
sion hierarchy. Early iterations of the implicit solve yield
an initial guess and thus reduce the number of later, more
expensive iterations that are required to converge to the
correct solution. Finally, we show a local time stepping
scheme where the time step size is selected optimistically.
Where this results in invalid physical states the state of
each particle is rolled back and a more simple method (half
the time step size until a valid state is found) is used. The
optimistic selection of time step size for local clusters of
particles can end up advancing some particles too far and
missing interactions with new particles entering the local
cluster. In this case we roll back to the time of the new
interaction and resimulate from there.
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Immersed Mesh Methods for the Solution of Cou-
pled Finite Element Problems

The ever-increasing computational power of modern su-
percomputers enables the numerical simulation of complex
and coupled large-scale multiphysics problems, e.g., arising
from fluid-structure interaction, or geometrically complex
interactions, e.g., in contact mechanics. Common to these
coupled and complex problems is the need for the trans-
fer of data or information between the different models,
meshes, or approximation spaces. The transfer of discrete

fields, such as stresses, pressure, displacements, or veloci-
ties, might be required both along surfaces or within vol-
umes. Variational transfer techniques might also play an
important role at the level of the discretization, e.g., within
non-conforming domain decomposition or mortar methods
for the transfer along surfaces, or on the level of the solu-
tion method, e.g., within multigrid or multi-level methods
for the transfer between different volume meshes. In this
talk, we introduce our parallel variational transfer tech-
nique and its application to a wide variety of problems.
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Modeling Multi-Physics Coastal Hydrodynamics
Using Operator Learning

High-fidelity numerical models are commonly used to sim-
ulate physical phenomena in coastal and near-shore re-
gions to obtain an improved understanding of hydrody-
namic processes. Despite the tremendous progress in com-
putational resources and methodologies over the last two
decades, these high-fidelity models are still computation-
ally expensive and require a significant amount of exper-
tise. Operator learning frameworks like Deep Operator
Networks (DeepONets) have recently become popular due
to their demonstrated capability to approximate nonlinear
operators between infinite dimensional Banach spaces, thus
allowing them to learn solution operators to the partial
differential equations that describe various hydrodynamic
processes. We explore the use of such operator inference
methods to construct reduced order models (ROMs) that
can approximate coupled coastal wave-circulation systems
governed by shallow water hydrodynamics and high-fidelity
wave approximation models. The efficiency and accuracy
of these models are studied using both benchmark prob-
lems with analytical results as well as physically realistic
2D problems. We also investigate the optimal combination
of physics-based regularization losses and required high-
fidelity training data, as well as perform automated hyper-
parameter searches to formulate design guidelines for fu-
ture efforts in this area.

Sourav Dutta
University of Texas at Austin
sourav.dutta@austin.utexas.edu

Peter Rivera-Casillas
US Army Corps of Engineers ERDC
Vicksburg, MS
peter.g.rivera-casillas@erdc.dren.mil

Matthew W. Farthing
US Army Engineer Research and Development Center
matthew.w.farthing@usace.army.mil

Clint Dawson
University of Texas at Austin
clint.dawson@austin.utexas.edu

MS222

Physics-Informed Machine Learning for Heteroge-
neous Underground Reservoir Pressure Manage-
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ment

Avoiding over-pressurization in subsurface reservoirs is
critical for applications like CO2 sequestration and wastew-
ater injection. Managing the pressures by controlling in-
jection/extraction is challenging because of complex het-
erogeneity in the subsurface. The heterogeneity typically
requires high-fidelity physics-based models to make predic-
tions on CO2 fate. Furthermore, characterizing the hetero-
geneity accurately is fraught with parametric uncertainty.
Accounting for heterogeneity and uncertainty makes this a
computationally-intensive problem challenging for current
reservoir simulators. To tackle this, we use differentiable
programming with a full-physics model and machine learn-
ing to determine the fluid extraction rates that prevent
over-pressurization at critical reservoir locations. We use
DPFEHM framework, which has trustworthy physics based
on the standard two-point flux finite volume discretization
and is also automatically differentiable like machine learn-
ing models. Our physics-informed machine learning frame-
work uses convolutional neural networks to learn an ap-
propriate extraction rate based on the permeability field.
We also perform a hyperparameter search to improve the
models accuracy. We constructed and tested a sufficiently
accurate simulator that is 400 000 times faster than the
underlying physics-based simulator, allowing for near real-
time analysis and robust uncertainty quantification.
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MS222

Probabilistic Sampling for High Dimensional Ker-
nel Based Approximation

Kernel based algorithm can be formulated in a Repro-
ducing Kernel Hilbert Spaces, where functional analytical
results can be used to provide guarantees on the perfor-
mances of the algorithm. For data-based algorithms, the
problem of sampling is of utmost importance. The P -
greedy algorithm allows one to obtain in this setting a
quasi-optimal sampling of the space, that can be used in
its own or as a discretization to reduce infinite dimensional
problem to finite ones. In this talk, we prove that the opti-
mization step required by this algorithm may be reduced to
a finite search over a sequence of randomly drawn points,
thus significantly accelerating its computation especially in
high dimension, while maintaining essentially the same er-
ror guarantees as the abstract algorithm, even if only in
high probability. We furthermore discuss connections to
the coresets for the comptuation of kernel maximum mean
discrepancy (MMD).
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Two Layered Kernel Machines for Sparse Surrogate
Modeling

Kernel methods are popular, especially using easily imple-
mentable radial basis function (RBF) kernels. They usu-
ally make use of a length scale hyperparameter, which is
usually tuned via costly cross validation. Here we leverage
approaches and tools from the machine learning commu-
nity to introduce structured deep kernel networks and two-
layered kernel machines, whereby the latter ones which can
be seen as using hyperparameter optimized RBF kernels.
These two-layered kernel machines allow to obtain smaller
expansion sizes, thus yielding faster and cheaper surrogate
models. The use of the proposed approach is highlighted
on both synthesized as well as real data sets.
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MS222

Efficient Solution of Coupled Problems Through
Deim-Based Data Projection Across Non-
Conforming Interfaces

Expensive multi-scale and multi-physics problems are
nowadays part of cornerstone problems of applied sciences
and engineering. One of the major challenges of coupled
problems is to manage non-conforming meshes at the in-
terface between two models and/or domains, due to dif-
ferent numerical schemes or domains discretizations em-
ployed. Moreover, very often complex submodels depend
on (e.g., physical or geometrical) parameters. Knowing
how outputs of interest are affected by parameter varia-
tions is key to gain useful insights of the described physics.
In this talk we propose a parametric reduced order model-
ing (ROM) technique based on Reduced Basis methods, to
fully reduce multi-scale and multi- physics problems fea-
turing interface non-conformity. We combine Proper Or-
thogonal Decomposition and discretized empirical inter-
polation method (DEIM) to represent each sub-problem
solution, whereas Dirichlet and Neumann parameter de-
pendent interface conditions are reconstructed and interpo-
lated across non-conforming interfaces by means of DEIM.
The proposed method can be regarded as an efficient alter-
native to numerical schemes such as domain-decomposition
methods, reducing the costs of multi-query simulations.
Numerical results on the coupled heart-torso model, a
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multi-physics model arising in cardiac electrophysiology to
simulate relevant clinical outputs (e.g. the ECG), show
the feasibility of the proposed strategy in terms of both
accuracy and efficiency.
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MS223

Using the FFTX Library in Applications

FFTX is a performance-portable, open-source FFT soft-
ware system for CPUs and GPUs analogous to FFTW for
CPU systems. It supports application-specific optimiza-
tions corresponding to integrating more of the algorithms
into the analysis / code-generation process. FFTX is based
on the use of Spiral, an open-source analysis and code-
generation tool chain for FFTs and tensor algebra algo-
rithms, developed at Carnegie-Mellon University and Spi-
ralGen, Inc.; an FFTX user API implemented in standard
C++; and a factored design that allows FFTX / Spiral
to be more easily ported across multiple architectures. In
FFTX, we can represent larger integrated algorithms that
include FFTs composed with algorithmic operations such
as multiplication by a (possibly matrix-valued) symbol and
batching. By combining substeps in an integrated algo-
rithm, the amount of data traffic can be reduced by signifi-
cant amounts. FFTX applies the size-specific analysis and
automatic code generation techniques in Spiral to generate
code, leading to implementations with far higher perfor-
mance than obtainable from approaches based on black-
box FFT implementations. In this talk, we will demon-
strate how to install the FFTX library and use it in ap-
plications written in C++ and Python, and present results
obtained on supercomputers with NVIDIA and AMD GPU
systems.
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Enabling End-to-End Accelerated Simulations in
the Exascale Era Using PETSc

The Portable Extensible Toolkit for Scientific computa-
tion (PETSc) library provides scalable solvers for nonlinear
time-dependent differential and algebraic equations and for
numerical optimization. Throughout its history, a major
goal of PETSc development has been achieving scalabil-
ity required to fully utilize leadership-class supercomput-
ers. In the past, this meant a great deal of focus on inter-
node scalability, but, as we enter the exascale era, the pri-
mary challenge to enabling extreme-scale computation has
become harnessing abundant fine-scale parallelism within
compute nodes – primarily in the form of GPU-based accel-
erators. We will discuss how the PETSc design for perfor-
mance portability addresses these challenges while stress-
ing flexibility and extensibility by separating the program-
ming model used by the application from that used by the
library, and we will present some examples of how this fa-
cilitates end-to-end utilization of GPUs for PETSc-based
simulations on cutting-edge high-performance computing
architectures. Additionally, we will discuss recent develop-

ments in PETSc’s communication module, PetscSF, that
enable flexibility and scalable performance across large
GPU-based systems while overcoming some of the difficul-
ties posed by working directly with the Message Passing
Interface (MPI) on these systems.
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Can Planewave DFT Codes Scale on Massively
Parallel GPU-Based Supercomputers?

In the age of exascale computing, scientific simulations
must make use of massively parallel GPU-based supercom-
puters. For example, two of the top supercomputers, Sum-
mit and Frontier, offer huge amounts of computing capa-
bilities meant to enable scientists to execute bigger scien-
tific problems in shorter amounts of time. However, these
new systems require existing scientific software to be re-
designed and re-implemented to fully utilize the hardware
features. Previous assumptions that made software exe-
cute efficiently on the supercomputers from 10 years ago,
may not comply with recent hardware capabilities. In this
work, we will focus on re-designing some algorithms that
are heavily used in Planewave Density Functional Theory
(DFT) simulations. More specifically, we will focus on four
algorithms meant to solve a non-linear eigenvalue prob-
lem, namely Conjugate Gradient, DIIS, Jacobi Davidson
and Unconstrained. For each method we identify the bot-
tlenecks, and devise strategies to overcome the issues and
scale the codes to thousands of GPUs. We will highlight
the similarities and differences between the four algorithms
using our approach. In addition, we will compare the codes
against the theoretical machine peak and discuss each im-
plementation in detail.
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MS223

Recent Advances in Hypre to Support Exascale
Computers

With the increasing inclusion of accelerators into current
and future high-performance computers, it has become im-
portant to enable parallel mathematical libraries to take
advantage of the increased performance potential of GPUs.
The hypre software library provides high performance pre-
conditioners and solvers for the solution of large sparse lin-
ear systems on massively parallel computers with focus on
algebraic multigrid (AMG) methods. One of its attractive
features is the provision of conceptual interfaces, which in-
clude a structured, a semi-structured interface, and a tradi-
tional linear-algebra-based interface. These interfaces give
application users various means for describing their linear
systems and provide access to methods such as structured
multigrid solvers, which can take advantage of the addi-
tional information beyond just the matrix, as well as un-
structured multigrid solvers. This talk will discuss new
developments in hypre.
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Hybrid Stochastic/Deterministic Methods for Lin-
ear Algebra on Advanced Heterogeneous Architec-
tures

In this talk, we are investigating the applicability of hy-
brid Monte Carlo methods for solving systems of Linear
Algebraic Equations to variety of problems. We. present
the results of our exploration of using the Markov Chain
Monte Carlo Matrix Inversion (MCMCMI) method as pre-
conditioner to a variety of linear systems arising from the
domains of quantum chromodynamics, plasma physics and
engineering. The latter two are represented by matrices
extracted from BOUT++ and Nektar++ codes with spe-
cific problem statements. We then study the performance
of pure Python implementation against C++/CUDA one
and present the corresponding scaling behaviour of the cor-
responding implementations on GPUs and CPUs.
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MS224

Cost-Efficient Integrated Analysis of Distributed
Data in Secure Environments

Amidst the growing demand for integrating vast data silos
in research and business to achieve a competitive advan-
tage, various methods are proposed for distributed data
analysis. However, most of them come at high compu-
tational costs requiring iterative communication rounds
among the clients. We analyze the cost-effectiveness along
with data security of several methods for distributed data
analysis. We further highlight the advantages of Data Col-
laboration, which offers a one-pass solution by securely in-
tegrating latent representations of distributed data.
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Pmex: A Post-Modern Approach to the Matrix
Exponential for Exponential Integrators

Higher order exponential integrators require computing lin-
ear combination of exponential like ϕ(A)-functions of large
matrices A. Recent advancements in computational linear
algebra allows efficient approximation of the ϕ-functions by
exploiting the equivalence with a linear ordinary differen-
tial equation. The resulting adaptive Krylov methods can
be very efficient in serial when little or no prior knowledge
of the spectrum of A is available. However, in parallel, com-
munication is of paramount importance in the formulation
of methods for distributed architectures. Arnoldi iteration
in Krylov subspace methods is a computational bottleneck
because global communication for normalization and in-
ner products is needed at each Arnoldi step. We aim to
improve the scalability of exponential integrators by us-
ing a low-synchronization Post-Modern Arnoldi method in
conjunction with higher-order adaptive sub-stepping tech-
niques via control theory. The resulting orthogonaliza-
tion algorithm has an accuracy comparable to modified
Gram-Schmidt yet better suited for distributed architec-
ture as there is only 1 global communication per iteration.
We present geophysical based numerical experiments which
validate that reducing global communication and having a
smoother sub-step sequence in the adaptivity lead to better
parallel scalability and reduce the computational complex-
ity of the adaptive Krylov methods, which in turn improve
the performance of exponential integrators.
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Collaborative Future Selection for Distributed
Data

Feature selection is an efficient dimensionality reduction
technique, which aims to extract the important features
and eliminate the noisy ones. On the other hand, the data
is sometimes distributed to multiple parties, and it is dif-
ficult to share the original data due to privacy require-
ments. As a result, the data in one party may lack useful
information to learn the most discriminative features. We
introduce a collaborative feature selection method for mul-
tiple parties without revealing their original data. Each
party constructs the intermediate representations of the
original data and shares the intermediate representations
for collaborative feature selection. Based on the shared in-
termediate representations, the original data from multiple
parties are transformed into a common latent space. The
feature ranking of the original data is learned by imposing
row sparsity on the transformation matrix simultaneously.
Experimental results on real-world datasets demonstrate

the effectiveness of the proposed method.
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High-Performance Linear Algebra and Anomaly
Detection

In this talk, we explore anomaly detection methods and
focus on those based on spectral computation. An original
approach for anomaly detection and the performance of the
corresponding method are presented.
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Boosting Your Creativity

We describe our personal experiences of using creativ-
ity techniques in mathematics research, which have been
honed through participating in creativity workshops. Some
simple tips will be described that can help you to boost
your creativity.
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Developing Mentoring Relationships

Mentoring has become a ubiquitous feature in career and
professional development, but what type of mentoring is
the most effective and what are the keys to developing
productive mentoring relationships? How many mentors
or mentees should you have? How do you find a good
mentor or mentee and what are keys to being a good men-
tor or mentee? This session will explore the benefits for
the mentee and the mentor and how to establish, navi-
gate, and maintain mentoring relationships over time. We
will briefly explore some of the research on mentoring and
share lessons learned from participating, organizing, and
facilitating mentoring programs over the years.
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Planning and Managing Research Projects

Planning and managing research projects are key aspects of
work in computational science and engineering (CSE), nec-
essary for students as well as early-career, mid-career, and
senior professionals who may work in academia, national
labs, and industry. This presentation will discuss strategies
for planning and managing multidisciplinary CSE research,
from the perspectives of individuals, research teams, and
teams of teams (that is, aggregate teams who provide com-
plementary expertise in CSE research collaborations). We
will consider issues related to planning and managing work
overall, as well as issues specific to research software, which
encapsulates expertise across applied mathematics, com-
puter science, and domains of science and engineering to
enable sustained CSE collaboration and scientific progress.
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Building Your Professional Network

Networking is one of the most important ingredients of
a successful career. Both in academia and in industry,
knowing people and people knowing you is extremely im-
portant. An extensive professional network will stimulate
collaborations, it will lead to joint projects, jointly orga-
nized conferences, invited presentations, increased number
of citations, and much more. Especially in this day and
age, social media are part of building a professional net-
work, with LinkedIn probably the most suitable. Social
media can boost your career if used in the right manner.
In this presentation, I will show how I experienced building
a professional network, what the advantages were for me.
There will also be some general advice on how to build a
professional network and how to use it for growing your
career.
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Finite Element Discretizations of Three-
Dimensional Time-Harmonic Maxwell’s Equations
with Two Sign-Changing Coefficients

I will consider time-harmonic Maxwell’s equations in three-
dimensional domains containing metamaterials. Mathe-
matically, the originality of this setting is that the two
physical coefficients entering the PDE may simultaneously
change sign through an interface. I will first analyze
the zero-frequency case by presenting an extension of the
T-coercivity approach that includes curl-preserving Piola
mappings. Then, I will introduce new duality arguments
which, in conjunction with the proposed T-coercivity tech-
nique, allow to show the stability and convergence of finite
element approximations in the time-harmonic case.
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Capturing Plasmonic Behaviors On Spheres Using
Enriched Finite Element Techniques

We present a Finite Element Method (FEM) based ap-
proach to capture plasmonic behaviors in light scattering
by metallic spheres. Surface plasmons are highly oscilla-
tory waves localized to the interface between a dielectric
(air, vacuum) and a metal (gold, silver). As surface plas-
mons lead to large field enhancements, they are useful for
high-resolution imaging and other applications. It is chal-
lenging to capture them numerically, and standard meth-
ods do not succeed. In the context of spherical scatterers,
we identify where plasmonic excitations can arise, propose
a strategy to enrich the solution space with the plasmonic
behavior, and construct a mesh to allow us to treat both
the highly oscillatory and regular behaviors. In the discrete
context, this leads to an enriched finite element method.
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High-Order Polyhedral Methods for Electromag-
netics

This talk will review the recent developments in the
HHO approximation of (three-dimensional) electromagnet-
ics problems. Introduced in 2014, the Hybrid High-Order
(HHO for short) method provides a novel framework for the
discretization of models based on PDEs. Its construction
hinges on (hybrid) polynomial unknowns attached to both
the cells and the faces of the mesh. HHO methods have
several assets: (i) they are applicable on general polyhedral
meshes, (ii) they allow for an arbitrarily large approxima-
tion order, and (iii) they are amenable to static conden-
sation, thus allowing for a reduced computational burden.
This talk will focus in particular on magnetostatics mod-
els. In that case, the well-posedness of HHO schemes hinges
on (discrete) hybrid Weber inequalities, whose statement
strongly depends on the topology of the problem at hand.
This is a joint work with F. Chave and D. A. Di Pietro.
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T-conforming Meshes for Transmission Problems
with Sign-Changing Coefficients and Polygonal In-
terfaces

In electromagnetism, we can have materials character-
ized by unusual properties such as a negative permittivity.
When surrounded by classical materials (with a positive
permittivity), particular behaviors arise and the interface
between the materials, especially in presence of corners.
This motivates the study of transmission problems with
sign-changing coefficients and polygonal interface. Even
when the problem is well-posed (which can be established
via the T-coercivity theory), the numerical computation
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based on standard finite element method (FEM) still can
fail. FEM convergence can be guaranteed as long as T-
coercivity arguments are satisfied at the discrete level,
which can boil down to use locally T-conforming meshes.
T-conforming meshes rely on specific symmetry require-
ments on the mesh, and in practice, it is relatively cum-
bersome to construct for polygonal interfaces. We develop
and provide a T-conforming mesh generator for (almost)
arbitrary polygonal interfaces in two dimensions, and pro-
vide a battery of tests to illustrate the need and efficiency
of the designed meshes.
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Model Order Reduction for Wave Energy Con-
verter Farms

Wave energy can play an important role in the actual ener-
getical scenario, but to become competitive as other, more
classical, renewable energy sources, wave energy converters
(WECs) must be deployed in farms, thus reducing the cost
of power production. The complexity of the design of WEC
farms is mainly related to the large areas that multiple de-
vices cover and the multi-scale character of the hydrody-
namics involved. Numerical simulations completely based
on high-fidelity models, like the CFD, are accurate but pro-
hibitive in terms of computational cost. To overcome this
limitation, a Galerkin Proper Orthogonal Decomposition
(POD) Reduced Order Model (ROM) is presented for a
bi-fluid application. Furthermore, for a proper, yet com-
putationally efficient, treatment of the different dynamical
features present in a WEC farm, a methodology is pro-
posed coupling the CFD for the fluid-structure interaction
around the device, and a Galerkin-free POD ROM for the
wave propagation in the far-field. The significant drop in
the computational cost of the numerical simulation of wave
energy converter farms permitted by this versatile coupling
methodology facilitates the design process.
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Energy-Stable ROM-Based Closure Modelling

We propose a ROM-based closure model for turbulent flow
that conserves the total kinetic energy. For this purpose,
we start by considering an energy-conserving DNS dis-
cretization which is too expensive to be used in multi-query
applications. To reduce the computational cost, we intro-
duce a discrete filter matrix. Applying this discrete filter to
the DNS velocity vector, we get a discretely filtered veloc-
ity vector with significantly smaller dimension. The infor-
mation that is lost in this filtering process we call subgrid
velocity. When simulating the dynamics of the filtered ve-
locity, we cannot neglect the effects of the subgrid velocity.
To take these subgrid effects into account, we approximate
the subgrid velocity within a reduced basis. We obtain
this reduced basis via Proper Orthogonal Decomposition
of subgrid velocity snapshots. The resulting model con-
sists of the filtered velocity and the approximated subgrid
velocity and has a significantly smaller dimension than the
DNS model. In contrast to classical model order reduc-
tion, we do not aim at reproducing the complete dynam-

ics of the DNS model but only the filtered velocity. By
preserving the structure of the underlying DNS discretiza-
tion, we guarantee the proposed reduced order model to be
energy-conserving and hence Lyapunov-stable.
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Nonlinear Model Reduction for Parametrized
Transonic Aerodynamic Flows

We present a projection-based model reduction formula-
tion that uses nonlinear approximation spaces to provide
an efficient solution of transonic flows with parameter-
dependent shocks. The formulation is designed to over-
come the slow decay of the Kolmogorov n-width in the
presence of parameter-dependent discontinuities. The key
ingredients are as follows. The first ingredient is the non-
linear approximation spaces; to construct the spaces, we
transform, for each solution snapshot, the underlying mesh
to transport the snapshot such that the shocks are aligned
and then apply proper orthogonal decomposition. The
second ingredient is the Galerkin projection accelerated
by point-wise reduced-quadrature rule constructed using
the empirical quadrature procedure, which enables efficient
reduced-residual evaluation. The third ingredient is the
goal-oriented error estimate based on the dual-weighted
residual method, which provides an online-efficient and
quantitative estimate of the reduced model error for any
parameter value. We demonstrate the formulation us-
ing transonic aerodynamic flows with parameter-dependent
shocks.
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Adaptive Model Reduction for High-Speed Flows

To avoid the fundamental linear reducibility limitation as-
sociated with high-speed fluid flows (or other convection-
dominated problems), we construct a nonlinear approxi-
mation by composing a low-dimensional linear space with
a parametrized domain mapping. The linear space is con-
structed using the method of snapshots and POD; prior
to compression, each snapshot is composed with a map-
ping that causes its local features to align (same spatial
location) with the corresponding features in all other snap-
shots. The parametrized domain mapping is chosen such
that the local features present in the linear space deform
to the corresponding features in the solution being approx-
imated, effectively removing the convection-dominated na-
ture of the problem. The domain mapping is determined
implicitly through the solution of a residual minimization
problem, rather than relying on explicit sensing/detection.
We provide several numerical experiments to demonstrate
the effectivity of the proposed method for high-speed aero-
dynamic flows.
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The Art to Repeatedly Project Your Problems
The Variable Projected Augmented Lagrangian
Method

Inference by means of mathematical modeling from a col-
lection of observations remains a crucial tool for scientific
discovery and is ubiquitous in application areas such as
signal compression, imaging restoration, and supervised
machine learning. With ever-increasing model complexi-
ties and growing data size, new specially designed methods
are urgently needed to recover meaningful quantities of in-
terest. We consider the broad spectrum of linear inverse
problems where the aim is to reconstruct quantities with
a sparse representation on some vector space; often solved
using the (generalized) least absolute shrinkage and selec-
tion operator (lasso). The associated optimization prob-
lems have received significant attention, in particular in
the early 2000s, because of their connection to compressed
sensing and the reconstruction of solutions with favorable
sparsity properties using augmented Lagrangians, alternat-
ing directions and splitting methods. We provide a new
perspective on the underlying l1 regularized inverse prob-
lem by exploring the generalized lasso problem through
variable projection methods. We arrive at our proposed
variable projected augmented Lagrangian (vpal) method.
We provide numerical examples demonstrating the compu-
tational efficiency for various imaging problems.
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Approximative Bayesian Optimal Experimental
Design in Inverse Problems

We study the stability properties of the expected utility
function in Bayesian optimal experimental design. We
provide a framework for this problem in the case of ex-
pected information gain criterion in an infinite-dimensional
setting, where we obtain the convergence of the expected
utility with respect to perturbations. To make the problem
more concrete we demonstrate that non-linear Bayesian in-
verse problems with Gaussian likelihood satisfy necessary
assumptions in our theory. Some numerical simulations
with different examples are explored.
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Transport Map-Based Bayesian Optimal Experi-
mental Design

The Bayesian optimal experimental design is essential in
many fields of science and engineering, especially when
each experiment is expensive and resources are limited.

Given a prior and a design-dependent likelihood function,
we would like to choose the design that maximizes the ex-
pected information gain (EIG) in the posterior. Efficient
and accurate estimation of EIG therefore becomes crucial.
We introduce a flexible transport-map based framework
that enables fast estimation of EIG by solving only convex
optimization problems. This framework is also compatible
with implicit models, where one can simulate from the like-
lihood but the conditional probability density function of
the data is unknown. Several estimators naturally appear
within our framework—in particular, positively and nega-
tively biased estimators that provide bounds for the true
EIG. We explore the bias and variance of our estimators
and study the optimal allocation between the training and
the evaluation samples given a fixed number of samples.
We then demonstrate the performance of our approach us-
ing both a linear and a nonlinear example.
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Adaptive Batching for Gaussian Process Surro-
gates

We develop adaptive replicated designs for Gaussian pro-
cess surrogates of stochastic experiments. Replication of-
fers efficiency in learning tasks that require large scale
(thousands) stochastic simulations by reducing the size of
the effective covariance matrix. Adaptive batching is a nat-
ural extension of sequential design heuristics with the ben-
efit of replication growing as response features are learned,
inputs concentrate, and the metamodeling overhead rises.
Our algorithms propose novel acquisition functions that
simultaneously determine the sequential design inputs xn

and respective number of replicates rn. We consider both
schemes that gradually ratchet up the replication quanti-
ties rn as the number of inputs n grows, and those that
allocate additional replicates to existing inputs xk, k ≤ n.
Illustrations with synthetic experiments and an application
in discrete-action stochastic control (learning noisily ob-
served level sets that determine optimal actions) show that
adaptive batching brings significant computational speed-
ups with minimal loss of modeling fidelity.
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Deep Reinforcement Learning for Experimental
Design of Material Model Calibration

This work presents a deep reinforcement learning (RL) al-
gorithm for design of experiments that uses the Kullback-
Leibler (KL) divergence, measured by a Kalman filter
(KF), to maximize information gain. We apply the RL al-
gorithm to optimally calibrate continuum plastic flow ma-
terial models that capture the strain history dependence
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of materials exhibiting elastoplastic response. Although
a subject matter expert can select experiments based on
prior knowledge, as the complexity (anisotropy) of the
model grows, so does the parameter space, and therefore it
becomes increasingly difficult for a human expert to design
a minimal set of experiments that simultaneously satisfy
budget constraints and accuracy requirements. We cast
the design of experiments as a game of traversing a de-
cision tree to reach an optimally calibrated model at the
end of the tree. Each decision represents an experimental
control action. The material response is passed to an ex-
tended switching Kalman filter, which performs a Bayesian
update of the model parameters and relays the information
gain reward to the agent. SNL is managed and operated
by NTESS under DOE NNSA contract DE-NA0003525.

Ruben Villarreal
Sandia National Laboratories
rubvill@sandia.gov

Nikolaos Vlassis, Nhon Phan
Columbia University
nnv2102@columbia.edu, nnp2116@columbia.edu

Thomas A. Catanach, Reese Jones, Nathaniel Trask,
Sharlotte Kramer
Sandia National Laboratories
tacatan@sandia.gov, rjones@sandia.gov,
natrask@sandia.gov, slkrame@sandia.gov

WaiChing Sun
Columbia University, New York
wsun@columbia.edu

MS229

Implicitly Constituted Materials: Fluids, Bound-
ary Conditions, Solids, and Mixtures

In order to understand nonlinear responses of materials
to external stimuli of different sort, be they of mechani-
cal, thermal, electrical, magnetic, or of optical nature, it is
useful to have at ones disposal a broad spectrum of models
that have the capacity to describe in mathematical terms a
wide range of material behavior. It is advantageous if such
a framework stems from a simple and elegant general idea.
Implicit constitutive theory of materials provides such a
framework: while being built upon simple ideas, it is able
to capture experimental observations with the minimum
number of physical quantities involved. It also provides
theoretical justification in the full three-dimensional set-
ting for various models that were previously proposed in
an ad hoc manner. From the perspective of the theory of
nonlinear partial differential equations and corresponding
numerical methods, implicit constitutive theory leads to
new classes of challenging mathematical problems. After
introducing the basic concepts of implicit constitutive the-
ory, established by K.R. Rajagopal twenty years ago, we
provide an overview of its main achievements in modeling
and the analysis of corresponding problems.
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On Mathematical Foundations for Implicitly Con-
stituted Fluids with Implicitly Constituted Bound-

ary Conditions

We study systems of nonlinear partial differential equa-
tions of parabolic type, in which the elliptic operator is
replaced by the first order divergence operator acting on a
flux function, which is related to the spatial gradient of the
unknown through an additional implicit equation. Formu-
lating four conditions concerning the form of the implicit
equation, we first show that these conditions describe a
maximal monotone p-coercive graph. We then establish
the global-in-time and large-data existence of a (weak) so-
lution and its uniqueness. The theory is tractable from the
point of view of numerical approximations. For details, we
refer to [1]. [1] M. Bulicek, E. Maringova, J. Malek: On
nonlinear problems of parabolic type with implicit consti-
tutive equations involving flux, Math. Models Methods
Appl. Sci., 31, (2021), no.10, 2039–2090.
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A Thermodynamic Framework for Non-Isothermal
Phenomenological Models of Mullins Effect

The Mullins effect is a common name for a family of intrigu-
ing inelastic responses of various solid materials, in partic-
ular filled rubbers. Given the importance of the Mullins
effect, there have been many attempts to develop math-
ematical models describing the effect. However, most of
available models focus exclusively on the mechanical re-
sponse, and are restricted to the idealised isothermal set-
ting. We lift the restriction to isothermal processes, and
we propose a full thermodynamic framework for a class of
phenomenological models of Mullins effect. In particular,
we identify energy storage mechanisms (Helmholtz free en-
ergy) and entropy production mechanisms that on the level
of stress–strain relation lead to the idealised Mullins effect
or to the Mullins effect with permanent strain. The mod-
els constructed within the proposed framework can be used
in modelling of fully coupled thermo-mechanical processes,
and the models are guaranteed to be consistent with the
laws of thermodynamics.
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Sokolovská 83, 18675 Prague 8, Czech Republic
prusv@karlin.mff.cuni.cz



240 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 239

Karel Tuma
Charles University, Prague, Czech Republic
ktuma@karlin.mff.cuni.cz

MS229

The Oof Finite-Element Solver for Materials Sci-
ence: Plasticity and Ml

The Object-Oriented Finite Element code (OOF) is a long-
standing project developed at NIST to deliver high-quality
mathematics and computational capabilities to an audi-
ence of materials scientists. The code features tools to
easily mesh complex 3D microstructures, and a scheme for
the addition of custom constitutive rules, allowing users
to conduct sophisticated structure-property explorations.
The development team has recently added a crystal-plastic
modeling capability to this tool, expanding its scope be-
yond divergence equations, but retaining the modularity
and extensibility of the tool’s architecture. In addition,
in partnership with machine-learning experts, we are now
actively exploring means by which machine learning tech-
niques might be used to construct high fidelity crystal-
plastic surrogate models, compatible with the underlying
finite-element technique. If successful, the result will be
a very high performance modeling capability for a wide
range of yielding systems, with high-fidelity meshes accu-
rately capturing complex microstructures.
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Static and Kinetic Depinning of Domain Walls in a
Notched Ferromagnetic Nanostrip

In this talk, we delineate the investigation of the static
and kinetic depinning field of a domain wall in a notched
magnetic nanostrip under the framework of the Landau-
Lifshitz-Gilbert equation combined with inertial and non-
linear dissipative effects. We focus our attention on the
impact of viscous, dry-friction, and inertial damping on
the domain wall propagation. We execute the investigation
using the Walker trial function approach and observe that
the dry friction and inertial damping significantly impact
the depinning field. Also, the domain wall velocity and dis-
placement can be manipulated by suitably tuning the key
parameters. The obtained results qualitatively agree with
the recent observations.
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Artificial Intelligence for Quantum Processes: from
Quantum Technologies to Taming Complexity

From face recognition to the development of autonomous
vehicles, machine learning (ML) is permeating technology
and science in an infectious manner, opening new perspec-
tives for the management, mining and manipulation of Big
Data. In this talk, I will review the applications of ML to
quantum processes, highlighting the opportunities for ad-
vances in both fundamental and applied quantum physics

that the ML-enhanced processing of quantum information
is offering. I will address specific instances linked to quan-
tum computing, quantum simulation, and quantum dy-
namics of complex adaptive systems, discussing both the-
ory and recent experimental endeavours.
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Numerical Modeling of Memristive Devices for
Neuromorphic Computing

In recent years, memristive devices have shown consider-
able potential for realizing synaptic functionalities in neu-
romorphic computing systems. Mobile defects and elec-
tronic processes in memristive elements cause a hysteretic
current-voltage characteristic and enable resistive switch-
ing of the device. Details of the mechanisms underlying the
switching process depend on a complex interplay of differ-
ent phenomena and can decisively affect the resulting de-
vice properties. Identifying and understanding these mech-
anisms is key for adapting the switching characteristics to
the requirements of specific computational schemes and im-
proving performance and reproducibility. Here, we present
numerical models to analyze the memristive behavior of
memristive devices. A finite volume model self-consistently
solves the semiconductor equations for the electrostatic po-
tential and the quasi-Fermi levels of electrons and holes.
Further, we include the dynamics of mobile dopants and
briefly discuss the boundary conditions implemented for
the calculation of the switching dynamics and the current-
voltage characteristics. A simplified physics-based device
model is introduced to reduce the computational effort and
enable large-scale simulations of arrays at the expense of
physical accuracy. Simulations are compared with mea-
surements on various types of memristive devices, including
vertical TiOx/AlOx/HfOx thin-film stacks and quasi-two-
dimensional flake devices.
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Neuromorphic Computing with Memristive De-
vices

Memristive devices (memristors) have attracted consider-
able attention in the electronic device community due to
their inherent memory effect, which allows them to mimic
the function of biological synapses. As such, they are a key
building block for the realization of artificial neural com-
puting schemes in hardware, so-called neuromorphic sys-
tems. However, there are a variety of different neuromor-
phic architectures with different requirements for memris-
tive devices, requiring optimization of electrical properties
and materials as well as the technological framework for
each specific application. In this talk, I discuss the chal-
lenges and prospects of memristive devices for neuromor-
phic computing in general and in some selected examples. I
introduce redox-based memristive elements and show how
their properties can be tailored for applications in neuro-
morphic computing architectures through systematic de-
sign variations. In this context, the influence of different
oxide layer systems and electrode materials on the device
properties is analyzed to assess their suitability for neuro-
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morphic computing.
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Numerical Methods for the Hyperbolic Monge-
Ampere Equation

Applying the method of characteristics (MOC) to a hy-
perbolic second order partial differential equation (PDE)
in two variables yields two systems of ordinary differen-
tial equations (ODEs) describing the evolution of the so-
lution along two families of characteristics. In general the
ODE systems are mutually coupled, implying a charac-
teristic depends on both the other characteristic and on
the solution of the PDE. We applied the MOC to the 2D
hyperbolic Monge-Ampre equation using the x-coordinate
as parametrization. The solution evolves along the char-
acteristics and henceforth the number, type and location
of the necessary boundary conditions (implicitly) depends
on the characteristics over the entire domain. A criterion
for the boundary conditions is formulated. Based on the
coupled systems of ODEs we formulate a numerical solu-
tion method. We employ explicit one-step methods (Eu-
ler, Runge-Kutta) to integrate the ODEs systems. Sub-
sequently, we apply B-spline interpolation along vertical
grid lines to approximate the solution in grid points. Us-
ing an adaptive integration step we bound the errors of the
interpolation. Subsequently, the order of accuracy of the
numerical scheme is known and stability of the scheme is
obtained. The scheme attains the theoretical order of con-
vergence and converges to computer precision for multiple
examples. Moreover, the numerical method is able to han-
dle complicated cases with shocks in- and varying numbers
of boundary conditions.
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Adaptive Methods for the Numerical Solution of
Some Fully Nonlinear Equations

We focus on adaptive mesh refinement methods for first-
or second order fully nonlinear equations in two space di-
mensions. As prototypical examples, the canonical Monge-
Ampre equation (second order) and the nonlinear maps
problem (first order) are addressed. Splitting methods
are developed via variational and least-squares approaches.
They allow to solve a sequence of linear variational prob-
lems and of algebraic eigenvalue problems. Mixed, low
order, finite element approximations are used for the dis-
cretization. The linear variational problems are solved with
a conjugate gradient algorithm, while the algebraic eigen-
value problems are solved locally with dedicated mathe-
matical programming techniques. The goal is to extend
the methodology by coupling the splitting methods with
mesh adaptation. Low order, piecewise linear, finite ele-
ments are used for space discretization. Residual-based, a
posteriori error estimates are derived based on the linear
variational problems only. A mesh refinement strategy is
implemented within the iterative loop. When dealing with
line singularities, anisotropic adaptive techniques allow to
obtain refined triangulations near these edges. When deal-
ing with point singularities, isotropic adaptive techniques
are used instead. Numerical experiments show that the

method exhibits appropriate convergence orders and a ro-
bust behavior. Adaptive mesh refinement proves to be ef-
ficient and accurate to tackle test cases with singularities.
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Least Squares Galerkin Methods for Monge-
Ampere Type Equations

Least squares recovery methods provide a simple and prac-
tical way to approximate linear elliptic PDEs in nondi-
vergence form where standard variational approach either
fails or requires technically complex modifications. This
idea allows the creation of relatively efficient solvers for
fully nonlinear elliptic equations, the linearization of which
leaves us with an equation in nondivergence form. An
important class of fully nonlinear elliptic PDEs is that
of Hamilton–Jacobi–Bellman form. Suitable functional
spaces and penalties in the cost functional must be care-
fully crafted in order to ensure stability and convergence of
the scheme with a good approximation of the gradient and
Hessian which is useful, for example, for Newton–Raphson,
semismooth Newton, or a policy iteration (Howard) ap-
proximation of a Hamilton–Jacobi–Bellman equation. We
prove convergence and provide convergence rates under a
Cordes condition.
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Modelling High Mach Number Low-Collisional
Flows Using the Maximum-Entropy Moment
Method

High Mach number and low-collisional flows are frequently
encountered during the high-velocity atmospheric entry of
blunt bodies, such as meteoroids, satellites and spacecrafts.
In the first part of the entry trajectory, the flow is highly
rarefied, and convection and surface interaction dominate
over particle collisions. Macroscopically, one observes a
diffuse shock in front of the body and a very-low den-
sity shadow behind it. In both these regions, the gas is
out of thermodynamic (translational) equilibrium, and the
particle velocity distribution function deviates from the
Maxwellian distribution. Traditional fluid methods such as
the Euler and the Navier-Stokes-Fourier (NSF) equations
are unable to reproduce these situations accurately. In this
work, we investigate the application of maximum-entropy
moment methods to this problem, considering the 10 and
14-moment systems. These methods consist in a system of
hyperbolic partial differential equations, that extend the
validity of the NSF equations to strongly non-equilibrium
conditions. We analyze the accuracy of the maximum-
entropy solutions and the associated computational cost,
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that depends on the trajectory of the solution in moment
space. A BGK collision model is employed for simplicity.
Maximum-entropy results are compared to a particle-based
solution of the kinetic equation.
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14 and 17 Moments Systems for Polytropic Gases
- Comparison Regarding Transport Coefficients

In this talk, we will consider the kinetic model of
continuous type describing a polyatomic gas[Bourgat et
al,1994;Desvillettes et al.,2005]. Such a model introduces
a single continuous variable supposed to capture all the
phenomena related to the more complex structure of a
polyatomic molecule. We then focus on the kinetic model
for which the rigorous existence and uniqueness result in
the space homogeneous case is recently proven[Gamba and
Pavic-Colic,2020]. Using extended version of the cross-
section proposed in that analysis we establish macroscopic
models of fourteen and seventeen fields. In addition,
the model introduces frozen collisions when a polyatomic
molecule behaves as a monatomic one[Djordjic et al.,2021].
For the fourteen and seventeen moments model, using
the publicly available computer algebra code [Djordjic et
al.,2021], we compute relaxation times and transport co-
efficients such as shear viscosity, bulk viscosity and ther-
mal conductivity as well as its ratio - the Prandtl number.
Next, we examine differences in transport coefficients from
these two moments systems and find equivalence for the
specific choice of parameters from the cross-section model.
However, we expect that with an increasing number of mo-
ments the transport coefficients will converge for all possi-
ble parameter choices in the cross-section.
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Entropy-Stable Methods for Rarefied Gas Dynam-

ics

In this talk, we develop an entropy-stable finite-element-
moment method for the Boltzmann equation with full col-
lision operator. To that end, we employ a discontinuous-
Galerkin method in space and time, and a moment method
in velocity. We base our method on a converging sequence
of approximations to the collision operator. We associate
with each member of this sequence a normalisation map
for the distribution function and an entropy. We show that
each approximate collision operator inherits salient proper-
ties from Boltzmann’s operator, such as the preservation of
the collision operator, the H-theorem and that the lineari-
sations near equilibrium agree. We prove that our method
is entropy-stable for each member of the sequence of ap-
proximations to the collision operator. Finally, we apply
our method to the Boltzmann equation with full collision
operator and demonstrate the corresponding approxima-
tion properties, using benchmark test cases, in comparison
to Direct Simulation Monte Carlo.
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Analysis of Implicit PIC Schemes and Their Appli-
cation to Electric Propulsion

Simulation of plasmas for space electric propulsion is a
complex task because of two reasons: first, the size of in-
terest of the system is usually comparable to the collisional
length scale. As a result, velocity distributions are often in
nonequilibrium. Using the hybrid Particle-in-Cell - Direct
Simulation Monte Carlo (PIC-DSMC) method allows to
overcome this problem, since phase space can be efficiently
represented using computational particles. Secondly, the
length- and time scales of interest are often much larger
than the smallest natural scales of the plasma, which are
dictated by electrons. Traditional explicit PIC schemes
need to resolve these small scales, otherwise disrupting nu-
merical instabilities appear. These requirements can make
simulation of an entire physical device extremely expensive,
and practically unfeasible above a certain plasma density.
Recently, a new class of implicit and semi-implicit methods
have been devised, mostly for applications in astrophysics.
These feature exact total energy conservation and are sta-
ble for cell sizes and time steps well in excess of the De-
bye length and plasma frequency, allowing the simulation
of higher density plasmas in larger domains. We present
our finite element implementation of the electrostatic ver-
sion of these schemes, and analyze their properties through
simple numerical experiments. Finally, we investigate how
these methods can be applied to the simulation of electric
propulsion and laboratory plasmas.
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Asymptotic Preserving Discontinuous Galerkin
Methods for a Linear Boltzmann Semiconductor
Model

A key property of the linear Boltzmann semiconductor
model is that as the collision frequency tends to infinity, the
phase space density f = f(x, v, t) converges to an isotropic
function M(v)ρ(x, t), called the drift-diffusion limit, where
M is a Maxwellian and the physical density ρ satisfies a
second-order parabolic PDE known as the drift-diffusion
equation. Numerical approximations that mirror this prop-
erty are said to be asymptotic preserving. In this paper
we build two discontinuous Galerkin methods to the semi-
conductor model: one with the standard upwinding flux
and the other with a ε-scaled Lax-Friedrichs flux, where
1/ε is the scale of the collision frequency. We show that
these schemes are uniformly stable in ε and are asymptotic
preserving. In particular, we discuss what properties the
discrete Maxwellian must satisfy in order for the schemes
to converge in ε to an accurate h-approximation of the
drift diffusion limit. Discrete versions of the drift-diffusion
equation and error estimates in several norms with respect
to ε and the spacial resolution are also included.
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Total Generalized Variation for Geometric Inverse
Problems

The total variation of the normal is discussed in the con-
text of triangulated meshes embedded in 3D. This non-
smooth regularizer requires an advanced algorithm to be
used in (inverse) shape optimization problems. A split
Bregman/ADMM method is used for this purpose. There,
the non-smooth objective is spitted into a smooth shape op-
timization problem and a simple non-smooth problem. The
smooth shape problem is solved by a globalized Newton
method. Due to the nature of the regularizer, the first and
second-order shape ?derivatives can not be computed by
algorithmic differentiation. Therefore, their analytic form
is derived and some of their properties are discussed. Nu-
merical results are presented for mesh denoising problems
as well as a simple (PDE constraint) electrical impedance
tomography problem. An extension, the total generalized
variation of the normal, to counteract the so-called stair-
casing effect is presented as an extension.
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j.vidal@uah.es

MS233

W 1,∞-Approach for Shape Optimizations Using
ADMM

In this contribution we present a first order approach to
shape optimization problems for Lipschitz domains fea-
turing mesh quality preserving deformations. The ap-
proach utilizes an Alternating Direction Method of Mul-
tipliers (ADMM) to determine the deformation field from
the directional shape derivative of the objective function.
The considered shape deformation field corresponds to the
steepest descent direction in W 1,∞-topology. We use the
surface formulation of the shape derivative of the objective
function to obtain the descent direction and a standard
second-order finite volume method for the discretization.
Applications refer to parameter-free shape optimizations
to minimize the drag of a wetted obstacle in fluid dynam-
ics Navier-Stokes flow problems. To avoid trivial or un-
desired solutions, the deformation field inherently fulfills a
set of geometric constraints, i.e. conserving displacement
and barycenter/center of buoyancy of the obstacle. The
method is first applied to a 3D configuration in laminar,
single-phase flow at low Reynolds number (Re = 10), where
the characteristic (optimal) shape of the solution is known.
Subsequently, we minimize the drag of a free floating vessel
exposed to turbulent (Reynolds-averaged) two-phase flows
in realistic operating conditions at Re = 1.43 · 107 and
Fn = 0.26.

Peter M. Muller
Hamburg University of Technology
peter.marvin.mueller@tuhh.de

Philip J. Herbert
Heriot Watt University
p.herbert@hw.ac.uk

Michael Hinze
Universität Koblenz, Landau
hinze@uni-koblenz.de
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Approximating the Inverse Hessian in 4D-Var Data
Assimilation

Large-scale variational data assimilation problems are com-
monly found in applications like numerical weather predic-
tion and oceanographic modelling. The 4D-Var method
is frequently used to calculate a forecast model trajectory
that best fits the available observations to within the ob-
servational error over a period of time. One key challenge
is that the state vectors used in realistic applications could
contain a very large number of unknowns so, due to mem-
ory limitations, in practice it is often impossible to assem-
ble, store or manipulate the matrices involved explicitly. In
this talk we present a limited memory approximation to the
inverse Hessian based on multilevel eigenvalues and eigen-
vectors computed using the Lanczos method. We illustrate
one use of this approximation by showing its potential ef-
fectiveness as a preconditioner within a Gauss-Newton it-
eration and investigate the use of randomised eigenvalue
algorithms to reduce computational costs.

Alison Ramage
University of Strathclyde
a.ramage@strath.ac.uk

MS233

Shape Optimization Using Material Derivative
Shape Hessians

A variational approach for higher order shape optimization
based on the distributed formulation of the shape deriva-
tive is considered. Within this approach, the adjoint is used
to eliminate material derivatives instead of partial deriva-
tives, which leads to a very convenient way to derive a
Newton scheme for shape optimization. In particular, this
approach also allows an interpretation of the Sobolev gra-
dient descent methods as an approximation of the shape
Hessian when the perimeter is used as a regularizer. The
methodology quite naturally leads to a variational formu-
lation to compute the 2nd order shape updates and opens
the door to novel numerical schemes, not only in classi-
cal aerodynamic shape optimization, but also to construct
particularly fast solvers for free surface flows and microflu-
ids.

Stephan Schmidt
Humboldt-Universität zu Berlin
s.schmidt@hu-berlin.de

MS233

On a Linear View on Shape Hessians

Shapes do not define a linear space. Therefore, the classical
shape Hessian is not symmetric and does not admit a Tay-
lor series, causing significant computational complications.
This talk discusses the linear structure of deformations as
a representation of shapes. This transforms shape opti-
mization to a variant of optimal control. The numerical
opportunities of this point of view are highlighted in par-
ticular in the case of large shape deformations, thus leading
to fast algorithms of shape Newton type. In this way, so
far often heuristic omissions of non-symmetric terms in the

shape Hessian obtain a theoretical foundation. Numerical
results demonstrate the efficacy of this approach.

Volker H. Schulz
University of Trier
Department of Mathematics
Volker.Schulz@uni-trier.de

Stephan Schmidt
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MS234

Efficient Spectral Method with Filters and Recon-
struction

Spectral methods utilize global basis functions, and thus
achieve exponential convergence, when the solution is
smooth. For nonsmooth problems involving discontinu-
ities or singularities, the accuracy degenerates. With fil-
ters and/or post-processing methods, the accuracy can be
improved. In this talk, we will discuss the efficient spectral
methods using filters and reconstruction techniques.

Zheng Chen
University of Massachusetts, Dartmouth
zchen2@umassd.edu

MS234

Three Applications of High-Order Polynomial Ker-
nels That Approximate the Dirac Delta with Van-
ishing Moments

Necessary properties of a high-order, polynomial approxi-
mation of the Dirac delta function with compact support
of the form [Jean-Piero et al., SIAM SISC, 2014]

δm,k
� (x) =

{
�−1Pm,k(x/�), x ∈ [−�, �],

0, otherwise.

where � > 0 is the support width, include, (1) that on the
compactly supported interval the regularized delta func-
tion integrates to unity. Secondly, the kernel Pm,k must
be designed to vanish the first up to the mth moments and
k continuous derivatives at the endpoints of the compact
support. To vanish the moments the regularized delta can
have negative values. The vanishing moments ensure that
the regularized Dirac delta kernel converges to the exact
Dirac delta function at O(�m+1) rate. This moment prop-
erty is necessary for the construction of high-order approx-
imations of singular Dirac delta source terms in spectral
approximations of PDEs [Jean-Piero et al., SIAM SISC,
2014]. To preserve high-order spatial accuracy it was fur-
ther shown that the optimal value for the compact support

must be � = N
−k/(m+k+2)
x . We will discuss applications of

this kernel to solve PDEs with high-order order accuracy
including PDEs with singular sources, the regularized so-
lution of PDEs that admit singular solutions, and the ap-
proximation of deterministic initial conditions of governing
PDEs for probability density functions.

Gustaaf Jacobs
Department of Aerospace Engineering
San Diego State University
gjacobs@mail.sdsu.edu

MS234

Beyond Uniform Meshes: Filtering and Enhance-



SIAM Conference on Computational Science and Engineering (CSE23)                                                    245244 CSE23 Abstracts

ment with LSIAC-MRA

Multiresolution Analysis (MRA) is a useful technique for
mesh adaptivity when numerically solving PDEs with dis-
continuities or other interesting features. It allows for a
direct relation of approximations on a coarse mesh with ap-
proximations on a fine mesh, enabling adaptive and sparse
solvers for PDEs. The critical concept is interpreting a
fine mesh approximation as a coarse mesh approximation
with additional finer details. Using this hierarchy, it is sim-
ple to move an approximation from a fine mesh to a coarse
mesh by truncation of detail coefficients. Doing the reverse
is more challenging and requires a reconstruction proce-
dure to generate fine mesh data from coarse information.
It is for this purpose we consider the Line Smoothness-
Increasing Accuracy-Conserving MRA (LSIAC-MRA) pro-
cedure for obtaining detail coefficients. This technique uti-
lizes filtering methods together with multi-wavelet MRA
principles to enable the transition of data from coarse to
fine resolutions, simultaneously decreasing errors in the
fine mesh approximation. Initially developed for uniform
meshes (Picklo and Ryan, ”Enhance Multiresolution Anal-
ysis...”,2022), in this talk we will demonstrate the applica-
bility of this filter-based reconstruction technique for error
reduction on nonuniform meshes.

Matthew Picklo, Jennifer K. Ryan
Colorado School of Mines
mpicklo@mines.edu, jryan@kth.se

MS234

MSIAC Package: a Filtering Tool for General Ap-
plications

The Smoothness-Increasing Accuracy-Conserving filter
(SIAC) is a post-processor that extracts accuracy from
DG and FEM solutions exploiting the natural superconver-
gence of these methods. It reduces oscillations in the er-
rors and increases convergence rates, leading in general, to
lower errors. These filters have been applied to aeroacous-
tic problems, visualization of streamlines and isosurfaces,
adaptivity and shock regularization. Designing and imple-
menting an effective tool for general applications implies
dealing with the underlying mesh and domain boundaries,
selecting suitable filter parameters, and addressing compu-
tational times. This talk presents a numerical framework
and a filtering software package showing applications in
DG-FEM data.

Xulia Docampo
Barcelona Supercomputing Center
xulia.docampo@indominus.eu

Jennifer K. Ryan
Colorado School of Mines
jryan@kth.se

MS235

On the Dynamical Low-Rank Numerical Method
for Kinetic Equations

Solving inverse problems for kinetic equations requires an
efficient solution of the forward problem. Usually, the com-
putational effort of numerically solving kinetic equations is
relatively high. We consider the concept of dynamical low-
rank approximation that has recently been used for an effi-
cient and accurate numerical solution of kinetic equations.
This concept is applied to the thermal radiative transport
equation and an energy stable and mass conservative dy-

namical low-rank algorithm is presented. This is joint work
with Lukas Einkemmer, Christian Klingenberg and Jonas
Kusch.

Lena Baumann
Wuerzburg University
lena.baumann@mathematik.uni-wuerzburg.de

MS235

Asymptotic Preserving Dynamical Low-Rank Al-
gorithms for Kinetic Theory

Solving kinetic equations, owing to the up to 6-dimensional
phase space, is extremely expensive from a computational
point of view. Recently, using dynamical low-rank approx-
imation has emerged as an attractive complexity reduction
technique that, in many cases, succeeds in drastically re-
ducing the time required to run such simulations. As ki-
netic equations are often posed in a context where either a
fluid or diffusive limit is of interest, it is of importance to
derive numerical methods that are able to cope with these
limist. In this talk we will report on recent advances of such
asymptotic preserving dynamical low-rank algorithms both
from a practical and theoretical point of view. In particu-
lar, we consider a way to treat the compresssible fluid limit
of the Boltzmann-BGK equation and present a mathemat-
ical analysis based on energy estimates for the radiative
transfer equation.

Lukas Einkemmer
University of Innsbruck
lukas.einkemmer@gmail.com

MS235

Numerics of Inverse Problems for Kinetic Models
and Their Corresponding Macroscopic PDEs

The viewpoint proposed in this mini-symposium is that
uncertainty quantification for partial differential equations
(PDE) does not always represent the viewpoint of the ex-
perimentalists. Instead they want to determine the un-
certain coefficient in a PDE by measuring data of the ex-
periment corresponding to the PDE. In other words ex-
perimentalists are interested in solving an inverse problem.
To this end we shall have lectures on a range of mathe-
matical techniques needed to approach this problem. Our
underlying tenet is to approach the inherent illposedness
of inverse problems for macroscopic PDEs by considering
inverse problems for the corresponding kinetic equations.
This is well illustrated by considering models from math-
ematical biology, namely the motion of cells, as described
by the kinetic chemotaxis equations. The corresponding
macroscopic Keller-Segel type model will be a diffusion
equation. The aim is to study the inverse problems in these
two settings. We will hear about numerical approaches that
need to be devolped in this context.

Christian F. Klingenberg
Wuerzburg University, Dept. of Mathematics
Germany
klingen@mathematik.uni-wuerzburg.de

MS236

Multivariate Interpolation in Non-Tensorial Nodes
May Lift the Curse of Dimensionality for Trefethen
Functions

We extend 1D Newton and Lagrange interpolation to arbi-
trary dimensions while maintaining their numerical stabil-
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ity and computational efficiency. Our generalisation relies
on a proper choice of non-tensorial unisolvent interpolation
nodes, whose number scales sub-exponentially with the
space dimension. While we have proven the resulting in-
terpolation scheme to approximate all continuous Sobolev
functions, in addition, empirical demonstrations show that
we reach the optimal exponential approximation rate for
the Runge function. This suggest our interpolation method
to be optimal for a class of analytic functions we term Tre-
fethen functions. Combining sub-exponential node counts
with exponential approximation rates, we may lift the curse
of dimensionality for interpolation problems involving Tre-
fethen functions. We have condensed our findings into im-
plementations that are included in the open source Python
package minterpy. We further sketch how minterpy might
impact computational challenges, such as: solving (inverse)
PDE problems by variational spectral methods, delivering
novel solutions for computational tasks in numerical differ-
ential geometry, and realising efficient and stable regression
for strongly-varying multivariate functions given on equis-
paced or arbitrary, scattered data.

Michael Hecht
Center for Advanced Systems Understanding (CASUS)
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MS236

Local-to-Global Support Vector Machines
(LGSVMs)

Support Vector Machines (SVMs) are one of the most pop-
ular and considered classification methods. In this talk we
present an efficient scheme, namely Local-to-Global Sup-
port Vector Machines (LGSVMs), which significantly re-
duces the complexity cost of SVMs when a large number
of instances is involved. This method is a global scheme
constructed by gluing together local SVM contributions via
compactly supported weights, and its background lies in
the framework of approximation theory and of local kernel-
based models, such as the Partition of Unity (PU) scheme.
The effectiveness and the efficiency of the proposed ap-
proach are proved by a theoretical analysis of its complex-
ity, as well as by extensive numerical experiments carried
out by considering benchmark datasets.

Francesco Marchetti
University of Padova (Italy)
francesco.marchetti@math.unipd.it
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Polytechnic University of Torino
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MS236

Physics-Informed Neural Networks (PINNS) and
Kernel Methods

Physics-informed neural networks (PINNs) are neural net-
works trained using physical laws as soft constraints; these
physical laws typically take the form of residuals from par-
tial differential equations (PDEs). PINNs can be trained
to directly solve PDEs or to infer PDE coefficients from
solution data, and therefore can serve as meshless PDE
solvers or tools for model discovery. However, they are typ-
ically challenging to train as PDE-based constraints result
in complicated loss landscapes. We present new training
techniques for PINNs that leverage high-order numerical
differentiation to significantly speed up training without
any loss in accuracy. In order to retain the meshless na-
ture of PINNs, we use kernel-based finite difference formu-
las, i.e., radial basis function finite differences (RBF-FD).
Given time, we will also present results on novel PINN ar-
chitectures that leverage insights from the kernel literature
to further speed up training.

Varun Shankar
School of Computing
University of Utah
shankar@cs.utah.edu

MS236

On the Approximability and Curse of Dimension-
ality of Certain Classes of High-Dimensional Func-
tions

In this talk, I will discuss the approximability of high-
dimensional functions that appear, for example, in the con-
text of many body expansions and hdmr (high dimensional
model representation). Such functions, though high dimen-
sional, can be represented as finite sums of lower dimen-
sional functions, i.e. by so-called additive models. I will
derive sampling inequalities for such functions, give explicit
advice on the location of good sampling points and show
that such functions do not suffer from the curse of dimen-
sionality.

Holger Wendland
University of Bayreuth
Germany
holger.wendland@uni-bayreuth.de

MS236

Approximation of Multivariate Functions on
Sparse Grids by Kernel-Based Quasi-Interpolation

In this presentation, we introduce a new class of quasi-
interpolation schemes for the approximation of multivari-
ate functions on sparse grids. Each scheme in this class is
based on shifts of kernels constructed from one-dimensional
radial basis functions such as multiquadrics. The ker-
nels are modified near the boundaries to prevent deteri-
oration of the fidelity of the approximation. We imple-
ment our scheme using the standard single-level method
as well as the multilevel technique designed to improve
rates of approximation. The advantages of the proposed
quasi-interpolation schemes are twofold. First, our sparse
approximation attains almost the same level convergence
order as the optimal approximation on the full grid related
to the Strang–Fix condition, reducing the amount of data
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required significantly compared to full grid methods. Sec-
ond, the single-level approximation performs nearly as well
as the multilevel approximation, with much less computa-
tion time. We provide a rigorous proof for the approxi-
mation orders of our quasi-interpolations. In particular,
compared to another quasi-interpolation scheme in the lit-
erature based on the Gaussian kernel using the multilevel
technique, we show that our methods provide significantly
better approximation rates. Finally, some numerical re-
sults are presented to demonstrate the performance of the
proposed schemes.

Jungho Yoon
Dept. Mathematics, Ewha W. Univ.,
Seoul, S.Korea
yoon@ewha.ac.kr

MS237

Multi-Fidelity Regression Using Artificial Neural
Networks: Efficient Approximation of Parameter-
Dependent Output Quantities

When evaluating quantities of interest that depend on
the solutions to differential equations, we inevitably face
the trade-off between accuracy and efficiency. Especially
for parametrized, time-dependent problems in engineering
computations, it is often the case that acceptable compu-
tational budgets limit the availability of high-fidelity, ac-
curate simulation data. Multi-fidelity surrogate modeling
has emerged as an effective strategy to overcome this dif-
ficulty. Its key idea is to leverage many low-fidelity simu-
lation data, less accurate but much faster to compute, to
improve the approximations with limited high-fidelity data.
In this work, we show how to use artificial neural networks
(e.g., feedforward neural networks) to tackle multi-fidelity
regression problems. A first case deals with a parameter-
dependent, stationary Helmholtz problem, where finite el-
ement and reduced basis methods are adopted as the high-
and low-fidelity models, respectively. We then introduce
a novel data-driven framework of multi-fidelity surrogate
modeling for parametrized, time-dependent problems us-
ing long short-term memory (LSTM) networks, to enhance
output predictions both for unseen parameter values and
forward in time simultaneously. Numerical performances
are assessed on a variety of engineering problems with high-
and low-fidelity data generated through fine versus coarse
meshes, small versus large time steps, or finite element full-
order versus deep learning reduced-order models.
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MS237

Reduced Order Data Assimilation for Damage Pa-

rameter Estimation in Composite Structures

In order to identify damages in fiber metal laminates, we
utilize techniques of Bayesian analysis and data assimi-
lation for (damage) parameter estimation. The underly-
ing physical model describes effects of wave propagation
in fiber metal laminates and its interaction with damages,
where the damage is characterized through parameters. As
further source of information, we utilize (synthetic) sen-
sor data measuring the out-of-plane displacement. Since
many forward simulations are required for Bayesian analy-
sis in order to estimate the unknown damage parameters,
we utilize reduced order models in order to speed up the
computational times. Numerical experiments illustrate the
concepts.
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MS237

Benchmarking Machine Learning Methods for
Reduced-Order Modeling on Large-Scale Datasets

There are many recent advances in using machine learning
for reduced-order modeling. However, these methods are
often demonstrated on dynamical systems that are small
enough that the research can be done on a single processor.
In this talk, we will explore how well some of these meth-
ods scale to complex systems requiring many GPUs. Chal-
lenges include having limited but high-dimensional train-
ing data and writing software that efficiently communicates
between simulations and machine learning code.

Bethany Lusch
Argonne National Laboratory
blusch@anl.gov

MS237

Data-Driven Optimal and Predictive Control with
Guarantees

We present novel approximation error bounds for
Koopman-based surrogate modeling of control systems by
means of extended dynamic mode decomposition. To this
end, the approximation error is split into a deterministic
projection error, depending on richness of the chosen dic-
tionary, and a probabilistic estimation error depending on
the number of samples. We apply our results in an opti-
mal control context, providing bounds on the prediction of
cost and state constraints along optimal solutions in order
to derive surrogate-based predictive control schemes with
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stability guarantees.
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MS238

Quantum Circuits for Hamiltonian Simulation with
Quantum Signal Processing

Hamiltonian simulation via quantum signal processing is
known to be optimal. In recent years, abstract oracle cir-
cuit structures for these types of algorithms have been pro-
posed. However, the best practice for constructing these
oracles when using a universal gate set is relatively unclear.
In this talk we propose compilation strategies for qubitiza-
tion which minimise the number of one and two qubit gates.
Where we make use of Quantinuums pytket and show how
we can build up layers of abstraction using circuit boxes to
construct the high level circuit oracles. Typically these cir-
cuit primitives require many ancillary qubits and hence we
use a tensor network quantum simulator to simulate these
circuits. Where we show some examples of Hamiltonian
simulation on the Hubbard model treated as a molecular
wire.

Nathan Fitzpatrick
Quantinuum
nfitzpatrickchem@gmail.com

MS239

Parameter Estimation with Convolutional Neural
Networks Applied to An ODE and a Maximum
Likelihood Problem

Many inverse problems include poorly behaved objective
functions or computationally infeasible likelihood functions
such as for multidimensional extremes, thus making tradi-
tional approaches for computational recovery of model pa-
rameters intractable. We propose a deep learning frame-
work to estimate parameters of two models respectively
governed by ordinary differential equations and statistical
models for multidimensional extremes. In both cases, we
use data from model simulations as input to train deep
neural networks and learn the output ODE/statistical pa-
rameters. Our neural network-based method provides a
competitive alternative to existing methods such as pair-
wise likelihood for multidimensional extremes, as demon-
strated by considerable accuracy and computational time
improvements.

Julie Bessac

Argonne National Laboratory
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MS239

Riemannian Multifidelity Covariance Estimation
from Statistically Coupled Observations

We present a framework for multifidelity covariance esti-
mation from statistically coupled pairs of high- and low-
fidelity random variables. We define a multifidelity covari-
ance estimator as the solution to a regression problem on
tangent spaces to product manifolds of symmetric positive
definite (SPD) matrices. Given a set of high- and low-
fidelity sample covariance matrices, viewed as a sample of a
product-manifold-valued random variable, we estimate the
underlying true covariance matrices by minimizing a notion
of squared Mahalanobis distance between the data and a
model for its variation about its mean. This estimator
can be employed using any Riemannian geometry for the
SPD manifold and reduces to control variates in the cho-
sen geometry when all low-fidelity optimization variables
are fixed. We particularly focus on the affine-invariant
SPD manifold geometry, under which multifidelity covari-
ance regression estimates are guaranteeably positive defi-
nite and the Mahalanobis distance has desirable properties.
We demonstrate under three geometries that our estimator
can provide significant reductions in MSE relative to single-
fidelity covariance estimators. This framework is relevant
to the data assimilation setting, which often requires re-
peated evaluation of expensive high-fidelity forecast mod-
els, and particularly applicable to the ensemble Kalman fil-
ter, in which covariances must be computed from forecast
model evaluations in order to perform the analysis step.

Aimee Maurais, Youssef M. Marzouk
Massachusetts Institute of Technology
maurais@mit.edu, ymarz@mit.edu

Benjamin Peherstorfer
Courant Institute of Mathematical Sciences
New York University
pehersto@cims.nyu.edu

Terrence Alsup
New York University
Courant Institute of Mathematical Sciences
alsup@cims.nyu.edu

MS239

A Density Estimating Filter Based on Marginal
Coupling

In many DA problems, the number of observations is much
lower than the number of states. Assuming that the obser-
vation is just a subset of states, certain filtering methods
accurately sample the marginal posterior of the observed
dimensions, but lack a good mechanism to sample from
the unobserved dimensions. In this work, we investigate
using copulas to sample the unobserved dimension to ob-
tain samples consistent with the joint Bayesian posterior.
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MS239

Unbiased Filtering and Smoothing for Very High-
Dimensional Geophysical Systems: Stochastic Par-
ticle Flows

Particle Flow Filters and Smoothers allow for sampling
posterior probability density functions (pdf) in very high-
dimensional spaces. They are based on iterative minimiza-
tion of the KL-divergence (or other distance measures) be-
tween the pdf represented by the particles and the pos-
terior pdf. The methodology can be seen as an ensemble
of 3Dvars for a filter, and an ensemble of 4Dvars for a
smoother, in which the particles interact during the min-
imization. Unfortunately, deterministic particle flows are
biased for finite ensemble sizes. Recently it has been real-
ized that this bias disappears for any ensemble size when
a stochastic version of the particle flow is used. The idea
is to consider the flow as a Langevin dynamics over the
configuration space spanned by the particles. This leads
to an extra stochastic term in the minimization equations,
which turns out to be relatively simple to implement. A
further problem is that particle flow filters need the gra-
dient of the log of the prior pdf, which is only know by
its samples. Hence calculating its log gradient is problem-
atic. We developed a practical solution to this problem
of estimating the gradient of the log of the prior in high-
dimensional sequential applications, using kernel methods
and localization procedures. In this talk I will briefly ex-
plain the theory and present results of particle flow filters
and smoothers for high-dimensional geophysical systems,
comparing stochastic and deterministic versions.

Peter Jan van Leeuwen
Colorado State University and University of Reading
peter.vanleeuwen@colostate.edu

MS240

Fast Methods in Volumetric Potential Theory for
PDEs and Applications

This talk will provide an overview of past and ongoing work
in fast, high-order accurate methods for solving volumetric
problems in conjunction with integral equation techniques.
We will also outline a few of our own contributions in the
area of high-order accurate kernel-independent methods for
evaluation of the Newtonian potential based on numeri-
cal quadrature. The methods are based on corrections to
(FMM-accelerated) quadratures for smooth functions, with
rapidly-generated pre-computed corrections that can be ef-
ficiently applied using orthogonal polynomials, achieving
> 99% of fast algorithm performance. We will also demon-
strate adaptive solvers using quadtree and box-code based
fast algorithms. Some of this work is joint with Shravan
Veerapeneni (University of Michigan) and Hai Zhu (Flat-
iron Institute).
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MS240

Computation of Negative Fractional Sobolev
Norms on Arbitrary Domains: a Volume Potential
Approach

The evaluation of weak (negative Sobolev) norms of func-
tions with arbitrary bounded support D ⊂ Rd arises e.g.
for quantifying mixing unevenness of concentrations ad-
vected by fluid flows. In this work, we address the evalua-
tion of the H−r(D) norm of a function c ∈ L2(D), with r ∈
]1/2, 1]. To this end, the Riesz representative u[c] ∈ Hr

0 (D)
of c is sought, and we then have �c�H−r(D) = (u[c], c)L2(D).
Computing u[c] by domain discretization methods (e.g.
FEM) for fractional r would entail either the costly accu-
rate evaluation of sufficiently many Dirichlet Laplace eigen-
functions of D or multiple elliptic problem solves. By con-
trast, the computational treatment proposed here rests on
one volume integral operator (VIO) evaluation with den-
sity c followed by solving one single-layer integral equation
(SLIE) on ∂D (ensuring γu[c] = 0). The kernel used in
both the VIO and the SLIE depends in closed form on r
and the physical coordinates (and has a singularity of or-
der 2r− d); in fact, the VIO is directly connected with the

H−r(Rd) Fourier-Bessel norm. We prove that the SLIE in

weak form is coercive on H1/2−r(∂D) for any r ∈]1/2, 1],
making it well-posed. Our procedure thus naturally ex-
tends to fractional r the method solving in H1

0 (D) the
Poisson problem with given density c. We demonstrate
the proposed approach on computational examples with
available reference solutions.
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MS240

Volume Integral Equations and Single-Trace For-
mulations for Acoustic Wave Scattering in an In-
homogeneous Medium

We study frequency domain acoustic scattering at a
bounded, penetrable, and inhomogeneous obstacle. By
defining constant reference coefficients, a representation
formula for the pressure field in derived. It contains a vol-
ume integral operator, related to the one in the Lippmann-
Schwinger equation. Besides, it features integral operators
defined on the boundary of the obstacle and closely re-
lated to boundary integral equations of single-trace formu-
lation (STF) for transmission problems with piecewise con-
stant coefficients. We show well-posedness of the contin-
uous variational formulation and asymptotic convergence
of Galerkin discretizations. Numerical experiments in 2D
and 3D validate our expected convergence rates.

Ignacio Labarca
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MS240

Density Interpolation Methods for Volume Poten-
tials

We present a simple numerical method for the high-order
numerical evaluation of volume integral operators associ-
ated with the Poisson and Helmholtz equations in two spa-
tial dimensions. Following the ideas of the density inter-
polation method for boundary integral operators, the pro-
posed methodology leverages Green’s third identity and
a local polynomial interpolation of the source function to
recast the volume potential as a sum of single- and double-
layer potentials and a volume integral with a regularized
(bounded or smoother) integrand. The layer potentials
can be accurately and efficiently evaluated everywhere by
means of existing methods (e.g. the density interpola-
tion method), while the regularized volume integral can
be accurately evaluated by applying elementary quadra-
ture rules. Numerical examples based on non-overlapping
quadrilateral patch representations of the domain in con-
junction with Chebyshev-grid discretizations demonstrate
the effectiveness of the proposed approach.
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MS240

A Phase Retrieval Approach to Characterize Un-
derwater Transducers Using Time-Harmonic Near-
Field Data

Active acoustic devices have been used profusely in mon-
itoring activities in coastal and oceanic marine environ-
ments for fishery purposes and the health evaluation of the
seabed and its related biological ecosystems. The accu-
rate numerical characterization of those active transduc-
ers, which insonifies the underwater fluid media, plays a
crucial role in the subsequent numerical simulations of
complex marine environments. The transducers can be
quickly characterized experimentally using in-house labo-
ratory equipment where their acoustic response can be ob-
tained from time-harmonic near-field phaseless data. Obvi-
ously, the extrapolation of those near-field data to predict
the time-harmonic far-field generated pressure cannot be
computed straightforwardly and requires estimating the di-
rectivity pattern associated with the transducer. Different
numerical approaches based on an integral representation
of the pressure field are analyzed in this work. Since the
phaseless experimental near-field data is known in a re-
duced number of locations, different polynomial discretiza-
tions have been utilized to discretize the directivity pat-

tern taking into account low-order spherical harmonics and
standard finite element polynomial approximations. Both
approaches are compared in realistic scenarios with avail-
able closed-form solutions such as omnidirectional sources
and end-fire arrays. The impact of using different phase
retrieval and quadrature methods is also quantified.
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MS241

A Stable Mimetic Finite-Different Discretization
for Convection-Dominated Diffusion Equations

Convection-diffusion equations arise in a variety of appli-
cations such as particle transport, electromagnetics, and
magnetohydrodynamics. Simulation of the convection-
dominated case, even with high-fidelity techniques, is par-
ticularly challenging due to sharp boundary layers and
shocks causing jumps and discontinuities in the solution,
and numerical issues such as loss of the maximum principle
in the discretization. These complications cause instabili-
ties, admitting large oscillations in the numerical solutions
when using traditional methods. Drawing connections to
the simplex-averaged finite element method (S. Wu and J.
Xu, 2020), we develop a mimetic finite-difference (MFD)
discretization using exponentially averaged coefficients to
guarantee monotonicity of the scheme and stability of the
solution as the diffusion coefficient approaches zero. The
finite-element framework allows for transparent analysis of
the MFD, such as proving well-posedness and deriving er-
ror estimates from the finite-element setting. Numerical
tests are presented confirming the stability of the method
and verifying the error estimates.
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MS241

High Order Quasi-Conservative Discontinuous
Galerkin Schemes for Hyperbolic Systems in Prim-
itive Variables

In this talk, we present a novel quasi-conservative high
order Discontinuous Galerkin (DG) method able to cap-
ture contact discontinuities avoiding any spurious numer-
ical artifacts, thanks to the PDE evolution in primitive
variables, while at the same time being strongly conserva-
tive on shocks, thanks to a conservative a posteriori subcell
Finite Volume (FV) limiter. In particular, in this work we
consider ADER-DG schemes on Voronoi meshes, and we
treat in primitive variables both the predictor step (that



SIAM Conference on Computational Science and Engineering (CSE23)                                                    251250 CSE23 Abstracts

produces a local high order accurate space-time reconstruc-
tion) and the corrector step which takes care of the final
solution update. This is possible because the algorithm is
then supplemented with an a posteriori FV limiter, where
the solution is checked for physical admissibility, and on
the cells judged to be troubled, it is locally recomputed via
a robust FV scheme. At this point, we distinguish, by us-
ing a criterion based on the divergence of the velocity field,
between troubled zone caused by shock discontinuities and
all the rest and only on shocks we now apply a FV act-
ing on the conservative version of the PDE. To prove the
capabilities of our approach, after having verified its cor-
rectness on classical benchmarks for the single-fluid Euler
equations, we show its improved reliability on the multi-
fluid Euler system on examples, like the interaction of a
shock with a helium bubble, for which we are able to avoid
the development of any spurious oscillations.
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MS241

Robust and Efficient Approximation of the Com-
pressible Navier-Stokes Equations

Structure preserving numerical methods provide theoret-
ical guarantees of reliability for situations where ad-hoc
stabilization techniques can fail. In this talk we present
fully discrete approximation techniques for the compress-
ible Euler and Navier-Stokes equations that is second-order
accurate in time and space and guaranteed to be invariant
domain preserving. This means the method maintains im-
portant physical invariants and is guaranteed to be stable
without the use of ad-hoc tuning parameters. We discuss
the underlying algebraic discretization technique based on
collocation and convex limiting.
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MS241

A Stable and Adaptive FE Method for Convection-
Dominated Diffusion Problems

We present a stabilized finite element (FE) method for lin-
ear convection-diffusion boundary value problems (BVPs).
The stabilization is based on the use of specially con-
structed test spaces and due to a first-order system repre-
sentation of the underlying BVP, the resulting FE approx-
imations rely on classical trial spaces such as C0 polyno-
mials and Raviart-Thomas functions. In addition to the
FE approximations, the method also allows straightfor-
ward computation of a residual-based error representation
function. This function leads to a posteriori error esti-

mates which restriction to each element is an error indi-
cator which we employ in adaptive mesh refinements. We
present numerical verifications of the method as well as
adaptive mesh refinement algorithms based on existing el-
ement marking strategies for problems in which convection
is strongly dominating.
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MS242

A First Approach to the Design of Fully Well-
Balanced Lagrange-Projection Schemes for the
Shallow Water Model

We will first propose a method to design numerical ap-
proximations of the shallow-water equations that are both
implicit and exactly well-balanced for water at rest steady
states. This is achieved through a two-step process, where
the shallow-water system is first solved in Lagrangian co-
ordinates, called the Lagrangian step, and then the results
are projected into Eulerian coordinates, called the Projec-
tion step. The Lagrangian step can be done implicitly,
while the Projection step is always done explicitly. This
approach separates the acoustic and the transport phenom-
ena, allowing for larger time steps with restrictions based
on slower transport waves instead of acoustic ones. Fur-
thermore, we are currently working on developing implicit
fully well-balanced schemes that preserve all the steady
states. In this sense, we will also be providing an idea of
how to develop explicit fully well-balanced schemes, which
will help us accomplish our goal.
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University of Málaga
tmorales@uma.es, mlmunoz@uma.es

MS242

An Asymptotic Preserving Scheme for the Two-
Dimensional Shallow Water Equations with Corio-
lis Forces

We consider the two-dimensional Saint-Venant system of
shallow water equations with Coriolis forces. We focus on
the case of a low Froude number, in which the system is stiff
and conventional explicit numerical methods are extremely
inefficient and often impractical. Our goal is to design
an asymptotic preserving (AP) scheme, which is uniformly
asymptotically consistent and stable for a broad range of
(low) Froude numbers. The goal is achieved using the flux
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splitting. We split the flux into the stiff and nonstiff parts
and then use an implicit-explicit approach: apply an ex-
plicit hyperbolic solver to the nonstiff part of the system
while treating the stiff part of it implicitly. Moreover, the
stiff part of the flux is linear and therefore we reduce the
implicit stage of the proposed method to solving a Poisson-
type elliptic equation, which is discretized using a standard
second-order central difference scheme. We conduct a se-
ries of numerical experiments, which demonstrate that the
developed AP scheme achieves the theoretical second-order
rate of convergence and the time-step stability restriction
is independent of the Froude number. This makes the pro-
posed AP scheme an efficient and robust alternative to fully
explicit numerical methods.
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MS242

Implicit and Semi-Implicit High-Order Well-
Balanced Methods for One-Dimensional Systems of
Balance Laws

The goal of this work is to design one-dimensional im-
plicit and semi-implicit high-order well-balanced numer-
ical schemes for general systems of balance laws with
stiff numerical flux and/or source term. When the re-
laxation parameter is very small, the relaxation terms be-
come very strong and highly stiff, and numerical schemes
may produce spurious results. The well-balanced recon-
struction procedure introduced by two of the authors in
some previous work is applied, based on the development of
well-balanced reconstruction operators. The well-balanced
property is preserved when quadrature formulas are used
to approximate the averages and integral of the source
term in the cells. This technique is combined with a time
discretization method for the time evolution of type RK-
IMEX or RK-implicit. The methodology will be applied to
several systems of balance laws, such as the Burgers equa-
tion or the shallow water equations with Manning friction.
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MS242

Steady States and Well-Balanced Schemes for Shal-

low Water Moment Equations with Topography
and Wet-Dry Areas

We consider a new Shallow Water Moment Equations
(SWME) model based on the ones described in [Koeller-
meier, J. and Rominger, M.; Analysis and Numerical
Simulation of Hyperbolic Shallow Water Moment Equa-
tions; Communications in Computational Physics; 2020]
and [Kowalski, J. and Torrilhon, M.; Moment Approxi-
mations and Model Cascades for Shallow Flow; Commu-
nications in Computational Physics; 2019]. This new sys-
tem developed in [Koellermeier, J. and Pimentel-Garca, E.;
Steady States and Well-Balanced Schemes for Shallow Wa-
ter Moment Equations with Topography; Applied Mathe-
matics and Computations; 2022] is a nonconservative hy-
perbolic system from which we can get some information
about its steady state solutions. This is mandatory when
using the high-order well-balanced methodology developed
in [Castro, M.J., Pars, C.; Well-balanced high-order finite
volume methods for systems of balance laws; Journal of
Scientific Computing; 2020]. We focus on the first- and
second-order schemes and we solve the different difficulties
that we find. Some numerical tests are shown in order to
verified the well-balanced property of the methods and how
they deal when wet-dry fronts appear in the solution.
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MS242

Asymptotic Preserving IMEX Schemes for the
Shallow Water Equations on Unstructured Meshes

We propose a novel numerical method for the solution of
the shallow water equations in different regimes of the
Froude number making use of general polygonal meshes.
The fluxes of the governing equations are split such that
advection and acoustic-gravity sub-systems are derived,
hence separating slow and fast phenomena. This splitting
allows the nonlinear convective fluxes to be discretized ex-
plicitly in time, while retaining an implicit time marching
for the acoustic-gravity terms. Consequently, the novel
schemes are particularly well suited in the low Froude
limit of the model, since no numerical viscosity is added
in the implicit solver. Besides, stability follows from a
milder CFL condition which is based only on the advec-
tion speed and not on the celerity. High order time ac-
curacy is achieved using the family of semi-implicit IMEX
Runge-Kutta schemes, while high order in space is granted
relying on two discretizations: (i) a cell-centered finite vol-
ume (FV) scheme for the nonlinear convective contribu-
tion on the polygonal cells; (ii) a staggered discontinuous
Galerkin (DG) scheme for the solution of the linear system
associated to the implicit discretization of the pressure sub-
system. The novel schemes are proved to be Asymptotic
Preserving (AP) and well-balanced by construction. Ac-
curacy and robustness are then validated against a set of
benchmark test cases with Froude numbers ranging in the
interval ≈ [10−6; 5].
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MS243

Power and Performance Oriented Analysis of Sten-
cils

Finite-difference stencils have been always one of the key
numerical schemes to solve PDE such as wave propaga-
tion for seismic computing, but also in other scientific
domains, such as heat transfer, fluid dynamic, electro-
magnetic and structural mechanics problems. Common
performance analysis focuses on the arithmetic intensity
to demonstrate the efficiency of algorithms by using well
known analysis such as multi-level rooflines when using
caches for both spatial and temporal blocking. It demon-
strates that in some cases, finite differences-based algo-
rithms can easily extend from high memory bandwidth de-
mand, up to strong compute demand. As energy-efficiency
becomes crucial in HPC in general, we focus on the energy-
to-solution extra dimension. We develop ad hoc tools based
on collection of CPU specific performance counters, for in-
stance instruction retired, frequencies and power/energy.
Gathering this altogether, we extract the pJ/FPop FoM
for various algorithms and different optimization levels and
technics. As the various algorithms have quite different
memory bandwidth or compute demands, we collect the
performance and power data at different CPU core and un-
core frequency data points. Our goal is to characterize dif-
ferent seismic computing algorithms from both the time-to-
solution and the energy-to-solution standpoints and adapt
the both code optimization and CPU settings to get the
best Perf/Watt.
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Automated Temporal Blocking in the Devito Com-
piler

The finite-difference (FD) method often solves PDEs, re-
sulting in stencil kernels. Our work is motivated by ac-
celerating stencil kernels through performance optimisa-
tions that exploit memory hierarchy. We focus on tempo-
ral blocking (aka time-tiling), which has long been proven
beneficial for performance. Temporal blocking reduces
the required memory bandwidth of stencil computations
by re-using data from the cache for multiple time steps.
However, applying temporal blocking to practical appli-
cations’ stencils remains challenging. These computa-
tions are more complex as they include sparsely located
operators not aligned with the computational FD grid,
like sources and receivers that perform scatter and gather
operations, boundary and initial conditions, complicated
physics, data dependencies and others. Like other stencil
optimisations, temporal blocking is error-prone and hard
to implement by hand, requiring careful software engineer-
ing. We present a fully-automated temporal blocking code
generation through Devito, demonstrated in various appli-
cations of significant industrial interest. Devito offers a
DSL to model simulations from a high-level symbolic ab-
straction and a compiler framework to automatically gen-
erate optimised stencil solvers. Our implementation works
in tandem with other domain-specific and compiler opti-

misations. We evaluate the performance of our scheme on
modern CPUs against highly-optimised stencil kernels gen-
erated by the Devito framework.
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MS243

Stencil Operator Inference Using Regression Tech-
niques

Due to rapid developments in the field of machine learn-
ing and data science, the derivation of mathematical rela-
tionships by learning ODEs or PDEs from field data has
gained much attraction in recent years. While this directly
yields a (more or less) continuous description of the un-
derlying problem, this leaves the application experts still
with the burden of discretizing the problem when a numer-
ical simulation is anticipated. I present recent work on the
inference of stencil expressions from prescribed field data,
i.e. learning directly a discrete relationship from the data.
Focussing on the use of regression techniques, I discuss
challenges such as the handling of noise in the data, sta-
bility of the derived stencil expressions or the treatment of
heterogeneous coefficients in space or time. I will base my
discussion on various well-known first- and second-order
differential problems and their solutions which are used to
generate the field data.
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Leveraging Stencil Computation Performance with
Temporal Blocking

Stencil computations constitute the core kernel in many
temporally explicit approaches found in structured grid
finite-difference, finite-volume, and finite-element dis-
cretizations of partial differential equation conservation
laws. Using various blocking dimensions, the Spatial
Blocking (SB) approach enables data reuse within mul-
tiple cache levels. Introduced in GIRIH, the Multi-core
Wavefront Diamond blocking (MWD) method further op-
timizes memory accesses of stencil algorithms by combining
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the concepts of diamond tiling and cache-aware wavefront
temporal blocking, leading to a significant increase in data
reuse and locality. We evaluate the performance of MWD
on a variety of recent multi-core architectures.
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MS244

Weak form System Identification: Computational
Efficiency and Application to an Ideal MHD Fluid

In recent years, data-driven modeling methods have re-
ceived substantial attention for their ability to learn equa-
tions directly from data. These approaches consider a can-
didate library of terms and use sparse regression to prune
the model to find the model which best describes the data.
Our Weak form Sparse Identification of Nonlinear Dynam-
ics (WSINDy) method transforms a vast number of compu-
tationally challenging system identification problems into
a simple weighted least squares solve. These systems can
be identified in seconds (on a laptop) and for many equa-
tions in the presence of greater than 100% noise levels.
In this talk, I will present an overview of WSINDy, high-
lighting the features that give WSINDy its computational
efficiencies. I will also present an illustration of applying
WSINDy to several challenging examples, including recov-
ering the equations of an ideal magneto-hydrodynamic fluid
in a simple test problem. I will also discuss potential future
improvement efforts.
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Structure Preserving Machine Learning, a Sym-
plectic Nn

In this talk, I will discuss symplectic neural networks and
neural asymptotic-preserving surrogates. For the first part
I will use field-line Poincare plots as an example and for the
second part I will use a recently developed nearly-periodic
symplectic neural network as an example. The latter can
be applied to guiding center dynamics of plasma.
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Non-Equilibrium Transport and the Curse of Di-
mensionality, the Need for Advanced Methods

Even with exascale computing, modeling non-equilibrium
transport for plasmas has major challenges. At the heart
of these challenge is the curse of dimensionality (CoD).
The CoD acknowledges that computational complexity
grows exponentially with the number of dimensions, mak-
ing many problems (specially in non-equilibrium regimes)
intractable. In this talk we will outline the challenges and
give a brief over view of a new effort, the center for hier-
archical and robust modeling of non-equilibrium transport
(CHaRMNET). CHaRMNET overview: The curse of di-
mensionality acknowledges that computational complexity
grows exponentially with the number of dimensions, mak-
ing many problems (specially in non-equilibrium regimes)
intractable. The CHaRMNET team is focused on devel-
oping a family of hierarchical approaches for problems in
plasmas, related to fusion energy, that leverage novel re-
duced representations. CHaRMNET brings together tra-
ditional hierarchical models in plasma science, structure
preserving algorithms (including structure preserving ML),
ML methods for model discovery, blended algorithms that
merge ML with traditional scientific computing, ML low
rank approximations, sparse-grid approximations, and new
algorithms for non-traditional computing platforms. This
multi-fidelity multi-model holistic approach to algorithm
development is designed to enable new discoveries and is
an essential aspect of CHaRMNETs vision.
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A Local Macroscopic Conservative (LoMaC) Low
Rank Tensor Method with the Discontinuous
Galerkin Method for the Vlasov Dynamics

In this paper, we propose a novel Local Macroscopic Con-
servative (LoMaC) low rank tensor method with discon-
tinuous Galerkin (DG) discretization for the physical and
phase spaces for simulating the Vlasov-Poisson (VP) sys-
tem. The LoMaC property refers to the exact local con-
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servation of macroscopic mass, momentum and energy at
the discrete level. The LoMaC low rank tensor algorithm
(recently developed in arXiv:2207.00518) simultaneously
evolves the macroscopic conservation laws of mass, mo-
mentum and energy using the kinetic flux vector splitting;
then the LoMaC property is realized by projecting the low
rank kinetic solution onto a subspace that shares the same
macroscopic observables. This paper is a generalization
of our previous work, but with DG discretization to take
advantage of its compactness and flexibility in handling
boundary conditions and its superior accuracy in the long
term. Extensive numerical results are performed to show-
case the efficacy of the method.
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MS245

Massively Parallel Bayesian Optimization

One way to reduce the time of conducting optimiza-
tion studies is to evaluate designs in parallel rather than
just one-at-a-time. For expensive-to-evaluate black-boxes,
batch versions of Bayesian optimization have been pro-
posed. They work by building a surrogate model of the
black-box that can be used to select the designs to eval-
uate efficiently via an infill criterion. Still, with higher
levels of parallelization becoming available, the strategies
that work for a few tens of parallel evaluations become lim-
iting, in particular due to the complexity of selecting more
evaluations. It is even more crucial when the black-box
is noisy, necessitating more evaluations as well as repeat-
ing experiments. Here we propose a scalable strategy that
can keep up with massive batching natively, focused on
the exploration/exploitation trade-off and a portfolio allo-
cation. We compare the approach with related methods
on noisy test functions. The results show similar or better
performance than existing methods, while being orders of
magnitude faster. Then we illustrate the potential on the
optimization of a large-scale epidemiological simulator.
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Handling Hidden Constraints in Blackbox Opti-
mization

In the context of blackbox optimization, the values of the
objective function and of the constraints are given through
industrial experiments of computer simulations. Some-
times, the values cannot be returned because the exper-
iment failed or the simulation crashed. This causes to lose
an evaluation in the budget for a point that brings very
little information. In such case, it is said that the point
hits a ’hidden constraint’. Therefore, it becomes helpful
to avoid those hidden constraints and use the information
given by the fact that a point is hitting or not a hidden con-
straint. This presentation offers different ways to handle

those hidden constraints using surrogates and subproblem
formulations in the algorithm MADS and shows numerical
results.
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Derivative-Free Variance-Reduced Jacobian
Sketching

We consider the setting of derivative-free finite-sum mini-
mization. Motivated in particular by problems in nuclear
model calibration, we suppose that each summand func-
tion is computationally expensive, and that moreover, the
summand functions can be evaluated independently. In
this setting, we propose and demonstrate a novel method
inspired by variance reduction methods in machine learn-
ing; such a method permits us to more judiciously select
a subset of summand functions to evaluate on each itera-
tion according to a particular probability distribution. We
then combine this methodology with sketching methods,
enabling judicious sketches of the problem Jacobian. Nu-
merical results demonstrating the efficiency of our Jacobian
sketching method will be presented.
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Derivative-Free Spectral Residual Methods for
Nonlinear Systems of Equations and Applications
to Wheel-Rail Contact Models in Railway Systems

Spectral residual methods are derivative-free and low-cost
per iteration procedures for solving systems of nonlinear
equations [La Cruz, W., Martinez, J. M., Raydan, M.
2006 Spectral residual method without gradient informa-
tion for solving large-scale nonlinear systems of equations.
Math. Comput. 75, 1429-1448]. They are generally cou-
pled with a nonmonotone linesearch strategy and compare
well with Newton-based methods for large nonlinear sys-
tems and sequences of nonlinear systems. The residual
vector is used as the search direction and the steplength
is inspired by the Barzilai Borwein method [Barzilai, J.,
Borwein, J. 1988 Two point step gradient methods. IMA
J. Numer. Anal. 8, 141-148]. Analogously to spectral gra-
dient methods for minimization, choosing the steplength
has a crucial impact on the performance of the procedure.
In this talk we address, both theoretically and experimen-
tally, the steplength selection and provide results on a real
application such as a rolling contact problem modelling a
wheel-rail contact in railway systems.
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MS245

Stochastic Blackbox Optimization Methods in the
Presence of Dynamical Constraints

In simulation-based optimization, one is often faced with
constraints that stem from physical processes, and are ex-
pressed under the form of differential equations. Recent
interest in machine learning architectures based on differ-
ential equations has generated renewed interest for this
class of problems. Indeed, it gave rise to several com-
plex optimization formulations where the dynamics play
a prominent role and the objective function can be viewed
as the result of an expensive procedure, typically not di-
rectly available to the optimizer. In this talk, we investi-
gate constrained optimization problems where the objec-
tive function is the result of a blackbox simulation, but the
dynamics expressed in the constraints are available as a
white box. We provide an algorithmic framework that is
equipped with theoretical guarantees, even when the ob-
jective function cannot be accessed directly, and stochastic
estimates are available instead. We also illustrate the per-
formance of our algorithm on task involving neural archi-
tectures inspired by differential equations.

Clement W. Royer
Université Paris Dauphine-PSL
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MS246

Enabling An Environment for a Sustainable Soft-
ware Development on HPC Systems

Research software is an increasingly important pillar of the
scientific environment. This comes with an increase in im-
portance for a sustainable and efficient development and
development workflows and RSE practices to be applied
for research software projects. An important cornerstone
for the efficient and sustainable development of these are
continuous integration and testing or similar techniques.
Commonly available solutions rely on shared, public infras-
tructures and services. While these offer good accessibility
and usability for many projects, they are not well suited for
all demands of software targeting usage on HPC clusters.
Such projects need to be developed, tested and verified
with the targeted cluster, architecture and potential usage
of accelerators in mind. In addition, infrastructure offer-
ing a stable and reliable environment, especially in terms
of performance, are an essential component for deriving
and comparing benchmark results in a continuous manner.
For supporting research software projects targeting HPC
clusters, an environment for a sustainable development,
which offers a similar usage-experience as the previously
mentioned services, needs to be adopted, integrated and
offered on HPC clusters.

Rene Caspart

Karlsruhe Institute of Technology (KIT)
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MS246

On the Path Towards Better Sustainability and
Productivity for Research Software

This talk will introduce the minisymposium and discuss
the ongoing challenges and solutions that will take the
research software development and user communities on
a path towards improved software sustainability and pro-
ductivity in scientific computing. We will discuss broad
challenges in these areas, both from the technical perspec-
tive (how different tools, techniques and better practices
help) as well as from the social perspective (how do peo-
ple/teams/communities that are made of personnel such
as research software engineers (RSEs) help). This talk will
inspire attendees to reflect on the roadblocks they face in
their teams, organizations, and communities; how to re-
align our focus on meeting these challenges; and how to
encourage culture change so as to build better scientific
software.
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MS246

Tools to Rapidly Develop Sophisticated HPC Soft-
ware Libraries

Applications run on supercomputers having heterogeneous
nodes require sophisticated HPC software libraries, e.g.,
Kokkos, VT, and these HPC software libraries provide
intelligent capabilities involving, e.g., load balancing, re-
silience, support for performance profiling and support for
debugging. These sophisticated HPC software libraries use
sophisticated heuristics or AI to guide its decisions dur-
ing application execution. For rapid development of such
HPC software, tools in particular low-level mechanisms
that sit just above compiler and runtime for paralleliza-
tion - need to be enhanced. In this talk, we first ex-
plain novel mechanisms implemented within MPIch and
clang/LLVM OpenMP, specifically (1) tunable locality-
sensitive loop scheduling for clang/LLVM’s OpenMP and
(2) the use of asynchronous communication through sup-
port for MPI continuations implemented in OpenMPI. We
provide theoretical analyses and show experimental results
of these features to demonstrate the effectiveness of the
features use within HPC software on current and future
supercomputing platforms. Finally, we discuss how these
features can be used as a tool within HPC software libraries
enable rapid development sophisticated strategies within
the libraries.

Vivek Kale
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Producing Software for Science with Class

The Computer Languages and Systems Software (CLaSS)
Group at Berkeley Lab researches and develops program-
ming models, languages, libraries, and applications for par-
allel and quantum computing. The open-source software
under development in CLaSS includes the GASNet-EX net-
working middleware, the UPC++ partitioned global ad-
dress space (PGAS) template library, the Berkeley Quan-
tum Synthesis Toolkit (BQSKit), and the MetaHipMer
metagenome assembler. This talk will start with an
overview of CLaSS software and the software sustainability
practices commonly employed across the group. The talk
will then dive more deeply into the our burgeoning contri-
butions to the ecosystem supporting modern Fortran, in-
cluding our test development for the LLVM Flang Fortran
compiler. This presentation will demonstrate how agile
software development techniques are helping to ensure ro-
bust front-end support for standard Fortran 2018 parallel
programming features. The talk will also present several
key insights that inspired our design and development of
the CoArray Fortran Framework of Efficient Interfaces to
Network Environments (Caffeine) parallel runtime library,
emphasizing the design choices that help to ensure sus-
tainability. Lastly, the talk will demonstrate the produc-
tivity benefits associated with the first Caffeine applica-
tion in Motility Analysis of T-Cell Histories in Activation
(Matcha).

Damian W. Rouson
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Automatically Exploring GPU Program Design
Spaces for Increased Productivity and Sustainabil-
ity

Graphics Processing Units (GPUs) have revolutionized the
computing landscape in the past decade and are seen as
one of enabling factors in recent breakthroughs in Arti-
ficial Intelligence. However, it is very difficult to unlock
to full computational power of the GPU. This is because
there are many degrees of freedom in GPU programming,
and typically only a handful of specific combinations of op-
timizations and parameter choices result in near-optimal
performance. To obtain such highly-efficient kernels it is
required to search vast and discontinuous program design
spaces, which is infeasible for programmers to do by hand.
Moreover, this search process would have to be repeated for
different hardware and for different input problems, lead-
ing to productivity and sustainability issues with GPU ap-
plications. This talk gives a brief introduction to Kernel
Tuner, a tool that allows programmers to create tunable
applications that can be automatically optimized for any
combination of hardware and input problems. Using run-
time kernel selection and compilation based on auto-tuning
results, programmers can create sustainable a pplications
that can achieve near optimal performance on a wide vari-
ety of hardware and inputs.

Ben van Werkhoven
Netherlends eScience Center
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MS247

Continuum Limit of the Eikonal Equation on
Graphs

In this work, we study a graph approximation of the
time-dependent (local) Eikonal equation with Dirichlet-
type boundary conditions, where the kernel in the non-local
problem is properly scaled. Based on the theory of viscos-
ity solutions, we prove existence and uniqueness of the vis-
cosity solutions of both the local and non-local problems,
as well as regularity properties of these solutions in time
and space. We then derive error bounds between the solu-
tion to the graph problem and its continuum limit both in
continuous-time (gradient flow) and Euler time discretiza-
tion. In particular, we establish that if the kernel scale
parameter decreases at an appropriate rate as n grows,
then almost surely, the solution of the problem on graphs
converges uniformly to the viscosity solution of the local
problem as the time step vanishes and the number vertices
n grows large.

Jalal Fadili
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MS247

Inverse Reinforcement Learning via Variantioanl
System Identification of Fokker-Planck Equation

Inverse Reinforcement Learning (IRL) is an inverse prob-
lem of Reinforcement Learning (RL) that uncovers the re-
ward function of a Markov decision process from observed
trajectories of an agent. It is an appealing way to quantify
the rationale behind the behavior of humans or any living
agents. Like other inverse problems, IRL is ill-posed and
becomes especially challenging when the transition model
is unknown or inaccessible for sampling because the evolu-
tion of states and actions depends both on the transition
model and the agent’s policy, which is derived from the
transition model as well together with the reward func-
tion. Current IRL approaches either assume the transition
model is accessible or utilize data-driven methods to esti-
mate the transition model beforehand without considering
physics. We propose a novel physics-aware IRL algorithm
that can simultaneously infer the reward function and tran-
sition probability function. We first build a connection be-
tween the value function in RL and the potential function
in the Fokker-Planck equation and then employ a varia-
tional system identification method to infer the potential
function. The reward function and transition probability
function can then be evaluated instantaneously with the
built connection. We demonstrate our new approach using
a Gridworld benchmark problem and a biological problem
of cancer cells.
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Monotone Discretizations of Levelset Convex Geo-
metric PDEs

We present a new algorithm that converges to level set
convex viscosity solutions of high-dimensional Hamiton-
Jacobi equations. The algorithm can be used to solve a
wide class of curvature motion PDEs, as well as a recent
Hamilton-Jacobi equation for the Tukey depth, which is a
statistical depth measure of data points. The algorithm is
based on monotone schemes that involve partial derivatives
in directions orthogonal to the gradient. We provide the
convergence analysis of the algorithm on regular Cartesian
grids and unstructured point clouds in any dimensions, and
numerical experiments that demonstrate approximated so-
lutions of affine flows in 2D and Tukey depth measure of
high dimensional data, such as MNIST and FashionMNIST
datasets.
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Implementation of Coupled Simulations in the
ForestClaw Library

We present an implementation of the coupling of two dis-
tinct adaptive simulations, run on a separate hierarchy of
adaptive Cartesian meshes within the ForestClaw library.
Both simulations have their own set of options, and own
meshes derived from p4est quadtree/octree meshes, and
solver characteristics. Through coupling, however, both
can be run in the same executable. This work goes be-
yond the typical coupling of hyperbolic solvers with elliptic
and/or parabolic solvers in that each simulation may in-
volve its own operator split approach and runs on its own
mesh. The target codes are solvers MAGICForest (Model
for Acoustic Gravity wave Interactions and Coupling, J.
Snively Embry-Riddle Aeronautic Univ. (ERAU)) with
the ionosphere code TreesGEMINI (Geospace Environment
Model of Ion-Neutral Interactions, M. Zettergren, ERAU).
MAGICForest currently runs within the ForestClaw envi-
ronment, and progress is being made to extend ForestClaw
with the GEMINI solvers. We will report on the progress
towards full coupling of these two solvers, and underlying
challenges that must be overcome to allow multiple simula-
tions to run and communicate through a single executable.

Scott Aiton, Donna Calhoun
Boise State University
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A Numerical Method of Self-Similar Solutions to
Ideal Magnetohydrodynamics by Using P4est

We present a numerical method to obtain self-similar so-
lutions to the ideal magnetohydrodynamics (MHD) equa-
tions using p4est. In this effort, the initial-value problem
(IVP) is converted into a boundary-value problem (BVP)
by eliminating time and transforming the system into self-
similar coordinates. The self-similar solution to the BVP
is then solved using an iterative method embedded in an

adaptive mesh refinement (AMR) framework based on the
p4est methodology. P4est is a parallel cell-based AMR
mesh generation and management software with a 2:1 bal-
ancing on computational domains composed of multiple
connected two-dimensional quadtrees or three-dimensional
octrees. Existing Riemann solvers (e.g., Roe, HLLD, etc.)
can be modified in a relatively straightforward manner and
used on the present problem. P4est effectively refines the
mesh around discontinuities and improves computational
efficiency. Extensive numerical tests illustrate that the ob-
tained self-similar solution to the BVP exhibits sharper
discontinuities than the corresponding IVP solution. In
problems where vortex sheets occur, the self-similar ap-
proach results in a well-posed system, when compared with
the IVP which experiences convergence loss with mesh re-
finement.
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Improved Parallelization of the Radiosity Method
for Visualization

The radiosity method is an approach to simulate
viewpoint-independent global illumination in contrast to
viewpoint-dependent methods like ray tracing. Radiosity
works by computing the pairwise light transfer between
surface patches in a scene, which are determined by en-
forcing strict local radiation balance. In this talk, we
present our approach to revive the radiosity method by us-
ing a distributed octree data structure, where the Morton
space-filling curve and the octree’s inherent recursivity lend
themselves to handle spatial data in parallel. This research
is an initial step towards parallel adaptive in-situ visual-
ization that utilizes a widely known simulation data struc-
ture. The MPI parallelization of the radiosity method is a
challenging task since the calculations to detect occluding
surfaces are highly non-local, and this non-locality of rel-
evant data requires communication schemes that limit the
communication runtime overhead by asynchronous point-
to-point MPI messages. Using this approach, we improved
the strong scaling of the radiosity method. We present the
current state of our research, an adaptive, parallel and na-
tively supported radiosity solver operating on a distributed
octree data structure and focus on the parallelization and
our scalability results.
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The Power of Modular Tree-Based AMR – Resolv-
ing Hanging Nodes and Cutting Holes

In this talk I will describe t8code, a new C/C++ library we
have developed to manage parallel adaptive meshes (AMR)
with various element types. t8code uses a collection (a for-



SIAM Conference on Computational Science and Engineering (CSE23)                                                    259258 CSE23 Abstracts

est) of multiple connected adaptive space-trees in parallel
and scales to at least one million MPI ranks and over 1 Tril-
lion mesh elements. t8code extends the well-known and ef-
ficient space-filling curve (SFC) technology from quads and
hexes to all commonly used element shapes. I will include
examples from several earth system modelling simulation
codes that use t8code.
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Tensor-Product Space-Time Goal-Oriented Error
Control and Adaptivity with Partition-of-Unity
Dual-Weighted Residuals for Nonstationary Flow
Problems

In this presentation, the dual-weighted residual method
is applied to a space-time formulation of nonstationary
Stokes and Navier-Stokes flow. Tensor-product space-time
finite elements are being used to discretize the variational
formulation with discontinuous Galerkin finite elements in
time and inf-sup stable Taylor-Hood finite element pairs
in space. To estimate the error in a quantity of inter-
est and drive adaptive refinement in time and space, we
demonstrate how the dual-weighted residual method for
incompressible flow can be extended to a partition of unity
based error localization. We derive the space-time Newton
method for the Navier-Stokes equations and substantiate
our methodology on 2D benchmark problems from compu-
tational fluid mechanics.
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MS249

Linear and Nonlinear Output Representations in
Operator Networks

Supervised learning in function spaces is an emerging area
of machine learning research with applications to the pre-
diction of complex physical systems such as fluid flows,
solid mechanics, and climate modeling. By directly learn-
ing maps (operators) between infinite dimensional function
spaces, these models are able to learn discretization invari-
ant representations of target functions. A common ap-
proach is to represent such target functions as linear com-
binations of basis elements learned from data. However,
there are simple scenarios where, even though the target
functions form a low dimensional submanifold, a very large
number of basis elements is needed for an accurate linear
representation. Here we present NOMAD, a novel operator
learning framework with a nonlinear decoder map capable
of learning finite dimensional representations of nonlinear

submanifolds in function spaces. We show this method is
able to accurately learn low dimensional representations
of solution manifolds to partial differential equations while
outperforming linear models of larger size. Additionally,
we compare to state-of-the-art operator learning methods
on a complex fluid dynamics benchmark and achieve com-
petitive performance with a significantly smaller model size
and training cost.
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Learning Moment-Preserving Filters for Discontin-
uous Data

Filters are used to enhance accuracy, remove noise, and
reduce spurious oscillations in a numerical approximation.
This is especially useful when unphysical artifacts such as
aliasing error or Gibbs phenomena arise, or when extract-
ing higher accuracy in a numerical solution. As part of this,
filters should increase the decay rate of the coefficients away
from a discontinuity. Near a shock, filters reduce spurious
oscillations. The motivation of this work is to minimize
the size of the region with order one numerical error typi-
cally found near a discontinuity, which in turn contributes
to enhancing the overall accuracy of a numerical approx-
imation. We propose a novel way to learn filters for dis-
continuous data while preserving moments. The learned
filter is a convolutional neural network, which learns from
time-evolved, linearly advected data of different initial con-
dition profiles that include C0 and C1 discontinuities. We
enforce a consistency condition as a hard constraint and
maintain polynomial reproduction through a penalty term
in the training. In this talk, we will present construction
and training aspects of our learned filter along with bench-
mark tests of the effectiveness of the filter.
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Colorado School of Mines
sterrab@mines.edu, swufung@mines.edu, jryan@kth.se

MS250

Quantum Algorithms for Scientific Computing: An
Introduction

In this talk I will provide an overview of the opportunities
and challenges in quantum algorithms for scientific com-
puting, starting with a brief introduction to quantum com-
puting. As such no background in quantum computing is
assumed and the talk is appropriate for any computational
scientist. By the end of the talk you will know the key
results and obstacles in the design of both ”NISQ” [Quan-
tum 2, 79] and error-corrected quantum algorithms, and
have the necessary background for upcoming talks in this
minisymposium.
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A Classical-Classical Type Approximation to
Quantum States

Quantum computation and related disciplines are opening
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a new are in computer science. Researchers are eager to un-
derstand certain behavior and exploit powerful functions to
make quantum computation more powerful and applicable.
Quantum correlation contributes remarkably to speeding
up algorithms by its non-negligible capability in process-
ing massive data. Surprisingly, not only do entanglements
have quantum correlations but separable states. However,
quantifying the quantum correlation has been proven as
an NP-hard problem, which drives us to approximate it
alternatively. We consider a more general situation that
turns quantifying quantum correlation into a particular
case. Through our talk, we will consider the Classical-
Classical ( CC) formation to approximate quantum states
in a bipartite system. The approximation problem is cast
into an optimization problem that constraints on Stiefel
manifolds. A Riemannian gradient-driven descent flow is
established to tackle the problem. We will finally show
the objective function will decrease along the flow and suc-
cessfully recover a synthetic CC state. Moreover, the con-
sistency and convergence of the proposed method will be
demonstrated via numerical results.
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MS250

Near-Term Quantum Algorithms for Optimization

One of the most prominent applications of quantum com-
puters is to solving hard constraint satisfaction and op-
timization problems. In this talk, I will discuss recent
work on the applicability of the near-term quantum al-
gorithm QAOA (the Quantum Approximate Optimization
Algorithm) to problems in this domain. First I will discuss
theoretical and numerical results on the ability of QAOA
to solve the fundamental boolean satisfiability problem, in
the form of random k-SAT. In this setting, based on these
results, QAOA may be able to outperform leading clas-
sical algorithms. Second, I will discuss whether QAOA
could be applied to solve hard protein folding problems. In
this case, the situation seems more challenging and QAOA
may not significantly outperform existing methods. This
talk is based on the papers arXiv:2208.06909 (joint work
with Sami Boulebnane) and arXiv:2204.01821 (joint work
with Sami Boulebnane, Xavier Lucas, Agnes Meyder, and
Stanislaw Adaszewski).
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Constrained Combinatorial Optimization with
Multi-Qubit Gates

Quantum algorithms for unconstrained optimization prob-
lems, such as the Quantum Approximate Optimization Al-
gorithm (QAOA), have become increasingly popular. Re-
cent work has shown that the QAOA can also be applied
to constrained combinatorial optimization problems by in-
corporating the problem constraints within the design of

the quantum circuit ansatz. This work investigates the re-
source requirements of QAOA when targeting instances of
the Maximum Independent Set problem. We consider three
variants of QAOA each of which make different tradeoffs
between the amount of quantum and classical resources
required. Additionally, we consider the quantum cost of
decomposing the QAOA circuits for hardware which may
support different qubit technologies and native gate sets.
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A Theory of Quantum Differential Equation
Solvers: Limitations and Fast-Forwarding

We study limitations and fast-forwarding of quantum al-
gorithms for solving linear ordinary differential equation
(ODE) systems with the focus on non-quantum dynam-
ics, where the coefficient matrix in the ODE is not anti-
Hermitian or the ODE is inhomogeneous. On the one hand,
for homogeneous linear ODEs, by proving worst-case lower
bounds, we show that generic quantum algorithms suffer
from computational overheads due to two types of “non-
quantumness’: real part gap and non-normality of the coef-
ficient matrix. We then reach the conclusion that quantum
algorithms are most efficient at solving quantum dynamics.
To obtain these lower bounds, we propose a general frame-
work for proving lower bounds of quantum algorithms that
can be regarded as amplifiers (i.e., can amplify the dif-
ference between a pair of quantum states). On the other
hand, improved asymptotic complexity scalings and fast-
forwarding are possible for special cases of ODEs. We ob-
tain quadratic to exponential improvements in terms of the
evolution time and the spectral norm of the coefficient ma-
trix in several cases, including inhomogeneous ODEs with
negative definite coefficient matrix, inhomogeneous ODEs
with restricted eigenvalues and eigenstates, and spatially
discretized inhomogeneous heat equation and advection-
diffusion equation. Our fast-forwarding algorithms are con-
ceptually different from existing ones in the sense that nei-
ther time discretization nor solving high-dimensional linear
systems is required.
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MS251

A Numerical Study of a Micro-Macro Model-
Reduced 3-Level Parareal Method for Scale-
Separated SDEs

Time-parallel methods can reduce the wall clock time re-
quired for the accurate numerical solution of a Stochas-
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tic Differential Equation (SDE) by parallelizing across the
time-dimension. In this talk, we study the convergence
behavior of a multiscale, micro-macro version of a 3-level
Parareal method. In our method, the fine propagator
of the SDE is based on a high-dimensional slow-fast mi-
croscopic model; a hierarchy of coarser propagators are
model-reduced versions of the latter, that capture the low-
dimensional, model-reduced, effective dynamics at slower
time scales. We investigate numerically how the model er-
rors of the approximate models influence the convergence
of the micro-macro 3-level Parareal algorithm.
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MS251

Multigrid-Reduction-in-Time for Large Eddy Sim-
ulation

Simulations of turbulent flow present challenges in terms of
accuracy and affordability on modern highly-parallel com-
puter architectures. A multigrid-reduction-in-time algo-
rithm is used to provide a framework for separately evolv-
ing different scales of turbulence and for parallelizing the
temporal domain, thereby increasing the concurrency. It
is hypothesized that the space-time locality of the small
scales of turbulence can be used to circumvent difficulties
in applying temporal multigrid to flows dominated by iner-
tial physics. For algorithms that fall well short of spectral
accuracy (fourth-order is used in this work) attention must
be paid to the accuracy of features on scales transferred
between multigrid levels. Results from applying the ap-
proach to an infinite-Reynolds number Taylor-Green flow
provide strong evidence that the approach has merit. The
multigrid-reduction-in-time framework can be used to par-
allelize the temporal domain of a high-Reynolds-number
turbulent flow and permit independent convergence of dif-
ferent scales.
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MS251

Multigrid Reduction-in-Time for Linear Advection
Problems

In recent decades, many iterative parallel-in-time meth-
ods have been proposed for efficiently solving diffusion-
dominated partial differential equations (PDEs). However,
most of these approaches are not efficient when applied
to hyperbolic PDEs, or advection-dominated PDEs more
broadly. In this talk, we consider the specific parallel-in-

time algorithms of multigrid reduction-in-time (MGRIT)
and Parareal. We discuss recent advances we have made in
solving linear hyperbolic PDEs with these methods. This
includes improved theoretical understanding of the difficul-
ties that arise when applying these methods to hyperbolic
PDEs, and new and improved coarse-grid operators that
use semi-Lagrangian discretization techniques.
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MS251

Multigrid Reduction in Time for Chaotic Problems

Multigrid Reduction in Time (MGRIT) extends the well
known two-level Parareal algorithm to a full multi-
grid method, and has demonstrated optimal scaling for
parabolic problems. However, chaotic problems have
proved more difficult, since chaotic initial value problems
are inherently ill-conditioned. MGRIT relies on a hierar-
chy of successively coarser time-grids to iteratively correct
the solution on the finest time-grid, but due to the nature
of chaotic systems, subtle inaccuracies on the coarser lev-
els can lead to poor coarse-grid corrections. We propose
a modification to nonlinear FAS multigrid, as well as a
novel time-coarsening scheme, which together better cap-
ture long term behavior on coarse grids and greatly improve
convergence of MGRIT for chaotic initial value problems.
We present our implementation of the algorithm in the
XBraid software package, and provide supporting numeri-
cal results for the Lorenz system and demonstrate parallel
speedup for the KuramotoSivashinsky equation.
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MS252

Efficient Proximal Subproblem Solvers for An In-
exact Nonsmooth Trust-Region Method

Minimizing the sum of a smooth and nonsmooth function
has been the core structure of many optimization appli-
cations in recent years. These include basis pursuit de-
noise problems in data science, optimal control of partial
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differential equations, and, more generally, where inverse
problems desire sparsity in the optimized parameters. In
previous work, we developed novel trust-region methods
that minimize the sum of a smooth, nonconvex and a non-
smooth yet convex function. A question left open by both
such work is how to solve the subproblem, which is often a
quadratic model of the smooth component added to either
the nonsmooth regularizer or a model of the regularizer.
This work elaborates on potential trust-region subproblem
solvers for various assumptions on the nonsmooth compo-
nent. We extend our inexactness criteria to the nonsmooth
regularizer and the evaluation of proximal operators, which
form the core of the trust region routine. For convex non-
smooth regularizers, we describe variations of a spectral
projected gradient algorithm, a nonlinear conjugate gradi-
ent routine, and a dogleg method. Finally, we illustrate
performance on numerical examples in PDE-constrained
optimization.

Robert Baraldi
Sandia National Laboratories
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rjbaral@sandia.gov
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An Interior Proximal Gradient Method for Non-
convex Optimization

In this talk we consider composite minimization problems
subject to smooth inequality constraints and present an
algorithm that combines interior point (IP) and proximal
gradient schemes. While traditional IP methods cannot
cope with nonsmooth objective functions and proximal
algorithms cannot handle complicated constraints, their
combined usage is shown to successfully compensate the
respective shortcomings. We provide a theoretical charac-
terization of the algorithm and its asymptotic properties,
deriving convergence results for fully nonconvex problems,
thus bridging the gap with previous works that successfully
addressed the convex case. Our interior proximal gradient
algorithm benefits from warm starting, generates strictly
feasible iterates with decreasing objective value, and re-
turns after finitely many iterations a primal-dual pair ap-
proximately satisfying suitable optimality conditions.
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Proximal Quasi-Newton Methods for Nonsmooth
Regularized Bound-Constrained Optimization

We develop an interior-point method for nonsmooth reg-
ularized bound-constrained optimization problems of the
form x ≥ 0. Steps are computed by minimizing the sum
of models of the smooth f and nonsmooth h terms, with
the smooth term containing the barrier information. This
subproblem minimization is done via a first-order method,
such as proximal gradient descent. Both f and h may
be nonconvex. We establish global convergence to a first-
order stationary point under the assumptions that f has
Lipschitz-continuous gradients and h is proper and lower-
semicontinuous. We comment on the complexity of our ap-
proach to bring a measure of stationarity below � ∈ (0, 1).
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Global Convergence of Operator Splitting Methods
in Absence of Monotonicity

Splitting methods have seen widespread use in a variety
of applications in both optimization and for solving vari-
ational inequalities. Despite this popularity, convergence
results of these methods have been largely limited to the
convex/monotone setting. In this work, we study two such
methods in the absence of the monotonicity assumption
and without requiring smoothness, namely DouglasRach-
ford splitting (DRS) and the Chambolle-Pock (CP) algo-
rithm. To this end, we introduce the concept of semimono-
tonicity and provide sufficient conditions for global conver-
gence of DRS and CP involving the sum of two semimono-
tone operators. Most notably, it is shown that DRS and CP
converge even when the sum of the involved operators (or
of their inverses) is nonmonotone. Our analysis relies on
establishing a connection between both methods and the
preconditioned proximal point algorithm applied to a cor-
responding underlying operator satisfying an oblique weak
Minty assumption.
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Frequency Sweep for the Helmholtz Equation: Pre-
conditioning and Efficient Solves

Boundary integral equation discretizations for the scalar
Helmholtz equation lead to large dense linear systems. Ef-
ficient boundary element method (BEM) solvers, such as
the fast multipole method (FMM) and H-matrix based
methods, focus on structured low-rank approximations of
subblocks in these systems. The ranks of these sub-
blocks increase linearly with the wavenumber. Recently,
in [S. Dirckx, D. Huybrechs & K. Meerbergen, “Frequency
extraction for BEM-matrices arising from the 3D scalar
Helmholtz equation”, (to appear in SISC)], we explored
a data compact representation of the wavenumber de-
pendence of these BEM matrices, based on a technique
called ‘frequency extraction’. This allows for the effi-
cient, quadrature-free construction of all relevant BEM-
matrices in a pre-selected wavenumber range. Now we
explore preconditioning techniques and efficient frequency
sweeps. The preconditioning is two-fold. Firstly, we can
generate so-called ‘operator preconditioners’ quadrature-
free from our data-compact representation, resulting in
mesh-independent condition numbers of the BEM-systems.
Secondly, Krylov subspace recycling is used to accelerate
convergence of iterative solvers (e.g. GMRES), by collect-
ing strategically chosen deflation subspaces. Our data-
compact representation is augmented by these deflation
spaces, and can then be used to accelerate solves at ar-
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bitrary wavenumbers in the selected range.
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An OSRC Preconditioner for the EFIE

The Electric Field Integral Equation (EFIE) is a well-
established tool to solve scattering problems, but the devel-
opment of efficient and easy to implement preconditioners
for this equation remains an active research area. In recent
years, operator preconditioning approaches for the EFIE,
where the electric field operator is regularised by multi-
plication with another convenient operator, have become
popular. A particular operator that is likely to be consid-
ered as a preconditioner is the exact Magnetic-to-Electric
(MtE) operator. However, evaluating this operator is as ex-
pensive as solving the original EFIE. In [El Bouajaji, M.,
Antoine, X., & Geuzaine, C. Approximate local magnetic-
to-electric surface operators for time-harmonic Maxwell’s
equations. Journal of Computational Physics], approxi-
mate local Magnetic-to-Electric surface operators for the
time-harmonic Maxwell equation were proposed that can
be efficiently evaluated through the solution of sparse sur-
face problems. In [Fierro-Piccardo, I., & Betcke, T. An
OSRC Preconditioner for the EFIE ] and this presentation
we show the preconditioning properties of the approximate
MtE operator for the EFIE. We describe the implemen-
tation and present a number of numerical comparisons
against other preconditioning techniques for the EFIE to
demonstrate the effectiveness of this new technique.
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Accurate Numerical Quadrature for 2D Stokes
Flow Quantities in a Boundary Integral Equation
Framework

Highly accurate quadrature schemes for computing the ve-
locity, pressure, stress, vorticity, pressure gradient, velocity
gradient and their averages, of a 2D Stokes flow are pre-
sented. There are many benefits of using a boundary in-
tegral method such as this one to numerically solve Stokes
equations. An advantage is that the dimensionality is re-
duced by one as the partial differential equation is rewritten
into a boundary integral equation that must only be solved
over the boundary of the domain in order to determine a
so-called layer density. As a post-processing step, different
quantities of the flow can be found via integrals of the layer
density, which become difficult to accurately compute when
evaluated at or close to the boundary of the domain due
to the Greens function in the integrand. Periodic problems
are also considered, where so-called Ewald decompositions
of the aforementioned quantities are derived to allow for

rapid evaluation of the arising sums using FFTs.
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Computing Singularand Near-Singular Integrals
over Curved BoundaryElements

In this talk, we present algorithms for computing singu-
lar and near-singular integrals arising when solving the
3D Helmholtz equation with curved boundary elements.
These are based on the computation of the preimage of
the singularity in the reference element’s space using New-
ton’s method, singularity subtraction, the continuation ap-
proach, and transplanted Gauss quadrature. We demon-
strate the accuracy of our method for quadratic basis func-
tions and quadratic triangles with several numerical exper-
iments, including the scattering by two half-spheres.
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A High-Order Close Evaluation Scheme of Stokes
Layer Potentials in 3D

The close evaluation problem arises when using boundary
integral methods to simulate dense suspensions of parti-
cles in Stokes flow. In this talk, we present a high-order
evaluation scheme of Stokes layer potentials to handle ar-
bitrary geometries in three dimensions, which is crucial
to model the hydrodynamic interactions and detailed flow
structure. The scheme relies on expressing Stokes layer
potentials in terms of Laplace potentials and a recently in-
troduced differential geometry approach to convert nearly
singular surface integral into several line integrals. We then
demonstrate the application of this method through several
numerical examples.
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Continuous Testing and Benchmarking in a HPC
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Sparse Linear Algebra Software

With a strong reliance on research software projects in both
industry and for scientific simulations, research software
sustainability is increasingly becoming a major point of
contention. A necessary but nonsufficient aspect of soft-
ware sustainability is Continuous Integration and Bench-
marking (CI/CB/Cx). In addition, a mathematical and
HPC software’s testing strategies can be complex due to
the different hardware behavior, and the need to ensure
numerical accuracy. In this talk, we will showcase the Cx
practices of the Ginkgo sparse linear algebra framework,
which was designed with unit testing, good software design
techniques as well as Cx practices as centerpieces. Because
of HPC software constraints, access to HPC clusters for
both CI and CB is essential to ensure correctness. We will
showcase our testing and design strategies as well as our
configurable solution for running Cx on HPC clusters.
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Ensuring Reliability in Next-Generation Linear Al-
gebra Libraries

The SLATE project is a GPU-accelerated, distributed
memory, dense linear algebra, comparable in scope to
ScaLAPACK. To ensure its reliability over a diverse set
of platforms, including CUDA, ROCm, and oneMKL, we
built an extensive test suite with continuous testing to ex-
ecute a standard set of acceptance tests before merging
in code. Tests and experiments with SLATE require ex-
ploring values for a wide variety of parameters – matrix
dimensions, block sizes, transposition operations, storage
format, CPU or GPU computation, MPI grid dimensions,
algorithm choice, test matrices, etc. For this purpose, we
developed the TestSweeper library to perform parameter
sweeps, which provides significant flexibility and ease of
use compared to LAPACK’s robust test suite. For instance,
TestSweeper parameters are specified on the command line,
as individual values or ranges. New parameters are triv-
ial to add with several lines of code. Output is in tabular
form to be both human readable or parsed by scripts, such
as by Python’s pandas for analysis and plotting. SLATE
includes an extensive test matrix generation code, with a
flexible string description of the matrix types. We also
touch on testing SLATE, LAPACK, and BLAS for consis-
tent propagation of Inf and NaN exceptional values, which
the existing reference BLAS and many vendor BLAS do
not handle consistently.
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Testing and Debugging for Numerical Exceptions
in GPU Scientific Applications

Testing scientific applications for numerical correctness and
reproducibility in GPU systems is a challenging task. De-
tecting and mitigating floating-point exceptions, such as
division by zero or not a number (NaN) operations, is cru-
cial in any testing campaign since such operations can lead
to unreliable numerical answers or reproducibility issues.
Commonly used GPUs, such as NVIDIA GPUs, provide no
support to detect floating-point exceptions, which makes
it tricky for developers to mitigate such errors. In this
talk, we present techniques and tools to mitigate differ-
ent classes of numerical exceptions and anomalies, with
a particular focus on GPUs. We present FPChecker and
BinFPE, two tools based on LLVM instrumentation and
binary instrumentation to detect the location of code af-
fected by floating-point exceptions in the CPU and GPU;
we also present Xscope, a Bayesian optimization approach
to find inputs that trigger such exceptions in the GPU.
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Constrained-Based Testing for Floating-Point
Code: Challenges and Opportunities

Computational science code makes intense use of floating-
point numbers. Unfortunately, powerful constraint-based
analysis techniques rarely support floating point, or they
scale poorly to this domain. In this talk, I will discuss our
experience developing techniques that can reason about
floating-point constraints. These include methods that
make use of the theory of floating point offered by some
SMT solvers, solving floating-point constraints via fuzzing,
and approximating floating point via fixed point. Based
on joint work with Daniel Liew, Daniel Schemmel, Alas-
tair Donaldson, Rafael Zhl, Klaus Wehrle, Thom Hughes,
Martin Nowack, J. Ryan Stinnet.
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Deploying a Tensor Network Simulator on Modern
HPC Architectures

We present QXTools, a framework for simulating quantum
circuits using tensor network methods. QXTools is written
in Julia and is designed to run on large distributed compute
clusters and to support GPU accelerators. We discuss the
deployment of QXTools on different HPC systems, avail-
able on the LRZ Bavarian Energy, Architecture, and Soft-
ware Testbed (BEAST) and including ARM ThunderX2
(THX2), Fujitsu A64FX, AMD Rome and Intel Xeon Sky-
lake. The application can run within containers on such
systems, without compromising security, stability, and per-
formance, thus ensuring a simple workflow for HPC users.
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Tensor Networks From Quantum Mechanics to Ar-
tificial Intelligence

Tensor Networks (TNs) are a numerical tool initially de-
signed to simulate quantum many-body systems on a clas-
sical computer. Since their first success story over three
decades ago, TNs have been applied to investigate various
quantum systems, such as Lattice Gauge Theories mod-
elling the fundamental particles of our universe or con-
densed matter systems underlying the upcoming technol-
ogy of Quantum Computers. However, in recent years
it turned out that TNs can be seen as a more general
tool for representing information with applications in do-
mains, such as applied mathematics, Informatics or medi-
cal physics. In fact, we at Tensor Solutions are a start-up
developing AI-Technology based on this quantum-inspired
method. In this talk, I will present the concept of Ten-
sor Networks and their journey from addressing problems
in Quantum physics up to solving Machine Learning prob-
lems in Artificial Intelligence.
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Simulation of Quantum Circuits with Tensor Net-
works

In this talk, I will introduce two tensor-network methods

targeting the sampling problem of the Sycamore circuits.
The first method computes amplitudes and probabilities
for a large number of correlated bitstrings. The obtained
results verify the Porter-Thomas distribution of the large
and deep quantum circuits of Google and can be used for
spoofing the linear cross entropy benchmark of quantum
supremacy using a post-sampling approach. The second
method can be used to generate one million uncorrelated
bitstrings which are sampled from a final distribution of
the Sycamore circuit with 53 qubits and 20 cycles. With
the approximate state having fidelity of roughly 0.0037.
The whole computation has cost about 15 hours on a com-
putational cluster with 512 GPUs. If our algorithm could
be implemented with high efficiency on a modern super-
computer with ExaFLOPS performance, we estimate that
ideally, the simulation would cost a few dozens of seconds,
which is faster than Google’s quantum hardware.
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A Discontinuous Galerkin-Finite-Difference Hy-
brid Method for Computational Astrophysics

Conservative finite difference and finite volume methods
have proven extremely robust and reliable for magnetohy-
drodynamics simulations of binary neutron star mergers,
core collapse supernova, and accretion onto a black hole.
However, finite difference methods are generally less accu-
rate and efficient than spectral methods when the solution
is smooth, e.g. away from the stellar surfaces and shocks.
The attractiveness of spectral methods has been demon-
strated by thousands of long and highly accurate binary
black hole simulations. Discontinuous Galerkin methods
seek to provide the accuracy of spectral methods while also
robustly capturing shocks in hydrodynamics simulations.
I will give an overview of a discontinuous Galerkin-finite-
difference hybrid method that inherits the best properties
of both spectral and finite difference methods. I will show
longterm simulations of magnetized and rotating neutron
stars, as well as test problems to demonstrate the reliability
and accuracy of the hybrid method.
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A Two-Moment Neutrino Transport Method for
Nonrelativistic Fluid Velocities

When modeling neutrino transport through a moving fluid,
the use of momentum space coordinates associated with a
frame of reference comoving with the fluid greatly simpli-
fies the inclusion of neutrino-matter interactions. How-
ever, this choice of momentum space coordinates compli-
cates the discretization of the phase-space advection op-
erator due to the appearance of velocity-dependent terms.
In this context, we consider a multidimensional, spectral
two-moment model — closely related to that promoted by
Lowrie, Mihalas, and Morel (2001; JQSRT, 69, 291-304)
— which includes special relativistic effects to order v/c,
where v is the fluid velocity and c is the speed of light.
This model maintains wave speeds bounded by c and is
consistent with conservation of energy and momentum in
the laboratory frame. Here we present a numerical method
for evolving this model. The method uses the discontin-
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uous Galerkin method for phase-space discretization and
implicit-explicit time-stepping. The method is carefully
constructed to maintain physical radiation moments dur-
ing evolution. We also consider convergence of the implicit
neutrino-matter coupling solver and the simultaneous con-
servation of particle number and energy. Numerical results
that demonstrate the properties of the proposed method
will be presented.
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Neutrino Radiation Hydrodynamics with Thor-
nado and Weaklib

Neutrino-matter coupling via weak interactions is one of
the most important physical mechanism in the evolution of
core-collapse supernovae (CCSN). In this talk, we will de-
scribe recent changes to the toolkit for high-order neutrino-
radiation hydrodynamics (thornado), a code to simu-
late neutrino radiation hydrodynamics in a spectral two-
moment model using the discontinuous Galerkin method,
as well as WeakLib, a library that provides the weak inter-
action opacity tables used in thornado. We will describe
the update of WeakLib from the canonical neutrino opac-
ity set of Bruenn (1985) to now include nucleon-nucleon
Bremsstrahlung and electron capture on heavy nuclei us-
ing a table of electron capture rates and the corresponding
spectra of emitted electron neutrinos, as well as the neces-
sary changes to thornado to use these new opacities. We
will present results from detailed comparisons of CCSN
simulations using the canonical Bruenn 1985 opacity set
and the updated opacity tables in WeakLib.
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Multi-Dimensional MHD Core Collapse from the
Onset of the Explosion to Nucleosynthesis

Core-collapse supernova form a diverse class of explosions
produced at the end of the lives of massive stars. Studying
these events is heavily dependent on supercomputing due
to the complexity of the turbulent flows and the neutrino
transport in dense matter. We rely on a high resolution
code in a hybrid parallelisation model (OpenMP/MPI) to
solve the coupled equations of magnetohydrodynamics and
two-moment neutrino transport. Our three-dimensional
models including all relevant physics and covering long
simulation times demonstrate how the subset of progen-
itors with strong magnetic fields and high rotational en-
ergies can be responsible for producing particularly high
explosion energies and for playing an important role in
the chemical enrichment of early galaxies with heavy ele-
ments in ways that are not accessible to ordinary, primarily
neutrino-driven explosions.
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Studies of Transition to Turbulence in Oscillatory
Cerebrospinal Fluid Flow

Presence of turbulence like flow fluctuations in physiologic
flows has been known since a long time. In this work we
study oscillatory flow in stenosed geometries to quantify
and characterize the onset of turbulence in zero mean os-
cillatory flows. Simulations on a stenosed pipe in axisym-
metric and eccentric configurations were conducted using
the LBM solver Musubi with various Reynolds numbers
and pulsation frequencies. Stenosis with area reduction of
75%, 60%, 50% and 25% were studied in both axisymmet-
ric and eccentric configurations. Meshes of up to 2.8 bil-
lion cells were created and simulations were conducted on
300000 CPU cores of the SuperMUC-NG petascale system
in Munich, GERMANY. Main findings include: 1. The
flow transitions only in higher degrees of stenosis namely
50%, 60% and 75%, where Re 1800 is the approximate
threshold for transition. 2. The flow reversal stabilizes the
flow field. 3. A higher pulsation frequency leads to earlier
breakdown of flow a phenomenon that is seen mostly for
lower stenoses degrees. 4. The eccentricity of the stenosis
is one of the major factors for flow transition. The results
advocate that transition to turbulence is a possibility in
physiologic flows, and the geometry of the conduit is the
most prominent factor that results in the onset of turbu-
lence.
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Refactoring Legacy Fortran Applications to Lever-
age Modern Heterogeneous Architectures in
Extreme-Scale CFD

Recent trends and advancement in including more diverse
and heterogeneous hardware in High-Performance Com-
puting is challenging software developers in their pursuit
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for good performance and numerical stability. The well-
known maxim ”software outlives hardware” may no longer
necessarily hold true, and developers are today forced to
re-factor their codebases to leverage these powerful new
heterogeneous systems. In this talk, we present Neko -
a portable framework for high-order spectral element flow
simulations. Unlike prior works, Neko adopts a modern
object-oriented Fortran 2008 approach, allowing multi-tier
abstractions of the solver stack and facilitating various
hardware backends ranging from general-purpose proces-
sors, accelerators down to exotic vector processors and
Field-Programmable Gate Arrays (FPGAs) via Neko’s de-
vice abstraction layer. Focusing on Neko’s performance,
scalability, and accuracy, we present performance measure-
ments on a wide range of accelerated computing platforms,
including the EuroHPC pre-exascale system LUMI, for per-
forming large-scale direct numerical simulation (DNS) of
turbulent fluid flow.
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Numerical Precision in High-Fidelity Computa-
tional Fluid Dynamics

The impact of numerical precision, both with regard to ac-
curacy and potential performance improvements, has gar-
nered increased interest in several different domains of com-
putational science. However, it is an open question what
numerical precision is required for a specific simulation in
computational fluid dynamics (CFD). While we have con-
ventionally relied on double-precision arithmetics, several
factors affect what numerical precision is required to ob-
tain a resolved flow field. In this presentation, we talk
about our work to assess how the numerical precision re-
quirements depend on the fluid scales and simulation size,
both in theory and practice. We investigate how numeri-
cal precision affects a series of different flow cases and try
to isolate the impact of numerical precision and connect
it to the dynamics and properties of the considered flow
cases. To do this we perform experiments with different
discretization schemes and perform a series of computa-
tional experiments. We focus on direct numerical simu-
lations and shed some light on what machine epsilon is
required in the best case to perform a resolved CFD simu-
lation. Finally, we address whether even higher numerical
precision will be required in order to perform direct nu-
merical simulations on exascale and post-exascale parallel
systems.
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Walberla: a Multi-Physics Open-Source Software
Framework for Scalable and Efficient CFD

waLBerla is a modern open-source massively parallel mul-
tiphysics simulation framework with a focus on CFD ap-
plications. It uses the lattice Boltzmann method (LBM),
which is an alternative to classical Navier-Stokes solvers
for computational fluid dynamics simulations. waLBerla
scales on some of the top clusters in the world due to
carefully designed distributed data structures. As a show-
case, we use particle-resolved sediment transport simula-
tions using LBM and the discrete element method (DEM).
In this scenario, the LBM simulation dominates the compu-
tational cost. In our implementation, the LBM simulation
runs on the GPU and the DEM simulation on the CPU.
We analyze the performance on a heterogeneous compute
cluster.
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MS257

Improving Parallel Scalability of High-Order Pre-
conditioners on GPUs

Matrix-free methods for the solution of linear systems aris-
ing from high-order finite element discretizations of par-
tial differential equations, such as the Poisson equation,
require robust preconditioners. Two classes of precondi-
tioners prove most effective: multigrid and low-order finite
element methods. For multigrid preconditioners built on
geometric p-multigrid on GPU architectures, the commu-
nication dominated coarse grid solve hinders the parallel
scalability of the preconditioner. We propose a strategy
to mitigate the increase coarse grid solve cost at scale
by treating the coarse grid solve as an additive, rather
than multiplicative, correction. This allows overlapping
the coarse grid solve, which utilizes the CPU, and the re-
mainder of the multigrid cycle, which utilizes the GPU. A
hybrid p-multigrid and low-order finite element precondi-
tioner is also proposed. We demonstrate the effectiveness
of these two novel approaches on a variety of problems aris-
ing from the spectral element discretization of the Navier-
Stokes equations, spanning up to P = 6144 NVIDIA V100
GPUs on Summit.
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MS258

Modeling of Chemical Reactions in Rarefied Gas
Flows by the Fokker-Planck Method

Flows encountered in space applications, like atmospheric
reentry or thruster plume expansion and interactions, can
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be described by the well-known Boltzmann equation. A
common approach to numerically solve it is the Direct
Simulation Monte-Carlo (DSMC). The method is very effi-
cient for high Knudsen numbers but becomes increasingly
computationally intensive when approaching the contin-
uum limit. In this regime the Boltzmann equation can
be numerically solved using the recently proposed kinetic
Fokker-Planck method which, like DSMC, relies on simu-
lated particles to transport mass, momentum and energy
through the flow domain, but does not resolve individual
collisions. While this approach has been extended to mix-
tures and diatonic gases, the modeling of chemical reac-
tions remains a research topic. Many problems arise from
the fact that properties of the reactants need to be consid-
ered to evaluate a chemical reaction. This contradicts the
Fokker-Planck approach that achieves its linear scaling in
terms of particle numbers by forgoing the creation of inter-
action pairs. In this paper we propose a novel approach to
model chemical reactions in Fokker-Planck which aims to
conserve mass, energy and momentum while retaining the
performance advantages in areas of high density.
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MS258

A Low-Variance Particle Collision Scheme for Vari-
able Weight DSMC Simulations

Numerical simulation of rarefied plasmas often makes use
of Particle-in-Cell-Direct Simulation Monte Carlo (PIC-
DSMC) codes [Birdsall, C. K., Particle-in-cell charged-
particle simulations, plus Monte Carlo collisions with neu-
tral atoms, PIC-MCC. Trans. Plasma Sci., 19(2), 1991],
which simulate the motion of a large number of computa-
tional particles, each of which represents a large number of
actual molecules, atoms, or electrons. Particle-particle and
particle-surface collisions in such codes are performed in a
stochastic manner: a single process is simulated for each
collision, with the process being randomly chosen based on
the probability of it taking place. In the present work a
new collision and boundary condition simulation scheme,
dubbed ”event splitting” [Oblapenko, G. et al, Hedging
direct simulation Monte Carlo bets via event splitting, J.
Comput. Phys., 466, 2022], is investigated. It simulates
multiple events simultaneously via splitting of the parti-
cles involved in the collision and has been shown to sig-
nificantly reduce the level of stochastic noise in unsteady
breakdown simulations. The scheme is applied to 1-D mod-
elling of discharges in rarefied argon and helium plasmas,
and compared to standard PIC-DSMC collision routines
in terms of computational efficiency and numerical noise.
Georgii Oblapenko acknowledges the funding provided by
the Alexander von Humboldt Foundation for his stay as a
guest researcher at the German Aerospace Agency (DLR).
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MS258

Explicit Modal Discontinuous Galerkin Method for
the Vlasov-Poisson System

In plasma physics, the Vlasov-Poisson system character-
izes the behavior of a collisionless plasma subject to elec-
trostatic effects in terms of the corresponding distribu-

tion function in phase space. Due to high dimensional-
ity (3D space + 3D velocity + 1D time) and their intrin-
sic physical properties (conservation and positivity), the
construction of an efficient numerical method represents
a challenge and requires a careful balance between accu-
racy and computational complexity. In this research, the
development of a numerical method for solving the multi-
dimensional Vlasov-Poisson system is demonstrated. A
modal discontinuous Galerkin (DG) scheme based on rect-
angular/hexahedral meshes is employed for the numerical
solution of the multi-dimensional Vlasov-Poisson system.
For the spatial discretization, the polynomial solutions are
represented by scaled Legendre basis functions, and the nu-
merical flux based on an upwind scheme is used for the solu-
tion stability. All the integrals appearing in the DG formu-
lation are approximated with the Gauss-Legendre quadra-
ture rule. A third-order explicit SSP-RK-based temporal
discretization scheme is used for the resulting semi-discrete
ordinary differential equation. We study the convergence
analysis of the proposed scheme. The performance of the
proposed scheme is assessed by solving some benchmarks
in the simulations of plasma physics, including two-stream
instability, weak and strong Landau damping, etc.
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MS258

The Numerical Flow Iteration for the Vlasov-
Poisson Equation

The Vlasov-Poisson equation is a high-dimensional partial
differential equation used to model the behaviour of plas-
mas in the collision-less limit. The six-dimensional phase-
space and the turbulent motion of plasmas together with
formation of strong filamentation in the solution lead to
significant complications in the implementation of solvers.
While purely Lagrangian schemes are in theory capable
to capture the dynamics correctly, the inherent numerical
noise makes it hard to run long-time accurate simulations
and requires large numbers of particles as well as remesh-
ing. Eulerian and Semi-Lagrangian schemes produce more
accurate results, however, generation and management of
meshes are prohibitively expensive for simulations in more
than four dimensions. In addition, when constructing high-
order schemes one often looses conservation properties of
the exact solution. We present a novel approach, the
numerical flow iteration (NuFI), which iteratively recon-
structs the phase flow and then using the method of charac-
teristics can evaluate the distribution function to arbitrary
precision, i.e., up to error in time and Poisson discreti-
sation. This approach naturally preserves non-negativity,
does not struggle with over-shoots and conserves all Lp

norms exactly. From the implementation perspective, a
high flop-byte ratio as well as a structure which allows for
easy parallelization of this method, lead to efficient porta-
bility to modern clusters.
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MS258

A Quantum-Inspired Method for Solving the
Vlasov Equation

Recently, it has been proposed that matrix product states
(MPS), a quantum-inspired but classical algorithm, can
be used to approximately solve partial differential equa-
tions with exponential speed-up, provided that the PDE
is compressible or low-rank so that it can be efficiently
represented in the MPS framework. Here, we investigate
the utility of MPS methods for solving the Vlasov equa-
tion, a 6-dimensional nonlinear set of PDEs that provide
an ab-initio description of collisionless plasmas. We report
results of select test cases and demonstrate that we are able
to capture important features of the dynamics even with
significant amounts of compression.
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Massachusetts Institute of Technology
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MS259

A Solution Technique for Darcy Flow in Fractured
Porous Media that Ensures Local Mass Conserva-
tion

Constructing fast solution schemes often involves deciding
which errors are acceptable and which approximations can
be made for the sake of computational efficiency. Herein,
we consider a mixed formulation of Darcy flow and take
the perspective that the physical law of mass conservation
is significantly more important than the constitutive rela-
tionship, i.e. Darcy’s law. Within this point of view, we
propose a three-step solution technique that guarantees lo-
cal mass conservation. In the first step, an initial flux field
is obtained by using a locally conservative method such as
the TPFA Finite Volume Method. Although this scheme
is computationally efficient, it lacks consistency and there-
fore requires a suitable correction. Since this correction is
divergence-free, the Helmholtz decomposition ensures that
it is given by the curl of a potential field. The second
step therefore employs an H(curl)-conforming discretiza-
tion to compute the correction potential and update the
flux field. The pressure field is computed in the final step
by using the same TPFA system from the first step. The
procedure guarantees local mass conservation regardless of
the quality of the computed correction. Thus, we relax
this computation using tools from reduced order modeling.
We introduce a reduced basis method that is capable of
rapidly producing a potential field for given permeability
fields. By applying the curl to this field, we ensure that the
correction is divergence-free and mass conservation is not
impacted. Finally, we extend the method to solving Darcy
flow in fractured porous media. We rewrite the equations
in terms of mixed-dimensional differential operators and
identify the problem as a mixed-dimensional Darcy flow
system. In turn, the proposed three-step solution proce-
dure directly applies using the mixed-dimensional curl to
ensure local mass conservation.
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MS259

Multilevel Methods for Nearly-Singular Problems
in Mixed Dimensions

We consider parameter-robust algebraic multigrid methods
for a class of operators that appear in preconditioning of
monolithic multiphysics systems on domains of mixed di-
mensions. The choice of the coarse spaces and smoothers is
modified to take into account the near-kernel of the system
operator imposed by the coupling terms. The theoretical
results show convergence of the two-level method indepen-
dently of the discretization and model parameters. We also
demonstrate the efficacy and robustness of the method in
practice on numerical examples of mixed-dimensional prob-
lems arising in brain biomechanics.
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MS259

Unfitted Space-Time Finite Element Methods for
Coupled Surface-Bulk Problems

Coupled surface-bulk problems represent an important
range of application for numerical simulation techniques
in computational sciences, as they model a variety of pro-
cesses in fluid dynamics and biology. In this talk, we focus
in particular on a model of soluble surfactants involving
convection and diffusion. To solve this model problem,
we consider unfitted space-time finite element simulations,
which come with the benefit of a flexible handling of com-
plex geometries. The overall coupled problem can be de-
composed into several components, which can be studied
individually first and finally taken together, such as the
mere surface and the mere bulk problem. In relation to the
important reference work ”A cut finite element method for
coupled bulk-surface problems on time-depent domains”,
P. Hansbo, M.G. Larson, S. Zahedi (CMAME 307, 96-116)
we present some variant methods for several of these steps.
Specifically, we investigate a stabilisation variant which
we call direct Ghost penalty stabilisation. Moreover, we
study the applicability of the higher order geometry de-
scription developed for the merely spatial case in ”High
order unfitted finite element methods on level set domains
using isoparametric mappings”, C. Lehrenfeld (CMAME
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300, 716-733).
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MS259

Derivation of the Effective Boundary Condition on
a Porous Boundary

We derive the new effective boundary condition for the
fluid flow in domain with porous boundary. Starting from
the Newtonian fluid flow through a domain with an array
of small holes on the boundary, using the homogenization
and the boundary layers, we find an effective law in the
form of generalized Darcy law. If the pores geometry is
isotropic, then the condition splits in BeaversJoseph type
condition for the tangential flow and the standard Darcy
condition for the normal flow.
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MS259

Boundary Integral Formulation of the Microscopic
Bidomain Model of Cardiac Electrophysiology

At microscopic scale, the cardiac tissue is composed by
tightly coupled myocytes, embedded into an extracellular
matrix and surrounded by other cells. The microscopic
bidomain (μ-bidomain) model is a system of partial differ-
ential equations describing the evolution of the electric po-
tential within each cell and in the extracellular space. The
model accounts for the cellular membrane dynamics and
intercellular coupling. From a numerical perspective, the
μ-bidomain model poses a number of difficulties: the cel-
lular subdomains are separated by a sharp interface, that
is the cellular membrane; the temporal dynamics is con-
fined on such interfaces; and the membrane dynamics is
typically multiscale, nonlinear and very stiff in time. In
this work, we first recast the problem to a boundary inte-
gral formulation and confine the equations on the cellular
membrane, on which the temporal dynamics take place.
Then, we present some numerical experiments to compare
the boundary integral formulation to a more standard fi-
nite element approach. We also discuss the feasibility of the
approach towards the application to large scale models.
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MS260

Prediction of Severe Thunderstorm Events as a
Warning Machine with Deep Learning and Radar

Data

One of the most interesting problems in weather forecasting
is the prediction of extreme rainfall events such as severe
thunderstorms possibly leading to flash floods. The prob-
lem of nowcasting extreme weather events can be addressed
by applying either numerical methods for the solution of
dynamic model equations or data-driven artificial intelli-
gence techniques. In this talk, we focus on this second
approach. In detail, we present a novel method based on
ensemble deep learning that exploits a deep neural net-
work that takes as input time series of multichannel radar
reflectivity images and provides as output the probability
that an extreme event occurs, where the extreme event
is defined on the basis of a certain level of precipitation
and lightning density. One of the main novelty is the use
of value-weighted skill scores in the ensemble procedure
and for assessing the forecasting performance: such value-
weighted skill scores allow ranking prediction errors on the
basis of their distribution along time, preferring to show
up a warning well in advance of the actual occurrence of
an event rather than not to show it at all. The results of
this study is a data-driven warning system for supporting
the decision-making in the case of extreme rainfall events
tailored for the Liguria region in Italy.
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MS260

An Observing System Simulation Experiment
(OSSE) Using the Particle Flow Filter (PFF) in a
High-Dimensional Atmospheric Model in the Data
Assimilation Research Testbed (DART)

Representing the true state of the atmosphere is a very
difficult task. In the modern weather forecasting, satel-
lite based observations are assimilated into the numerical
model in order to obtain a more realistic representation
of the atmosphere in the model. This process is called
data assimilation (DA). DA plays an important role in
constraining the model heavily with observations. How-
ever, due to the high dimension of the atmospheric model,
many DA methods are developed based on either Gaus-
sian or linear assumptions, which are not applicable for
some types of observations. Recently, a more general DA
method, the Particle Flow Filter (PFF), is proposed to
deal with the nonlinear observations and has been shown
to work effectively in high dimensional models. With some
modifications of the algorithm, the PFF can be adapted to
run efficiently in the Data Assimilation Research Testbed
(DART) framework and is now able to run in parallel. We
will demonstrate an observing system simulation experi-
ment (OSSE) using an atmospheric model which has non-
linear interactions between dynamics and thermodynamics.
Specifically, the performance of the DA using the PFF will
be compared with using the Ensemble Adjustment Kalman
Filter (EAKF), which is a widely used DA scheme based
on linear and Gaussian assumptions. Discussions will be
focused on how the PFF and the EAKF deal with the non-
linear observations differently, and how these differences
can affect the model behavior.
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MS260

Data-Driven Fitting for First Hard X-Ray Imaging
Results by Solar Orbiter Stix

The Spectrometer/Telescope for Imaging X-rays (STIX) is
one of 6 remote sensing instruments on-board Solar Or-
biter. It provides hard X-ray imaging spectroscopy of solar
flares by sampling the Fourier transform of the incoming
photon flux. With the first real observations, called visibil-
ities, we analyze two imaging methods: the first one is an
enhanced interpolation/extrapolation algorithm based on
data-driven fitting, while the second one is a parametric
imaging approach.
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MS260

Machine Learning Methods For Numerical Homog-
enization

The numerical solution to partial differential equations
with multiscale data poses significant computational dif-
ficulties. Choosing a mesh scale that is too fine can lead
to slow convergence or an intractable problem size. Alter-
natively, too coarse a mesh scale and features of the PDE
will go unresolved, yielding an incorrect solution. Meth-
ods of numerical homogenization address these by creating
an effective model defined at the macro scale by propagat-
ing relevant information from the fine space to the coarse
space. Unfortunately, state-of-the-art homogenization ap-
proaches are sensitive to individual PDE configurations.
We propose machine learning methods to construct effec-
tive models that are more robust and efficient. Our ap-
proach investigates linear and nonlinear models with L1

sparsity enforcing penalties on heterogeneous PDEs with-
out relying on separable scales or periodicity.
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MS261

A Parameter Uniform Domain Decomposition
Method for Solving 4th Order Singularly Per-
turbed Ordinary Differential Equation

In this work, a fourth order singularly perturbed ordinary
differential equation is considered where the highest order
derivative component is multiplied by a small positive pa-
rameter. In order to solve the problem numerically, the dif-
ferential equation is transformed into a coupled system of
singularly perturbed differential equations associated with
appropriate boundary conditions. The original domain is
divided into three subdomains that overlap: two layer sub-
domains and one regular subdomain. On each subdomain
we consider backward Euler scheme on a uniform mesh in
time and the standard central difference scheme on a uni-

form mesh in space. Further, we demonstrate that the pro-
posed scheme is almost second order uniformly convergent.
The numerical results also provide to assure the efficiency
of the proposed numerical method.
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MS261

A New Framework for Easy Derivation of Stiffness-
Resilient Exponential Methods

In this talk, we introduce a new theoretical framework for
deriving exponential methods. This framework addresses
the complexity of deriving exponential schemes and en-
forces advantageous properties. We show that the dom-
inant error terms of stiff problems are canceled for the
methods derived with this framework. This has the ef-
fect of increasing the accuracy of the methods and makes
them more resilient to the stiffness of the problem. A wide
range of exponential methods can be easily derived using
this framework. We present the derivation of high order ex-
ponential Runge-Kutta, exponential multi-step, and a new
class of exponential multi-values methods.
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Efficient General Linear Methods for Stiff ODEs

In this work we show how to use the theoretical framework
of General Linear Methods (GLMs) to analyze and general-
ize some classes of existing methods, in order to derive effi-
cient numerical schemes for stiff ordinary differential equa-
tions. In particular we focus on multistep methods such
as Backward Differentiation Formulae (BDF) and Modi-
fied Extended BDF [J.R. Cash, The integration of stiff ini-
tial value problems in ODEs using modified extended back-
ward differentiation formulae, Comput. Math. Appl. 9
(5), 645–657 (1983)], to show how to derive the class of
Generalized Linear Multistep Methods (GLMMs) [G. Izzo,
Z. Jackiewicz, Generalized linear multistep methods for or-
dinary differential equations, Appl. Numer. Math., 114,
165–178 (2017).]. Within this latter class of multi-step
multi-stage methods, we present new implicit schemes with
order up to p = 9 and high stage order q (i.e. q = p− 1 or
q = p). This last feature turns out to be crucial to avoid
the order reduction phenomenon. Our analysis indicates
that the proposed methods have better accuracy and sta-
bility properties than the original ones, and the reported
numerical experiments confirm that they are competitive
and can have better performance on mildly stiff and stiff
problems.
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Weak Stage Order Theory and Order Barriers for
Runge-Kutta Methods

Runge-Kutta (RK) methods may exhibit order reduc-
tion when applied to stiff problems. For linear problems
with time-independent operators, order reduction can be
avoided if the method satisfies certain weak stage order
(WSO) conditions. WSO is less restrictive than traditional
stage order conditions and compatible with a DIRK struc-
ture. This talk will present the first general order barrier
bounds relating the WSO of a scheme to its classical or-
der and number of stages. These bounds characterize the
fundamental accuracy limit of RK methods applied to stiff
problems. New necessary conditions are also established on
how one needs to split the spectrum of the Butcher matrix
A to devise schemes with WSO which we use to construct
new families of high WSO schemes. The key mathematical
ideas are to recast WSO into a pair of orthogonal invariant
subspaces and perform calculations modulo minimal poly-
nomials. We also provide new formulas for the RK stability
function.
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MS261

Construction of Implicit-Exponential Partitioned
Integrators

Over the past several decades a number of new numeri-
cal tools were introduced to solve large scale stiff systems
of differential equations. A traditional approach to solv-
ing such problems is implicit integration. More recently
exponential integration ideas produced several classes of
methods that can yield computational savings compared
to other state-of-the-art techniques. In this talk we discuss
how various approaches such as implicit, exponential and
partitioned integration can be combined or used separately
to design efficient schemes for stiff problems. We will par-
ticularly present new implicit-exponential (IMEXP) parti-
tioned methods and demonstrate their advantages using a
suite of test problems. These IMEXP schemes are built for
problems where forcing term can be additively partitioned
into two nonlinear components with stiffness carried by
both, but only one possessing an efficient preconditioner.
We introduce a new ansatz for constructing this type of
methods and outline what advantages this new form can
offer for stiff systems of this type.
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MS262

Multigrid Methods for Structured Matrices at Ex-
aScale

Not only with the advent of exascale systems the specific
requirements of these machines have become apparent. De-
velopers of simulation codes and numerical methods are
confronted not just with a tremendous amount of paral-
lelism but also with a high degree of heterogeneity, hierar-
chies in networking and memory and challenging program-
ming models. To face these problems we focus on algebraic
multigrid methods for structured matrices. In these we use
the level hierarchy naturally present in the system matrices
while using advanced results from numerical linear algebra
to design optimal components for these matrices. The pres-
ence of structure not only allows us to obtain the hierarchy
straightforwardly, it also eases the efficient implementation
on modern computer architectures, including accelerators
like GPUs. Nevertheless, even with efficient implementa-
tions, the methods’ performance is still memory bound.
Certain approaches like higher order discretization, but
also techniques from linear algebra like block smoothers
or polynomial smoothers, can increase the arithmetic in-
tensity and thus reduce the effect of this memory bound-
edness. In the talk an overview over the approach will be
given, some recent findings from numerical linear algebra
will be presented and the efficient implementation as well
as methods to overcome the implications of modern com-
puter architectures will be discussed.
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MS262

Optimizing Hypre Communication with Node
Aware Parallelism

Hypre is an industry-leading, high-performance solver for
sparse system of equations. To perform communica-
tion during sparse matrix-vector multiplication and sparse
matrix-matrix multiplication, Hypre uses MPI in a basic
way using only non-blocking sends and receives. Neighbor-
hood collectives are an alternative communication interface
in MPI that provide more context than a single message
enabling the use of this context to optimize communication
within MPI. This work explores optimizing point-to-point
communication in Hypre through the use of neighborhood
collectives and investigates the effects of locality-aware op-
timizations.
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Chronos: a Gpu-Accelerated General Purpose
AMG Solver for Industrial Applications

Algebraic Multigrid (AMG) is a very popular iterative
method used in several applications. This wide diffusion
is due to its effectiveness in solving linear systems arising
from PDE discretizations. The key feature of AMG is its
optimality, i.e., the ability to guarantee a convergence rate
independent of the mesh size for different problems. This is
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obtained through a good interplay between the smoother
and the interpolation. Unfortunately, for difficult prob-
lems, such as those arising in industrial applications, stan-
dard AMG techniques are not effective and more elaborate
strategies and algorithms need to be developed. The imple-
mentation of novel AMG methods became even more diffi-
cult with the advent of many-core hardware such as GPU
accelerators. While AMG application simply consists in
matrix by vector products that have been already success-
fully ported on GPU by a number of authors, the set-up
stage needs to be completely re-designed. In this work, we
present the AMG preconditioner included in Chronos, tai-
lored for industrial applications from both solid mechanics
and CFD and entirely running on GPU. Thanks to some
numerical experiments we will show its performance and
scalability on real-world problems.
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MS262

Multigrid Method for the Indefinite Helmholtz
Equation

Multigrid methods are optimal for many types of elliptic
problems. Convergence depends on a complementary prin-
ciple : few iterations of a smoother capture high frequency
information, while the geometrically smooth information,
the near-kernel space, is transferred to a direct method
on the coarsest level. Restriction and interpolation oper-
ators generate a collection of coarse spaces, and transfer
information between them. The usual relaxation methods
are efficient for capturing oscillatory information, while in-
terpolation rules for the smooth part are generally not a
concern. The Helmholtz equation has two major difficul-
ties. Some eigenvalues are negative, requiring an adapted
smoothing method and because the near-kernel space is os-
cillatory, the geometrical smoothness assumption can not
be applied to build efficient interpolation rules. While
Krylov iterations or polynomial smoothers based on the
normal equations can handle indefiniteness, the choice of a
sparse interpolator is still an open question. We describe a
method converging in a constant number of iterations inde-
pendent of the problem size. We use an Ideal framework for
SPD matrices to correct initial least square minimization
interpolator built from accurate candidate vectors approx-
imating the near-kernel space. Benchmarks are presented
for a practical Helmholtz equation, but also for hypothet-
ical oscillatory problems where matrices have an almost
equal proportion of negative and positive eigenvalues.
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MS262

Schwarz Smoothers for Pressure Projection in low-
Mach Navier-Stokes Combustion Models

PeleLM is an adaptive mesh low Mach Navier-Stokes com-
bustion code developed under DOE’s Exascale Computing
Program. A key feature of the model is that the fluid den-
sity varies considerably across the computational domain.
Extremely ill-conditioned problems arise for incompress-
ible and reacting flows in the low Mach flow regime, par-
ticularly for cut-cell meshes in complex geometries, where
non-covered cells that are cut by the domain boundar have

arbitrarily small volumes and areas. The standard Jacobi
and Gauss-Seidel AMG smoothers are less effective in these
cases at reducing the error at each level of the AMG V -
cycle and may result in very large iteration counts for the
GMRES+AMG solver. Prenter (2020) improved conver-
gence rates for cut-cells and conjugate-gradient solvers with
AMG preconditioners by employing Schwarz smoothers.
We combine ILU smoothers using iterative triangular
solves with restricted additive Schwarz (RAS) adapted to
hypre for a new iterated Gauss-Seidel formulation of GM-
RES with AMG preconditioner. The iteration counts tend
to remain constant and these smoothers reduce run times
on many-core GPU’s in the strong-scaling limit.
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MS263

Mixed Precision Randomized Preconditioners

Support for floating point arithmetic in multiple precisions
is becoming increasingly common in emerging architec-
tures. Mixed precision capabilities are already included
in a quarter of the machines on the TOP500 list and are
expected to be a crucial hardware feature in coming ex-
ascale machines. In this talk, we discuss recent work on
exploiting mixed precision in randomized algorithms for
low-rank approximation, and in particular, the use of such
approximations within preconditioners for Krylov subspace
methods.
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Chopblas: Simulating Mixed-Precision and
Stochastically Rounded Linear Algebra

In this talk, we present the ChopBLAS MATLAB library
for simulating basic linear algebra operations using mixed
precision and non-standard floating-point formats such as
BFloat16, stochastic rounding, and custom formats. Exist-
ing simulation frameworks use MATLAB classes and oper-
ator overloading to implement custom precision data types,
which makes implementing mixed-precision computations
difficult and leads to decreased computational performance
due to the overhead of MATLAB classes. Instead, Chop-
BLAS uses operation-level rounding, where instead of a
custom data type, we store all data as double precision
floating-point values, use double precision floating-point
arithmetic, and then round the data to the desired preci-
sion using either the chop or cpfloat rounding function. By
operating on double precision values we are able to exploit
the built-in vectorization capabilities of MATLAB opera-
tions, leading to a speed-up of nearly 90x and 1050x when
simulating stochastic rounding using chop and cpfloat, re-
spectively, compared to a reference BLAS implementation
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in MATLAB with operation level rounding.
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MS263

Monotonicity of Multi-Term Floating-Point Adders

We demonstrate that standard techniques for performing
multi-term addition with four or more arguments, with-
out normalization of intermediate quantities, can be non-
monotonic. Since summation is part of dot product and
matrix multiplication operations, routines that have in-
creasingly started appearing in the hardware of super-
computers, exploring monotonicity or nonmonotonicity is
of wide interest. We provide details on what features
multi-term addition algorithms need in order to avoid non-
monotonic behaviour. We also look at algorithms that
utilize multi-term summation and vector-vector, matrix-
vector, or matrix-matrix operations that can have non-
monotonic behaviour. We suggest that nonmonotonicity
of multi-term summation, in some available hardware de-
vices from large-scale chip companies, is a feature that may
have appeared unintentionally as a consequence of design
choices, and neither the fact of appearance in these de-
vices nor that nonmonotonicity can happen in multi-term
floating-point adders in general has been analysed in liter-
ature before, to the best of our knowledge.

Mantas Mikaitis
The University of Manchester
m.mikaitis@leeds.ac.uk

MS263

Solving Total Least Squares Problems Using Mixed
Precision

With the recent emergence of mixed precision hardware,
there has been a renewed interest in its use for solv-
ing numerical linear algebra problems fast and accurately.
The solution of total least squares problems, i.e., solving
minE,f ‖[E, f ]‖F subject to (A+E)x = b+ f , arises in nu-
merous application areas. This requires finding the small-
est singular value and corresponding right singular vector
of [A, b], which is challenging when A is large and sparse.
An efficient algorithm for this case due to Bjrck et al. is
based on Rayleigh quotient iteration coupled with conju-
gate gradient preconditioned via Cholesky factors. In this
talk, we present a mixed precision variant of this algorithm
and several numerical experiments.
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MS263

A New Mixed-Precision Benchmark for HP Com-

puters

We present a new benchmark for high-performance (HP)
computers. Similar to HPCG, the new benchmark is de-
signed to rank computers based on how fast they can
solve a sparse linear system of equations. The main nov-
elty of the new benchmark is that it is based on GMRES
(combined with Geometric Multi-Grid preconditioner with
Gauss Seidel smoother) and provides the flexibility to uti-
lize lower precision arithmetic. We present our initial de-
sign of the new benchmark, its reference implementation,
and its performance on current top-ranked architectures.
We also discuss challenges of designing such a benchmark,
along with our preliminary numerical results of using 16-
bit numerical values (half and bfloat precisions) for solving
a sparse linear system of equations.
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MS264

A Partitioned Method for Reduced Order Model-
Finite Element Model (ROM-FEM) and ROM-
ROM Couplings with Separate Reduced Bases for
Interior and Interface Variables

Partitioned methods allow for the solution of multiphysics
or multiscale problems in a way that considers the specific
mathematical or physical properties of the sub-models and
allows for the use of solution tools designed for their spe-
cific solution. Introduction of a projection-based reduced
order model (ROM) for one or more of the sub-models
can significantly decrease the on-line computational cost
of the system. In this talk, a heterogeneous sub-model
case will be considered, having two non-overlapping sub-
domains. We present a partitioned method that provides
for the coupling of a ROM on one subdomain with either
a ROM or a full-order model on the other. At the crux of
this method is a dual Schur complement system which im-
plicitly expresses a Lagrange multiplier (LM), representing
the interfacial flux, in terms of the state variables. In or-
der to ensure the non-singularity of this system, we develop
the ROM by creating separate reduced bases for the inte-
rior and interfacial degrees of freedom as well as providing
a reduction for the LM space. The solution of the Schur
complement system and the application of an explicit time-
stepping scheme allow for the two subdomain equations to
be decoupled and independently solved at each time step.
We show numerical results demonstrating the capability of
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the method to represent each type of coupling.
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MS264

Some Examples of Linear Or Nonlinear, Intrusive
Or Non-Intrusive Reduced Models Based on Con-
vex Displacement Interpolation

The presentation focuses on examples of parametric prob-
lems governed by partial differential equations in which the
linear representation of the reduced space fails. We intro-
duce a nonlinear approximation technique called convex
displacement interpolation based on a solution mapping
as a function of the parameters, via optimal transporta-
tion. We discuss the advantages and disadvantages in this
framework of linear or nonlinear, intrusive or non-intrusive
model reduction approaches.
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MS264

Real-Time Simulation of Parameter-Dependent
Fluid Flows Through Deep Learning-Based Re-
duced Order Models

Simulating fluid flows in different virtual scenarios is of
key importance towards the design of predictive digital
twins in computational fluid dynamics. Compared to high-
fidelity, full-order models, reduced order models (ROMs)
relying, e.g., on proper orthogonal decomposition (POD)
provide reliable approximations to parameter-dependent
fluid dynamics problems in rapid times. However, they
might require expensive hyper-reduction strategies for han-
dling nonlinear terms, and enriched reduced spaces if a
mixed velocity-pressure formulation is considered, possi-
bly hampering the evaluation of reliable solutions in real-
time. Dealing with fluid-structure interactions entails even
greater difficulties. We propose a new class of deep learn-
ing (DL)-based ROMs that overcome all these limitations
by learning, in a nonintrusive way, both the nonlinear trial
manifold and the reduced dynamics. To do so, they rely on
deep neural networks, such as convolutional autoencoders

and deep feedforward neural networks, after performing
a former dimensionality reduction through POD that en-
hances training times substantially. Moreover, including
long short-term memory (LSTM) cells enables long-term
prediction of complex systems evolution, with respect to
the training window, for unseen input parameter values.
Numerical results show the capability of POD-DL-ROMs
to provide accurate results, in real-time, in multiple con-
texts, ranging from haemodynamics to fluid-structure in-
teraction problems.
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MS264

Reduced Order Modeling for Real-Time Shape Op-
timization of the Total Cavopulmonary Connection
in Fontan Surgical Planning

The Fontan operation is a surgery for children born with
ventricular defects, where the inferior vena cava (IVC) is
routed to the pulmonary arteries (PA) to form the to-
tal cavopulmonary connection (TCPC). This represents
a shape optimization problem, where differences in the
anatomy result in unique hemodynamics. However, the
costs of simulating such cases via computational fluid dy-
namics (CFD) becomes extremely expensive, especially for
testing various TCPC geometries in a trial-and-error fash-
ion. Here, we introduce a reduced order modeling (ROM)
framework for real-time shape optimization of the TCPC.
In the offline phase of the ROM, the IVC offset with respect
to the PAs was parameterized resulting in 100 transient
CFD simulations being performed, from which a snapshot
library was created. The library was recycled in the online
stage for a new set of parameters using the Proper Orthog-
onal Decomposition approach. A shape optimization prob-
lem was implemented using the framework, where the opti-
mization criteria was based on the hepatic flow distribution
(HFD). ROM solutions were in strong agreement with full
order model (FOM) solutions with regards to pressure, ve-
locity, and flow dynamics. The FOM required an average
of 153.5 seconds while the ROM reduced this to 27.5 sec-
onds, an 82.1% decrease in computation time. Using this
framework, the optimal TCPC geometry for a given HFD
value was rapidly calculated, requiring less than 15 minutes
for finding the optimal solution.
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MS265

An Approximate Bayesian Computation Approach
to Goal-Oriented Bayesian Experimental Design

Conventional Bayesian experimental design techniques aim
to find the optimal design by maximising the expected in-
formation gain (EIG) on the model parameters. However,
the EIG may not always be a suitable criterion for experi-
menters as it is often hard to interpret and may be an in-
direct way of understanding the experiment. This calls for
goal oriented experimental designs that directly addresses
the goal of the experimenter. An added advantage of the
goal oriented formulation lies in eliminating the need to
work on high dimensional parameter spaces. In this pa-
per, we consider the EIG as a function of the goal directly
and thus aim to choose a design that maximises the re-
duction of the entropy from the marginalised prior of the
goal function to the posterior of the goal function over all
possible experimental outcomes. To address the computa-
tionally challenging task of efficiently computing the EIG
across all design points, we propose an approach using Ap-
proximate Bayesian Computation (ABC) that utilises sim-
ulations from the model in place of likelihood evaluations.
We demonstrate the improved performance of our method
over traditional Nested Monte Carlo approaches in several
examples.
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Using Local Lipschitz Stability of Posteriors for
Model Error-Aware Experimental Design

We consider experimental design for Bayesian inverse prob-
lems, where the parameter-to-observable map or ’forward
model’ is the composition of a parameter-to-solution map
and a solution-to-observable map, which we call the ‘solu-
tion map’ and ‘observation map’ respectively. Experimen-
tal design often involves choosing the observation map to
minimise uncertainty in the parameter estimate. However,
for some inverse problems, error in the solution map may
arise due to inaccurate mathematical models or the use of
surrogates. This error may propagate to error in the for-
ward model and thus lead to biased parameter estimates.
If the bias in the estimate is large, then minimising un-
certainty about the estimate is undesirable, and the need

arises for experimental design that takes into account error
in the solution map. We consider some natural approaches
for modeling the error in the solution map, and use theoret-
ical results about local Lipschitz stability of the posterior
in order to suggest how one may choose the observation
map for each approach.
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MS265

Gibbs Optimal Design of Experiments

Gibbs (or generalised Bayesian) inference is a generali-
sation of Bayesian inference made by replacing the log-
likelihood in Bayes’ theorem by a (negative) loss function.
The loss function identifies desirable parameter values for
given responses. The advantage of Gibbs inference over tra-
ditional Bayesian inference is that it does not require the
specification of a probabilistic data-generating process and,
therefore, should be less sensitive to this process. This talk
proposes Gibbs optimal design of experiments for this in-
ferential framework, extended decision-theoretic Bayesian
optimal design. The challenge is that the decision-theoretic
approach relies on a probabilistic data-generating process
that is notably absent from Gibbs inference. This is cir-
cumvented by assuming a designer model: a probabilis-
tic data-generating process which is only used to find a
design rather than in the ensuing inference. Because of
this, the designer model can encapsulate very general data-
generating processes with the aim of introducing robust-
ness into the design procedure. The proposed Gibbs opti-
mal design framework is demonstrated on several illustra-
tive examples.
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Disturbance Rejection of Interval Type-2 Fuzzy
Stochastic Systems : A Disturbance Observer
Based Approach

Disturbance rejection of interval type fuzzy nonlinear
stochastic systems with asynchronous premise variables
is proposed. The disturbance observer based on distur-
bance attenuation control structure is constructed to esti-
mate disturbance which is generated by exogeneous system.
The construction of a fuzzy feedback controller with asyn-
chronous premise variables ensures that the membership
functions of the premise are not necessarily the same as
in interval-type fuzzy systems. To guarantee the stochas-
tic stability of the closed loop fuzzy system, a new ade-
quate condition is constructed through the method of linear
matrix inequalities by integrating the infinitesimal opera-
tor and the selection of appropriate Lyapunouv-Krasovskii
functional candidate. The efficiency of the provided the-
ory is then demonstrated with a numerical illustration for
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Mass Spring Dashpot system.
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MS266

Finite Element Methods for the StokesOnsagerSte-
fanMaxwell Equations of Multicomponent Flow

The Onsager framework for linear irreversible thermody-
namics provides a thermodynamically consistent model of
mass transport in a phase consisting of multiple species, via
the StefanMaxwell equations, but a complete description of
the overall transport problem necessitates also solving the
momentum equations for the flow velocity of the medium.
We derive a novel nonlinear variational formulation of this
coupling, called the (Navier)StokesOnsagerStefanMaxwell
system, which governs molecular diffusion and convection
within a non-ideal, single-phase fluid composed of multi-
ple species, in the regime of low Reynolds number in the
steady state. We propose an appropriate Picard lineariza-
tion posed in a novel Sobolev space relating to the diffu-
sional driving forces, and prove convergence of a structure-
preserving finite element discretization. This represents
some of the first rigorous numerics for the coupling of mul-
ticomponent molecular diffusion with compressible convec-
tive flow. The broad applicability of our theory is illus-
trated with simulations of the centrifugal separation of no-
ble gases and the microfluidic mixing of hydrocarbons.
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On the Finite Element Approximation of Incom-
pressible Implicitly Constituted Fluids

In this talk I will provide a general overview of the finite
element approximation of systems describing incompress-
ible implicitly constituted fluids. Given the highly nonlin-
ear nature of the models, and possible non-uniqueness of
solutions, the results available so far focus mostly on prov-
ing (weak) convergence of the numerical approximations to
minimal regularity solutions. I will go through the main
ideas in the convergence proof, highlighting new results ob-
tained in collaboration with Alex Kaltenbach, which focus
on nonconforming discretisations in both space and time.
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A Multilevel Substructuring Method for Fast Vi-
bration Response Calculations of Finite Periodic
Structures

Periodic metamaterial structures are attracting increasing
interest in the scientific community because of their unique
properties that go beyond the ones of natural materials.

Due to the often detailed nature of the unit cells (UCs) in
these architected structures, the UC finite element models
can become large, which would rapidly render finite struc-
ture models comprised of UC assemblies computationally
unaffordable. To tackle this problem, conventional sub-
structuring approaches approximate the dynamics of the
single UC with the subspace and assembly the reduced
UCs to obtain the reduced order model. However, the size
of the reduced order model grows linearly with respect to
the number of UCs. Hence, a natural enhancement is to
add more levels of decomposition as the automated mul-
tilevel substructuring (AMLS) method. To accelerate this
approach even further, we present a multilevel substruc-
turing method combined with the interface reduction and
subspace recycling for the forced vibration response calcu-
lations of finite periodic structures. We analyze the scaling
property of the method numerically comparing with con-
ventional substructuring approaches. The work has been
funded by the project “MOR4MDesign”, which is part of
the MacroModelMat (M3) research program coordinated
by Siemens (Siemens Digital Industries Software, Belgium)
and funded by SIM (Strategic Initiative Materials in Flan-
ders) and VLAIO (Flanders Innovation & Entrepreneur-
ship Agency).
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Mathematical and Numerical Modeling of Multi-
Component Diffusion

An often used model for multi-component diffusion in mix-
tures are the Stefan-Maxwell equations. These equations
can be written as a linear system for the diffusion veloci-
ties with a singular coefficient matrix, the so-called friction
matrix, and a right hand side vector containing the driv-
ing forces for diffusion.To express the diffusion velocities
in terms of mass fraction gradients, we first have to reg-
ularize the friction matrix, taking into account the mass
flux constraint, and subsequently convert mole fractions to
mass fractions. The resulting expressions are substituted
in the continuity equations, leading to a coupled system
of conservation laws, where the diffusion is expressed in
terms of a diffusion matrix. To compute numerical solu-
tions of this system, we employ the finite volume method in
combination with the system version of the complete flux
scheme. The basic idea of this scheme is to compute the
numerical flux vector at a cell interface from a local system
boundary value problem, thus including the coupling be-
tween the constituent equations in the discretization. The
scheme has favorable properties, such as conservation of
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total mass. We will demonstrate the performance of the
scheme for some examples.
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Thermodynamically Compatible Non-Isothermal
Phenomenological Model for Mullins Effect: Im-
plementation and Simulations of Selected Problems

This talk builds on the talk by V. Prua: ”A Thermody-
namic Framework for Non-Isothermal Phenomenological
Models of Mullins Effect”. We derive a thermodynami-
cally compatible model for the Mullins effect including a
consistent evolution equation for the temperature. The
system of balance equations together with an implicit con-
stitutive relation for the Cauchy stress tensor is formulated
in the Eulerian setting. For convenience, the equations are
transformed to the Lagrangian setting and used for sim-
ulations of several different problems such as the investi-
gation of the interplay between the Mullins effect and the
GoughJoule effect or the study of the Mullins effect for a
cylinder subjected to combined extension and torsion. The
model is implemented with Firedrake finite element code
that provides automatic differentiation and is tightly con-
nected with PETSc solver library, which enables us to use
effective iterative solvers. The non-linear problem is solved
with the Newton method. Consequent linear sub-problems
are solved with GMRES with geometric multigrid used as
a preconditioner.
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Numerical Simulation of Ice Crystal Trajectories
and Fragmentation Dynamics Around the Xrf1
Fuselage Nose

Since the early 1920s, icing has been reported to appear
on airplane surfaces, thus on probes, or in aircraft engine
compressors. It is a significant safety concern for the aero-
nautic industry since it can lead to dramatic events. HAIC
and recently MUSIC-haic models are developed in CEDRE
solver, an ONERA’s CFD code, to help the aeronautic in-

dustry to assess ice crystal icing on new products and fu-
ture generations of aircraft engines and meet certification
requirements. This study considers the numerical simu-
lation of ice crystal trajectories around an airplane fuse-
lage nose. First, the aerodynamics airflow field is inves-
tigated. Then, trajectories and the associated fragmenta-
tion dynamics on walls are considered. Numerical simula-
tion with a full deposition model is compared to numer-
ical simulations with two different fragmentation models:
HAIC and MUSIC-haic models. The comparison between
the fragmentation models aims at assessing the capabilities
of the recently proposed ice crystal fragmentation model
(MUSIC-haic) with respect to the state-of-the-art model
(HAIC). Both models show significant deviation from the
full deposition model, therefore stating the relative impor-
tance of particle fragmentation on particle concentration
along the fuselage nose. Although the two fragmentation
models show some agreement, they also exhibit a large dis-
crepancy in the fragmentation process.
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Kinetic-Based Two-Phase Flow Model: a Reduced-
Order Model of Polydisperse Oscillating Droplets
with Geometrical Variables

We consider two-phase compressible flows involving both
separate regime where the interface dynamics is “smooth’
and disperse regimes i.e. sprays of droplets. We introduced
multi-fluid two-scale models whose large-scale is adapted
to separate regime while the small-scale is for the disperse
regime. The modeling of the latter relies on a kinetic mod-
eling of the small-scale disperse phase. Originally proposed
by [Williams, 1958], a kinetic-based model fits well the dis-
perse configuration when the droplets are sufficiently dis-
tant from each other. However, the separate regime is not
suited for such a description and averaged descriptions of
the dynamics have been privileged. [Pope, 1988] proposed
a probabilistic framework for separate regime, and it has
been successfully extended to disperse flows by [Essadki,
2019] for spherical droplets. These works also underlined
the key role of geometrical variables in the construction of a
unified model for all regimes. This work proposes a polydis-
perse flow model of oscillating droplets extending Essadki’s
work. First, we propose a new set of geometrical variables
along with the associated Williams-Boltzmann equation,
recovering the work of [ORourke & Amsden, 1987]. Second,
the moments compatible with Popes framework are iden-
tified. Finally, we propose realizable schemes [Ait Ameur,
2022] for simulations of the spray with both monodisperse
and polydisperse closures.
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Fredholm Theory for the Linearized Boltzmann
Operator for Polyatomic Gases

This talk is devoted to the Fredholm property of the lin-
earized Boltzmann operator for a mixture of polyatomic
gases with a continuous internal energy variable. The col-
lision operator is constructed according to a Borggnakke-
Larsen procedure. The linearized operator around equi-
librium is written as a perturbation of a multiplication
operator. We prove that the perturbation operator is a
Hilbert-Schmidt operator and the multiplication operator
is coercive. This yields the Fredholm property of the lin-
earized Boltzmann operator.
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An Entropic Asymptotic Preserving Scheme for
the M1 Model Based on the Unified Gas Kinetic
Scheme

Kinetic equations appears in many field of study (radia-
tive transfer, rarefied-gas dynamics, etc) to model particles
transport. The multi-scale nature of those equations leads
to numerical challenges in terms of asymptotic behaviour to
recover all Knudsen number flows. Considering this chal-
lenge, the UGKS (Unified Gaz Kinetic scheme) has been
developed by K. Xu for the BGK model. This character-
istic based scheme correctly captures both the continuum
and rarefied flow regimes, with a time step much larger
than the collision time. However, the problems dimension
induces a huge computational cost. Under certain assump-
tions, moments models of those kinetic equations allow to
reduce the velocity space dimension by assuming the dis-
tribution function shape. Elaborating robust asymptotic
preserving schemes for those models is also challenging.
Following L. Mieussens work on an adaptation of UGKS
to a linear kinetic model of radiative transfer theory, we
propose a new numerical scheme based on UGKS for the
associated M1 model. We prove that this new scheme pre-
serves the moments achievability and ensures the entropy
decreases.
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MS267

Symmetric Regularized 13-Moment Equations in
the Linear Regime

We develop the symmetric regularized 13-moment equa-
tions in the rarefied gas dynamics for a general class of
linearized collision models in the linear regime. By recon-
structing the basis functions, the distribution function is
expanded to a finite number of terms with O(Kn3) ac-
curacy where Kn is the Knudsen number. The resulting
system of moment equations based on such expansion is
shown to have a symmetric structure. We also propose the
Onsager boundary conditions for the moment equations.
The model is then tested for one-dimensional stationary
channel problems, and numerical experiments are carried
out to show the performance of our model.
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MS268

Algorithmic Challenges in Topology Optimization
of District Heating Networks

District heating networks have the potential to decarbonize
heat supply. By designing them for low supply tempera-
tures, the potential of renewables and waste heat can be
fully exploited. The high investment costs, however, ham-
per their wide implementation. Over the last decades, sev-
eral attempts have been made to directly optimize the net-
work topology for maximal return on investment. Most
of these studies successfully apply mixed-integer linear or
nonlinear programming methods to decide on the opti-
mal piping connections in the network. However, while
the linear methods are limited in applicability, the non-
linear methods suffer from an exponential computational
cost scaling with the network size. In this contribution,
we present how adjoint-based topology optimization meth-
ods can be adopted for the topology optimization of dis-
trict heating networks. We describe the key steps to adapt
density-based topology optimization methods to achieve
discrete solutions for the diameters of the heating pipes.
Using an augmented Lagrangian method, large amounts
of engineering constraints are efficiently accounted for in
the design. Moreover, a benchmark with a mixed-integer
nonlinear programming method confirms the advantageous
scaling of the presented topology optimization method.
Thus, we are able to showcase first topology optimization
results for large-scale district heating networks.
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MS268

Shape Optimization for Parabolic Problems on
Time-Dependent Domains

This talk is concerned with the solution of time-dependent
shape optimization problems. Specifically, we consider the
heat equation in a domain which might change over time.
We compute Hadamards shape gradient in case of both,
domain integrals and boundary integrals. As particular
examples, we consider the one-phase Stefan problem and
the detection of a time-dependent inclusion. We discuss the
numerical solution of these problems and present respective
results.
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MS268

A Novel Density Based Approach for Topology Op-
timization

A new method for performing density based topology op-
timization is presented. We discuss the approach in the
setting of Stokes flow. It is based on classical topology
optimization and phase field approaches, and introduces a
different way to relax the underlying infinite-dimensional
mixed integer problem. We compare the novel approach to
state-of-the-art density based and phase field approaches,
and approaches based on the topological derivative. More-
over, we give a theoretically founded choice of the relaxed
problems. The density is modeled on a space that allows
for jumps along hypersurfaces, such as BV or fractional
order Sobolev spaces. Degrees of freedoms in modeling
the optimization problem are chosen based on theoretical
considerations, i.e., by discussing the arising optimization
problems concerning existence, differentiability and con-
vergence towards solutions of the unrelaxed problem. We
present some numerical results. Moreover, in order to show
the potential of the new approach we do a comparison to
a classical approach.
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MS268

Topology Optimization of Superhydrophobic Sur-
faces to Delay LaminarTurbulent Transition

The microstructure of SuperHydrophobic Surfaces (SHSs)
can trap a layer of gas when submerged in a liquid. This
phenomena reduces the skin friction of the overlying fluid
and has been shown to delay laminar-turbulent transition.
Research into the macroscopic layout of SHSs as a means
of passive flow control, however, remains relatively under
investigated. Here, topology optimization is used to design
an inhomogeneous SHS that can further delay spatially de-
veloping modal transition in channel flows; a highly non-
linear and non-convex optimization problem. The influ-
ence of the SHS is modelled using a spatially varying slip
length on the walls, forming a 2D optimization domain.
The spectral element solver Nek5000 is used to first es-
tablish a steady baseflow in a wall-bounded channel, and
then conduct unsteady direct numerical simulations of the
transition to turbulence. The optimization procedure uses
the adjoint-variable method to compute sensitivities and
uses a checkpointing strategy to overcome the data stor-
age requirements of the unsteady adjoint simulation. This
methodology has been successfully applied to produce a
surfaces that moves the transition location 29% further
downstream when compared to a homogeneous counterpart
by inhibiting the growth of secondary instability modes.
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MS269

Relating Abgrall’s Correction Schemes to Filters
and Artificial Dissipation

As a means of improving both solution accuracy and ro-
bustness, methods that are capable of preserving auxil-
iary properties of the governing equations have been in
strong development. In the case of conservation laws,
these schemes often employ non-standard flux formulations
which can entail intrusive coding modifications. Alterna-
tively, Abgrall introduces a procedure for satisfying addi-
tional conservation relations such as entropy [R. Abgrall,
J. Comput. Phys, 2018]; the approach utilizes a telescop-
ing correction term that is agnostic to the baseline method.
Abgrall’s correction term is composed of first and second
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moment statistics (i.e., the mean and variance) of the rel-
evant transformation variables (e.g., entropy variables). A
generalization of the methodology is thus made possible by
relating averaging to filtering. Therefore, the current work
re-interprets Abgrall’s correction procedure as specialized
filter-based artificial dissipation methods [A. K. Edoh, J.
Comput. Phys, 2018]. We consider finite difference dis-
cretizations within the SBP-SAT framework and study the
impacts of filter choice (e.g., filter order, stencil localiza-
tion, wavenumber attenuation) on the overall performance
of the approach. This work has been approved for public
release (AFRL Public Affairs Clearance Number AFRL-
2022-4517
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High Order Strong Stability Preserving Multi-
Derivative Implicit and IMEX Runge–Kutta Meth-
ods with Asymptotic Preserving Properties

In this work we present a class of high order unconditionally
strong stability preserving (SSP) implicit multi-derivative
Runge-Kutta schemes, and SSP implicit-explicit (IMEX)
multi-derivative Runge-Kutta schemes where the time-step
restriction is independent of the stiff term. The uncondi-
tional SSP property for a method of order p¿2 is unique
among SSP methods, and depends on a backward-in-time
assumption on the derivative of the operator. We show
that this backward derivative condition is satisfied in many
relevant cases where SSP IMEX schemes are desired. We
devise unconditionally SSP implicit Runge-Kutta schemes
of order up to p=4, and IMEX Runge-Kutta schemes of
order up to p=3. For the multi-derivative IMEX schemes,
we also derive and present the order conditions, which have
not appeared previously. The unconditional SSP condition
ensures that these methods are positivity preserving, and
we present sufficient conditions under which such methods
are also asymptotic preserving when applied to a range
of problems, including a hyperbolic relaxation system, the
Broadwell model, and the Bhatnagar-Gross-Krook (BGK)
kinetic equation. We present numerical results to support
the theoretical results, on a variety of problems.
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Scalable, High Order Remapping Methods for Mul-
timodel Problems

Coupled multimodel simulations involve high degree of
computationally complex workflows, and achieving con-
sistently accurate solutions is strongly dependent on the
choice of spatiotemporal numerical algorithms used to re-
solve the interacting scales in physical models. Rigor-
ous spatial coupling between components in such sys-
tems involves field transformations, and communication of
data across multiresolution grids, while preserving key at-
tributes of interest such as global integrals and local fea-
tures, which is usually referred to as the process of ”remap-
ping”. Such remap procedures are critical in ensuring
stability and accuracy of scientific codes simulating mul-
tiphysics problems that typically occur in many different
scientific domains such as Fluid-Structure interaction, nu-
clear reactor analysis, magneto-hydrodynamics modeling,

and Climate and Weather simulations to name a few. Im-
proper treatment of the coupled solution terms in multi-
physics simulations can lead to large inaccuracies that can
propagate and destroy the overall accuracy and stability
of the numerical computation. Since solution transfer be-
tween different discretizations of the domain plays a criti-
cal role here, we introduce an infrastructure based on the
MOAB unstructured mesh library to handle field projec-
tions to recover high-order accuracy in a scalable way, while
preserving key remapping metrics of interest for various ap-
plications.
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MS269

Entropy-Stable Positivity Preserving Schemes for
Multiphase Flows

The multiphase description of flow phenomena is an at-
tractive option for modelling complex flows as all fluids in
the domain can be modelled using a single set of govern-
ing equations as opposed to separate sets of equations for
each phase. The current work is aimed at studying the
problem of an acoustically generated bubble collapse us-
ing high accuracy simulations. Typically, high-order meth-
ods have stability issues, especially when considering com-
plex physics. However, in the last decade, there has been
considerable progress made in developing provably nonlin-
early stable schemes for conservative problems by combin-
ing summation-by-parts (SBP) operators and symmetric
two-point flux functions. The goal of this work is to develop
provably-stable high-order schemes for multiphase flows in
non conservative form. To achieve this goal, the frame-
work of Renac is leveraged to develop an entropy-stable
SBP scheme using a non-symmetric two-point flux func-
tion. However, quantities such as density and void fractions
of each phase require positivity to be preserved. To this
end, the work of Upperman and Yamaleev is utilised to de-
termine the appropriate time step to take to preserve pos-
itivity of these quantities. In this presentation, the details
of the resulting schemes and numerical tests on smooth
flows are presented.
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MS270

Large Scale Simulations of Diffusio-Phoretic Sus-
pensions

In the last decades catalytic micron-sized particles have
been developed to mimic natural micro-swimmers and for
engineering applications like drug delivery or water purifi-
cation. These suspensions of artificial phoretic particles
can form coherent structures due to dual hydro-chemical
interactions. The numerical modelling of such systems re-
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mains particularly challenging given the coupled nature of
the chemical and the hydrodynamical problems and the
rapid increase in the required computational resources for
large ensembles of particles. In this work, we propose a
new framework based on the core ideas of the Force Cou-
pling Method, able to handle both the chemical reaction-
diffusion and Stokes flow problems for a large number of
particles (Diffusio-phoretic Force Coupling Method). We
implement this method in an efficient parallel solver, in
order to model the collective motion of diffusio-phoretic
suspensions made of Janus particles. We will show how
the macroscopic behaviours emergent in these suspensions
strongly depend on the chemical surface properties of the
individual particles.
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High-Order Boundary Integral Equations on Im-
plicitly Defined Surfaces

We present ongoing work on accurately solving bound-
ary integral equations on implicitly defined surfaces in
Rd. The method relies on combining a dimension-indepent
technique for generating a high-order surface quadrature
on level-set surfaces, with the general-purpose density in-
terpolation method for handling the singular and nearly-
singular integrals ubiquitous in boundary integral formu-
lations. The proposed methodology, based on a Nystrom
discretization scheme, bypasses the need for generating a
body conforming mesh for the implicit surface, allowing
in principle for an efficient coupling between a robust dy-
namic level-set representation of deforming surfaces, and
boundary integral equation solvers. Particular attention
will be paid to the computation of singular integrals when
only a surface quadrature is available (i.e. in the absence of
an actual mesh). We believe such techniques could prove
useful in applications involving microscopic flows governed
by the Stokes equations; in particular, the simulation of
micro-swimmers and droplet microfluidics.
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Hydrodynamic Interactions in Dense Active Sus-
pensions

We discuss a methodology to model dense active suspen-
sions and present one implementation in the fast Stokesian
dynamics framework. The algorithm accounts for full hy-
drodynamic interactions (both long-range and lubrication)
and has an O(N) scaling, where N is the number of par-

ticles. We apply this method to study the dynamics and
rheology of a suspension of squirmers under cyclic shear.
The relationship between the suspension viscosity and par-
ticle diffusivities, as well as the effect of hydrodynamic in-
teractions, will be discussed.
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Topological Data Analysis of Spatial Point Patterns

Effectively characterizing spatial point patterns in physical,
chemical, and biological systems is often challenging due
to the great diversity in possible arrangements. The pair
correlation function was thus introduced almost a century
ago to succinctly capture the distribution of interparticle
distances. Despite its great success in providing deep in-
sight into countless physical systems and mechanisms, this
method can be highly sensitive to structurally insignificant
differences among patterns and also insensitive to struc-
turally significant ones. We show how topological data
analysis provides a natural and robust discrete version of
this method that is both simple to compute and easy to
analyze, providing insight into ordered and disordered sys-
tems alike.
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Numerical Simulations of Suspensions: Lubrication
Correction Including Fluid Correction

We address the problem of numerical simulation of sus-
pensions of rigid particles in a Stokes flow. We focus on
the inclusion of the singular short range interaction effects
(lubrication effects) in the simulations when the particles
come close one to another. The problem is solved without
introducing new hypothesis nor model. The key idea is
to decompose the velocity and pressure flows in a sum of
a singular and a regular part. The singular part is com-
puted using an explicit asymptotic expansion of the solu-
tion when the distance goes to zero. This expansion can be
computed for any locally convex (that is the particles have
to be convex close to the contact point) and regular shape
of particles. We prove that the remaining part is regular
in the sense that it is bounded independently of the dis-
tance. As a consequence, only a small number of degrees
of freedom are necessary to compute numerically this re-
maining regular part of the solution and obtain accurate
results. The method is tested in dimension 2 for clusters of
two or three aligned particles with general rigid velocities.
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We show that, as expected, the convergence is independent
of the distance.
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A Discrete Framework for Hypocoercivity Methods
in the Context of Kinetic Equations

We propose a numerical method for a Vlasov-Fokker-
Planck model with external applied force field and
prove quantitative results ensuring that it is Asymptotic-
Preserving for both the macroscopic regime and the long
time behavior simultaneously. We illustrate these results
with various numerical experiments in which we observe,
among others, transition phase between macroscopic and
long time behavior as well as other finer phenomena, such
as oscillations, which were not predicted by our theoretical
analysis.
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Multi-Scale Inverse Problems for a Kinetic Chemo-
taxis Model

The directed motion of particles such as bacteria is gov-
erned by their turning rate. We study the inverse problem
of determining this turning rate in a mesoscopic run-and-
tumble model from macroscopic, directionally averaged
data. The lack of directional information in the measure-
ments poses problems in the reconstruction. We consider
theoretical reconstructability of this rate in the kinetic and
investigate the macroscopic limit behaviour for the inverse
problem. Furthermore, we present first numerical results.
This is joint work with Christian Klingenberg (Wrzburg,
Germany), Qin Li (Madison, Wisc., USA) and Min Tang
(Shanghai, China).
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Recent Trends on Nonlinear Filtering for Inverse
Problems

In many applications is required to determine a parameters
set which is suitable for competing models. To this end, we
are interested in ensemble methods to solve multi- objective
optimization problems. Here, the ensemble Kalman Filter
method is applied and adapted in order to solve coupled
inverse nonlinear problems using a weighted function ap-
proach. An analysis of the mean field limit of the ensemble
method yields an explicit update formula for the weights.
Numerical examples show the improved performance of the
proposed method.
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A Hybrid Learning-Inversion Reconstruction
Scheme for Inverse Transport Problems

We propose a computational framework to couple ma-
chine learning methods with classical model-based com-
putational inversion techniques for nonlinear inverse prob-
lems to the radiative transport equation. In a nutshell, for
a given configuration of the inverse problem, we train an
approximate inverse operator based on the subspace fac-
torization idea and then utilize the approximate inverse to
improve model-based inversion. We provide some compu-
tational evidence to demonstrate the effectiveness of the
method together with a little theoretical understanding of
it.
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MS272

On Advantages of Strong-Form Local Meshless
Methods for Phase-Field Modelling of Dendritic
Solidification

The strong-form local meshless methods are applied to
solve phase-field models for dendritic solidification. Den-
drites, tree-like branched structures, are the most common
microstructure in the solidification processing of metals.
The microstructure evolution directly controls the proper-
ties of solidified material. Therefore, understanding den-
dritic solidification plays a crucial role in the quality assur-
ance of the solidified product. The phase-field method rep-
resents the preferred technique for predicting dendritic mi-
crostructure under various casting conditions. The strong-
form meshless methods turn out to be very suitable for
solving phase-field models for dendritic growth. The solu-
tion of these models is prone to mesh-induced anisotropy,
which can be in the meshless methods straightforwardly
circumvented by using scattered node distributions. In
the present contribution, the radial basis function gener-
ated finite difference method and the diffuse approximate
method are tested on regular and scattered node distribu-
tions. The emphasis is given to the analysis of the growth
in arbitrary preferential growth directions. The influence
of node distribution type on the accuracy is thoroughly
analysed for both methods. Additionally, a space-time
adaptive algorithm developed to accelerate meshless cal-
culations is presented. The algorithm dynamically ensures
the highest density of computational nodes and the finest
time-stepping at the solid-liquid interface.
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A New Perspective on the Stability of RBF Meth-
ods for Conservation Laws

Radial basis function methods are powerful tools in nu-
merical analysis and have demonstrated good properties in
many different simulations. However, only a few stability
results are known for RBF methods for hyperbolic con-
servation laws. In particular, when boundary conditions
are included, stability issues frequently occur. We address
how provable stability for RBF methods can be obtained.
In particular, we discuss a new perspective on the stability
of RBF methods using recent developments on summation-
by-parts operators, often used in the finite difference and
the finite element community.
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Adapting Meshfree Galerkin Schemes for Repre-
senting Highly Anisotropic Fields

Methods for representing highly-anisotropic fields are pre-
sented, building on the element free Galerkin (EFG) and
the flux-coordinate independent (FCI) methods. A map-
ping function is used to provide information about the
local direction of the anisotropy, with one of the global
coordinates chosen to parameterize the parallel position
along the mapping in a one-to-one manner. Nodes are ar-
ranged on succesive planes of constant parallel coordinate
with fine spacing on each plane necessary to represent the
small-scale variations perpendicular to the mapping direc-
tion, but with large spacings then possible between these
planes because of the small variation along the mapping.
This greatly reduces the number of degrees of freedom re-
quired to represent highly-anisotropic fields in this space
and the associated computational cost of simulations in-
volving such fields. The use of standard unstructured finite
element meshes on each plane is explored, as well as fully-
meshfree arrangements. No mesh connectivity is defined
between planes in either case, and field-aligned basis func-
tions are constructed using the mapping function to extend
the bases into the full domain. Integration of the bases is
addressed using variationally consistent integration (VCI),
and the scheme (as well as other EFG schemes) is shown
to be locally conservative under certain conditions. Robust
convergence of several test problems is demonstrated.
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Variably Scaled Kernels and Their Applications

This talk aims to provide an overview of variably scaled
kernels (VSKs) and to highlight their applications. We
mainly focus on RBF scattered data interpolation. VSKs
work quite well in cases spoiled by a considerable insta-
bility of the standard method. They can significantly im-
prove the recovery quality by preserving shape properties
and particular features of the function underlying the given
data. We also show how a proper choice of the scaling func-

tion can be an effective tool to approximate non–smooth
functions.
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A Meshfree Geometric Multilevel Method for Sys-
tems Arising from Elliptic Equations on Point
Cloud Surfaces

We present a new meshfree geometric multilevel (MGM)
method for solving linear systems that arise from discretiz-
ing elliptic PDEs on surfaces represented by point clouds.
These surface PDEs arise in many areas of science and en-
gineering, including models of atmospheric flows, chemical
signaling on cell membranes, morphogenesis, and textures
for computer graphics. MGM uses a Poisson disk sampling-
type technique for coarsening the point clouds and new
meshfree restriction/interpolation operators based on poly-
harmonic splines for transferring information between the
coarsened point clouds. These components are then com-
bined with standard smoothing and operator coarsening
methods in a V-cycle iteration. MGM is applicable to
discretizations of elliptic PDEs based on various local-
ized meshfree methods, including RBF finite differences
(RBF-FD) and generalized finite differences (GFD). We
test MGM both as a standalone solver and preconditioner
for Krylov subspace methods on several test problems us-
ing RBF-FD and GFD, and numerically analyze conver-
gence rates, efficiency, and scaling with increasing point
cloud sizes. We also perform a side-by-side comparison to
algebraic multigrid (AMG) methods for solving the same
systems. Finally, we further demonstrate the effectiveness
of MGM by applying it to three challenging applications
on complicated surfaces: pattern formation, surface har-
monics, and geodesic distance.
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Approximation of Response Surfaces from Partial
Information

We discuss how to use dimension reduction methods to or-
ganize unstructured ensembles of partial observations of a
systems response surface. We assume to have no knowl-
edge about where on the surface the observations are ob-
tained. We do, however, record measurements not only at
the point of observation, but also in its immediate vicin-
ity. We demonstrate how such partial and disorganized
observation ensembles can be integrated into coherent re-
sponse surfaces whose dimension and parametrization can
be systematically recovered in a data-driven fashion. The
approach can be justified through the Whitney and Tak-
ens embedding theorems. We demonstrate our approach by
organizing unstructured observations of a cusp bifurcation
surface for Hydrogen combustion in a Continuous Stirred
Tank Reactor. Finally, we discuss more generally which
adjustments to common measurement procedures are nec-
essary to obtain useful reconstructions.
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Generalized Quadratic Embeddings for Nonlinear
Dynamical Systems

Dynamical modeling of a process is essential to study its
dynamical behavior and perform engineering studies such
as control and optimization. With the ease of accessibil-
ity of data, learning models directly from the data have
recently drawn much attention. Constructing simple and
compact models describing complex nonlinear dynamics is
also desirable for efficient engineering studies on modest
computer hardware. To achieve our goal, we focus on the
lifting principles–that is, sufficiently smooth nonlinear sys-
tems can be rewritten as quadratic models in an appropri-
ate coordinate system. Therefore, we focus on identifying
suitable coordinate systems such that a quadratic model
can describe the dynamics in the obtained coordinate sys-
tem. To determine such a coordinate system, we leverage
the powerful expressive capabilities of deep learning, par-
ticularly autoencoders. Moreover, in several physical sys-
tems where energy preservation is preserved, we focus on
identifying the coordinate systems that can also preserve
energy. We illustrate the methodologies to learn the de-
sired coordinate systems for nonlinear dynamical models
by illustrative examples.
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MS273

Solving the Electronic Schrdinger Equation with
Deep Learning

The electronic Schrdinger equation is a second-order par-
tial differential equation for the wave function in 3N di-
mensions that underlies all quantum chemistry. The search
space of its solutions grows exponentially with N , limiting
exact methods to only the smallest molecules. Approx-
imate quantum chemistry methods can be considered as
reduced-order models that scale only polynomially with N
and seek to strike a balance between accuracy and com-
putational cost. Paulinet is one such model based on a
physics-inspired deep-learning ansatz for the wave func-
tion that is optimized in a data-driven fashion within the
framework of variational quantum Monte Carlo. It inte-
grates three ingredients: exact physics as constraints, ap-
proximate physics as baselines, and neural networks as uni-
versal approximators. Paulinet competes in accuracy with
state-of-the-art quantum chemistry methods while offering
better scaling with system size.
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MS273

Model Reduction Based on the Koopman Genera-

tor

The determination of low-dimensional collective variables
(CVs) is a critical problem in various application areas, in-
cluding molecular dynamics. However, finding good CVs,
for example in the sense of retaining slow dynamical time
scales of the full system, is a highly non-trivial problem. In
this talk, I will present recent progress on the determina-
tion of CVs using the projection formalism for stochastic
dynamics developed by [Legoll and Lelivre, Nonlinearity
(2010)] and [Zhang et al, Faraday Discuss. (2016)]. This
formalism amounts to projecting the Koopman generator
of the full system onto the space of functions which only
depend on the CV space. The first result I will show is
an error estimate comparing the slow time scales of the
projected and the full system. We arrive at a Galerkin-
type estimate, bounding the error in terms of the projec-
tion error for dominant eigenfunctions [Nske et al, Entropy
(2021)]. Then, I will move on to show how a data-driven
approximation of the projected generator can be obtained
by a technique called generator extended dynamic mode
decomposition (gEDMD) [Klus, Nske, et al, Physica D
(2020)]. This method can also be formulated if a tensor
product basis is used as Galerkin subspace [Lcke and Nske,
J. Nonlinear Sci. (2022)], enabling the use of powerful ap-
proximation spaces. Finally, I will discuss bounds for the
estimation error of the gEDMD method in terms of the
amount of simulation data [Nske et al, arXiv:2108.07102
(2021)].
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Data-Driven Prediction of Parametric Flows

Model reduction techniques enable to transform large-scale
dynamical systems into systems of much smaller dimen-
sion. In general, such reduced systems are achieved by
projecting the high fidelity equations onto a reduced sub-
space obtained by the Proper Orthogonal Decomposition.
With varying parameters, such projected models may ex-
perience instabilities even if the original system is asymp-
totically stable. Moreover, the data may originate from
experience making hard the application of Galerkin pro-
jection. To overcome these issues, we propose a data-
driven approach to construct parametric reduced order
models (DD/PROM). Regardless of the origin of the data,
the DD/PROM is achieved by learning the model through
residual assimilation. Then, interpolation on the tangent
space of the Grassmann manifold is used to handle pa-
rameter variations. We show on the example of the flow
past a cylinder, that the PROM/DD succeeds to repro-
duce the dynamics with a good accuracy, for a wide range
of Reynolds number values.
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MS274

Matrix Product State Simulation of the Burgers’-
Fisher’s Equation

The quantum-inspired, matrix product state (MPS)
methodology is invoked to simulate the Burgers’-Fisher-
KPP one-dimensional advection-diffusion-reaction equa-
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tion. The MPS, developed for approximation of quantum
many-body systems, exploits structures to capture the flow
physics in a low-rank form (i.e., in a massively reduced
state space). Here, the governing system is recast in the
context of MPS, and is temporally simulated for various
degrees of truncation. The generated MPS-reduced order
solution is appraised against the results obtained via di-
rect numerical simulation of the original equations. The
computational complexity of MPS is assessed to determine
its potential for simulating complex multi-scale turbulent
reacting flows.
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MS274

Exact and Efficient Lanczos Method on a Quantum
Computer

We present an algorithm that uses block encoding on a
quantum computer to exactly construct a Krylov space,
which can be used as the basis for the Lanczos method
to estimate extremal eigenvalues of Hamiltonians. While
the classical Lanczos method has exponential cost in the
system size to represent the Krylov states for quantum sys-
tems, our efficient quantum algorithm achieves this in poly-
nomial time and memory. The construction presented is
exact in the sense that the resulting Krylov space is identi-
cal to that of the Lanczos method, so the only approxima-
tion with respect to the Lanczos method is due to finite
sample noise. This is possible because, unlike previous
quantum versions of the Lanczos method, our algorithm
does not require simulating real or imaginary time evolu-
tion. We provide an explicit error bound for the resulting
ground state energy estimate in the presence of noise. For
this method to be successful, the only requirement on the
input problem is that the overlap of the initial state with
the true ground state must be Ω(1/poly(n)) for n qubits.
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MS274

Variational Quantum Algorithms for Solving the
Diffusion and Burgers’ Equation

We present variational quantum algorithms to solve general
(linear and nonlinear) partial differential equations (PDEs)
based on the FeynmanKitaev Hamiltonian formalism. The
method was originally developed for the variational time
evolution of quantum systems by Barison et al. [Phys.
Rev. Research 4, 043161 (2022)]. It makes use of a clock
quantum register to get the full time evolution with a single
optimization routine. We generalize the approach to solve

classical PDEs and benchmark its performance on appli-
cations including diffusion and the creation of shockwaves
in Burgers equation. Our analysis is carried out using a
statevector simulator as well as the IBM Q System One
quantum computer in Ehningen in Germany. Additionally
we corroborate the validity of the variational framework
for solving nonlinear PDEs on spacetime grids of various
sizes via imaginary time evolution.
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Qclab++: Simulating Quantum Circuits on GPUs

Quantum circuit simulation is a powerful approach for
rapid prototyping and development of quantum algorithms
in the current era of noisy intermediate-scale quantum
(NISQ) computers. QCLAB++ is an object-oriented, fully
templated C++ package for creating and simulating quan-
tum circuits developed at Lawrence Berkeley National Lab-
oratory. QCLAB++ leverages the state vector approach
for quantum simulation where the amplitudes of the quan-
tum wave function are tracked and updated as if they
evolve on a noiseless quantum computer. In this talk, we
present the latest developments of porting the QCLAB++
code to GPUs and benchmark it on NERSC’s Perlmutter
system.

Roel Van Beeumen, Daan Camps
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Integrating Pool and Mathematics in Educational
Setting is Viable - the Pilot Phase of the SmartPool
in Bulgaria

The paper presents the SmartPool Erasmus+ project ac-
tivities carried out in Bulgaria under the coordination
of Georgi Bozhkov - chairman of the Bulgarian National
Billiards Federation, and two mathematics education re-
searchers from the Bulgarian Academy of Sciences. The
main activities under consideration include: (i) enriching
the school mathematics curriculum via tasks related to bil-
liards and adapting the suggested SmartPool learning re-
sources in harmony with the Bulgarian educational system;
(ii) developing dynamic geometry models for demonstra-
tions and explorations of mathematical ideas in a billiard
context, and (iii) discussing the adapted learning resources
with the teachers, selected to carry out the pilot SmartPool
sessions with groups of students from the town of Petrich
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(Bulgaria), together with leaders and coaches from the lo-
cal BO&BO Billiard Club.
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MS275

From Doing Math Research at School Age to Doing
Math in Your Professional Life

The paper presents the authors long-term experience as
a tutor/mentor in two research summer schools - the
High School Student Institute of Mathematics and Infor-
matics (HSSI) in Bulgaria [O. Mushkarov, N. Dimitrova,
E. Sendova, Math Research at School Age. In: Meet-
ing in Mathematics (Eds. Georgiev et al.), Sofia, 2008,
8193] and the Research Science Institute (RSI), orga-
nized jointly by CEE (https://www.cee.org/) and MIT
(https://www.mit.edu/) in the USA [E. Sendova, You do
you understand; you explore you invent: the fourth level
of the inquiry-based learning. In: Constructionism and
Creativity (Eds. G. Futschek, C. Kynigos) Proceedings of
the 3d International Constructionism Conference, August
1923, Vienna, Austria, 2014, 103112]. The similarities and
the differences are discussed with a focus on the impor-
tance of doing research in mathematics at school age and
presenting it in different settings for the students to choose
mathematics as the main component in their professional
life. Case studies of several alumni from both program who
have chosen math as their profession will be presented and
discussed.
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The Math Joy in the Smartpool Curriculum

In pursuing a synergy between mathematics and pool bil-
liard a Smartpool curriculum was solicited at the start of
2019 based on the authors experience as a math teacher and
former pool player. The presentation deals with the math-
ematical foundation of the Smartpool curriculum and the
philosophy that such a synergy will manifest math joy. An
insight in the psychology of stimulating positive engage-
ment in mathematics through playful active explorations
will be demonstrated - from investigating where to theo-
retically hit a ball, through the use of geometry in mea-
suring angles, areas, distances, to the applicability of this
knowledge to help practically execute shots in an efficient
manner on the table. The psychological benefits of im-
plementing this program in an educational system will be
discussed with an emphasis on its effects for reducing math
anxiety.
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Sparse Spectral Methods for Power Law Kernels

We review recently derived sparse spectral methods for
integral equations involving power law kernels, including
the case of multivariate disks/balls. The key is new recur-
rence relationships of power law kernels applied to weighted
orthogonal polynomials. Applications include equilibrium
measures associated with attractive-repulsive dynamics.
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University of Oxford
timon.gutleb@maths.ox.ac.uk, carrillo@maths.ox.ac.uk

MS276

High-Order Solutions of Volumetric Transmission
Scattering Problems in Linear Elasticity

We present a numerical scheme based on integral equations
for the solution of two dimensional volumetric transmission
scattering problems in linear elasticity. Our method relies
on the Helmholtz decomposition of elastic fields and on re-
cently introduced polynomial density interpolation meth-
ods (DIM) for the high-order discretization of volumetric
Helmholtz potentials. The volumetric DIMs, in turn, rely
on representations of the scatterer as a union of quadrilat-
eral subdomains and on subdomain/local polynomial solu-
tions of the Helmholtz operator that act as regularizers for
the singular volumetric potentials. We present a variety of
numerical results that showcase the high-order convergence
of our volumetric integral solvers.
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MS277

HpVersion Discontinuous Galerkin Methods on Es-
sentially Arbitrarily-Shaped Elements

We extend the applicability of the popular discontinuous
Galerkin method discretizing advection-diffusion-reaction
problems to meshes comprising extremely general, essen-
tially arbitrarily-shaped element shapes. In particular, our
analysis allows for curved element shapes without the use
of non-linear elemental maps. The feasibility of the method
relies on the definition of a suitable choice of discontinuity
penalization, which turns out to be explicitly dependent on
the particular element shape but essentially independent
of small shape variations. This is achieved upon proving
extensions of classical trace and Markov-type inverse esti-
mates to arbitrary element shapes. A further new H1 -
L2-type inverse estimate on essentially arbitrary element
shapes enables the proof of inf-sup stability of the method
in a streamline-diffusion-like norm. These inverse estimates
may be of independent interest. A priori error bounds for
the resulting method are given under very mild structural
assumptions restricting the magnitude of the local curva-
ture of element boundaries. Numerical experiments are
also presented, indicating the practicality of the proposed
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approach.
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MS277

Space-Time Embedded/hybridized DG for the
Navier-Stokes Problem

Partial differential equations posed on moving domains
arise in many applications such as air turbine modeling,
flow past airplane wings, etc. The time-dependent na-
ture of the flow domain poses an additional challenge
when devising numerical methods for the discretization of
such problems. One alternative when dealing with time-
dependent domains is to pose the problem on a space-time
domain and apply, for example, a finite element method
in both space and time. These space-time methods can
easily handle the time-dependent nature of the domain.
In this talk, we present a space-time hybridizable discon-
tinuous Galerkin method for the discretization of the in-
compressible Navier-Stokes equations on moving domains.
This discretization is pointwise mass conserving and pres-
sure robust, even on time-dependent domains. Moreover,
high order can be achieved both in space and time. Nu-
merical experiments will demonstrate the capabilities of
the method.
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A Discontinuous Galerkin Level Set Reinitializa-
tion with Subcell Stabilization on Tetrahedral
Meshes

In this study, we present a 3D level set reinitialization based
on a high-order, local discontinuous Galerkin method on
unstructured tetrahedral meshes. The flow of time Eikonal
equation is discretized to construct an approximate signed
distance function instead of the standard hyperbolic level
set reinitialization. Using the Eikonal equation removes the
regularization parameter in the standard approach which
allows more predictable behavior and faster convergence
speeds around the interface. A finite volume-based subcell
stabilization is used to improve the nonlinear stability of
the approach. A set of numerical experiments with smooth
and non-smooth interfaces show that the method is stable
for highly distorted interfaces and experimentally achieves
design order accuracy.
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Coupled 1D/2D Discontinuous Galerkin Methods
for Modeling Overland and Open-Channel Flows

In this talk, I will present on the continued develop-
ment and application of a multidimensional (1D/2D),
unstructured-mesh model for simulating coupled
overland/open-channel flows. While both overland
and open-channel flows can be modeled using the full
shallow water equations, a simpler approximation to the
shallow water equations — namely, the kinematic wave
approximation — has been shown to accurately represent
overland and open-channel flows under conditions often
encountered in natural watersheds. Our modeling ap-
proach solves the kinematic wave equations resulting from
this approximation making use of discontinuous Galerkin
(DG) finite element spatial discretizations of variable
polynomial degree p, paired with explicit RungeKutta
time steppers, and is supported by advancements made
to an automatic mesh generation tool, ADMESH+ ,
that is used to construct constrained triangulations for
channel routing. The developed modeling framework is
applied to a number of test cases that demonstrate the
accuracy and robustness of our approach and highlight
the potential benefits of using p (polynomial) refinement
for hydrological simulations.
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A Sequential Discontinuous Galerkin Method for
Two-Phase Flow in Deformable Porous Media

We formulate a numerical method for solving the two-
phase flow poroelasticity equations in three dimensions.
The scheme employs the interior penalty discontinuous
Galerkin method and a sequential time-stepping method.
The numerical results show the accuracy and robustness of
the proposed method.
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Code Generation for the Simulation of Ocean Flows
on Block-Structured Grids

Stencil computations and their application in various sci-
entific domains have been an active field of research for
the past decades. We present our work on utilizing stencil
technologies in complex application scenarios transcend-
ing simple benchmark problems. One such domain is the
simulation of ocean flows which requires support for real-
world geometries, advanced numerical components, as well
as domain-specific boundary conditions and source terms.
Based on an early code version, we first transition from uni-
form to block-structured grids. They are set up automati-
cally by coarsely meshing a given geometry before applying
multiple refinement steps and nodal position optimization.
Next, we extend for higher-order quadrature-free discontin-
uous Galerkin (DG) discretizations. The resulting compute
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kernels are more complex than traditional stencil codes but
share beneficial characteristics such as vectorizability, con-
secutive memory accesses, and suitability for GPUs. To
tackle performance portability and the high number of pos-
sible implementation variants, we employ code generation
techniques. The ExaStencils framework serves as an ex-
cellent base as it is capable of automatically optimizing
stencil-like codes, as well as of parallelizing them with MPI,
OpenMP and CUDA. Its Python-based front end GHOD-
DESS adds the necessary support for DG discretizations,
and further increases performance through domain-specific
optimizations on the algorithmic level.
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Stencil Computations in Petroleum Industry

To Be Defined..
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Accelerated Stencil Computations on NVIDIA
H100

GPUs are very popular to compute 3D finite difference
stencils. Compared to naive implementations, optimized
Stencil kernels can provide a significant speedup. Paulius
Micikevicius described an optimized implementation on
early CUDA GPUs using a mix of register queues and
shared memory. Although the method described still ap-
ply today, we can apply a few modifications to keep these
stencil codes running as fast as possible on the latest ar-
chitectures. Today’s GPUs are significantly more powerful
than the NVIDIA Tesla S1070 used in the original paper.
The number of compute cores has grown significantly, Ten-
sor Cores are available to accelerate GEMMs, the memory
bandwidth numbers have improved by an order of magni-
tude with the adoption of HBM, the L2 caches are now
significantly larger, and newer instructions have been in-
troduced to help move data in and out of the symmetrical
multiprocessor (SM) units more efficiently. The memory
bandwidth has also grown significantly, and is often the
main bottleneck for these problems. Finite difference sten-
cil codes are typically bandwidth-bound, and the goal for
stencil codes should be to move the minimum amount of
data, at speeds as close as possible to the theoretical peak
bandwidth. In this talk we suggest a new method of Sten-
cil Computation with some experimentation on the latest
NVIDIA GPU, H100.
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Difference Potentials Method Based on Local Basis
Functions for Elliptic Partial Differential Equations
in Arbitrary Geometry

We develop efficient and high-order accurate finite differ-
ence methods for elliptic partial differential equations in
complex geometry in the Difference Potentials framework.

The main novelty in the developed methods is the use of
local basis functions defined at near-boundary grid points.
The use of local basis functions allow unified numerical
treatment of (i) explicitly and implicitly defined geometry;
(ii) geometry of more complicated shapes, such as those
with corners, multi-connected domain, etc; and (iii) differ-
ent types of boundary conditions. This geometrically flex-
ible approach with local basis functions is a complement
and improvement to the traditional DPM with global ba-
sis function approaches, especially in the case where a large
number of global basis functions are needed to resolve the
boundary data, or where the optimal global basis func-
tions are difficult to obtain. Another feature of this work
is that fast Poisson solvers based on FFT can be employed
for standard centered finite difference stencils regardless of
the designed order of accuracy (2nd, 4th, 6th, etc.). The
techniques developed in this paper can also be applied to
the numerical solutions of time-dependent partial differen-
tial equations, when implicit time stepping is employed.
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Revisiting Stencil Optimizations as the Architec-
ture Gap Between GPUs and CPUs Shrinks

GPUs being traditionally throughput-optimized while
CPUs being latency-optimized has been reflected in how
stencils are optimized for each architecture. In particular,
temporal blocking has been more geared towards CPUs
due to the latency penalty of deep temporal blocking on
GPUs. On the other hand embarrassingly parallel par-
tial accumulation optimizations have been more suitable
for GPUs. The latency of all operations across the spec-
trum on GPUs drop, while HPC-grade CPUs (ex: A64FX)
become equipped with high bandwidth memory and wide
vectors. As a results, in some aspects, the gap between
GPUs and CPUs is shrinking. In this talk we first de-
scribe how GPUs have evolved in the last decade in a way
that can make them more accommodating of stencil op-
timizations that favor low-latency architectures. We also
describe the reverse effect: how some HPC-grade CPUs
are more accommodating of stencil optimization that favor
high-throughput architectures.
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MS279

An Implicit, Conservative, Asymptotic-Preserving
Electrostatic Particle-in-Cell Algorithm for Arbi-
trarily Magnetized Plasmas

We discuss a new full-orbit electrostatic particle-in-cell al-
gorithm able to use large timesteps compared to particle
gyro-period in arbitrary magnetic fields [Chen et al. JCP,
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submitted (2022)]. The algorithm extends earlier elec-
trostatic fully implicit PIC implementations [Chen et al.,
JCP 230 (2011)] with a new asymptotic-preserving (AP)
particle-push scheme [Ricketson et al., JCP 418 (2020)]
(recently endowed with a very fast Picard nonlinear solver
[Koshkarov et al., JCP 459 (2022)]) that allows timesteps
much larger than particle gyroperiods. The AP integra-
tor preserves all the averaged particle drifts in the large-
timestep limit, while recovering resolved particle orbits
with small timesteps. The scheme allows for a seamless,
efficient treatment of particles in coexisting magnetized
and unmagnetized regions, conserves energy and charge ex-
actly, and does not spoil implicit solver performance. We
demonstrate by numerical experiment with several strongly
magnetized problems (diocotron instability, modified two-
stream instability, and drift-wave instability) that two or-
ders of magnitude wall-clock-time speedups are possible
vs. the standard fully implicit electrostatic PIC algorithm
without sacrificing solution quality and while preserving
strict charge and energy conservation.
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Mixed Model/Precision Methods

Additive Runge-Kutta methods designed for preserving
highly accurate solutions in mixed-precision and mixed-
model computation were proposed and analyzed in a re-
cent paper by Z. Grant. These specially designed methods
use reduced precision for the implicit computations and full
precision for the explicit computations. We present a sta-
bility analysis and explore convergence, accuracy, runtime,
and energy consumption of these methods on test prob-
lems. We show that these MP-ARK methods efficiently
produce accurate solutions with significant reductions in
runtime (and by extension energy consumption).
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Approximate Entropy-Based Moment Closures

Despite their elegant mathematical structure, entropy-
based moment closures face severe implementation chal-
lenges that have limited their wide-spread use. In this talk,
I will present two approximations that attempt to address
some of these challenges. The first approximation relies on
a regularization of the optimization problem that defines
the original entropy-based closure. The main advantage of
the regularization is that moment vectors need not take on
traditional realizable values. However, the resulting equa-
tions still retain many important structural features, such
as hyperbolicity and an entropy dissipation law. These re-
sults reveal the moment entropy as a key tool in construct-
ing approximate closures and motivate a second approx-

imation of the entropy-based closure that is constructed
via a convex fit of the moment entropy. We illustrate this
approach with numerical examples from a simple linear
transport equation.
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Parallel in Time Methods for Plasmas

Kinetic plasma simulations must reckon with many widely
varying time-scales and are routinely stability-limited, re-
quiring very many timesteps to resolve the interesting
physics. This makes them an ideal candidate for parallel-
in-time (PIT) strategies. Unfortunately, due to their ex-
treme cost, these systems are simulated at the minimum
threshold of spatial and temporal resolution, thus render-
ing the usual PIT strategy of spatiotemporal coarsening
infeasible. Here we present a parallel-in-time strategy that
employs a coarsening of models, rather than meshes, to
accelerate time to solution for high-dimensional kinetic
plasma models by leveraging their much cheaper, lower di-
mensional fluid approximations. These fluid models are
closed via kinetic data computed in parallel, and are thus
applicable far from the fluid limit. We present initial re-
sults on the two-stream instability.
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FleCSI: A Programming System for the Future

FleCSI is a task-based programming system designed to
address the challenges presented by modern heterogeneous
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system architectures. FleCSI supports a rich feature set,
including distributed and shared-memory data parallelism;
task parallelism; portability across processor architectures
and deep memory hierarchies; customizable data structure
and topology interfaces; and powerful, high-level mapping
capabilities for advanced algorithm development. Given
this set of features, applications built on FleCSI are well-
prepared to run on the diverse set of supercomputing sys-
tems that are being deployed around the world. This pre-
sentation will review some of FleCSIs capabilities and how
they enable application developers to take advantage of
modern computing systems.
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Scaling Starpu’s Task-Based Sequential Task Flow
(STF) Inside Nodes and Between Nodes

To be able to get the best performance out of nowadays’
complex architectures comprising GPUs, NICs, disks, etc.,
the HPC field is leaning more and more to task-based pro-
gramming instead of e.g. thread-based programming ap-
proaches. This approach indeed allows to delegate most of
the optimization work to a runtime system: computation
scheduling, transferring data concurrently with task execu-
tion, data prefetching from disks to GPUs, network com-
munications, etc. The StarPU runtime system has been
proposing such a task-based programming paradigm, and
promotes the use of the now-quite-common Sequential Task
Flow (STF) programming style in which the main code of
the application is a loop nest of task submissions which ac-
tually looks like a sequential source code. StarPU can then
optimize the execution of the resulting task graph inside
machines comprizing CPUs, GPUs, FPGAs, disks... The
StarPU-MPI layer extends this to to clusters by automatiz-
ing inter-node communications, allowing to keep the same
application source code for both the debuggable sequential
version and the scalable distributed heterogeneous version.
The obtained performance outperforms the ScaLAPACK
implementation, and is on par with the PARSEC perfor-
mance. Using the example of the SUMMA algorithms vari-
ants, we show that we can have both a very simple, easy-
to-maintain application code, and flexibility to adapt the
algorithm to scale with different applicative situations.

Samuel Thibault
LaBRI
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A Stochastic Derivative-Free Trust-Region Method
in Random Subspaces

This work proposes a framework for large-scale stochastic
derivative-free optimization (DFO) by introducing STARS,
a trust-region method which achieves scalability using ran-
dom models in random low-dimensional affine subspaces.
STARS significantly reduces per-iteration costs in terms of
function evaluations, thus yielding strong performance on
large-scale stochastic DFO problems. The user-determined
dimension of these subspaces can be chosen via so-called
Johnson–Lindenstrauss transforms, and independently of
the dimension of the problem. For convergence purposes,
both a particular quality of the subspace and the accuracies
of random function estimates and models are required to
hold with sufficiently high, but fixed, probabilities. Con-

vergence and expected complexity results of STARS are
obtained using martingale theory.
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Solar: A Solar Thermal Power Plant Simulator for
Blackbox Optimization Benchmarking

This work presents SOLAR, a collection of optimization
problems provided as a benchmarking tool for blackbox op-
timization solvers. Each problem optimizes the design of a
concentrated solar power plant defined as a blackbox nu-
merical model. The type of variables, dimensionality, and
number and type of constraints are different across prob-
lems. Optimization may be single or biobjective. The so-
lar plant model considers several subsystems: a heliostats
field, a central cavity receiver, a molten salt thermal en-
ergy storage, a steam generator and an idealized power
block. Benchmark optimization results are provided using
the NOMAD software package.

Sébastien Le Digabel
Polytechnique Montréal
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COBYQA A Derivative-Free Trust-Region SQP
Method for Nonlinearly Constrained Optimization

This talk introduces COBYQA, a derivative-free trust-
region SQP method for general nonlinear optimization
problems. The method builds the trust-region quadratic
models using Powell’s derivative-free symmetric Broyden
update. An important feature of COBYQA is that it
always respects bound constraints if any. COBYQA is
competitive with NEWUOA and BOBYQA while being
able to handle more general problems. On linearly con-
strained problems, COBYQA outperforms LINCOA if
the problems also contain bound constraints that can-
not be violated. Most importantly, COBYQA outper-
forms COBYLA on all types of problems, no matter
whether bound constraints (if any) can be violated or not.
COBYQA is implemented in Python and publicly avail-
able at https://www.cobyqa.com/. This is joint work with
Zaikun Zhang.
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Learning Hidden Constraints Using a Stepwise Un-
certainty Reduction Strategy with Gaussian Pro-
cess Classifiers

Design optimization of engineering systems generally in-



292 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 291

volves the use of complex numerical models that take as
input design variables and environmental variables. The
environmental conditions are generally simulated to assess
the reliability of the proposed designs. Hence the simula-
tions can become computationally very expensive. More-
over, some input conditions can lead to simulation failures
or instabilities, due, for instance, to convergence issues of
the numerical scheme of complex partial derivative equa-
tions. Most of the time, the set of inputs corresponding
to failures is not known a priori and corresponds to a hid-
den constraint, also called crash constraint in this special
case. Since the observation of a simulation failure might
be as costly as a feasible simulation, we seek to learn the
feasible set of inputs and thus target areas without simula-
tion failure during the optimization process. Therefore, we
propose a Gaussian Process Classifiers (GPC) active learn-
ing method to learn the feasible domain. The proposed
methodology is an adaptation of Stepwise Uncertainty Re-
duction strategies usually used with Gaussian Process Re-
gression, in the classification setting with GPC models.
The performance of this strategy on toy problems and on
a wind turbine design application will be presented.
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Building on Communities to Further Software Sus-
tainability

Software sustainability is increasingly recognised as a must
in scientific research. Well-established tools for source code
management, for software package (and dependency) man-
agement and/or application-level virtualisation (container-
isation) are often instrumental in the development of soft-
ware. No matter how good these tools alone can hardly
ensure long-term sustainability. Teams and communities
are equally or even more important than any technical so-
lution chosen. Building community practices to ensure the
long-term sustainability of software is rarely given priority
in the context of scientific projects which heavily rely on
them nonetheless. Co-developing best practices with com-
munities proves to lead to a wider/better adoption, more
efficient work/developments, higher quality documentation
and training material/tutorials, a much flatter learning
curve which makes it easier onboarding newcomers, and
all that translates into a better take up by researchers. In
this talk, the Nordic Infrastructure Community for Earth
System Modelling Tools will explain how they have placed
people at the centre of the software development cycle to
ensure its long-term sustainability. Successful examples
will be presented as well as failures, to highlight what went
well or wrong, respectively, and why. It will be discussed
in particular the importance to go beyond its own team
and community, and to think about a scientific project in
a wider context e.g Open Science.
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How RSE Community Identity Leads to Improved
Research Software Practices

Research Software Engineers (RSEs) have developed a
strong sense of community identity. This identity includes
a culture and set of practices that help define the commu-
nity and its membership. Over time, some members of the
community changes practices (to new best practices), and
the community identity encourages these practices to be
taken up by others in the community fairly quickly. Peo-
ple outside the community see these changes, and then also
take up these practices. This talk will discuss this process,
including examples such as practices around documenta-
tion and testing, and explain how these lead to more sus-
tainable research software.
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Challenges of Integrating Workflow Software with
Multifactor Authentication: How can RSEs Work
with System Administrators and Other Stakehold-
ers to Enable Unattended Remote Access?

Workflow tools (e.g. AiiDA) are becoming more and more
popular with researchers working on large-scale HPC sys-
tems due to their ability to simplify the management of
more complex research requirements and improve the pro-
ductivity of researchers. However, the increased focus of
security on academic HPC systems is leading to multi-
factor authentication (MFA) processes, usually employing
a time-based one-time password (TOPT), becoming com-
monplace. This causes a large problem for both researchers
who wish to use workflow tools which need unattended ac-
cess to HPC facilities, and for HPC service providers who
want to enable research but improve system security. In
this presentation I will briefly set the context for this issue
before presenting some approaches that have been taken
to enable such functionality on HPC services with MFA. I
will conclude with showing why solving the problem sus-
tainably requires both workflow software and HPC services
to be designed with input from all parties; and why RSEs
are the key personnel to enabling long-term, sustainable
solutions to enable complex research workflows in a secure
manner and improve researcher and HPC service produc-
tivity.
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Are You An RSE?

Did you start off as a researcher who spent time develop-
ing software to progress your research and then realised
you enjoyed this work more than research? Or maybe you
started off from a more conventional software-development
background and are drawn to research by the challenge of
using software to further research? A growing number of
people in academia combine expertise in programming with
an intricate understanding of research. Although this com-
bination of skills is extremely valuable, these people lack a
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formal place in the academic system. Without a job title,
it is difficult for people to rally around a cause and there
is no easy way to recognise their contribution, to reward
them, or to represent their views. So in 2012, the term
Research Software Engineer was created in 2012 and the
community is now working to raise awareness of the role,
bring RSEs together and advocate for more appropriate
career recognition and promotion. Regardless of your for-
mal job title, the attraction of being a Research Software
Engineer is similar to that of being a researcher: the role
attracts people who want to know how the world works.
The Research Software Engineer works with researchers to
gain an understanding of the problems they face, and then
develops, maintains and extends software to provide the
answers. This talk will cover the history of the RSE move-
ment, what it has achieved, whats coming up in 2023 and
how you can get involved.

Claire Wyatt
Jülich Supercomputing Centre
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Coupled Parameter and Data Dimension Reduc-
tion for Bayesian Inference

In this talk, we introduce a new method to jointly re-
duce the dimension of the parameter and the data space
of high-dimensional Bayesian inverse problems. Recent di-
mension reduction methods commonly focus on the pa-
rameter space, yet many geophysical applications equally
necessitate dimension reduction in the data space, which
is done in practice through an independent upstream pro-
cedure. A recent work [1] con- siders dimension reduc-
tion for both data and parameters albeit treating the two
spaces separately. However, choosing a low-dimensional
informed parameter subspace influences which data sub-
space is informative and vice versa. We thus propose a
coupled dimension reduction method based on the gradi-
ent of the generalised forward operator that maps between
the parameter and data spaces. Our method computes
in an offline phase a projector for a ridge approximation
of the likelihood function to accelerate online multi-query
pos- terior evaluations. We also show how our method
can aid experimental design by localising effective sensor
placements. Numerical experiments on a 2D shallow water
model illustrate the benefits of our proposed method.
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Grassmann Stein Variational Gradient Descent

Stein variational gradient descent (SVGD) is a determin-
istic particle inference algorithm that provides an efficient
alternative to Markov chain Monte Carlo. However, SVGD
has been found to suffer from variance underestimation
when the dimensionality of the target distribution is high.

Recent developments have advocated projecting both the
score function and the data onto real lines to sidestep this
issue, although this can severely overestimate the model
uncertainty. In this talk, we propose Grassmann Stein
variational gradient descent (GSVGD) as an alternative
approach, which permits projections onto arbitrary dimen-
sional subspaces and which promotes efficient state-space
exploration in high-dimensional problems that have an in-
trinsic low-dimensional structure.
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Influence of Monte-Carlo Sampling on the Conver-
gence Rates of Greedy Algorithms for Reduced-
Basis Methods

In this talk will be presented recent results about the math-
ematical study of a variance reduction technique for the
computation of parameter-dependent expectations using a
reduced basis paradigm. We study the effect of Monte-
Carlo sampling on the theoretical properties of greedy algo-
rithms. In particular, using concentration inequalities for
the empirical measure in Wasserstein distance, we provide
sufficient conditions on the number of samples used for the
computation of empirical variances at each iteration of the
greedy procedure to guarantee that the resulting method
algorithm is a weak greedy algorithm with high probabil-
ity. These theoretical results are not fully practical and
we therefore propose a heuristic procedure to choose the
number of Monte-Carlo samples at each iteration, inspired
from this theoretical study, which provides satisfactory re-
sults on several numerical test cases.
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Exploiting Hierarchical Low-Rank Structure in Ice
Sheet Inverse Problems

In this talk, we discuss the problem of estimating solutions
of large-scale inverse problems governed by partial differen-
tial equation (PDE) based models and the associated un-
certainties. The ice flow is modeled as a three-dimensional,
viscous, incompressible fluid via the nonlinear (first-order)
Stokes equations. Solving inverse problems with expensive
forward models and high-dimensional parameters is com-
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putationally challenging. Here, we exploit the local sensi-
tivity of model predictions to parameters which suggests
that the Hessian has off-diagonal low-rank structure, and
so therefore build hierarchical matrix Hessian approxima-
tions. We demonstrate that for problems with sufficiently-
informative data, hierarchical matrices provide for a more
computationally efficient approximation format than the
related global low-rank format. This motivates the use of
hierarchical matrices for continental-scale problems. Pre-
sented computational results are generated using PyAl-
bany, a Python interface to the C++ multiphysics library
Albany. Time permitting, we outline a framework that uti-
lizes Hessian impulse responses of the Hessian and a phys-
ically motivated impulse response interpolation scheme, to
further reduce the computational cost of generating hier-
arhical matrix Hessian approximations. Said framework is
employed to generate inexact Newton-CG preconditioners,
which ultimately reduce the number of PDE solves needed
to estimate the inverse problem solution.
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Computational Efficient Estimation of the Extreme
Event Probability of the Mass Loss of Antarctic Ice
Sheets

The mass loss of the Antarctic ice sheets is one of the ma-
jor causes of the sea level rise. Future projections of sea
level rise have a large variability due to uncertainties in
the climate models and socioeconomics factors, and it is
important to study low-probability but high-risk scenar-
ios. Standard Monte Carlo methods may require an in-
feasible large number of expensive forward simulations to
obtain useful estimate of extreme events probability. In
this presentation, we explore forward uncertainty quantifi-
cation methods that rely on optimization strategies to esti-
mate these probabilities. The proposed UQ methods build
on ideas from PDE-constrained optimization and the prob-
ability estimation of tail probabilities. We illustrate that
this approach is computationally more efficient than us-

ing standard Monte Carlo methods with larger number of
expensive forward simulations when estimating the proba-
bility of extreme mass loss of the Antarctic ice sheets.
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Designing Iterative Ice Flow Solvers for GPU Su-
percomputers

The current climate change triggers a critical acceleration
of ice loss at global scale, may it happen in Antarctica and
Greenland or in mountain regions such as the Alps. This
situation ultimately poses a threat for coastal regions af-
fected by sea-level rise or in valley-glaciers subject to surges
and collapses of ice masses. Numerical modelling permits
to understand and predict the evolution of these complex
natural systems resolving the underlying physical processes
in three dimensions. Moreover, high spatial and temporal
resolution is crucial to capture rapid changes in the system
leading to the formation of, e.g., ice streams or collapse
features. We here present innovative software tools which
provide a way forward in ice dynamics and computational
Earth sciences by exploiting massively parallel supercom-
puting on graphics processing units (GPUs) and scalable
iterative solvers. We use Julia language because it features
high-level capabilities without compromising high perfor-
mance and portability amongst multiple backends (e.g.,
multi-core CPUs, and NVIDIA and AMD GPUs). We will
compare different Julia multi-GPU full-Stokes solvers for
ice flow with thermo-mechanical coupling and discuss the
performance of various discretisation and boundary condi-
tions approaches as well as compare the efficiency of the
solvers.
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Performance Portable Extensions to Ice-Sheet
Modeling in Mali

The road to exascale computing has introduced a need to
redesign our scientific software for new computing archi-
tectures that require a fundamentally different program-
ming model. In an effort to avoid architecture specific pro-
gramming and maintain productivity across platforms, the
ice-sheet modeling code known as MALI uses high level
abstractions to integrate Trilinos libraries and the Kokkos
programming model for performance portable code across
a variety of different architectures. By utilizing packages
within Trilinos and the Kokkos programming model, a sig-
nificant amount of progress has been made towards de-
veloping a framework that supports high resolution simu-
lations of ice sheets on pre-exascale systems and beyond.
This presentation focuses on the key performance devel-
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opments and future performance goals of developing and
maintaining a modern, robust and scalable land ice solver.
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Modeling Stochasticity In Coupled Dynamical Sys-
tems

From space weather, to climate, considerable efforts are
being made to improve the accuracy of the physics mod-
els. These models have complex interactions between phys-
ical phenomena evolving at different scales. Reliability
of such multi-physics models remains a grand challenge.
When physical phenomena interact, the predictions from
such models get polluted and the inherent uncertainties
are compounded, thus reducing their reliability. To tackle
this problem, we look at a novel approach for uncertainty
quantification (UQ) in coupled systems by learning the
mathematical operators, called the Perron-Frobenius and
Koopman operators, that describe the propagation of un-
certainties in such models. While scale bridging of multi-
scale physics has received considerable attention, UQ of
multi-physics remain a challenge. Existing methods for
UQ don’t quantify the stochastic nature of interaction in
multi-physics models. The key scientific contributions of
our work is the development of a novel UQ method that
1) quantifies the stochastic nature of coupling, 2) is non-
intrusive and, 3) provides both forward and backward UQ
in coupled systems. We achieve this by leveraging the
Perron-Frobenius and Koopman Operators that act on
functions of the model state and describe the evolution
of probability densities and observables forward and back-
ward in time respectively.
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Tractable Learning in Dynamical Systems Excited
by Colored Non-White Inputs

Learning the structure of a network from time-series data
is of significant interest in many disciplines such as power
grids, biology, finance. We consider a networked lin-
ear dynamical system with p agents/nodes. We study
the problem of learning the underlying graph of interac-
tions/dependencies from observations of the nodal trajec-
tories over a time-interval T. We present a regularized non-
casual consistent estimator for this problem and analyze
its sample complexity over two regimes:(a) where the in-
terval T consists of n iid observation windows of length
T/n (restart and record), and (b) where T is one contin-
uous observation window (consecutive). Using the theory
of M-estimators, we show that the estimator recovers the

underlying interactions, in either regime, in a time-interval
that is logarithmic in the system size p. To the best of
our knowledge, this is the first work to analyze the sample
complexity of learning linear dynamical systems driven by
unobserved not-white wide-sense stationary (WSS) inputs.
Extensions to the setting with cyclo-stationary inputs are
provided.
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Data Assimilation for Strongly Coupled Systems

We investigate the effects of the strength of coupling across
scales on the effectiveness of data assimilation in the two-
scale Lorenz 96 system. Only the large scale, slow vari-
ables are assimilated and a large ensemble is considered
to minimize sampling errors. We find that, given similar
observational constraints, the effectiveness of data assim-
ilation progressively deteriorates as the coupling strength
increases and then fails more abruptly. We explore the dy-
namical changes that underlie the progressive deterioration
and ultimate failure of data assimilation.
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Scalable Inference of Non-Newtonian Rheology Pa-
rameters in Earth’s Mantle on HPC Platforms

Estimating parameters in mantle flow and plate tecton-
ics from surface observations results in an optimization
problem governed by a highly nonlinear, heterogeneous,
and incompressible Stokes equation. Solving this govern-
ing equation is a major challenge by itself (Our computa-
tional methods for this forward problem include adaptive
mesh refinement and inexact Newton-Krylov with BFBT
and multigrid preconditioning for saddle point linear sys-
tems.) Estimation of rheological parameters, for which we
start with a Bayesian formulation, adds substantially to the
solver challenges. To efficiently estimate parameters in the
constitutive relation, we use adjoint Stokes equations and
a Newton method for the resulting PDE-constrained opti-
mization problem. The Hessian during the Newton steps
is approximated with BFGS, while a Gauss-Newton Hes-
sian at the numerical minimum is used for quantifying un-
certainties in the estimated parameters. We demonstrate
successful inference on large cross-sectional models and ex-
plore how the inference can be made computationally fea-
sible at a global scale encompassing the entire Earth.
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Neural Implicit Flow: a Mesh-Agnostic Dimension-
ality Reduction Paradigm of Spatio-Temporal Data

Fluid dynamics exhibits complex, multi-scale spatial struc-
ture, chaotic dynamics in time, and bifurcation in the rele-
vant parameters. Among these challenges, spatial complex-
ity is the major barrier for modeling and control of fluid
dynamics, which motivates the need of dimensionality re-
duction. Existing paradigms, such as proper orthogonal
decomposition or convolutional autoencoders, both strug-
gle to accurately and efficiently represent flow structures
for problems requiring variable geometry, non-uniform grid
resolution (e.g., wall-bounded flows, flow phenomenon in-
duced by small geometry features), adaptive mesh refine-
ment, or parameter-dependent meshes.To resolve these dif-
ficulties, we propose a general framework called Neural
Implicit Flow (NIF) that enables a compact and flexi-
ble dimension reduction of large-scale, parametric, spatial-
temporal data into mesh-agnostic fixed-length representa-
tions. We apply our mesh-agnostic approach to several
fluid flows, including flow past a cylinder, sea surface tem-
perature data, 3D homogeneous isotropic turbulence, and
a transonic 3D flow over ONERA M6 wing to show the ef-
fectiveness of parametric surrogate modeling, efficient dif-
ferentiable query in space, learning non-linear manifolds,
and the interpretable low-rank decomposition of fluid flow
data.
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Neural Galerkin Schemes for Evolution Equations

Neural Galerkin schemes build on Dirac-Frenkel varia-
tional methods to propagate forward in time nonlinear,
low-dimensional parametrizations for efficiently predicting
nonlinear latent dynamics of transport-dominated prob-
lems. The nonlinear parameters are learned by integrat-
ing systems of differential equations given by the physics
of the problem. This is different to collocation methods
that globally fit parameters by minimizing the residual
based on samples from the space and time domain. Nu-
merical results demonstrate that the proposed approach
requires few degrees of freedom to accurately describe and
predict transport-dominated dynamics. Furthermore, the
approach is compatible with adaptive sampling schemes
to efficiently approximate high-dimensional problems with
spatially local features.
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Dynamical Weighs: Learning Smooth Latent Tra-
jectories for Time-Dependent Problems

We present a data-driven, space-time continuous frame-
work to learn surrogate models for complex physical sys-
tems described by advection-dominated partial differential
equations. Those systems have slow-decaying Kolmogorov
n-width that hinders standard methods, including reduced
order modeling, from producing high-fidelity simulations at
low cost. In this work, we construct hypernetwork-based
latent dynamical models directly on the parameter space
of a compact representation network. We leverage the ex-
pressive power of the network and a specially designed
consistency-inducing regularization to obtain latent trajec-
tories that are both low-dimensional and smooth. These
properties render our surrogate models highly efficient at
inference time. We show the efficacy of our framework
by learning models that generate accurate multi-step roll-
out predictions at much faster inference speed compared
to competitors, for several challenging examples.
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Parallel-in-Time Solution of PDE-Constrained Op-
timization Problems with Hyperbolic PDEs

Solving optimization problems with hyperbolic partial dif-
ferential equations as constraints can be extremely chal-
lenging. Furthermore, the necessity of solving both forward
and adjoint problem at each step of the optimization algo-
rithm leads to high computational costs. Parallel-in-time
algorithms like Parareal can be used to speed up compu-
tations. Beside the simple approach of applying Parareal
to the forward as well as the adjoint problem, we will also
explore approaches for a closer integration of Parareal into
the optimization algorithm. In this talk, we will investigate
the performance of a combination of the gradient descent
method with Parareal and discuss the influence of artificial
and physical diffusion on our method.
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Diagonalisation-Based ParaOpt Preconditioners

The recently proposed ParaOpt method [1] constitutes
a first step towards the parallel-in-time (PinT) solu-
tion of optimality systems arising from non-linear opti-
mal control problems. Solving Newton-like linear systems
in the coarse-grid correction (CGC) step inhibits good
parallel scaling, however: the non-preconditioned itera-
tive solver requires more iterations when increasing time-
parallelism. Inspired by developments for the Parareal
PinT algorithm for initial-value problems, we propose us-
ing diagonalisation-based preconditioners to speed up CGC
and improve scaling. These preconditioners build upon
those used in the ParaDiag class of algorithms [2], ex-
tended to support both tracking and terminal-cost objec-
tives and having undergone improvements and convergence
analyses. We formulate preconditioned ParaOpt for linear
problems and demonstrate good weak scaling in numeri-
cal tests, supported theoretically by linking to our novel
ParaDiag results. In addition, we lay out a clear path-
way towards non-linear preconditioned ParaOpt, based on
non-linear extensions of ParaDiag. [1]: M. J. Gander, F.
Kwok, and J. Salomon. PARAOPT: A Parareal algorithm
for optimality systems. SIAM Journal on Scientific Com-
puting, 42(5):A2773A2802, Jan 2020. [2]: M. J. Gander, J.
Liu, S.-L. Wu, X. Yue, and T. Zhou. ParaDiag: parallel-
in-time algorithms based on the diagonalization technique.
arXiv:2005.09158 [cs, math], Apr 2021. arXiv: 2005.09158.
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A Single-Level Parallel-in-Time Method for Hyper-
bolic Problems

A single-level Parallel-in-Time method for hyperbolic prob-
lems In this talk, we propose an iterative method for solv-
ing composite collocation problems parallel-in-time, across
multiple steps, by firstly forming the all-at-once system.
These problems are typically the basis for the multi-level
PFASST algorithm. In contrast to PFASSTs multi-level
approach, we use single-level preconditioned Richardson it-
erations with an α-circulant preconditioner which can be
diagonalized using fast Fourier transformations (FFT) in
time, making this method a class of ParaDiag algorithms.
Using FFT in time on the preconditioner, the communica-
tion becomes very efficient and there is no need to worry
about coarsening strategies, which may be a source of error
when solving hyperbolic problems. As a consequence, we
obtain time-interval decoupled problems in each iteration
which we propose to solve directly in parallel, across the
collocation nodes, using a diagonalization of the slightly
modified quadrature matrix. This brings us to a doubly
parallel-in-time method that solves linear problems very
efficiently, from where an extension to nonlinear problems
is made. We present theoretical and practical convergence
and performance results as well as the strengths and weak-
nesses of this method.
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TriMGRIT - An Extension of Multigrid Reduction
in Time for Constrained Optimization

Time-dependent simulations traditionally involve sequen-
tial time stepping. In the linear setting, this is equivalent
to a forward solve of a block lower-bidiagonal space-time
system. Multigrid reduction in time (MGRIT) is an ap-
proximate block cyclic reduction method for solving these
systems in parallel, applicable also to nonlinear problems.
One important goal of MGRIT is non-intrusiveness, where
ideally users only wrap their existing code for taking a time
step. TriMGRIT extends the MGRIT idea to solve time-
dependent constrained optimization and optimal control
problems, where the systems have block tridiagonal struc-
ture and are coupled both forward and backward in time.
In this talk, we will describe the TriMGRIT algorithm and
present parallel results and experiences for several model
problems.
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Neural Networks for Fast Simulation of Multi-
physics Interactions of Electromagnetic Fields

This paper presents neural network architectures that can
be efficiently trained to replace one or more solvers in
multiphysics simulations involving electromagnetic fields.
We focus on electromagnetic/thermal simulations, where
Maxwells equations are jointly solved with the heat equa-
tion in lossy media. In particular, neural networks are
used to replace the heat equation solver and directly pro-
duce the transient and steady state temperature distri-
bution within the medium, using the material properties
and the electric field components, computed by a Finite-
Difference Time-Domain (FDTD) simulation. Hence, the
multiphysics simulation is greatly simplified, as it relies on
a single-physics (electromagnetic) solver, combined with a
neural network. The training of the network is based on
an unsupervised strategy, where the heat equation is di-
rectly implemented as a loss function of the network. This
approach is compared to the conventional supervised strat-
egy of using the mean square error (MSE) between ground
truth data (produced by a finite difference solver for the
heat equation) and the network prediction for the temper-
ature. We demonstrate the accuracy and computational
efficiency of this approach for general multiphysics prob-
lems and its applications to the modeling of microwave
hyperthermia scenarios in biological tissues.

Shutong Qi
Department of Electrical and Computer Engineering
University of Toronto
st.qi@mail.utoronto.ca

Costas Sarris
Electrical and Computer Engineering, University of
Toronto
costas.sarris@utoronto.ca

MS288

Kernel-Based Regressions for Vector-Valued Prob-
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lems in Microwave Applications

This talk presents a modeling framework for vector-valued
functions based on the multi-output kernel Ridge regres-
sion (KRR). The proposed formulation of the KRR re-
lies on a generalized definition of the reproducing kernel
Hilbert space (RKHS) to the case of vector-valued func-
tions, thus bridging the gap between multi-output Artifi-
cial Neural Network (NN) structures and standard scalar
kernel-based approaches. The above multi-output formula-
tion of the KRR can be suitably adopted to train a vector-
output surrogate model able to predict the frequency re-
sponses of parametric microwave structures affected by sev-
eral parameters with large variability. Its performance, in
terms of parametric and stochastic analysis, is compared
with the ones provided by two state-of-the-art techniques,
such as the combination of the principal components anal-
ysis (PCA) and the least-squares support vector machine
(LS-SVM) regression and a multi-output feed-forward NN
structure.
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AI-Driven Design and Optimization of Future Elec-
tronics

Artificial intelligence (AI) technologies have incentivized
paradigm shift for a wide range of domain science ar-
eas. Specifically, in the field of electronics devices and
systems, by embedding AI technologies, we can signifi-
cantly reduce the time and cost to the design and optimiza-
tion process. In this mini-symposium, we will introduce
several state-of-the-art works on facilitating AI in wave
and material modeling. The presentations will vary across
physics-informed neural networks (PINN), kernel-based re-
gressions, quantum machine learning, machine learning
and variable-fidelity approaches. We will also address the
revolution in microelectronics and high-frequency device
design with AI acceleration.
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SpecSolve: Fast Spectral Methods for Spectral
Measures

Spectral measures arise in numerous applications such as
quantum mechanics, signal processing, resonances, and
fluid analysis. Unlike its matrix counterpart, the spectral
measure of a self-adjoint operator may have an absolutely
continuous component and an associated density function,
e.g., in applications posed on unbounded domains. How-
ever, there has been no method able to compute spectral

measures of general infinite-dimensional self-adjoint oper-
ators, with previous efforts focused on classes of opera-
tors that carry a lot of structure. The SpecSolve package
[Colbrook, Horning, Townsend, SIAM Rev., 63(3) (2021),
pp. 489524] computes spectral measures by combining
state-of-the-art adaptive spectral methods with an efficient
resolvent-based strategy. By dealing with operators di-
rectly, as opposed to previous ”discretise-then-solve” tech-
niques, we construct methods with arbitrarily large rates of
convergence that recover the spectral measures of general
self-adjoint ODEs, PDEs, integral operators and discrete
operators. These algorithms are embarrassingly parallelis-
able. Numerical examples will be given, demonstrating
efficiency, and tackling difficult problems taken from math-
ematics and other fields such as chemistry and physics. A
highlight is the computation of hundreds of eigenvalues of
Dirac operators to machine precision and without spectral
pollution.
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Sparse Spectral Methods for Equilibrium Measures

Equilibrium measure problems appear in the continuous
limit of particle swarm problems in which particle be-
haviour is modeled by attractive-repulsive forces. We in-
troduce a banded spectral method using weighted Jacobi
polynomials which allows the efficient computation of equi-
librium measures for power law kernels. The derivation
of the method involves new Jacobi polynomial recurrence
relationships for Riemann-Liouville integrals, Riesz poten-
tials and the fractional Laplacian. We present numerical
experiments which agree with special case analytic results
as well as independent particle swarm simulations in one
and higher dimensions.
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Highly Accurate Multi-Domain Multivariate Spec-
tral Collocation Method for (2+1) Dimensional
Partial Differential Equations

The novelty of this work rests upon the use of domain par-
titioning technique in time variable when discretizing the
domain of solution in spectral collocation algorithm. The
single domain multivariate spectral collocation methods
have been proven to be effective in solving time-dependent
PDEs defined over small time domains. However, there
is a significant loss of accuracy as time domain prolifer-
ates and also when the number of grid nodes approaches
a definite particular number. Therefore, the establishment
of the new innovative multi-domain multivariate spectral
quasilinearisation method (MDMV-SQLM) is described for
the purpose of solving (2+1) dimensional nonlinear PDEs
defined on large time intervals. The main output of this
study is confirmation that minimizing the size of time com-
putational domain at each subinterval assures sufficiently
accurate results that are attained using minimal number of
nodal points and computational time. To highlight the effi-
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ciency and accuracy of the MDMV-SQLM, error estimates,
condition numbers and CPU time are presented for nonlin-
ear Burgers PDEs. The adoption of the domain decompo-
sition technique is efficacious in suppressing the numerical
challenges linked to large matrices and ill-conditioned na-
ture of the resulting coefficient matrix. Also, the obtained
results confirm that the numerical scheme is computation-
ally cheap, fast and yield extremely accurate and stable
results using fewer number of grid points for large time
domains.
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Sparse Spectral Methods for Fractional PDEs

Fractional partial differential equations (FPDEs) model
nonlocal processes such as wave absorption in the brain,
long-range geophysical effects, and Lvy flights. Many
methods require a truncation of the domain to discretize.
Aside from the expense, the nonlocal nature of FPDEs and
the slow decay of the solutions often cause numerical arte-
facts to appear even with large truncations. Moreover, the
solutions may exhibit singularities that must be accounted
for to build methods that converge quickly. We discuss
a class of FPDEs that include sqrt-Laplacian, derivative,
Hilbert transform and identity operators. By constructing
a sum space consisting of weighted Chebyshev polynomi-
als of the second kind and their Hilbert transform coun-
terparts, we precisely identify the action of the fractional
operator on our approximation space. This allows us to
derive sparse relationships between the sum space that we
expand our solution in, and the right-hand side which is
expanded in the so-called dual sum space. Affine trans-
formations of the sum space can be combined to together
in the approximation where, remarkably, the action of the
fractional operator decouples. Hence, we solve over each
interval separately and in parallel. We apply our spectral
method to problems with smooth data, where we observe
spectral convergence, as well as a fractional wave propaga-
tion problem.
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Parallel QR Factorization of Block Low-Rank Ma-
trices

Block Low-Rank (BLR) matrices are a compact represen-
tation that can reduce the storage and computational costs
of factorizing dense matrices arising from a wide range of
scientific applications. We present two new algorithms to
perform QR factorization of BLR-matrices: one that per-
forms blocked Householder QR, and another that is based
on the fine-grained tiled Householder QR. We show how
the blocked algorithm exploits BLR structure to achieve
arithmetic complexity of O(mn), while the tiled algorithm
exhibits O(mn1.5) complexity. We also present the par-
allelization of these algorithms and show that the tiled
algorithm allows for highly-parallel task-based execution
thanks to its finer task granularity. We compare our algo-
rithms with an existing BLR-QR algorithm based on Mod-
ified Gram-Schmidt (MGS) iteration and a state-of-the-art
vendor-optimized dense Householder QR in Intel MKL. For

a matrix of size 131k × 65k, our methods are more than an
order of magnitude faster than the dense QR in MKL. Our
methods are also robust to ill-conditioning compared to
the existing MGS-based method that suffers from numeri-
cal instability. On a CPU with 64 cores, our parallel tiled
Householder and blocked Householder algorithms show a
speedup of 50 and 37 times, respectively.
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Combining Binary Compression with Low-Rank
Arithmetic

Recently, a hybrid data compression scheme based on low-
rank compression and optimized binary representation was
used to compress simulation data. There, the low-rank ap-
proximation was further optimized by using binary com-
pression, permitting optimized storage while maintaining
error boundaries. We apply such a scheme in the context of
low-rank arithmetic and investigate the benefits and costs
associated with this, while different methods of represent-
ing the binary data are evaluated.
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A Fast Solver for Linear Systems with Tensor Prod-
uct Structure via Low-Rank Updates

In this talk we consider the numerical solution of linear
systems with a tensor product structure of the form

A1 ⊗ I ⊗ · · · ⊗ I + · · ·+ I ⊗ . . . I ⊗Ad)x = b

where the matrices Ai ∈ Cn×n are positive definite and
belong to the class of hierarchically semiseparable matrices
(HSS). Such linear systems arise in the discretization of
Laplace-type differential equations on tensorized grids and
in the dimensionality reduction of linear dynamical control
systems. We propose and analyze a divide-and-conquer
scheme based on the technology of low-rank updates that
attains the computational cost O(nd log(n)) that is quasi-
optimal in the case of unstructured right-hand-sides.
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Deep Importance Sampling Using Tensor Approx-
imations

We propose a deep importance sampling method that is
suitable in particular for estimating rare event probabil-
ities in high-dimensional problems. We approximate the
optimal importance distribution in a general importance
sampling problem as the pushforward of a reference dis-
tribution under a composition of order-preserving trans-
formations, in which each transformation is formed by a
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squared tensor-train decomposition of a ratio of unnor-
malized bridging density functions, such as tempered or
smoothed versions of the target density. The use of com-
position of maps moving along a sequence of bridging den-
sities alleviates the difficulty of directly approximating a
concentrated target density function. To compute expec-
tations over unnormalized probability distributions, we de-
sign a ratio estimator that estimates the normalizing con-
stant using a separate importance distribution, again con-
structed via a composition of transformations in tensor-
train format. This offers better theoretical variance reduc-
tion compared with self-normalized importance sampling,
and thus opens the door to efficient computation of rare
event probabilities in Bayesian inference problems. Numer-
ical experiments on problems constrained by differential
equations show little to no increase in the computational
complexity with the event probability going to zero.
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Bayesian Multifidelity Inverse Analysis for Expen-
sive, Non-Differentiable, Physics-Based Solvers in
High Dimensions

Computationally expensive, large-scale, numerical mod-
els with high-dimensional (stochastic) model input pose
some of the biggest challenges for (Bayesian) inverse anal-
ysis. The solution process is further impeded when model
derivatives are inaccessible, as is often the case in legacy
codes. We propose Bayesian multifidelity inverse analy-
sis (BMFIA), which overcomes the difficulties mentioned
above by employing computationally inexpensive, lower-
fidelity models and constructing a multifidelity likelihood
function. The approach builds upon previous develop-
ments of the authors in the field of uncertainty quantifi-
cation. The multifidelity likelihood is learned robustly,
and potentially adaptively, from a small number of high-
fidelity simulations. It incorporates the epistemic uncer-
tainty that arises from the small amount of high-fidelity
data and can also serve as an objective function for de-
terministic optimization schemes. We enrich the multi-
fidelity dependence with low-dimensional, informative in-
put features, which increases the formulations accuracy.
The inference process can be performed using state-of-the-
art sampling-based or variational methods for Bayesian in-
verse analysis and requires only evaluations of the lower-
fidelity model(s), which, when appropriately selected, can
also furnish derivatives. We demonstrate our approach on
large-scale biomechanical and coupled multi-physics prob-
lems and compare it with state-of-the-art single- and multi-
fidelity methods.
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Concentration Analysis of Multivariate Elliptic
Diffusions

We prove concentration inequalities and associated PAC
bounds for continuous- and discrete-time additive func-
tionals for possibly unbounded functions of multivariate,
nonreversible diffusion processes. Our analysis relies on an
approach via the Poisson equation allowing us to consider
a very broad class of subexponentially ergodic processes.
These results add to existing concentration inequalities for
additive functionals of diffusion processes which have so far
been only available for either bounded functions or for un-
bounded functions of processes from a significantly smaller
class. We demonstrate the usefulness of the results by ap-
plying them in the context of high-dimensional drift esti-
mation and Langevin MCMC for moderately heavy-tailed
target densities. This is joint work with Cathrine Aeckerle-
Willems and Claudia Strauch.
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Transport-Based Sampling Using Polynomial Den-
sity Surrogates

Generating samples from arbitrary probability distribu-
tions is an integral task in various areas of modern applied
mathematics such as parameter inference and uncertainty
quantification. In this talk, we describe a sampling algo-
rithm based on the Knothe-Rosenblatt transport, that can
be used to approximately sample from target distributions
on the d-dimensional unit cube [0, 1]d under mild assump-
tions on the target density. The method is based on the
use of polynomial density surrogates, which allows to ex-
plicitly and analytically construct the corresponding trans-
port. We discuss efficient implementation schemes and de-
rive error convergence rates for target densities belonging
to different smoothness classes.
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Breaking Out of Local Minima: Enhancing the
Basin Hopping Algorithm with the Skipping Mech-
anism

The Basin Hopping algorithm is a widely used stochastic
method for solving complex global optimization problems,
but it can be hindered by getting trapped in local minima.
In this talk, I will present a new variant of this algorithm,
named Basin Hopping with Skipping (BH-S), in which the
classical perturbation step is replaced with a so-called skip-
ping mechanism from rare-event sampling. This new per-
turbation strategy makes it easier to escape local minima
and enhances non-local exploration, leading to a more effi-
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cient and effective optimization process. In this talk, I will
provide an in-depth overview of the skipping mechanism,
describe its integration into the basin-hopping algorithm,
and present some empirical results on benchmark global
optimization problems.

Alessandro Zocca
Vrije Universiteit Amsterdam
a.zocca@vu.nl

John M. Moriarty, Maldron Goodridge
Queen Mary University of London
j.moriarty@qmul.ac.uk, m.p.goodridge@qmul.ac.uk

Jure Vogrinc
University of Warwick
jure.vogrinc@warwick.ac.uk

MS292

Multi-Information Source Bayesian Optimization
of Culture Media for Cellular Agriculture

Culture media used in industrial bioprocessing and the
emerging field of cellular agriculture is difficult to optimize
due to the lack of rigorous mathematical models of cell
growth and culture conditions, as well as the complexity
of the design space. Rapid growth assays are inaccurate
yet convenient, while robust measures of cell number can
be time-consuming to the point of limiting experimenta-
tion. In this talk, we describe the use of multi-information
source Bayesian optimization to optimize a cell culture me-
dia with 14 components. Following this approach, we were
able to design media with 181% more cells than a common
commercial variant with a similar economic cost while do-
ing so in 38% fewer experiments than an efficient design-
of-experiments method. Furthermore, the optimal medium
generalized well to long-term growth up to four passages of
C2C12 cells, indicating the multi-information source assay
improved measurement robustness relative to rapid growth
assays alone.
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Overview of Multi-Objective Bayesian Optimiza-

tion for Detector Design at the Electron Ion Col-
lider Detector(s): ePIC and Beyond

The Electron Ion Collider (EIC), the future ultimate ma-
chine to study the strong force, is a large-scale experiment
with an integrated detector that covers the central, far-
forward, and far-backward regions. EIC is utilizing adap-
tive experimentation strategies during the design and R&D
phases, in order to deal with a complex design problem
characterized by compute intensive simulations, multiple
sub-detectors — each characterized by multiple design pa-
rameters — and multiple design criteria or objectives. In
this context, we explored state of the art solutions to design
the experiment in a more efficient way. This talk provides
an overview of the recent progress made during the EIC
detector proposal; it will also cover how this work could
further progress in the near future.
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Bayesian Optimization for Peptide Design: Con-
trolling Ice, Binding Metals, and Making Proteins
Glow

Peptides are a powerful class of molecules that can serve
as drugs, materials and sensors in biological applications.
They are challenging to design, in part because experi-
mental evaluation of a peptide’s quality in particular ap-
plication requires time-consuming and expensive chemical
synthesis and characterization, and because a peptide’s
quality is hard to predict. We discuss the application of
Bayesian optimization to this challenge, focusing on three
testbed problems: peptides that prevent ice recrystalliza-
tion, with applications to preserving organs for transplan-
tation; and two ways of using peptides as sensors, one fo-
cused on binding metals, and the other on supporting en-
zymes that attach fluorescent chemical subgroups. All in-
volve real experiments and face common challenges: incor-
porating domain expertise from chemists, making accurate
predictions sequences with appropriately quantified uncer-
tainty, optimizing acquisition functions over discrete sets
of molecules, and appropriately leveraging time-consuming
computational chemistry simulations.
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Polynomial-Model-Based Optimization for Black-
box Problems

We deliver a novel algorithm, termed Polynomial-Model-
Based Optimization (PMBO), addressing a class of black-
box optimization tasks, for which sampling of the underly-
ing unknown system is extremely costly. These scenarios
occur for instance for complex interaction-simulations or
hyper-parameter search for machine learning applications.
While classic Bayesian Optimization is iteratively updat-
ing the surrogate model of the black-box function according
to the acquisition function Expected Improvement, PMBO
delivers a black-box model by fitting a polynomial surro-
gate to the objective function that enables fast optimiza-
tion of the surrogate. Though due to the No Free Lunch
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Theorem there is no universal best optimizer, by bench-
marking PMBO against other state-of-the-art algorithms
for a set of artificial, analytical functions and a biological
Tumor Response Model, its performance results to be supe-
rior up to dimension 6. Apart from its good performance,
the novelty of the PMBO relies on providing a search space
parametrization on the fly. This additional information en-
ables post-processing analysis which cannot be achieved by
prior established methods.
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An Algorithm to Mesh 2D Regions in Segmented
Images

Certain applications in medicine, material science, engi-
neering require creating meshes of the structures defined
by their segmented regions in images. These meshes can
then be used to compute high fidelity simulations of associ-
ated physics with the finite element method. In this work,
we develop a practical algorithm to create high quality tri-
angulations of regions in segmented images. For this, we
identify the boundaries between labeled pixels of the image,
smooth and coarsen the boundaries, and use them to guide
the triangulation. We demonstrate the effectiveness of the
algorithm with several real images from material science.
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Conforming Tetrahedral Meshing of Non-Convex
Domains with Sharp Features and Narrow Regions
Based on the VoroCrust Algorithm

VoroCrust is the first automated algorithm for conform-
ing Voronoi meshing. It was presented in SIGGRAPH
2020. We present a recent variation, VoroCrust-T, to gen-
erate conforming sliver-free tetrahedral meshes with guar-
anteed quality. Our novel approach utilizes the founda-
tional sphere packing methods in VoroCrust which simul-
taneously generates a quality triangular mesh of the sur-
face of the input Piecewise Linear Complex (PLC) model
and decomposes the enclosed volume by weighted Delaunay
simplices with good angles conforming to the surface mesh.
VoroCrust has an embedded sizing function that capture
the curvature of the model, and robustly represents sharp
features and narrow regions that might be associated with
the input model. Our new variation VoroCrust-T, simi-
lar to VoroCrust, can also handle non-manifold and non-
watertight inputs. We illustrate the robustness and output
quality of VoroCrust through a collection of models of vary-
ing complexity. In this talk we also present the recently re-
leased VoroCrust software and discuss its performance in

practice.
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Geometry and Topology Analysis of Characteriza-
tion and Discovery of Porous Material Structures

Nanoporous materials such have been of growing impor-
tance as materials for adsorption-based applications such
as CO2 capture, hydrogen and methane storage, as well as
for many others applications, for example, as catalysts. A
vast majority of nanoporous materials are based on modu-
lar chemistry, which enables construction of chemical struc-
tures using various building blocks. As the result, a huge
number of material structures can be obtained. Novel tools
are required to sieve through these possible structures to
identify ones with the desired properties for a given appli-
cation. Our group has been developing such tools by ex-
ploiting computational geometry and topology approaches
such as Voronoi tessellation and persistence homology. We
have gained the ability to detect and characterize porosity
features across various length scales important for adsorp-
tion processes, and we successfully used these features to
build machine learning structure-property models. This
presentation will summarize these developments and hint
towards new applications in the analysis of porous material
structures.
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An Extension to VORO++ for Multithreaded
Computation of Voronoi Cells

VORO++ is a software library written in C++ for comput-
ing the Voronoi tessellation, a technique in computational
geometry that is widely used for analyzing systems of par-
ticles. VORO++ was released in 2009 and is based on
computing the Voronoi cell for each particle individually.
Here, we take advantage of modern computer hardware,
and extend the original serial version to allow for multi-
threaded computation of Voronoi cells via the OpenMP ap-
plication programming interface. We test the performance
of the code, and demonstrate that we can achieve paral-
lel efficiencies greater than 95% in many cases. The mul-
tithreaded extension follows standard OpenMP program-
ming paradigms, allowing it to be incorporated into other
programs. We provide an example of this using the Voro-
Top software library, performing a multithreaded Voronoi
cell topology analysis of up to 102.4 million particles.
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Mapping the Structural Landscapes of Ordered
and Disordered Particle Systems Through Voronoi
Topology

Group theory provides a clear method of classifying crys-
talline structures according to their symmetry groups,
though doesn’t provide direct insight into relationships be-
tween different systems. Likewise, although there is great
understanding of many different kinds of disordered parti-
cle systems, and although many tools provide some insight
into similarities and differences between them, no unified
setting exists for describing relationships between different
kinds of disorder. We show that Voronoi topology can be
used to map out the structural landscape of both ordered
and disordered systems by considering the distributions of
Voronoi cell topologies that can arise in the different sys-
tems. This approach provides a new way to think about
structural relationships between particle systems, ordered
and disordered. A new multithreaded version of VoroTop
is used to analyze a large database of materials.
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A New Finite Element Method for Radiation
Transport on Spherical Geodesic Grids

We present a new numerical method to solve the Boltz-
mann equation based on a finite element approach in an-
gle, that combines the advantages of the discrete ordinate
method (SN) and the filtered spherical harmonics method
(FPN ) while avoiding their disadvantages. The scheme
uses a finite element basis to represent functions of angu-
lar variables on a geodesic grid along with a simple lim-
iting strategy to ensure non-negativity of solutions. We
then compare this new method with SN and FPN schemes
using four test problems and find it to perform well when
one of the other methods fail.
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GR-Athena++: Puncture Evolutions on Vertex-
Centered Oct-Tree AMR

‘GR-Athena++‘is a general-relativistic, high-order, vertex-
centered solver that extends the oct-tree, adaptive
mesh refinement capabilities of the astrophysical (radia-
tion) magnetohydrodynamics code‘Athena++‘. Dynam-
ical spacetimes are simulated using Z4c coupled to the
moving puncture gauge with robust and accurate bi-
nary black hole (BBH) mergers demonstrated. ‘GR-
Athena++‘leverages the task-based parallelism paradigm
of‘Athena++‘to achieve excellent scalability. Strong scal-
ing efficiencies above 95% for up to 1.21e4 CPUs and excel-
lent weak scaling up to 1e5 CPUs are measured for produc-
tion BBH runs.‘GR-Athena++‘thus allows for the robust

simulation of compact binary coalescences and and offers
a viable path towards numerical relativity at exascale. In
this talk a general overview of features outlined above will
be provided together with our recent development efforts.
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Handing-Off the Outcome of Binary Neutron Star
Mergers for Accurate and Long-Term Post-Merger
Simulations

We perform binary neutron star (BNS) merger simulations
in full dynamical general relativity on a Cartesian grid with
adaptive-mesh refinement. After the remnant black hole
(BH) has become nearly stationary, we find that the evolu-
tion of the surrounding accretion disk over long timescales
(∼1s) is suboptimal, as Cartesian coordinates over-resolve
the angular coordinates at large distances, and the accret-
ing plasma flows obliquely across coordinate lines dissi-
pating angular momentum artificially from the disk. To
address this, we present the HandOff, a set of computa-
tional tools that enables the transfer of general relativistic
magnetohydrodynamic (GRMHD) and spacetime data to
a GRMHD code that specializes in modeling BH accretion
disks in static spacetimes over long timescales making use
of general coordinate systems with spherical topology. We
demonstrate that the HandOff allows for a smooth and
reliable transition of GRMHD fields and spacetime data,
enabling us to efficiently and reliably evolve BNS dynamics
well beyond merger.
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Modeling Magnetic Fields, Jets, and Turbulence in
the Multimessenger Era

Magnetic fields, turbulence, and jet-driven outflows play
a critical role in core-collapse supernovae and compact-
object mergers. These transients belong to the most lumi-
nous and energetic events observed in the universe and are
key targets for time-domain astronomy surveys. I will dis-
cuss the unique challenges in both input physics and com-
putational modelling for these systems and highlight recent
breakthroughs in full 3D simulations. I will pay particular
attention to challenges in performing these simulations on
modern high-performance computational systems and how
to extract as much scientific insight as possible from the
produced datasets.
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Models and Numerical Simulations of Collective
Cellular Motion

The cells of incipient cancer tumors need oxygen to grow
in tissues. They issue growth factors that are felt in nearby
blood vessels and stimulate the formation of new blood ves-
sels (angiogenesis) that carry the needed oxygen and nutri-
ents to the tumor. Epithelial cells in move collectively to
close a wound or collectively push an epithelial monolayer
of a different tissue. Aspects of these multiscale processes
in biomedicine can be studied by mathematical and compu-
tational models. We discuss angiogenesis at supracellular
scales by stochastic differential equations and birth-death
processes, derive continuum descriptions of the density of
moving blood vessels and analyse a soliton-like attractor.
Numerical simulations of a cellular Potts model including
Notch signaling between cells describe the growth of blood
vessels at cellular and subcellular levels. Collective cellular
motion of epithelial cells can be described using simpler
active vertex models, in which cells are polygons forming a
Voronoi tessellation of the tissue. The dual Delaunay tri-
angulation comprises cells centers that evolve according to
dynamics including collective inertia and active forces. Nu-
merical simulations qualitatively agree with experiments
on wound healing assays, formation of fingers, and antago-

nistic migration assays of a precancerous cellular aggregate
invading the space of a healthy tissue and displacing its
cells.
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Optimization in Radiotherapy

In this talk I will provide an overview of models and algo-
rithms in the field of radiotherapy from optimization and
feasibility aspects. The results are focused on convex and
non-convex settings. The algorithms to be discussed are
projection methods and the superiorization methodology.
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Viral Transmission: Determining the Infection
Risk and Comparing Mitigations

SARS-CoV-2, the virus responsible for the COVID-19 pan-
demic, has claimed more than six million lives by now. In
collaboration with many other scientists, we have worked
intensively with policy-makers to fight the pandemic. I will
present an overview of our pandemic-related research: a)
A new modelling framework (Lau et al, Proc. R. Soc. A,
2022) for the airborne transmission of viruses that quickly
determines the infection risk in an indoor space, as ventila-
tion changes. The model agrees well with real superspread-
ing events during the COVID-19 pandemic and could be
used in future epidemics. b) An agent-based modelling
framework (Moore et al, COVID, 2021) that allows quick
decision-making and comparison of mitigations in educa-
tional settings. We find that, although frequent testing
can be used to reduce the number of infected students,
investment in masks and ventilation is more effective. c)
Modelling air purifiers. Air purifiers can be used to improve
ventilation and reduce infection risk from SARS-CoV-2 and
other pathogens in indoor spaces. It is, however, frequently
not clear where to place them and how strong they should
be. Hence, deploying them to schools, hospitals and other
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spaces poses interesting challenges for policy-makers and
managers of spaces. We provide solutions to some of these
challenges. In collaboration with: R. Gonzlez-Faria, T.C.
Dale. Funding: Welsh Government, Royal Society, Cardiff
University, University of Oxford.
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Modelling the Removal of Environmental Contam-
inants by Adsorption

Tackling environmental challenges is this generations defin-
ing task (EC Green Deal 2020). The goal of holding global
warming to well below 2C (IPCC 2018; Paris Agreement
2015), can now only be achieved through the extraction
of atmospheric greenhouse gases in tandem with emission
reductions and a range of other measures. Similarly the
goal of a toxic free environment requires the removal of
a multitude of existing contaminants. The focus of this
talk will be the development and solution of mathematical
models for the removal of contaminants by column sorp-
tion. Column sorption involves passing a contaminated
fluid through a porous media contained in a column. The
contaminants are adsorbed by the porous media. This is a
common process, capable of removing a multitude of con-
taminants. However, industrial use is restricted due to a
large increase in running costs. Further, laboratory exper-
iments on small scale equipment, a necessary precursor to
building the full size version, do not scale up in the pre-
dicted manner. The mathematical description of column
sorption involves coupling advection-diffusion equations to
sink (removal) equations, all applied over an evolving do-
main. In the talk we will describe our modelling, analytical
and numerical solution techniques as well as experiments
currently being employed to help improve and optimise this
process.
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Variational Multiscale Moment Methods for the
Boltzmann Equation

Integrating the Boltzmann equation with the collision in-
variants leads to conservation equations in mass, momen-
tum and energy. These equations require closure relations
for to balance the number of unknowns with the number of
equations. Such closure may be attained by the Chapman-
Enskog method which assumes that the distribution takes
the form of a perturbation series in powers of the Knud-
sen number scaled by a Maxwellian. By using a scaled
Boltzmann equation to solve for successive orders of the
perturbation series, we obtain familiar fluid dynamic equa-
tions: Euler, Navier-Stokes-Fourier, Burnett, and so on.
Whilst considering the linearized Boltzmann equation, we
propose a different ansatz. Instead of a perturbation se-
ries, we use the variational multiscale (VMS) method to
split our unknown into a coarse scale term from the space
of collision invariants and a fine scale term from the orthog-
onal complement to the collision invariants. We show that
the Chapman-Enskog method can be viewed as particular
way of approximating the fine scale term under the VMS
formulation. By approximating the fine scale term differ-
ently, we are able to derive an alternative to the Burnett
equations (i.e. a correction that is a step above Navier-
Stokes-Fourier) for which we can show entropy stability.
To show some benchmark results, these alternative equa-
tions necessitate extra boundary conditions which we mo-
tivate by considering the space-velocity weak form of the
linearized Boltzmann.
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Generalised Moment Approximation for the Boltz-
mann Equation

Non-equilibrium gas flow process occurs naturally in sev-
eral real world applications, e.g MEM devices, vacuum
pumps. Developing efficient yet accurate mathematical
models to describe these non-equilibrium flow problems is
of interest to researchers work in the field of rarified gas
dynamics. In kinetic gas theory, moment method is a tech-
nique to reduce complexity of an underlying kinetic equa-
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tion by suitable approximation. In this talk, we discuss
derivation of general moment systems from the Boltzmann
equation for mono-atomic gases and present a general-
ized numerical framework based on finite-element-method
to solve well-defined arbitrary order of moment systems.
We highlight the benefits of our proposed framework by
discussing the mathematical properties such as symmetry,
generality, linearity, and more. This talk also covers several
example problems involving non-equilibrium scenarios.
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Goal-Oriented Adaptive MLMC for Elliptic PDEs
with Lognormal Random Inputs

We propose our Adaptive Multilevel Monte Carlo
(AMLMC) [Beck, Joakim, et al. ”Goal-oriented adap-
tive finite element multilevel Monte Carlo with convergence
rates.” Computer Methods in Applied Mechanics and En-
gineering (2022)] method to solve an elliptic partial differ-
ential equation (PDE) with lognormal random input data,
where the PDE model is subject to geometry-induced sin-
gularity. The previous work [Moon, K-S., et al. ”Conver-
gence rates for an adaptive dual weighted residual finite ele-
ment algorithm.” BIT Numerical Mathematics 46.2 (2006)]
developed convergence rates for a goal-oriented adaptive
algorithm based on isoparametric d-linear quadrilateral fi-
nite element approximations and the dual weighted resid-
ual error representation in the deterministic setting. This
algorithm refines the mesh based on the error contribu-
tion to the QoI. This work aims to combine MLMC and
the adaptive finite element solver. Contrary to the stan-
dard Multilevel Monte Carlo methods, where samples are
computed using a discretization-based numerical method,
whose resolution is linked to the level, our AMLMC algo-
rithm uses a sequence of tolerances as the levels. Specifi-
cally, for a given realization of the input coefficient and a
given accuracy level, the AMLMC constructs its approx-
imate sample as the ones using the first mesh in the se-
quence of deterministic, non-uniform meshes generated by
the above-mentioned adaptive algorithm that satisfies the
sample-dependent bias constraint.
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Continuum Approaches for Strongly Non-
Equilibrium Flows

The kinetic theory finds its application in an extremely
wide range of problems, ranging from environmental prob-
lems to the planetary entry. It is used to describe non-
equilibrium flows for completely different conditions. How-
ever, there is still no single universal, accurate and compu-
tationally inexpensive approach suitable for various degrees
of gas rarefaction, characterized by the Knudsen number,
Kn. When solving problems, it may be necessary to sim-
ulate at relatively low values of Kn corresponding to the
slip flow regime, where the often-used DSMC approach be-
comes computationally too expensive. In such conditions,
continuum approaches become relevant. The talk is de-
voted to actively developing continuum approaches using
generalized Chapman-Enskog method. One-temperature,
multi-temperature and state-to-state descriptions will be
considered. The methods used to speed up calculations
will be highlighted, including the possibility of combining
different approaches. Particular attention will be paid to
validation, which is necessary before using detailed and
resource-intensive approaches.
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Efficient Solution of the Linear Boltzmann Equa-
tion for Radiation Therapy Using the Dynamical
Low-Rank Approximation

Computational methods in radiation therapy require a dis-
cretization of the six-dimensional phase space, composed of
energy, spatial position and direction of flight. This pro-
hibits fine numerical discretizations which are essential for
the construction of accurate treatment plans. We use a
dynamical low-rank approximation (DLRA) of the parti-
cle density to evolve the solution of the continuous slowing
down approximation to the Boltzmann transport equation
on a low-rank manifold in time. Here the energy is treated
as a pseudo-time and a rank adaptive integrator is cho-
sen to dynamically adapt the rank in energy. The trans-
port equation is split into collided and uncollided particles
through a collision source method. Uncollided particles
are described analytically, guaranteeing low computational
costs, whereas collided particles are represented by a low-
rank solution. The resulting method is more efficient con-
cerning both run-time and memory than conventional ra-
diation transport solvers and agrees well with conventional
deterministic solvers as well as state-of-the-art Monte Carlo
codes. We further extend our model from electron to the
more clinically relevant proton transport, which typically
requires finer discretizations due to the extremely forward-
peaked scattering and sharp peak in the energy deposition
curve. We show that DLRA is well-suited for proton dose
computations, already at significantly lower rank than re-
quired for electrons.
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Fast Boundary Element Methods to Simulate Un-
derwater Explosions and Their Interactions with
Submarines

Assessing the impact of underwater explosions on sub-
merged structures (submarines) is an important naval engi-
neering problem. An underwater explosion mainly induces
two distinct phenomena: a ”shock wave” (fast acoustic per-
turbation) followed by an oscillating bubble of gas (slow
incompressible flow). Our goal is to create an efficient nu-
merical method that accounts for the effects of both phe-
nomena on submerged structures. Due to the unbounded
nature of the ocean and the complex mechanical behavior
of the submarine we want to take into account, it is nat-
ural to consider a Boundary Element Method/Finite Ele-
ment Method (BEM/FEM) coupling. I will present how we
can take advantage of fast BEMs in the frequency domain
to model this time-domain problem, all the necessary im-
provements to be able to consider realistic configurations
and the consequences on the convergence of the FEM/BEM
coupling.
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Fast Boundary Integral Methods for Confined Sus-
pension Flows

Particulate flows are ubiquitous in the study of self-
assembly of biological structures and the design of soft ma-
terials. In many examples across application fields, it has
become apparent that resolving confinement, short term
forces (e.g. contact) and long-term forces (e.g. hydrody-
namics) is crucial to capture key features of these phenom-
ena. This talk will focus on the current state-of-the-art on
the BIE-based methods for fluid suspensions simulation,
as well as ongoing challenges in this area. I will discuss
some of our recent work applying this boundary integral
framework to simulate Janus particle systems, that is, of
particles whose surfaces exhibit two distinct physical prop-
erties.

Eduardo Corona
University of Colorado at Boulder
eduardo.corona@colorado.edu

MS297

Scattering from 2d Open Waveguides

We present a new method to solve the scattering prob-
lem defined by two planar, rectangular, semi-infinite open
wave guides that meet along a common perpendicular line.
We use the method of fundamental solutions to reduce the
scattering problem to a system of Fredholm integral equa-

tions along a line. This method lends itself to numerical
implementation.
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Scattering Matrix Computations for Integrated
Photonics

We present an accurate and efficient numerical method for
large-scale simulations of integrated photonic devices. The
governing equations for light propagating through these de-
vices are the Helmholtz equation in two dimensions, and
Maxwells equations in three dimensions. The problem is
numerically challenging to simulate owing to the size of
the object as measured in wavelengths of the propagat-
ing modes the devices are typically of millimeter scale,
while the wavelength of the propagating modes is on the
micrometer scale. This difficulty results in a large num-
ber of degrees of freedom required to discretize the prob-
lem which in turn leads to prohibitively large simulation
times for each iteration of the design loop. We present
a divide-and-conquer approach to enable computer-aided
design of photonic devices which relies on the devices con-
sisting of simple function modules with straight waveguides
albeit with different numbers of input and output channels.
Since each component only supports a small number of
propagating modes, we construct scattering matrices which
completely characterize the input/output behavior of these
components using state-of-art boundary integral equation
methods coupled with high-order quadrature rules, and the
recursively compressed inverse preconditioning method.
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Heterogeneity-Induced Mixing and Dissolution
Hotspots in Coastal Aquifers Facilitate Karst Prop-
agation

The freshwater-seawater mixing zone is characterized by
enhanced chemical activity. However, the the impact of
spatial heterogeneity on the dynamics of mixing and cal-
cite dissolution is not well understood. These processes
play a key role for the understanding of the development
of karst formations. We analyze the impact of different het-
erogeneity structures and strengths on the mixing and dis-
solution rates across the saltwater freshwater mixing zone.
We observe that the initial heterogeneity structure signif-
icantly impacts observed dissolution and mixing patterns,
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which sheds some new light on karst propagation in coastal
aquifers.

Marco Dentz, Maria Pool, Kevin de Vriendt
IDAEA, Spanish National Research Council (CSIC)
marco.dentz@csic.es, mpoolr@gmail.com, kdv-
geo@idaea.csic.es

MS298

Morphological Attractors in Natural Convective
Dissolution

Ever-changing geological features on this planet never fail
to capture our imagination and inspire new scientific ad-
vances. Among them, the formation of stone forests
is one striking geomorphology caused by dissolution and
fluid-structure interactions in nature. Recent experiments
demonstrate how a soluble body placed in a fluid sponta-
neously forms a dissolution pinnacle a slender, upward
pointing shape that resembles naturally occurring karst
pinnacles found in stone forests. This unique shape re-
sults from the interplay between interface motion and the
natural convective flows driven by the descent of relatively
heavy solute. In this talk, we will discuss a class of ex-
act solutions that act as attractors for the shape dynamics
in two and three dimensions. Intriguingly, the solutions
exhibit large but finite tip curvature without any regular-
ization, and they agree remarkably well with experimental
measurements. The relationship between the dimensions
of the initial shape and the final state of dissolution may
offer a principle for estimating the age and environmental
conditions of geological structures.
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How Fluid-Mechanical Erosion Creates
Anisotropic Porous Media

When a porous medium erodes, microscopic changes of the
grain morphology give rise to larger-scale features such
as channelization. Using a boundary integral formula-
tion, we characterize these changes by simulating erosion
of porous media. A Cauchy-integral formulation and asso-
ciated quadrature formulas enable us to resolve dense con-
figurations of nearly contacting bodies. We observe that
substantial anisotropy develops over the course of erosion;
that is, the configurations that result from erosion permit
flow in the longitudinal direction more easily than in the
transverse direction by up to a factor of six. These results
suggest that the erosion of solid material from groundwater
flows may contribute to previously observed anisotropy of
natural porous media.
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Data-Driven Analysis and Modeling of Erosion
Networks

Channel formation and branching is widely seen in physical
systems where movement of fluid though a porous structure
causes the erosion of the medium. We introduce a simple
model to capture this feedback mechanism in a multiphase
model of flow through a frangible porous medium with dy-
namic permeability. We explore the model through simu-
lations and examine how the channel morphology changes
with different parameters. In addition, given a channel
network, we develop a data-driven approach to predict the
flow characteristics that led to the network formation.
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Dissolution in Potential Flow: Maps and Shapes

If we put a dissolving object in a flow, its shape will
continuously change. Tracking of the evolving shape re-
quires the solution of coupled flow and transport equa-
tion, in an evolving geometry around the shrinking ob-
ject. If the system is quasi-two-dimensional and the
flow-potential, one can use conformal mapping techniques,
such as Polubarinova-Galin equation, to track the evolving
shapes. Two problems of this kind will be discussed: a disk
immersed in a flow and dissolved from the sides and a dis-
solution finger, propagating into the porous rock. The an-
alytical calculations and numerical simulation results will
be compared with the results of microfluidic experiments,
with a gypsum block inserted in between two polycarbon-
ate plates, dissolved by inflowing water. Finally, the impli-
cations for natural shapes wil. be briefly discussed.
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An Acoustic/Transport Splitting Method for the
Isentropic Baer-Nunziato Two-Phase Flow Model

We are interested in the computation of compressible two-
phase flows with the isentropic Baer-Nunziato two-phase
flow model [Baer and Nunziato. A two-phase mixture the-
ory for the deflagration-to-detonation transition (DDT) in
reactive granular materials.(1986)] by using a finite volume
methods that decouples acoustic and transport phenom-
ena. This approach is well-suited to many industrial appli-
cations like the simulation of flows in nuclear reactors when
the material velocities are low compared to the sound veloc-
ities. For the Euler system, the classic Lagrange-Projection
method allows to perform such decoupling by solving the
flow equations in Lagrangian coordinates. Unfortunately,
the Baer-Nunziato model involves three different material
waves that do not allow to exhibit a simple expression of
the system using Lagrangian coordinates. Using similar
ideas as in [Chalons, Kokh and Spillane. Large time-step
numerical scheme for the seven-equation model of com-
pressible two-phase flows.(2011)], we consider an operator
splitting strategy that allows to separate an acoustic sub-
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system and a transport subsystem for the Baer-Nunziato
model. This operator splitting allows to design a numer-
ical scheme with a time-implicit treatment of the (fast)
acoustic waves, in order to get rid of a too restrictive CFL
condition, and an explicit treatment of the (slow) mate-
rial waves in order to preserve accuracy, for the isentropic
Baer-Nunziato model.

Katia Ait-Ameur
Ecole Polytechnique
katia.ait-ameur@polytechnique.edu

Samuel Kokh
CEA - Maison de la Simulation
samuel.kokh@cea.fr

Marc Massot
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MS299

Implementation and Stability Analysis of Self-
Adjusting Implicit Multirate Methods

A novel strategy for the implementation of self adjusting
multirate approaches is proposed, based on the use of op-
timal time step estimation also for the locally refined time
step. The proposed strategy is applied to efficient DIRK
methods and the resulting combination is tested on a num-
ber of relevant test cases. Furthermore, a general approach
for the stability analysis of multirate methods is presented,
which allows to study stability on physically relevant lin-
ear model problems. Both results generalize previous work
by the author and have been obtained in joint work with
F. Casella (Politecnico di Milano), B. Bachmann (Bielefeld
University of Applied Sciences), M. Gomez and S. Fernan-
dez (University of Sevilla).
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MS299

A Scalable Semi-Implicit Solver for the Barotropic
System in a Mode-Split Ocean Model

Most modern ocean models have adopted the
barotropic/baroclinic mode-splitting technique for
more computationally efficient time integration. Since the
two-dimensional barotropic system has a gravity-induced
wave speed which is around two orders of magnitude
faster than the three-dimensional advection-dominated
baroclinic mode, numerical stability and model perfor-
mance are strongly dependent on numerical methods
solving the barotropic system. A scalable semi-implicit
barotropic mode solver for the Model for Prediction
Across Scale-Ocean (MPAS-O) has been implemented
as a competitor of the default explicit-subcycling solver.

The barotropic system is discretized in time with the
Crank-Nicolson method. As a Krylov subspace solver,
we use the single synchronization biconjugate gradient
stabilized solver that has one global synchronization point
per solver iteration. To accelerate the convergence of this
solver, the restricted additive Schwarz (RAS) precondi-
tioner is introduced. Before the construction of the RAS
preconditioning matrix, the global coefficient matrix is
reordered to make a near-block diagonal form to obtain
optimal performance. Several numerical experiments
demonstrate that the semi-implicit barotropic mode solver
has faster computational performance up to two times
compared to the default solver while maintaining the
numerical accuracy. Moreover, GPU acceleration of this
semi-implicit solver is underway. We will briefly introduce
this work at the minisymposium.
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MS299

Operator Splitting in Physics-Dynamics Coupling
of the Met Office LFRic Weather and Climate
Model

The UK Met Office provides weather forecasts and climate
predictions at a range of timescales, for different domains
of interest and at varying levels of complexity. Global
deterministic model forecasts are currently carried out 4
times a day with ∼10km horizontal resolution, while more
detailed short-to-medium-range regional forecasts over the
UK are run more frequently using a 1.5km resolution. Sea-
sonal and climate configurations use lower resolutions, but
with additional complexity in the physics packages and
coupling to ocean models. The challenges presented by
future generations of computer architecture require a re-
design of our software and algorithms, so the Met Office is
developing LFRic - its next generation atmosphere model.
To span the scales for weather and climate efficiently and
accurately, a mixed-finite element non-hydrostatic dynam-
ical core is used alongside finite volume transport and fi-
nite difference sub-grid physical parametrizations (e.g., so-
lar radiation, clouds) all combined through a semi-implicit
time-step. Achieving greater levels of parallelism and more
efficiently targeting spatial resolution will be a key fea-
ture to obtain efficient time-to-solution with the greatest
level of accuracy. We will discuss two aspects: accessing
greater task parallelism through operator splitting in the
semi-implicit timestep and refining/coarsening spatial reso-
lution between different components (e.g., dynamical core,
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sub-grid physics) of the system.

Ben Shipway
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MS299

Leveraging a Semi-Discrete Error Analysis Frame-
work to Improve Coupling Between Atmosphere
Processes in E3SM

The Energy Exascale Earth System Model (E3SM), like
other global climate models, seeks to solve a truly mul-
tiphysics problem that includes processes such as fluid
flow, heat exchange, chemical reactions, and phase changes.
Those processes are partitioned into individual models
that, along with the associated numerical discretization,
are each developed more-or-less independently of the oth-
ers, which has resulted in process coupling that remains es-
sentially a sequential splitting approach. Thus, this work
leverages a semi-discrete error analysis framework to in-
vestigate the potential both of alternative coupling ap-
proaches in the literature and of new coupling approaches
developed specifically to the software architecture of the
E3SM atmosphere model (EAM). The analysis framework
isolates the coupling error from that of the temporal and
spatial discretization, avoiding the need to rederive er-
ror terms for each combination of coupling approach and
temporal and/or spatial discretization present in EAM.
By leveraging such analysis, an alternative coupling ap-
proach for aerosol processes has been developed that sub-
stantially improves dust lifetime simulation, which is cru-
cial to reliable climate prediction. Both the improvement
in aerosol process coupling and the progress on improv-
ing coupling between other atmosphere processes will be
presented. Prepared by LLNL under Contract DE-AC52-
07NA27344. LLNL-ABS-840173.
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MS300

High-Order Diagonally Implicit Runge-Kutta
Schemes for Stiff and Oscillatory Problems

Fully implicit Runge-Kutta (RK) schemes possess supe-
rior stability properties over explicit RK schemes. Thus,
they are employed to accurately integrate stiff or oscillatory
systems of ordinary differential equations or semidiscretiza-
tions of partial differential equations. However, the compu-
tational cost of implementing implicit RK methods often
limits their applicability, especially when combined with
large-scale and high-resolution numerical simulations. As

an efficient alternative, diagonally implicit Runge-Kutta
(DIRK) schemes are sought. We present an optimization
approach for designing DIRK schemes of order six and
higher that are A-stable and stiffly accurate. The accu-
racy and robustness of these schemes are shown via exten-
sive numerical tests on diverse problems. This optimization
approach can be adopted for designing numerical integra-
tors with other desired properties.
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Avoiding Order Reduction with Explicit Runge-
Kutta Exponential Methods in Nonlinear Initial
Boundary Value Problems

A technique will be shown to recover the classical order of
the method when explicit exponential Runge-Kutta meth-
ods integrate reaction-diffusion problems. In the litera-
ture, methods of high enough stiff order for problems with
vanishing boundary conditions have been constructed, but
that implies restricting the coeffcients and thus, quite prob-
ably, the computational cost. In contrast, the technique
being suggested is cheaper because it just needs, for any
method, to add some terms with information on the bound-
aries. Moreover, time-dependent boundary conditions will
be directly tackled.
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Universidad de Valladolid
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MS300

Emerging Time Integration Methods for Atmo-
spheric Modeling

Exponential time integrators are a very accurate approach
for stiff systems of differential equations. In recent years,
many advances have been made to improve their computa-
tional efficiency. In numerical weather prediction models, it
is common to use implicit or semi-implicit integrators with
large time steps to reduce the cost of the solution. Expo-
nential methods have the advantage of allowing time steps
as large as the implicit schemes, while correctly simulating
all relevant wave dispersions. In this presentation, we in-
vestigate the potential of different exponential schemes in
the context of atmospheric modelling using idealised test
cases of the shallow water and Euler equations.

Stéphane Gaudreault
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MS300

Applications of Exponential Integrators to Chemi-
cal Combustion Simulations

Exponential integrators have been shown as an effective ap-
proach to solve stiff systems of differential equations. These
methods possess good stability properties all while offer-
ing computational savings over implicit methods for some
problems where efficient preconditioners are not available.
We will discuss the application of variable time stepping ex-
ponential methods of EPIRK-type to chemical combustion
problems. These variable time-stepping schemes leverage
the KIOPS algorithm to quickly and accurately approx-
imate the exponential-like ϕ-functions which constitute
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the main computational expense of exponential integra-
tors. Combustion problems are notorious for stiffness that
arises from both the chemical kinetics portion of the mod-
els as well as transport mechanisms driving the process.
We demonstrate that even straight-forward, i.e. out-of-the-
box, application of exponential methods to these systems
yields performance comparable to the implicit methods of
CVODE (LLNL) and TrBDF2 (SNL). We carry out a num-
ber of experiments using GRI, NHeptane, NButane, NDo-
decane, and Hydrogen combustion mechanisms to compare
performance of exponential and implicit methods over the
course of ignition at a single point. Our numerical stud-
ies include both overall comparison of the performance of
the integrators as well as detailed analysis of underlying
computations with Krylov-based techniques.
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MS301

Building a Knowledge Graph for CSE: From Pro-
totype to Community Project

Mathematical computing knowledge is produced at an im-
mense, and seemingly ever increasing, speed. Very lit-
tle of it is organised in meaningful ways, making its dis-
covery, insight and discussion harder every year. Follow-
ing new developments in a given field is time consuming
even for experts. Entering a new specialisation is daunt-
ing for students. We will show how building a knowl-
edge graph for scientific computing can address these is-
sues. We have created an ontology that semantically links
mathematical problems with algorithms, publications and
implementations. This ontology encodes possible relation-
ships between the entities in the graph and these connec-
tions can be explored using our web-based query frontend.
This query frontend enables non-experts to quickly gain
an overview of available methods and software for numer-
ical problems in their scientific work. The frontend makes
variations of essentially the same algorithms easily discov-
erable. It allows tracking new publications or software im-
plementations connected to a certain mathematical prob-
lem. We will be inviting feedback for our plans to grow
this knowledge graph into a community-driven platform
with an open, freely accessible API. Our efforts are part
of the scientific computing task area in the Mathemati-
cal Research Data Initiative (MaRDI), a consortium in the
German National Research Data Infrastructure (NFDI).
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MaRDI - The Mathematical Research Data Initia-
tive within the German National Research Data
Infrastructure (NFDI)

Mathematical research data is vast, complex and multi-
faceted. It emerges within mathematics but also in other
scientific disciplines such as physics, chemistry, or engineer-
ing. The growing amount of research data challenges an
old requirement in science: its reproducibility and the re-
usability of results. In an attempt to answer this challenge
at current level, the FAIR principles have been formulated.

Yet, despite the existence of special solutions a compre-
hensive infrastructure for research data that supports the
research process and implements the FAIR principles in
science or in mathematics is missing. In 2020 Germany
started the National Research Data Infrastructure (NFDI)
which will be created along the needs of all scientific disci-
plines and aims at FAIR use of research data. Within the
NFDI the Mathematical Research Data Initiative (MaRDI)
is the consortium for developing a research data infrastruc-
ture for mathematics. Starting with the areas of computer
algebra, scientific computing, statistics and machine learn-
ing, MaRDI will develop standards for confirmable work-
flows and certifiable mathematical results and provide new
services that assist the research cycle up to peer-review in
the publication process. Standardized formats, data inter-
operability and application programming interfaces need
to be established to ensure the ease of use of data across
broad disciplines. In this talk, we present concepts and
ideas behind MaRDI.
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From Dark Data to Fair Data in Computational
Science, Engineering and Mathematics

Dark data are data that are poorly managed and they are
becoming a major problem for science and industry. They
are diametrically opposed to FAIR data because their epis-
temic status is unclear, and they are neither findable, acces-
sible, interoperable, nor reusable. As such, research data
may be uncurated, unavailable, unannotated, biased, or
incomplete. The talk will explore representative examples
of dark data in the fields of scientific computing and in
statistics. Dark data as a negative category serve well as
an analytical tool to work out how the data management
processes can be improved and aligned with the FAIR prin-
ciples with respect to reproducible research. This can be
enabled by documenting epistemic metadata, i.e., informa-
tion about the knowledge status of data. Epistemic meta-
data include, besides documenting pure process metadata,
also the reflection and integration of scientific underpin-
nings of the research. This in turn means the evaluation of
disciplinary scientific practices and conventions in detail.
It is here that NFDI consortia, such as the Mathemati-
cal Research Data Initiative (MaRDI), can provide ded-
icated support by encouraging academic communities to
engage in community-driven metadata standardization. In
case of mathematics this means setting up semantic tech-
nology (metadata, ontologies, knowledge graphs) for prob-
lems, models, algorithms and software. The effort will be
highlighted in the talk.
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Design of Cse Workflows Using Fair Principles: A
Framework for Abstracting Meta-Data into Multi-
Layered Descriptions

Numerical algorithms and computational tools are essen-
tial for managing and analyzing complex data processing
tasks. With the availability of meta-data and parameter-
driven simulations, the demand for automated workflows
to reproduce computational experiments across platforms
has grown. In general, a computational workflow is de-
fined as a step-by-step description for accomplishing a sci-
entific objective, expressed in terms of tasks and their data
dependencies. Characterized through their input-output
relation, workflows are designed such that the associated
meta-data can be used interchangeably and redundantly.
As a part of the MaRDI consortium [www.mardi4nfdi.com]
on research data management in numerical mathematics,
we develop a novel computational framework that focuses
on automation of abstracting meta-data embedded in an
ontology of mathematical objects while negating the under-
lying execution and environment dependencies into multi-
layered descriptions. Herein, we consider various compu-
tational experiments as case studies, and systematically
incorporate them into our workflow tool and data prove-
nance framework. Furthermore, we show how best to apply
the FAIR principles to computational workflows, such that
abstracted components are Findable, Accessible, Interop-
erable, and Reusable in nature. Going forward, we also
plan to provide the developed FAIR CSE workflow in elec-
tronic lab notebooks (ELNs) with user-friendly guidelines.
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Pde Analysis of Real-World Problem - Groundwa-
ter Modelling

A new academic-business model involving a strategic col-
laborative effort between a mathematical science-based re-
search centre and a business-entrepreneurial entity is sug-
gested. This model is framed within a Quadruple He-
lix (QH) structure, with four main distinct clusters (gov-
ernment, industry, academia and community user). This
academic-business model is then implemented via a pro-
posed mathematical/industrial mathematics modelling ac-
tivity, which is essentially rested on the knowledge transfer
mechanism and entrepreneurial process. This underlying
activity apparently would fulfil our sequence of steps in
the modelling of a real-world problem within QH frame-
work. This programme is then applied to a real-world
industrial problem. This problem would link up to the
QH clusters and is described by a presumed workable in-
dustrial problem, incorporating PDE analysis and Green
function method on Surface Water (SW), Riverbank Fil-
tration (RBF) and Groundwater (GW) modelling. The

main goal is to generate an integrated water management
scheme which would ensure an optimal conjunctive use of
SW, RBF and GW sources of treated clean water, thus
preventing unscheduled disruption of clean water supply
to Water Authority account holders. The final outcome is
to achieve and sustain a reasonably practicable and opti-
mal conjunctive/integrated water management system for
a community of Water Authority users.

Zainal Aziz
UTM Centre for Industrial and Applied Mathematics
Universiti Teknologi Malaysia
zainalaz@utm.my

MS302

Generation of Aesthetic Curves and Surfaces by
Integrable Geometry

We first consider the log-aesthetic curves (LAC), which is
a family of planar curves developed and used in the area of
industrial design as shape elements with built-in aesthetic
nature. The LAC has been originally proposed by extract-
ing the common properties from thousands of plane curves
that car designers regard as aesthetic, which includes vari-
ous spirals as special cases, such as the circle involute, the
clothoid, the Nielsen’s spiral, and the logarithmic spiral.
We present a new mathematical framework of the LAC on
the theory of integrable systems and the similarity geome-
try, a Klein geometry associated with the similarity trans-
formation group. Using this framework, we show that the
similarity curvature is governed by the stationary Burgers
equation and that the LAC is characterized by the vari-
ational principle. Namely, the LAC can be regarded as
the similarity geometry analogue of the celebrated Eulers
elasticae in the Euclidean geometry. Based on this result,
we present some generalizations of LAC: (i) integrable dis-
cretization, (ii) space curves, and (iii) surfaces. We expect
that those curves and surfaces may be useful for generating
aesthetic shapes.
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Effective Modelling for PCBA Warpage Simulation

A printed circuit board (PCB) is a multi-layered com-
posite which includes many layers of copper circuits and
dielectric materials. It is used as a backbone to carry
and connect various electronic components, i.e. PCBA,
to achieve certain functions. However, because the compo-
nents are decreasing in size, the reliability of PCBA have
become a critical issue. One of the serious problems is
the warpage, which is induced by the thermal mismatch
between unevenly-distributed circuits, dielectric layers and
assembled components during the manufacturing process
which experiences a temperature variation. This may cause
defects in the assemblies. It is helpful to simulate in ad-
vance to evaluate. However, since the circuit on a PCB is
very tiny compared with the size of the PCB or the compo-
nents, it is too difficult to build a finite element model to
include all the details of circuits and components. Hence, a
feasible way is needed. Here, a new effective modelling ap-
proach which adopts equivalent material properties is pro-
posed for PCBA warpage simulation. In this approach, the
multi-layered PCB with connected components (PCBA)
are meshed and connected properly, and the model is not
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too large while the circuits effect is still considered. With
the proposed approaches, this method can be useful and
efficient to simulate the PCBA manufacturing process to
evaluate the warpage of the PCBA. Even those cases with
irregular-shaped PCBs and shielding frames can be also
treated efficiently.
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A Predictive System for Assessment the Right and
Wrong Parties in a Car Accident from Traces of
the Damage

The problem of jamming in Bangkok is a top issue that
still needs to be addressed. There are several factors that
can cause disruption. And road accidents are one of the
major causes. This research was requested by the Thai
General Insurance Association for this problem. This re-
search creates a system for assessing the damage effects of
a car as if it were an expert in the investigation. The model
predicts the severity and damaged parts of the vehicle, re-
ducing the amount of time and procedure for determining
damage in the event of an accident by surveyors. The tech-
nology was used to analyze vehicle damage images together
with the principles of machine learning in analysis. This
is coupled with the use of correlation principles and text
analysis to determine the causality of the chronology to be
used for analysis based on the information recorded from
both parties. Coupled with the system’s ability to identify
the location and environment of the accident scene, it is
used through a central system that stores images and text.
The diagnosis uses principles consistent with the database
to store patterns of accidents in various ways in accordance
with the Disaster Survey Manual under the Land Traffic
Act for monitoring the damage. The system can initially
determine whether a party is right or wrong, and it can
also reduce the process of assessing damages for claims,
and reporting an accident for convenience and speed, as
well as reducing obstructing traffic on the road.
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Heat Kernels of Quantum Interaction Models for
Quantum Computers

We discuss the derivation of analytical formulas for the
heat kernel, propagator and partition functions of the
quantum Rabi model and asymmetric quantum Rabi
model, which are the most fundamental models of quan-
tum optics. Although these were introduced as theoretical
models, it is known that they have predicted the exper-
imental measurements of the realization of quantum en-
tangled states using superconducting artificial atoms. We
also refer to explicit propagators (corresponding to path
integrals) and quantum computation.
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Mixed Precision in Pivoting Avoiding QR

Rank-deficiency plagues least-squares problems. While the
QR factorization with Column Pivoting (QRCP) offers a
robust solution, it suffers from scaling issues due to its
communication-bound nature. The Pivoting Avoiding QR
factorization (PAQR) is an alternative that benefits from
a scaling similar to that of the original QR factorization
but at the expense of fewer theoretical guarantees com-
pared to QRCP. We show how the application in different
precisions aids in retaining the speed of a traditional QR
factorization, while still selecting an appropriate column
order. Within PAQR, there exists a tolerance parameter
(used to detect any possible deficiency) that influences the
algorithm’s behavior, this parameter can be selected so as
to fit the accuracy of FP32 or FP16 arithmetic. In this talk
we investigate the use of lower-precisions and mixed preci-
sions using PAQR in the context of deficient least-squares
problems.
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An Attempt of Exploiting Low Precision Comput-
ing in the GMRES(m) Method

Recently, the use of low precision computing such as FP16
has attracted much attention. We have studied approaches
of accelerating the computations in numerical linear alge-
bra, e.g., solution process of sparse and large liner sys-
tems. In this presentation, we show our attempt of in-
troducing low precision computing into the GMRES(m)
method, which is one of well-known Krylov subspace meth-
ods for non-symmetric problems. First, we present numer-
ical results of a mixed precision variant of the GMRES(m)
method using FP64 and FP32. We discuss the behavior
of the mixed precision GMRES(m) method and its poten-
tial to accelerate the solution process. Second, we consider
introducing lower precision computing than FP32 into the
GMRES(m) method. We implement different variants of
the mixed precision GMRES(m) method and examine their
behavior. Through the numerical experiments, we investi-
gate the possibility of aggressively using the lower precision
computing in the GMRES(m) method and discuss issues
for further performance improvement.
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Adaptive Precision Sparse Iterative Solvers

We introduce a mixed precision algorithm for computing
sparse matrix-vector products and use it to accelerate the
solution of sparse linear systems by iterative methods. Our
approach is based on the idea of adapting the precision of
each matrix element to their magnitude: we split the ele-
ments into buckets and use progressively lower precisions
for the buckets of progressively smaller elements. We carry
out a rounding error analysis of this algorithm that pro-
vides us with an explicit rule to decide which element goes
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into which bucket and allows us to rigorously control the
accuracy of the algorithm. We implement the algorithm
on a multicore computer and obtain significant speedups
(up to a factor 7×) with respect to uniform precision al-
gorithms, without loss of accuracy, on a range of sparse
matrices from real-life applications. We showcase the ef-
fectiveness of our algorithm by plugging it into a GMRES
solver for sparse linear systems and observe that the con-
vergence of the solution is essentially unaffected by the use
of adaptive precision.
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MS303

Mixed Precision Iterative Refinement for Low-
Rank Matrix and Tensor Approximations

We present a new mixed precision algorithm to compute
low-rank matrix and tensor approximations, a fundamental
task in numerous applications in scientific computing and
data analysis. Our algorithm is reminiscent of the iterative
refinement framework for linear systems : we first com-
pute a low-rank approximation in low precision and then
refine its accuracy by iteratively updating it. We carry out
an error analysis of our algorithm which proves that we
can reach a high accuracy while performing most of the
operations in low precision. We measure the cost of the
algorithm depending on the numerical rank of the input
as well as the speed ratio between low and high precision
arithmetic. We identify two situations where our method
has a strong potential : when the hardware provides fast
low precision matrix-multiply-accumulate units, and when
the numerical rank of the input is small at low accuracy
levels. We assess the potential of our algorithm for com-
puting various low-rank matrix and tensor decompositions
such as SVD, QR, Tucker, hierarchical Tucker, and tensor-
train.
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Mixed Precision Algebraic Multigrid on GPUs

We present the first GPU-native platform-portable alge-
braic multigrid (AMG) implementation that allows the

user to use different precision formats for the distinct multi-
grid levels. The AMG we present uses an aggregation size
2 parallel graph match as the AMG coarsening strategy.
The implementation provides a high level of flexibility in
terms of configuring the bottom-level solver and the pre-
cision format for the distinct levels. We present conver-
gence and performance results on the GPUs from AMD,
Intel, and NVIDIA, and compare against corresponding
functionality available in other libraries.
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MS304

Model Reduction Using Moment Models

The high dimensionality of many mathematical models in
science and engineering leads to prohibitively large compu-
tational cost for even an approximate numerical solution.
However, an accurate solution of the full model is often
not even necessary, as only a small set of variables suffices
to characterize the main behavior of the solution. This
poses the question of model reduction: How can we effi-
ciently reduce the complexity of the model and arrive at a
reduced model, that is both sufficiently accurate and com-
putationally feasible? In this talk, we fist briefly discuss
different model reduction techniques for kinetic equations.
We then focus on moment models as one way to reduce the
full model to a set of analytical, lower dimensional equa-
tions. The benefits of moment models are the mathemati-
cally sound derivation, their hierarchical structure, and the
possibility to assess analytical properties of the model from
the resulting equations. We consider, among others, exam-
ples from rarefied gases and free-surface flows and illustrate
those by numerical simulations.
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Hybrid Low-Rank Discretization of the Vlasov
Equation

The Vlasov-Maxwell system describes the evolution of the
phase-space distribution of a plasma in its self-consistent
fields. This kinetic description of a plasma is computa-
tionally very challenging due to the dimensionality of the
phase space. Low-rank solutions to the Vlasov-Maxwell
equations have the potential to compress the distribution
function which enables a fast and accurate solution. How-
ever, most simulations so far have been for relatively simple
test cases which exhibit a strong low-rank structure. Par-
allelizing low-rank solvers on a large scale is hard which
hampers the applicability in state-of-the-art physics simu-
lations. In joint work with Allmann-Rahn and Grauer, we
have recently shown that more complex test cases can be
tackled with a compression that is only confined to the ve-
locity space. Another way of exploiting low-rank solutions
in large-scale simulations is to use a hybrid simulation that
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combines a low-rank solution with a particle-in-cell simu-
lation. In this talk, we consider a particle-in-cell simula-
tion with a low-rank solution as a dynamic control variate.
For benchmark test cases, it is shown that the low-rank
control variate—in contrast to a time-independent control
variate—continues to improve on the accuracy of the par-
ticle solution when nonlinear effects become dominant.
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A Two-phases Hybrid Method for Modelling Neu-
tral Particles in the Plasma Edge of a Fusion Device

In nuclear fusion reactors, neutral particles play an impor-
tant role in shielding the reactor walls and in particular
the divertor targets from the hot plasma in which the fu-
sion reactions take place. The neutral particle behaviour is
governed by a kinetic equation that is difficult to solve due
to the high dimensionality of the phase space and the high
collisionality between the neutral particles and the plasma.
High dimensionality is typically resolved by resorting to
Monte Carlo methods, but in high collisional regimes a
pure Monte Carlo solver becomes intractable. To reduce
the computational cost, recent research focuses on hybrid
fluid/particle methods that exploit the high-collisionality
of the system. In this talk, we elaborate on a new hybrid
fluid/particle method that splits the particle distribution
in two phases: a fluid phase and a particle phase. The
particle phase is solved using a Monte Carlo scheme, the
fluid phase follows a reduced fluid model that is derived
from the kinetic equation in the high collisional limit. The
two phases co-exist in the whole domain, but the amount
of mass in each phase is determined by the local collisional-
ity. This way, the amount of particles treated with Monte
Carlo is reduced in high collisional regimes, where the cost
of Monte Carlo is high, but the reduced fluid model is ac-
curate. In low collisional regimes where the reduced fluid
model is not accurate, but Monte Carlo is cheap, most of
the mass is in the particle phase.
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Regularized, Structure Preserving, Neural Net-
work Based Entropy Closures for the Boltzmann
Moment System

The main challenge of large scale numerical simulation of
radiation transport is the high memory and computation
time requirements of discretization methods for the Boltz-
mann equation. In this work, we derive an approximation
to the entropy closure method to accurately compute the
solution of the multi-dimensional Boltzmann moment sys-
tem with low memory footprint and competitive computa-
tional time. We extend structure preserving, neural net-

work based approximations of the closure of the moment
system to the context of regularized entropy closures. The
main idea is to interpret structure preserving neural net-
work approximations of the regularized entropy closure as
an two stage approximation to the original entropy closure.
We conduct numerical analysis of this approximation and
investigate optimal parameter choices. Our numerical ex-
periments demonstrate that the method has a much lower
memory footprint than traditional methods with competi-
tive computation times and simulation accuracy.
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Closely Interacting Rigid Particles in Stokes Flow
with Contact Handling and Local Corrections

The multiblob method is an inexpensive and approximate
technique for simulations of particles in Stokes flow. We
improve on its accuracy for rigid axisymmetric particles in
3D free space by reducing two different error contributions:
self-interaction and pair-interaction errors, dominant in the
far-field and near-field respectively. The later reduction is
done by local pair-corrections as inspired by Stokesian dy-
namics. As we study the particles dynamically, more chal-
lenges are introduced – despite the more accurate descrip-
tion – something that holds true for any choice of Stokes
solver. Rigid particles in a Stokesian fluid can physically
not overlap, as a thin layer of fluid always separates a parti-
cle pair, exerting increasingly strong repulsive forces on the
bodies for decreasing separations. Numerically, resolving
these lubrication forces comes at an intractably large cost
and particle collisions and overlaps do occur. In this talk,
non-overlap constraints, in terms of the Euclidean distance
between boundary points on the particles, are represented
via a barrier energy. We solve for the minimum magnitudes
of repelling contact forces between any particle pair in con-
tact to correct for overlaps, by enforcing the barrier energy
to be zero at the next time step. The method is tested on
suspensions of spheres, rods and boomerang shaped parti-
cles where collision free configurations can be obtained at
all instances in time.
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Dynamics of Torque-Dipolar Micro-Swimmers

We present a model and simulations for micro-swimmers
that take into account the counter-rotation of the body
and flagella, as seen in motile bacteria or spermatozoa.
The disturbance fluid flow of one such swimmer now con-
tains a torque-dipole singularity in addition to the well-
known force-dipolar singularity. The linear analysis of the
coarse-grained model shows an instability for a range of pa-
rameters, which we summarize in a phase diagram. Lastly,
we show large-scale simulations of torque-dipolar micro-
swimmers and illustrate the collective behavior in the re-
gions of parameter space indicated by the stability analysis.
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Sedimentation of Flexible Fibers in Structured En-
vironments

The motion of flexible fibers often happens in complex me-
dia that are structured by obstacles. Examples range from
the transport of biofilm streamers through porous media
to the design of sorting devices for DNA molecules. For
large number of such problems, the dynamics of the fibers
result from the complex interplay between internal elas-
tic stresses, contact forces and hydrodynamic interactions
with the walls and obstacles. By means of numerical simu-
lations, experiments and analytical predictions, we investi-
gate the dynamics of flexible fibers settling in a viscous
fluid embedded with obstacles of arbitrary shapes. We
show that, for a single fiber, the fiber’s deformation, ori-
entation, velocity and trajectory are strongly altered by
its properties and the presence of the obstacle. We in-
troduce a numerical model to capture the aforementioned
changes, both qualitatively and quantitatively. We identify
and characterize two types of events : trapping and glid-
ing, the former involves nontrivial trapping conformations
on sharp obstacles, and the latter, a lateral dispersion. We
show how these effects can be leveraged to propose a new
strategy to sort fibers based on their size and/or elasticity.
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An Efficient Coupled Lattice-Boltzmann and Dis-
crete Element Method for Simulation of Particu-
late Flows

Many interesting particulate flow problems can only be
studied using efficient numerical methods. We present a
method based on a lattice-Boltzmann fluid coupled to point
particles that interact with each other via the Discrete El-
ement Method. Two-way coupling between the solid and
fluid phases is used. The effect of (locally) large solid
volume fractions on the fluid is accounted for by using
a lattice-Boltzmann formulation based on the generalized
Navier-Stokes equations. We discuss how intricacies of the
coupling scheme must be considered to avoid unphysical
behavior and instabilities which were reported in previous
studies. Through this analysis, we identify under what con-
ditions the model can be expected to yield accurate results.
The method is validated by comparison to experiments and
established numerical studies. Our method is built upon
the LBM solver Musubi and scales well on the Dutch super-
computer Snellius. It is especially suitable for simulating
flows containing many small particles in complex geome-

tries. To demonstrate this, we apply our method to study
the distribution of particles injected from a catheter into
an arterial geometry. Various catheter positions are eval-
uated, showing how the model could be used to optimize
treatment in targeted drug delivery applications. In fu-
ture work we will apply our model to realistic anatomic
geometries to study the injection of radioactive particles in
radioembolization, a treatment for liver cancer.
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Trainability of Quantum Control: Barren Plateaus
and Overparameterization

The fate of emerging quantum technologies crucially de-
pends on our ability to devise efficient ways to manipu-
late, control and scale quantum systems. In this talk, we
leverage recent results in the field of variational quantum
computing to analyze two key phenomena that critically
determine the trainability of quantum optimal control sys-
tems. First, we connect the presence or absence of barren
plateaus (exponentially concentrated gradients in the con-
trol landscape) with the dimension of the dynamical Lie
algebra (DLA) obtained from the generators of the control
system. Our results suggest that systems with exponen-
tially large DLAs will exhibit barren plateaus, and thus
suffer from severe trainability issues. Next, we analyze
the overparametrization phenomenon, a complexity phase-
transition in the control landscape. Underparametrized
systems do not have enough parameters to explore all po-
tential directions in state space, translating into false local
minima that dominate the landscape. Conversely, when
the number of parameters is beyond some critical num-
ber, these spurious local minima start disappearing and the
performance of the optimizer is greatly improved. Remark-
ably, we show this transition point is connected with the
dimension of the DLA, suggesting that exponential-DLA
systems (for example controllable ones) will never access
the overparametrized regime, suffering from very unfavor-
able landscapes.
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Realizing Complex Quantum Gates with Minimal
Duration Using Intermediate Targets

We consider the optimal control problem of determining
electromagnetic pulses for implementing unitary gates in
a closed quantum system. Standard gradient-based opti-
mization techniques work well for realizing unitary gates in
smaller quantum systems, but can encounter convergence
problems for larger agglomerated gates that involves more
than two coupled qubits. In this talk we present a contin-
uation technique that parameterizes intermediate gates to
gradually morph from trivial free evolution to a complex
unitary gate. By successively increasing the complexity of
the target gate, the initial gate duration can be small and
gradually increased during the continuation, resulting in
an accurate estimate of the minimum gate duration. The
proposed technique can be used for finding optimal control
pulses for driving larger quantum systems, realizing Hamil-
tonian simulations, and constructing a family of smoothly
varying control pulses for realizing parameterized gates.
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Higher Radix Quantum Computation Through Op-
timal Control Under Experimental Constraints

Current quantum hardware consists of tens or up to few
hundreds of qubits, depending on the underlying architec-
ture. Maximizing the utility of these machines involves
not only refining the individual qubits but also improving
their control. High-fidelity gates enabled by advanced con-
trol techniques applied to an increasing number of qubits
will be necessary to demonstrate practical applications. I
will present some recent work on maximizing quantum re-
sources by breaking the two-state abstraction and using
qutrits and ququarts for computation instead. Here opti-
mal control methods allow for faster direct state manipu-
lation, enabling well-performing higher-radix computation
architectures. Based on collaborations with experimental
groups, I will further address implications of experimental
settings on control methods, discussing constraints as well
as opportunities for optimal control approaches.
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Quantum Collocation Algorithms and Iterative
Learning Control

Optimization of control pulses for quantum computing
hardware has received significant attention in recent years.
However, current methods used in this field are primarily
based on shooting methods, in which the dynamics of the
system driven by the pulse are simulated forward in time,
gradients with respect to pulse parameters are computed,

a gradient-based update is applied to the pulse, and the
process is repeated until convergence. However, shooting
methods suffer from many shortcomings, including poor
numerical conditioning and difficulty dealing with many
types of constraints. In contrast, we propose the use of
collocation methods for these quantum optimization prob-
lems, in which both state and control variables are both
simultaneously optimized subject to discretized dynamics
constraints. Collocation methods offer the ability to han-
dle general nonlinear constraints on states and controls,
the ability to leverage dynamically infeasible warm starting
for faster convergence, and dramatically improved numeri-
cal properties over shooting methods. We demonstrate the
capabilities of our quantum collocation method, PICO, on
several examples, including a minimum-time gate transi-
tion for a multi-level transmon system.
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Physics-Dynamics-Chemistry Coupling with Com-
ponents of Different Resolutions in LFRic

Can we save computational resources in NWP and cli-
mate models without degrading the quality of the solu-
tion, by running different parts of the model at different
resolutions? In traditional models, the physics parametri-
sations, dynamical core and any chemistry components use
the same grid. In this talk, I will present an approach to
run these components at different resolutions to one an-
other, within the Met Offices new LFRic model, designed
for the next generation of supercomputers. The talk will
give an overview of a geometric framework for mapping
fields between meshes, which preserves certain desirable
mathematical properties as the fields are mapped. Only
changes of resolution in the horizontal grid are considered,
and the meshes are limited to cases in which the cells of
the finer mesh are exactly nested within the cells of the
coarser mesh. Key to the design of LFRic is the PSyclone
code generation system. This should make LFRic portable
between different supercomputer architectures, and to al-
low it to be easily adapted to different hardwares.
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GPU Code Generation for Finite Elements with
Firedrake

GPUs and accelerators are now common place on large
HPC machines and to harness all of the compute power
available on such systems these devices can no longer be
ignored. However, programming for the GPU remains a
difficult task, and optimising for a specific vendor/model
is harder still. Using Firedrake we can remove much of this
difficulty by using automatic code generation and targeting
the GPU directly, which allows users to utilise accelerators
for their PDE simulations. For most projects a ”rewrite
for GPUs” or a ”GPU version” can be created, this is not
the case for Firedrake. We create a pathway for automati-
cally generating GPU code for any PDE a user can input,
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as well as maintaining all existing CPU functionality. By
not completely rewriting the codebase we demonstrate the
power of the code generation approach. We present the
early progress made in offloading Firedrakes functionality
on to accelerators. The main focus is on adding GPU as-
sembly for one-forms to enable matrix free operator evalua-
tion and enabling GPU based solvers. We will demonstrate
the functionality within Firedrake to optimise for GPUs
specifically and how to minimise host to device transfers.
These changes utilise the GPU support within loo.py and
PETSc to produce efficient and scalable simulations. Some
early results are included that show some of the prelimi-
nary functionality for GPU platforms.
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The Devito DSL and Compiler Framework: From
Symbolic PDEs to HPC Code

Partial differential equations (PDEs) are used in various
scientific domains, such as seismic and medical imaging. In
several contexts, they are solved numerically by the finite
difference (FD) method. When modelling real-world phe-
nomena, these methods are complex to derive, implement
and computationally expensive. We present Devito, an
open-source framework written in Python that addresses
these issues. Devito consists of a domain-specific lan-
guage to express PDEs symbolically via FD and a com-
piler capable of lowering symbolic expressions into highly
efficient kernels for a variety of architectures. Thanks to its
multi-layer architecture, Devito promotes interdisciplinary
research and development. Time-consuming, error-prone
and handwritten code practices are mitigated: (i) prob-
lem modelling, (ii) implementation of stencils and their ad-
joints, boundary conditions, sparse operations, and other
PDE operators, (iii) performance optimisations (e.g., tiling
and FLOPs reduction) and (iv) support for vectorisation,
shared- and distributed-memory parallelism, GPUs. De-
vito has been used successfully in academia and industry
for several years, especially in the context of wave mod-
elling in anisotropic media for seismic inversion, delivering
competitive performance while drastically reducing com-
plexity.
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Automated Adjoint in a Full-Waveform Inversion
Solver Based on Firedrake

In Full-Waveform Inversion (FWI), the adjoint wave equa-
tion is essential in evaluating the misfit function gradient
with respect to the model parameters without dealing di-
rectly with the Frchet derivatives. The adjoint system can
be found by hand, either in a continuous or discrete space,
using an augmented function, whose constraint is the dis-
crete/continuous forward equation. On considering that in
FWI, the forward problem can change, e. g., by modify-
ing the absorption boundary conditions or the misfit func-
tional or the type of wave equation. Thus, the adjoint
derivation and implementation by hands need also to be
modified. However, new derivations and implementations
gained by hand can be avoided if the adjoint differentiation
equations are given by an automatic differentiation (AD)
algorithm. In Firedrake, the pyadjoint library is a tool
that provides the automated adjoint by the employment of
AD techniques. Pyadjoint aims to determine the adjoint
problem for the case where the forward solver coding is
in the Python interface, written in a weak form in finite
elements. In the current work, the AD technique (given
by the pyadoint) is employed in an FWI solver based on
Firedrake. The goal is to present the numerical accuracy
and also computational performance on different realistic
geophysical examples, for acoustic and elastic wave equa-
tions in a two-dimensional and three-dimensional spatial
domain.
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Multiplying 2x2 Sub-Blocks Using 4 Multiplica-
tions

Fast recursive matrix multiplication algorithms switch to
the cubic time classical algorithm on small sub-blocks as
the classical algorithm requires fewer operations on small
blocks. We obtain a new algorithm that can outperform
the classical one, even on small blocks, by trading multipli-
cations with additions. To this end, we introduce commu-
tative algorithms that generalize Winograds folding tech-
nique and combine it with fast matrix multiplication al-
gorithms and the fast base change technique. Thus, when
a single scalar multiplication requires ρ times more clock
cycles than an addition our technique reduces the compu-
tation cost of multiplying the small sub-blocks by a factor
of ρ+3

2(ρ+1)
compared to using the classical algorithm. Our

technique also reduces the energy cost of the algorithm, as
the ρ values for energy costs are typically even larger than
the values for arithmetic costs. Specifically, we obtain an
algorithm for multiplying 2x2 blocks using only four multi-
plications. This algorithm seemingly contradicts the lower
bound of Winograd (1971) on multiplying 2x2 matrices.
However, we obtain this algorithm by bypassing the im-
plicit assumptions of the lower bound. We provide a new
lower bound matching our algorithm for 2x2 block mul-
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tiplication, thus showing our technique is optimal. Joint
work with Oded Schwartz
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Design and Evaluation of Batched Sparse Direct
Solver for Multi-GPUs

We will present our recent work on a batched sparse direct
solver on multi-GPU machines. Our initial implementation
assumes that all the matrices in a batch have the same size
and sparsity pattern. This allows us to perform sparsity-
preserving ordering and symbolic factorization only once.
For the numerical phases we designed two parallel schemes:
(1) coarse-grained approach by which multiple MPI ranks
are assigned one linear system and multiple linear systems
are mapped to one GPU; (2) fine-grained approach by
which one MPI rank is assigned multiple linear systems,
and the batched operations occur in the internal sparse
LU and sparse triangular solve. We will show how each
approach can be used in different usage scenarios, and the
possibility of hybridizing the two approaches.
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Batched Sparse Linear Algebra Interfaces, Solvers,
Libraries, and Preconditioners

Batched sparse linear algebra solvers form the new frontier
for algorithmic development and performance engineering.
Many applications require simultaneous solutions of small
linear systems of equations that are structurally sparse. To
move towards high hardware utilization, it is important to
provide these applications with appropriate interfaces to
efficient batched sparse solvers running on modern hard-
ware accelerators. We present interface designs in use by
HPC software libraries supporting batched sparse linear al-
gebra and the development of sparse batched kernel codes
for solvers and preconditioners. We also address the po-
tential interoperability opportunities to keep the software
portable between the major hardware accelerators. The
presented interface specifications includes batched band,
sparse iterative, and sparse direct solvers.
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Batched Solvers and Preconditioners in Ginkgo.

In this talk, we will elaborate on the batched functional-
ity in Ginkgo, a high performance numerical linear alge-
bra library. Many applications which perform grid-wise
computations, such as combustion and fusion plasma sim-
ulations require solution of independent linear systems at
each grid point. This level of embarrassing parallelism is
very well suited to the GPU. Traditionally, for these small
problems, batched direct methods have been the method
of choice. In this talk we will showcase the advantages of
using an iterative solver in a batched fashion, and elabo-
rate on the implementation and the challenges. We will
show that we can achieve significant speedups compared
to the dense and direct methods within our applications.
Finally, we will show some techniques for enhancing and
accelerating these batched iterative solvers with batched
preconditioners and present the results for general matri-
ces as well as matrices from specific applications.
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Batched Linear Solvers in Kokkos Kernels

Applications such as multilevel finite element methods,
modeling collision in plasma and reentry simulations are
reformulating algorithms to match the hierarchical paral-
lel manycore CPUs/GPUs. This reformulation results in a
need for linear solvers at different levels of hierarchical par-
allel algorithms. Several of these linear systems are small
or medium size, independent, linear systems that can be
solved at the same time. Depending on the problems, some
of these linear systems are sparse and others dense. The
community has been focused on solving dense linear sys-
tems as a batch, or solving multiple small dense linear sys-
tems. However, the work has focused primarily on one
level of hierarchical parallelism - using an entire accelera-
tor to solve the linear systems. We have been focused on
solving batched dense/sparse linear systems, both at the
device level and at the team level so applications can use
these options effectively. We will present recent results on
CPUs/GPUs using our hierarchical parallel batched linear
solver implementations.

Siva Rajamanickam, Kim Liegeois, Luc Berger-Vergiat
Sandia National Laboratories
srajama@sandia.gov, knliege@sandia.gov,



320 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 319

lberge@sandia.gov

MS309

Approaches to Moving Boundary Problems in Sys-
tems with Multiple Fluid and Solid Interactions.

One of the challenges in modelling thin film and multi-
phase flow is that the domain over which the PDE are
solved changes dynamically over time. Two approaches to
explicitly track the motion of the domain’s boundaries are
presented, with different motivating applications and re-
quirements. The first uses a reduced-order model to derive
interface evolution equations from which the fluid flow is
be subsequently reconstructed. This method will be ap-
plied to a three-layer fluid flow with the aim to study long-
time interactions between free surfaces coupled by inertia-
less fluids. The equations are solved via a pseudo-spectral
method implemented in a concise Matlab library. This ap-
proach allows us to study larger domains over an extended
duration when compared to direct numerical simulation
of the Navier-Stokes equations, and we present nonlinear
phenomena exhibited at these later times. The second
approach uses finite-elements to solve the Navier-Stokes
equations over a mesh which is allowed to deform elasti-
cally in response to changes in the free-surface such that
the equations there are also satisfied. The higher-order
model allows for more localised boundary conditions and
we will focus on the point where the interface meets a solid
wall. This approach is used to simulate a fluid being with-
drawn from a cylinder, with gravity acting against the mo-
tion, where the transition from a steadily rising meniscus
to more complex dynamics is of interests in industrial ap-
plications.

John P. Alexander
University of Manchester
johnpaul.alexander@manchester.ac.uk

Demetrios Papageorgiou
Department of Mathematics
Imperial College London, UK
d.papageorgiou@imperial.ac.uk

Andrew Hazel
The University of Manchester
andrew.hazel@manchester.ac.uk

MS309

Modeling and Computing Thin Film Flows: New
Frontiers and Challenges

While modeling and computation of thin fluid films, both
deposited on substrates and free standing, have been an
active field of research for a while, during recent years sig-
nificant new developments have taken place in both compu-
tational and modeling aspects of the research on thin films.
From the computational side, these include establishment
of whole computational libraries as well as of GPU-based
simulations. These new computational developments have
led to more accurate computational results in large scale
simulations that could not have been imagined few years
ago. From modeling side there has been significant progress
on inclusion of various effects including considering non-
Newtonian fluid behavior, phase change, flows with parti-
cles, bio-focused flows, and many others. In this talk, we
will introduce and review some of the novel methods used
for simulating thin films, and then follow up with providing
few examples illustrating the need for further research and

new developments in the field.

Lou Kondic
Department of Mathematical Sciences, NJIT
University Heights, Newark, NJ 07102
kondic@njit.edu

Linda Cummings
New Jersey Institute of Technology
linda.cummings@njit.edu

MS310

Differentially Private Algorithm for Constrained
Federated Learning

Differentially private federated learning (FL) is a privacy-
preserving machine learning (ML) that enables learning
from the distributed data owned by multiple agents with-
out the need for transferring the data into a central server
while guaranteeing differential privacy (DP) against infer-
ence attacks. In practice, the agents often need to impose
constraints on the model parameters of the training mod-
els for explaining decisions suggested by ML models, pro-
moting fair decisions, and observing some physical laws.
For such constrained FL models, we develop an inexact al-
ternating direction method of multipliers algorithm with
the objective perturbation method that injects the noise
into the loss function for DP. In particular, the pertur-
bation method enables the resulting parameters to satisfy
the constraints and the outperformance as compared with
the state-of-the-art algorithms based on the output per-
turbation. We further enhance the training algorithm by
reducing the communication costs of multiple local update
technique. We show the privacy and convergence analyses
of the proposed algorithm for convex constrained FL. Us-
ing datasets for image classification, we demonstrate that
our algorithm significantly reduces the testing error com-
pared with the existing DP algorithms while achieving the
same level of data privacy.

Minseok Ryu, Kibaek Kim
Argonne National Laboratory
mryu@anl.gov, kimk@anl.gov

MS311

Multilevel Techniques for the Adaptive Reduction
of Scientific Data

While multilevel techniques for the adaptive reduction of
data (such as MGARD) have the advantage of being sup-
ported by a rich mathematical theory, the practical appli-
cation of such techniques is limited by the form of the data
and, despite being proven to have optimal complexity, they
require a large memory overhead. We present some of our
recent work in which we seek to develop new, more effi-
cient alternatives to MGARD that retain the advantages
of a multilevel approach in terms of the mathematical un-
derpinnings, but which do not suffer from the need to have
a large memory overhead. Examples will be presented com-
paring the new approach with existing techniques. Joint
work between Mark Ainsworth and John Ahn (Brown Uni-
versity).
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How Much Can We Really Compress Scientific
Data?

Lossy compression of scientific data sees a growing interest
from different domain sciences. During the past 5-6 years,
we have witnessed a significant diversification of use cases
ranging from classic visualization to more advanced lossy
compression of data in communications or memory. We are
also observing a blooming of lossy compression algorithms
and, more importantly, continuous progress in compression
quality, speed, and ratio. The lossy compression method-
ology has also progressed drastically with the SDRBench
benchmark, the Libpressio unified API, and the Zchecker
error analysis tool. However, a fundamental part is miss-
ing: the estimation of bounds of lossy compressibility. We
have the Shannon entropy to compute the maximum com-
pressibility of a data set from entropy coding. But there is
no such result about the lossy compressibility of scientific
data. We can formulate the research question as: Can we
come up with the equivalent of a roof line of lossy com-
pressibility? Answering this question is fundamental for
the research on algorithms for lossy compression of sci-
entific data. This talk will review recent progress in lossy
compression for scientific data and in lossy compressibility
bound estimation.
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MS311

Further Investigative Analysis of ZFP Compression

Typically, the error from any lossy compression algorithm
is deemed acceptable as the data gathered is noisy, ei-
ther from simulation error, such as truncation, iteration
and round-off error, or observational error, such as finite
precision measurements and measurement noise. In many
statistical analysis applications, additional assumptions on
the error are applied that may not be valid in practice.
Some emerging tools provide post-analysis of the com-
pressor for the original dataset; however, this is one in-
stance where assumptions about the compressor may mis-
lead users. The focus of this talk is to provide additional
theoretical understanding of the components of the ZFP
lossy floating-point compressor, ensuring the assumptions
we have empirically studied are indeed valid. Prepared by
LLNL under Contract DE-AC52-07NA27344.
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MS311

High Efficiency Imaging

Compressed sensing is the most sensational topic of scien-
tific research in the past century. The original paper was
cited over 30,000 times in only 16 years (2006-2022). It
purports to exert data compression at the phase of signal
acquisition. However, compressed sensing massively loses
signal quality. In theory, it violates fundamental princi-
ple of approximation theory, which spawned the enormous
success of data compression technologies. We exemplify a
new mathematical theory and method for high efficiency

imaging. In compliance with the principle of best n-term
approximation and based on discovery of a new logical phe-
nomenon, high efficiency sensing radically rectifies mathe-
matical rationale, while immensely improves technical per-
formance. The core idea is simple yet powerful. High
efficiency denotes high quality plus high speed. Demo
software and test data are downloadable at our website
www.lucidsee.ca.
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MS311

A General Framework for Progressive Data Com-
pression

The cost of data movement across supercomputer memory
hierarchies is becoming an increasingly important bottle-
neck for scientific simulations and observations in general.
Compression techniques that eliminate redundancy and
bits of marginal accuracy in floating-point arrays are com-
monly employed in many scientific applications to deal with
this bottleneck. However, the variety of post-processing
analyses performed by domain scientists causes regular
compression workflows to be conservative and achieve low
reduction ratios. In this context, progressive data compres-
sion and retrieval arise as a solution for achieving higher
overall ratios. Moreover, it allows for the adaptive handling
of compressed data according to the needs of a given post-
processing task. Currently, a few algorithms natively sup-
port progressive data processing. In this work, we present
a general framework for adding progressiveness in terms of
precision to scientific data compressors. Our framework
is based on a multiple-component representation where
each new component reduces the error between the orig-
inal and compressed fields. We have implemented it on
top of the ZFP, SZ, MGARD, and SPERR compressors,
and, in this presentation, we discuss results obtained with
several data fields from the SDRBENCH collection. Nu-
merical results show that our approach is effective in terms
of accuracy compared to each of the standalone compres-
sors it builds upon. Prepared by LLNL under Contract
DE-AC52-07NA27344.
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MS312

Robust Optimal Experimental Design for Bayesian
Inverse Problems

An optimal design is defined as the one that maximizes a
predefined utility function which is formulated in terms of
the elements of an inverse problem. An example being op-
timal sensor placement for parameter identification. This
formulation generally overlooks misspecification of the ele-
ments of the inverse problem such as the prior or the mea-
surement uncertainties. In this talk, we present efficient
recipes for designing optimal experimental design schemes,
for Bayesian inverse problems, such that the optimal de-
sign is robust with respect to misspecification of elements
of the inverse problem.
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MS312

Experimental Design in the Presence of Model Er-
ror

Solving inverse problems for model calibration of
parametrized models plays an important role in predic-
tive modelling and relies on the availability of informative
data. Optimal experimental design techniques are devised
to guide the data acquisition in a way that maximizes the
information content in the data about the parameter which
is the object of the inversion. In the presence of model er-
ror, data additionally must be informative of the model
error in order to be able to correct the model and improve
models predictive power. In this talk we present different
approaches for treating the model error which exist in the
literature on Bayesian inference and optimal experimental
design. By applying Lipschitz stability results for Bayesian
inverse problems we compare the posterior distributions of
the presented approaches with the posterior obtained when
the model error is ignored. In this way we are able to quan-
tify the effect of including the model error. Furthermore,
we are able to characterize the properties of the observa-
tion operator that increase the information content in the
data about the model error, thereby increasing the models
predictive power.
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Geometric Deep Neural Operators for PDE-
Constrained Bayesian Optimal Experimental De-
sign

Bayesian Optimal Experimental Design (BOED) problems
governed by PDEs in high or infinite parameter dimen-
sions are often intractable. Efficient evaluation of the
parameter-to-observable (PtO) map, which involves solu-
tion of the forward model, is key to making BOED prob-
lems tractable. Surrogate approximations of PtO maps
can greatly accelerate solution of BOED problems, pro-
vided an accurate surrogate can be trained with modest
numbers of model solves. Unfortunately, constructing such
surrogates presents significant challenges when the param-
eter dimension is high and the forward model is expensive.
Deep neural network surrogates of PtO maps, also known

as neural operators, have emerged as leading contenders
for overcoming these challenges. Black box application
of DNNs for problems with infinite dimensional parame-
ter fields leads to poor results when training data are lim-
ited. However, by constructing a network architecture that
exploits the geometry of the PtO map—in particular its
smoothness, anisotropy, and intrinsic low-dimensionality as
revealed through adjoint-PDE-based Gauss-Newton Hes-
sians, one can construct a dimension-independent geomet-
ric neural operator with superior generalization properties
using only limited training data. We employ this neural
operator to make tractable the BOED problem of finding
sensor locations that maximize the expected information
gain from the data, and demonstrate on an inverse wave
scattering problem.
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MS312

Mathematical Model and Characterization of Emo-
tional Disorders Based on Non-Intrusive Monitor-
ing System

According to the WHOmental disorders represent 12.5% of
all health problems. Approximately 1 in 4 people will suffer
from a mental disorder throughout their lives and between
35% and 50% will receive inadequate treatment, causing
up to 800,000 suicides each year. Minimising the time that
elapses between the appearance of the first symptoms and
the application of the treatment is key to recovery, as it
can reduce the severity of the pathology or even slow down
its development. In adolescents, especially, if symptoms
are not detected and treated in time, it could persist in the
adult stage in more severe forms. Each person has differ-
ent symptomatology and emotional state changes can be
suddenly triggered by endogenous and/or exogenous fac-
tors, which makes detecting symptoms challenging. One
common symptom for many mental illnesses is significant
changes in sleep patterns, such as inability to fall asleep,
to stay awake, or to get up in the morning. The main
objective of this research is to characterize the emotional
state of each person in order to predict future changes by
analysing their sleeping activity. With that aim, this re-
search presents a mathematical model that allows the char-
acterization of a personalized emotional state. The data
used by the model are collected in real time by an alterna-
tive and non-intrusive sleep monitoring system that works
without the need of supervision or intervention from the
monitored person, guaranteeing thus that the data are re-
liable
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MS312

Optimal Design of Experiments in Models with Un-
certainties

This talk will discuss optimal design of experiments for
Bayesian inverse problems governed by uncertain models.
When the model uncertainty is irreducible, this amounts
to an optimal design problem under uncertainty. When
the uncertainty is reducible (i.e., it can be reduced through
data), this becomes a probability marginalization problem.
I will discuss the differences between these formulation and
present numerical examples.
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MS313

Advanced Training Algorithms for Pinn-
Reconstruction of Gravity Currents

Inverse problems in geophysical flows are often ill-posed,
thus, it is challenging or sometimes even impossible to solve
them using traditional methods. Moreover, the generation
of simulated data for ill-posed inverse problems can become
very costly where simulation needs to be performed multi-
ple times to either discover missing physics in the model or
calibrate the free parameters in the model. One possible
alternative for solving these problems is through the use
of Physics-Informed Neural Networks - PINNs, in which
we approximate the problems solution using Neural Net-
works, while incorporating the known data and physical
laws during the training phase Here we show a PINN-based
framework for reconstructing gravity currents velocity, con-
centration, and pressure fields in which the available data
can be given in two different ways: a set of scattered mea-
surements for the concentration field, or a set of velocity
and concentration measurements that follows the config-
urations often used in real-life experiments. We discuss

PINNs advanced training algorithms aided by optimal sen-
sor placement and dimensionality reduction.
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A New Regularized Reduced Order Model for the
Barotropic Vorticity Equation

We develop a ROM for the quasi-geostrophic equations in
a computationally efficient finite volume environment. By
using the analogy between LES and truncated modal pro-
jection, we introduce an eddy viscosity closure approach
based on an alpha regularization model to stabilize the re-
sulting surrogate model.
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Reduced Order Modeling of the Quasi-Geostrophic
Equations

We summarize some recent reduced order model (ROM)
developments for the quasi-geostrophic equations (QGE)
(also known as the barotropic vorticity equations). The
QGE are a simplified model for geophysical flows in which
rotation plays a central role, such as wind-driven ocean
circulation in mid-latitude ocean basins. Since the QGE
represent a practical compromise between efficient numer-
ical simulations of ocean flows and accurate representa-
tions of large scale ocean dynamics, these equations have
often been used in the testing of new numerical methods
for ocean flows. ROMs have also been tested on the QGE
for various settings in order to understand their potential
in efficient numerical simulations of ocean flows. We survey
the ROMs developed for the QGE in order to understand
their potential in efficient numerical simulations of more
complex ocean flows: We explain how classical numerical
methods for the QGE are used to generate the ROM basis
functions, we outline the main steps in the construction
of projection-based ROMs (with a particular focus on the
under-resolved regime, when the closure problem needs to
be addressed), we illustrate the ROMs in the numerical
simulation of the QGE for various settings, and we present
several potential future research avenues in the ROM explo-
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ration of the QGE and more complex models of geophysical
flows.
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Data-Driven Sparse Wasserstein Barycenters for
Model Reduction

We present a model order reduction method based on
sparse Wasserstein barycenters that can be applied to para-
metric PDEs posed in the space of measures. Typical ex-
amples include conservation laws and gradient flows. Such
problems are notoriously difficult to reduce with classical
linear approximation methods on Hilbert/Banach spaces
due to the transport of shocks and discontinuities. Shift-
ing the point of view to measures spaces allows to better
enforce the correct location of shocks and the preservation
of discutinuities through the Wasserstein metric.
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Direct Sampling Methods for Recovering Inhomo-
geneous Inclusions of Different Nature

In this talk, we shall address some effective and ro-
bust direct sampling methods for simultaneously recov-
ering inhomogeneous inclusions arising from two dif-
ferent physical coefficients in the typical elliptic PDE
model and the electromagnetic system. The essen-
tial motivation, detailed algorithm, theoretical justifica-
tion, and numerical results will be presented. Authors:
Yat Tin Chow, University of California, Riverside, yat-
tinc@ucr.edu; Fuqun Han, Chinese University of Hong
Kong, fqhan@math.cuhk.edu.hk; Jun Zou, Chinese Uni-
versity of Hong Kong, zou@math.cuhk.edu.hk
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Neumann-Cayley Orthogonal Gated Recurrent
Units with Some Applications in Bio-molecular

Data
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Synchronization of Coupled Oscillators

The emergence of a synchronous behavior of coupled dy-
namical systems is widely observed in many biological and
engineered networks and is essential to understand their
mechanism and control them. A plethora of work is done
to find conditions that foster synchronization in diffusively
coupled systems, in which the coupling vanishes on the
synchronization manifold. However, there are few analyti-
cal approaches to understanding synchronization behavior
in non-diffusively coupled networks. Motivated by neu-
ronal models connected through chemical synapses, we in-
vestigate sufficient conditions for non-diffusively coupled
oscillators to synchronize globally. Our global stability
method follows an analytical contraction-based approach
that explicitly relates synchronization to systems’ intrinsic
dynamics, coupling dynamics, and the underlying network
topology. We compare this method to a local or linear sta-
bility approach called the master stability function, a nu-
merical method that provides necessary and sufficient con-
ditions for network synchronization. Authors: Fatou Kineh
Ndow, University of Iowa, fatou-ndow@uiowa.edu; Zahra
Aminzare, University of Iowa, zahra-aminzare@uiowa.edu
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Shape Optimization for Interface Identification in
Nonlocal Models

Shape optimization methods have been proven useful for
identifying interfaces in models governed by partial dif-
ferential equations. Here we consider a class of shape
optimization problems constrained by nonlocal equations
which involve interface-dependent kernels. We derive a
novel shape derivative associated to the nonlocal system
model and solve the problem by established numerical
techniques. Authors: Matthias Schuster, Trier University,
schusterm@uni-trier.de; Christian Vollmann, Trier Univer-
sity, vollmann@uni-trier.de; Volker Schulz, Trier Univer-
sity, volker.schulz@uni-trier.de
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From Data to Reduced-Order Models via General-
ized Balanced Truncation

This talk discusses a data-driven model reduction approach
on the basis of noisy data. Firstly, the concept of data
reduction is introduced. In par- ticular, we show that
the set of reduced-order models obtained by applying a
Petrov-Galerkin projection to all systems explaining the
data characterized in a large-dimensional quadratic matrix
inequality (QMI) can again be character- ized in a lower-
dimensional QMI. Next, we develop a data-driven general-
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ized balanced truncation method that relies on two steps.
First, we provide necessary and sufficient conditions such
that systems explaining the data have common general-
ized Gramians. Second, these common generalized Grami-
ans are used to construct projection matrices that allow to
characterize a class of reduced-order models via generalized
balanced truncation in terms of a lower-dimensional QMI
by applying the data reduction concept. Additionally, we
present alternative procedures to compute a priori and a
posteriori upper bounds with respect to the true system
generating the data. Finally, the proposed techniques are
il- lustrated by means of application to an example of a
system of a cart with a double-pendulum.
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Enforcing Uniform Stability and Passivity in Data-
Driven Multivariate Model Order Reduction

We present a comprehensive framework for data-driven
model order reduction of parameterized Linear and Time-
Invariant systems, with explicit certification of model sta-
bility and dissipativity. These properties are mandatory
when representing passive physical systems, unable to gen-
erate energy. Lack of these properties makes the models
practically useless in any simulation setting in which they
are used as components, as in Computer Aided Design of
electrical and electronic systems. The proposed approach
builds on

• a particular model structure, which casts the transfer
function of the model as a ratio of two rational func-
tions, each with constant predefined “basis’ poles and
parameter-dependent residues;

• a parameterization of the above residues expressed in
a Berstein polynomial basis, whose partition of unity
and positivity are exploited in the derivation of our
main result and algorithms;

• availability of sampled responses in frequency and pa-
rameter domain, that are fitted by the model through
an iterative reweighted linear Least Squares (LS) pro-
cess;

• the above LS problems is complemented by an ex-
plicit, purely algebraic (finite-size) set of constraints
that are sufficient for both uniform stability and uni-
form dissipativity in the parameter space; these con-
straints provide the key novelty in this contribution.

The proposed approach is illustrated through several elec-
tronic CAD application examples.
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A Realization-Free Balancing-Related Model Re-
duction Approach from Frequency Response Data

Balancing-related model order reduction methods guaran-
tee stable reduced-order models, and additionally, a priori
error bounds have been derived for them. However, the ex-
plicit numerical implementation of such methods is often
computationally demanding and it is intrusive; this means
that it requires explicit access to the matrices scaling the
state variables in the original (full-order) dynamical sys-
tem. For the classical Balanced Truncation (BT) method,
and for a few more recent extensions of it, approximate
implementations have been derived, which make the ap-
plication to the large-scale setting more feasible. For time
simulation near steady state or for low-frequency appli-
cations, the Singular Perturbation Approximation (SPA)
method [Fernando/Nicholson, Internat. J. Control, 1982]
is known to have better approximation properties than BT.
In this contribution, we derive an approximate implemen-
tation of SPA that alleviates the computational burden for
computing the reduced-order models and can be applied
also for such cases in which explicit access to the original
dynamical system is not granted. Only transfer function
evaluations are required in our approach. Specifically, we
adapt and extend the purely data-driven (approximate) im-
plementation of BT in [Gosea/Gugercin/Beattie, SIAM J.
Sci. Comput., 2022] to SPA, which as such is strongly re-
lated to the Loewner framework. The performance of our
proposed method is illustrated by several numerical results.
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Least-Squares Parametric Reduced-Order Model-
ing

In this talk, we consider reduced-order modeling for (para-
metric) linear time-invariant systems, based on nonlin-
ear least-squares. We show how it is a special case of a
more general L2-optimal parametric reduced-order model-
ing problem by the choice of a measure space. Based on
this, we propose a gradient-based optimization algorithm
for finding locally optimal reduced-order models. Then, we
discuss its relation to the vector fitting method for least-
squares reduced-order modeling of linear time-invariant
systems. Furthermore, we present the necessary optimality
conditions in the interpolation form, related to interpola-
tory H2-optimality conditions. Finally, we demonstrate
the results on a number of numerical examples.
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Bayesian OED for Sensor Placement: Analysis and
Optimization of Seismo-Acoustic Monitoring Net-
works with Bayesian Optimal Experimental Design

Bayesian optimal experimental design (OED) seeks to iden-
tify data, sensor configurations, or experiments which can
optimally reduce uncertainty. OED formulates the choice
of experiment as an optimization problem that maximizes
the expected information gain (EIG) about quantities of
interest given prior knowledge and models of expected ob-
servation data. We use Bayesian OED to find optimal sen-
sor configurations for detecting seismic events as part of
a seismic monitoring network. We configure sensor net-
works by choosing sensor locations, types, and fidelity in
order to improve our ability to identify and locate seismic
sources. In this work, we develop the framework necessary
to use Bayesian OED to optimize a sensor network’s ability
to locate seismic events from arrival time data of detected
seismic phases. As part of this framework we introduce
methods for performing importance sampling on difficult
prior distributions and methods for placing unusual con-
straints on our optimization domain to account for real
world limits on sensor location. Once we have developed
this framework, we can explore many relevant questions
to monitoring such as how to trade off sensor fidelity and
earth model uncertainty, how choice of prior distribution
and domain restrictions affect sensor placement, and how
sensor types, number, and locations influence uncertainty.
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Robust Expected Information Gain in Optimal Ex-
perimental Design

Expected information gain (EIG) is a useful measure of
experiment optimality, but it can rarely be computed ex-
actly, and there are drawbacks associated with different
approximations. Nested Monte Carlo and related methods
are popular approaches to estimating EIG. We note two is-
sues with the use of these estimators. The first is the effect
that outliers can have in the estimators when they are un-
dersampled. The second is the sensitivity of experiments
to perturbations in the prior: the sensitivity of an experi-
ment’s EIG to perturbations in the prior should affect its
suitability in a risk averse situation. We propose a quantity
called robust expected information gain (REIG) that max-
imizes the minimum EIG over perturbations in the prior
which maps onto a fast post-processing of Monte Carlo es-
timators, which in some cases can also address the outlier

affect. We show numerical experiments comparing REIG
estimators to EIG estimators on simple problems, then on
an OED problem modeling experiments with catalysis re-
actors to determine kinematic reaction coefficients.
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MS316

Risk-Averse Goal-Oriented Optimal Experimental
Design Using Nonlinear Models

Traditionally, nonlinear Bayesian optimal experimental de-
sign (OED) uses numerical models to predict when and
where to collect data to minimize uncertainty in model
parameters. This talk will present novel goal-oriented non-
linear Bayesian OED strategies that minimize uncertainty
in predictions. Our risk averse strategies can be used to
produce designs that most inform tail statistics in a scalar
or vector valued quantity of interest. In the latter situa-
tion a specialized case of our general framework provides a
nonlinear interpolation between I and G optimality which
minimize average and worst case variance respectively. We
will demonstrate the utility of our OED strategies for plac-
ing sensors that minimize uncertainty in predictions of an
advection diffusion model.
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Bayesian Optimal Experimental Design in the
Presence of Model Uncertainty

We consider optimal experimental design (OED) of non-
linear inverse problems in the Bayesian framework. The
problem is further complicated by considering a set up in
which the governing equations contain further auxiliary pa-
rameters which are also unknown, but are assumed to be of
little interest. To account for the additional model uncer-
tainty in the governing equations we employ the so-called
Bayesian approximation error (BAE) approach. We show
that failure to take into account the additional model un-
certainty at the OED stage relates in a sub-optimal de-
sign, while failure to take into account at the inference
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stage relates in significant over confidence in heavily bi-
ased estimates, i.e., an infeasible posterior. In this talk, we
consider the optimal design of infinite-dimensional nonlin-
ear Bayesian inverse problems. We derive a marginalised
A-optimality criterion and develop an efficient computa-
tional approach to solve the associated optimisation prob-
lem. We demonstrate the applicability of our approach by
considering the estimation of a Robin coefficient for the
Poisson problem when the (unknown) internal conductiv-
ity is treated as an auxiliary parameter.
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MS316

Optimal Design of Validation Experiments Using
Sensitivity Indices

The main objective of using physical models is the predic-
tion of quantities of interest (QoIs) under specific regimes
called prediction scenarios. These QoIs are usually not
observable, as they may refer to future predictions or pre-
dictions in conditions that cannot be reproduced in a lab-
oratory. This raises the fundamental issue of validating a
model with respect to these QoIs. Several validation pro-
cesses and metrics have been proposed to assert whether
a model is deemed valid. However, they rarely take into
account the QoIs, essentially for the reasons mentioned
above. One has then to make a leap of faith to use the
model, validated w.r.t. given observables, for predicting
other QoIs. Our goal is nevertheless to gain confidence
in the predictive capabilities of the model by defining vali-
dation experiments specifically designed toward this objec-
tive. We propose here a methodology to design a validation
scenario that relates the QoIs in the prediction scenario
with the observables in the validation scenario. It consists
in casting the design of the validation scenario as an opti-
mal design problem. We introduce here an optimal design
problem whose objective functional minimizes the differ-
ence between sensitivity indices (e.g. Sobol indices) of the
QoIs in the prediction scenario and those related with the
same QoIs in the validation scenario. We will demonstrate
the usefulness of our methodology on several examples by
showing that it can identify false positives.
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MS317

Machine-Learned Stochastic Closures and Regional
Superparameterization for Convection

The representation of convection processes and cloud for-
mation in coarse-scale global models of the atmosphere re-
mains a challenge. I will discuss work on two related ap-
proaches to tackle this. One is to embed local, convection-
resolving high-resolution models in model columns of a
global model, with two-way coupling between them. This
is the approach of superparameterization, originally pro-
posed by Grabowski and co-workers. We developed a set-
up to apply superparameterization regionally (in selected
model columns) rather than globally, thereby making it
computationally feasible to use fully 3-d LES for the local
models. In an alternative approach we replaced the lo-
cal high-res model by a computationally cheap stochastic
surrogate model trained on data from the LES or from ob-
servations. A discrete Markov chain model was used to this
end. We developed a method employing machine-learning
assisted resampling to construct a stochastic surrogate, and
tested it on the L96 model.
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CWI Amsterdam and University of Amsterdam
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Mapping Meteorological Conditions to Predator
Prey Dynamics

Earths energy budget is a key quantity for our climate and
how it changes. Stratocumulus clouds have a great effect on
Earths energy budget because (i) they can reflect sunlight;
and (ii) they cover vast amounts of our planet. It is thus
important to understand and model stratocumulus clouds
and in this talk, we make connections between two very dif-
ferent models. The first model is a large eddy simulation
(LES), which is a cloud resolving 3D atmospheric simula-
tion that is computationally expensive to run. The second
model is a scalar delay differential equation (DDE), which
is trivial to run and that interprets the interactions of pre-
cipitation and cloud as a predator (rain) and prey (cloud).
We connect these two models by estimating parameters of
the predator prey model from LES that reflect a variety of
meteorological conditions. We rely on a feature-based ap-
proach to parameter estimation and numerically solve the
problem using an affine invariant ensemble sampler. The
result of our computations is a map of meteorological con-
ditions to the parameter space of the predator prey model,
which is needed if one were to use it to parameterize stra-
tocumulus clouds in Earth system and climate models.
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Dynamical System Analysis of a Rich Cloud Model
and Implications for Cloud Aggregation

Shallow-cumulus evolution and self-organization, or aggre-
gation, into different cloud patterns is a complicated pro-
cess, with many not well understood elements. To shed
more light on the physical processes involved we study the
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dynamical behavior of a simple, one-dimensional model of
warm cloud evolution, consisting of three prognostic differ-
ential equations. Cloud growth is treated as a non-linear
combination of vertical motion, cloud droplet concentra-
tion, and rain droplet concentration, linked in a system
of balance equations. A bifurcation analysis shows that
the model has rich mathematical structure, with steady,
periodic, and chaotic solutions, and we will discuss the
physics and feedbacks of the underlying phases and their
transitions, including the route to chaos. If time permits,
we will report on a dynamical systems analysis of a two-
dimensional field of coupled one-dimensional cloud models.
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Unsupervised Learning of Cloud Microphysical
Process Rates

Cloud microphysics schemes employed in atmospheric and
climate models have traditionally used moments of the
droplet size distribution to parameterize process rates such
as collision-coalescence. However, it is not clear that prog-
nostic moments form an optimal basis set for representing
microphysical processes across the range of conditions ex-
perienced in the atmosphere. In addition, microphysical
parameterizations employing prognostic moments require
developing closure schemes, which are known to suffer from
both parametric and structural uncertainty in their repre-
sentations of inherently higher dimensional cloud processes.
These uncertainties limit model fidelity and lead to fore-
casting errors. Recently, machine learning methods have
been used to develop reduced order models of various phys-
ical systems by discovering governing equations directly
from high-dimensional observational data. Here we inves-
tigate how machine learning methods such as variational
auto-encoders can be used to learn optimal predictors for
microphysical process rates in an unsupervised manner, by
simultaneously learning lower dimensional representations
of droplet size distributions and predicting their dynamic
evolution. We discuss how these findings could be used to
either guide moment-based scheme development, or replace
them with alternative formulations.
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MS317

A Novel Stochastic Transport Model for Atmo-
spheric Aerosols

Recently, it has become clear that atmospheric aerosols

have a non-negligible effect on radiative forcing within
Earth’s climate and the computational models that sim-
ulate it [Carslaw, et al., Nature, 2013]. However, aerosol
microphysical processes, chemistry, and transport proper-
ties are not yet fully understood and are highly parame-
terized, leading to uncertainty in the results of our mod-
els. Thus, we must obtain accurate aerosol models that
are also predictive, particularly in a time when aerosol-
emitting ships may soon traverse the polar arctic ocean and
there is credible talk about climate intervention strategies
like stratospheric aerosol injection. This work focuses on
the transport properties of atmospheric aerosols, namely
their mixing and spreading via turbulent transport in the
planetary boundary layer. We propose a novel stochastic
model comprised of advection and diffusion parameters,
operating on distinct spatial scales, that vary according to
their respective machine-learned probability distribution,
parameterized to be a function of space, time, and rele-
vant exogenic properties. The model is evaluated using
ensembles of particles that advect and diffuse both deter-
ministically and via random walks with a magnitude drawn
from the corresponding learned distribution. To verify our
model, we employ data sources varying across a wide range
of scales from algorithmically-classified satellite imagery of
ship-exhaust tracks in the Pacific to a tabletop fog cham-
ber.
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Mitgcm-Ad & Sicopolis-Ad V2: Tangent Linear
and Adjoint Modeling Frameworks for Oceans and
Ice Sheet Modeling Enabled by Automatic Differ-
entiation Tool Tapenade

We present new inverse modeling frameworks for the ocean
general circulation model MITgcm and ice sheet model
SICOPOLIS that are enabled by source transformation us-
ing the open-source Automatic Differentiation (AD) tool
Tapenade. Oceans and ice sheets are dynamic entities
whose evolution is governed by non-linear Partial Differ-
ential Equations (PDEs) that conserve mass, momentum,
and energy. Their evolution is driven by their present state
and uncertain forcings such as surface temperature, pre-
cipitation, basal sliding, geothermal heat flux, etc. These
uncertainties propagate to our economically and societally
important Quantities of Interest(QoI) such as projections
for sea-level rise or the estimated strength of the Atlantic
Meridional Overturning Circulation (AMOC), which con-
tributes substantially to the Earths climate systems. It is
thus desirable to evaluate the sensitivities of our QoI to
these independent input variables. Furthermore, recently
collected data can be used to calibrate model parameters
to improve our simulations, which is an exercise in PDE-
constrained gradient-based optimization. Posterior uncer-
tainties around these optimal sets of parameters can be
quantified elegantly using the Bayesian framework. The
gradient for the optimization is evaluated efficiently using
the adjoint model generated by the AD tool Tapenade.
The frameworks are open source and freely available.
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A Framework for Time-Dependent Ice Sheet Un-
certainty Quantification, Applied to Three West
Antarctic Ice Streams

We seek to characterise the uncertainty in model projec-
tions of marine ice sheet loss, which arises from calibration
with data. Here, we use a Bayesian approach, to quantify
the degree to which observational uncertainty translates to
parametric uncertainty (posterior uncertainty of inversions
for basal drag and ice stiffness fields) and to uncertainty
in projected quantities of interest (QoIs) such as sea level
contribution. Our framework implements the Shallow Shelf
Approximation (SSA), and a control methods approach to
invert for the basal drag and ice stiffness fields. Begin-
ning with a cost function optimization which can allow
for either gridded or point-cloud velocities, we generate a
low-rank approximation to the posterior covariance of the
parameters via the use of the cost function Hessian. In our
work, the Hessian is calculated through algorithmic differ-
entiation (AD) using the “complete Hessian rather than
the GaussNewton approximation. We then project the co-
variance on a linearization of the time-dependent ice sheet
model to estimate the growth of the QoI uncertainty over
time. We apply for the first time this framework to real ice
streams in the Amundsen basin, and present several model
experiments exploring the impact on uncertainty due to
different strengths of priors, sliding laws and velocity in-
puts. We explore the model capabilities when we applied
it to these ice streams and lay out our plans to scale our
framework into a larger domain.
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Learning Probabilistic Graphical Models of Non-
Gaussian Scientific Data

One type of probabilistic graphical model is an undirected
graph where the edges capture the conditional dependen-
cies among a collection of random variables. Knowledge of
this sparse edge structure is valuable for modeling multi-
variate distributions and for performing inference and pre-
diction tasks. While several algorithms have been devel-

oped to learn the graph structure for Gaussian data, con-
sistent methods for continuous and non-Gaussian distri-
butions remain limited. In this presentation, we propose a
structure learning algorithm based on a non-Gaussian char-
acterization of conditional independence that uses Hessian
information of the joint density. For a broad class of distri-
butions, we show that the Hessian is related to conditional
mutual information, a classical measure of conditional in-
dependence, while being more tractable for computation.
To estimate the Hessian, our algorithm estimates the den-
sity using a deterministic coupling, known as a transport
map, and exploits the sparse structure in the map to reveal
the sparsity in the graph. We present results for learning
the graph structure of non-Gaussian datasets drawn from
chaotic dynamical systems, biology, and multi-disciplinary
engineering systems where the graph structure arises from
couplings between subdomain models.

Ricardo Baptista
MIT
rsb@caltech.edu

MS319

Deep Learning-Based Reduced Order Models in
Fluid Dynamics and Structural Mechanics

The solution of differential problems by means of full order
models (FOMs), such as, e.g., the finite element method,
entails prohibitive computational costs when it comes to
real-time simulations and multi-query routines. The pur-
pose of reduced order modeling is to replace FOMs with re-
duced order models (ROMs) characterized by much lower
complexity but still able to express the physical features
of the system under investigation. Conventional ROMs
anchored to the assumption of modal linear superimpo-
sition, such as proper orthogonal decomposition (POD),
may reveal inefficient when dealing with nonlinear time-
dependent parametrized PDEs, especially for problems fea-
turing coherent structures propagating over time. To over-
come these difficulties, we propose an alternative approach
based on deep learning (DL) algorithms used to build an ef-
ficient nonlinear surrogate. In the resulting DL-ROM, both
the nonlinear trial manifold and the reduced dynamics are
learned in a non-intrusive way by relying on DL models
trained on a set of FOM snapshots, obtained for different
parameter values [Fresca et al, JSC, 2021; Fresca et al,
CMAME, 2022]. Accuracy and efficiency of the DL-ROM
technique are assessed on parametrized PDE problems in
fluid dynamics [Fresca et al, Fluids, 2021] and structural
mechanics, by considering, for example, MEMS micromir-
ros [Fresca et al, JNME, 2022], showing that new queries
to the DL-ROM can be computed in real-time.
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Learning Physics-Based Reduced-Order Models
from Data Using Quadratic Manifolds

Reduced-order models are imperative in making computa-
tionally tractable outer-loop applications that require sim-
ulating systems for many scenarios with different param-
eters and under varying inputs. For many physics-based
systems linear dimension reduction (which underlies a large
class of model reduction techniques) imposes a fundamen-
tal limitation to the accuracy that can be achieved using
reduced-order models. In this talk I will propose a novel
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approach for learning a data-driven quadratic manifold
from high-dimensional data, then employing this quadratic
manifold to derive efficient physics-based reduced-order
models. The key ingredient of the approach is a poly-
nomial mapping between high-dimensional states and a
low-dimensional embedding. This mapping consists of two
parts: a representation in a linear subspace (computed in
this work using the proper orthogonal decomposition) and
a quadratic component. Combining the quadratic mani-
fold approximation with the operator inference method for
projection-based model reduction leads to a scalable non-
intrusive approach for learning reduced-order models of dy-
namical systems. Applying the new approach to transport-
dominated systems of partial differential equations illus-
trates the gains in efficiency that can be achieved over ap-
proximation in a linear subspace. We also discuss several
extensions to the proposed framework centered around the
use of nonlinear dimension reduction techniques beyond
the quadratic case.
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Globalized Simulation-Driven Miniaturization
of High-Frequency Components Using Machine
Learning and Variable-Fidelity Computational
Models

Miniaturization is an important consideration in the de-
sign of contemporary high-frequency components. Small
size requirements come in pair with increasing demands
on electrical properties, which makes high-frequency de-
sign challenging, as reducing physical dimensions is detri-
mental to performance. Miniaturization-oriented paramet-
ric optimization is a heavily constrained task, which is
also multimodal due to a parameter redundancy associ-
ated with topological modifications introduced in com-
pact structures. Identification of truly minimum-size de-
signs can only be realized through global search. Uti-
lization of nature-inspired algorithms is impractical due
to their poor computational efficiency as well as the fact
that reliable evaluation of electrical characteristics requires
full-wave electromagnetic (EM) simulation. Here, we in-
troduce a machine learning procedure for low-cost global
optimization-based size reduction of high-frequency struc-
tures. Our methodology involves a parameter space pre-
screening, and kriging surrogate models iteratively refined
using minimization of the predicted objective function as
an infill criterion. Numerical experiments conducted using
a number of antenna and microwave structures indicate
that the proposed framework is capable of yielding consis-
tent results for multiple algorithm runs, as well as achiev-
ing competitive miniaturization rates at low computational
cost, as compared to the benchmark.
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AI Empowered Codesign of Beyond Moores Law
Microelectronics

The co-design of next-generation hardware is currently a
static process that involves human-in-the-loop evolution
via repeated experiments, modeling, and design space ex-
ploration. Our goal is to develop an automation framework
that integrates activities across the co-design process lever-
aging AI. AI has the potential to accelerate the exploration
of strongly correlated parameter spaces such as those in-
volved in co-design across scales and disciplines necessary
for revolutionary jumps in computing performance. In this
talk, we will outline the vision and then present results in
data-driven modeling for device and circuit modeling.
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CodeRefinery: What We Learned from Teaching
Software Engineering Practices to Students and
Researchers in Nordics and Beyond

CodeRefinery is a project which supports students and re-
searchers across all academic disciplines by advancing the
FAIRness of research software and development practices
so that they can collaboratively develop, review, discuss,
test, share, and reuse their codes. This initiative teaches
the software engineering practices which are needed for
modern collaborative computational research but are of-
ten missed in a traditional university curriculum. Thus
far, over 2000 students and researchers have been trained.
The project currently focuses on the Nordic/Baltic coun-
tries, but aims to expand beyond this region. CodeRefinery
aims to operate as a community project with support from
academic organizations. In this contribution we will share
our experiences and lessons learned from developing and
evolving the lesson curriculum and course format, from or-
ganizing over 50 events and from growing a community of
instructors and research software engineers with the goal
of improving software engineering practices and thus the
quality of computational research and engineering. We will
summarize which development tools and practices we have
found to be essential and offer recommendations on where
to start and how to progress.
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Can Software Metrics Improve Software Quality?

Software quality in computational science and engineering
can be interpreted in two ways: does the software imple-
ment the algorithm or simulate the phenomenon as ex-
pected, and does it perform as expected i.e. does it scale,
is it maintainable, is it secure? Software metrics are the
degree to which a software system possesses some relevant
property. Many software metrics are defined as quantita-
tive measurements based on the analysis of source code.
Others, such as those being developed by the CHAOSS
initiative, focus on measuring the ability of a project to
deliver software that meets various criteria, such as com-
munity health or development efficiency. A key question is
how useful software metrics are in improving software qual-
ity when applied to development in computational science
and engineering, which can differ from software engineering
in other areas because of evolving or unclear requirements,
deployment to large-scale systems and architectures, and
focus on performance. I will consider which types of soft-
ware metric might benefit researcher-developers and re-
search software engineers working in computational science
and engineering. Can useful metrics be identified by con-
sidering the differences in the way that software is devel-
oped these fields?
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The Pull Request Assistant

A healthy GitHub project changes over time. Develop-
ers fix bugs, add new features and rework code to make it
more efficient. A well-run project uses a Pull Request (PR)
to review changes before they are allowed into the main
branch. Our experience working with PR reviewers is that
they have a difficult job. Not only do they have to review
code changes that are part of a PR, but also review doc-
umentation and test-cases related to those changes, which
may reside in other files separate from the PR. We are
developing a Pull-Request Assistant, called MeerCat, that
uses repository mining to make a reviewers job more man-
ageable by showing the PR author (a) potential problems
with the PR they have submitted and (b) modifications
they can make to address those problems. A PR author is
expected to address these problems before the PR moves
into formal review stage. In essence, to aid a PR reviewer,
MeerCat puts the onus on the PR author to come to re-
view with a well-thought-out set of changes. The types of
problems MeerCat currently focuses on are in the areas of
documentation and testing: we aid a PR author in align-
ing both documentation and testing with code changes. In
many cases, MeerCat can offer specific directions to bring
this alignment about, including bringing missing but re-
lated files into the PR and suggesting specific modifica-
tions. MeerCat is in beta-testing with several projects at
the moment.
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Human-Computer Interaction in Open Computa-
tional Science

Two important tendencies in scientific research are the in-
creasing importance of computational modelling and the
nascent Open Science movement. Together, they force us
to revise the way scientists and non-scientists use compu-
tational tools and models, as all stakeholders must be able
to develop trust in these tools and models at their respec-
tive levels of domain knowledge and engagement. Today’s
software engineering techniques, inherited from an indus-
trial context, focus on small development teams creating
computational tools for a large number of users that inter-
act with the tools at a much more abstract level. Software
developers thus become gatekeepers of the computational
models that are embedded in these tools, which mere users
can neither fully understand nor safely modify. Open Sci-
ence requires reducing this epistemic opacity, allowing all
stakeholders to interact with computational models at their
level of scientific rather than technical expertise. A strat-
egy that I have been exploring is moving the models out
of the tools and into the human-computer interface in the
form of specifications. The central user interface of such
a future scientific computing environment is an authoring
tool for a computational medium that can represent mod-
els. Computational tools operate on this medium, reading
models and parameters from it and adding back their re-
sults. I will conclude my presentation with a demonstration
of a prototype implementation.
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Towards the Use of Anderson Acceleration in Cou-
pled Transport - Gyrokinetic Turbulence Simula-
tions

Simulations predicting the long-time behavior of magnet-
ically confined fusion plasma requires accurately and ef-
ficiently bridging the gap between transport and gyroki-
netic turbulence processes evolving on vastly different time
scales. The nonlinear transport equation solver, Tango,
couples implicit 1D transport equations with a 5D gyroki-
netic turbulence model using a relaxed fixed-point iteration
method to enable simulations of very long times, in partic-
ular, steady state. In this talk we present the application of
Anderson acceleration to the iteration scheme in Tango uti-
lizing the KINSOL nonlinear solver package from SUNDI-
ALS. We show that Anderson acceleration offers increased
robustness to the choice of relaxation parameter enabling
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faster convergence in a nonlinear diffusion test problem.
Additionally, we will highlight recent results applying An-
derson acceleration to test cases with increased stiffness
and noisy transport fluxes.
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Filtering for Anderson Acceleration

Anderson acceleration is a powerful and low-cost method
for accelerating the convergence of fixed-point iterations.
On any given problem, how successful it is depends on the
details of its implementation. It this talk we will review
recent results on filtering the columns of the matrix of the
least squares problem to control the condition number of
the least-squares problem solved at each iteration and im-
prove convergence.
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A Generalized Tau Method for Spectral Boundary
Conditions in Multiple Dimensions

It has long been understood how to produce banded spec-
tral discretizations of many PDEs using Petrov-Galerkin
methods with orthogonal polynomials. One of the primary
remaining challenges to building fully automatic fast spec-
tral solvers is handling arbitrary boundary conditions. For
domains with a single bounded dimension (e.g. an annulus
or spherical shell), this can be reliably achieved with spec-
tral integration and the classical tau method. For domains
with multiple bounded dimensions (e.g. closed squares and
cubes), consistency conditions at the corners and shared
edges pose a challenge, particularly for mixed boundary
conditions. Here we will discuss a generalized tau scheme
where analytic perturbations are added to the PDEs and
boundary conditions that result in consistent and exactly
solvable discrete systems. In particular, we will examine
the Poisson equation with generic mixed boundary condi-
tions on the square and cube. This tau-perturbed system
can be easily modified to use different test and trial spaces
and is entirely isotropic, making it particularly favorable
for incorporation into spectral element schemes.
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MS323

A High-Order Fast Direct Solver for Surface PDEs

We introduce a fast direct solver for variable-coefficient el-
liptic partial differential equations on surfaces based on the
hierarchical PoincarSteklov method. The method takes as
input a high-order quadrilateral mesh of a surface and dis-
cretizes surface differential operators on each element using
a high-order spectral collocation scheme. Elemental solu-
tion operators and Dirichlet-to-Neumann maps tangent to
the surface are precomputed and merged in a pairwise fash-
ion to yield a hierarchy of solution operators that may be
applied in O(N logN) operations for a mesh with N el-
ements. The resulting fast direct solver may be used to
accelerate implicit time-stepping schemes, as the precom-
puted operators can be reused for fast elliptic solves on
surfaces. We apply the method to a range of problems
on both smooth surfaces and surfaces with sharp corners
and edges, including the static LaplaceBeltrami problem,
the Hodge decomposition of a tangential vector field, and
some time-dependent reactiondiffusion systems.
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Flatiron Institute
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MS323

A Spectral Multistep Method for Time-Dependent
PDEs

Krylov subspace spectral (KSS) methods are high-order
accurate, explicit time-stepping methods for partial dif-
ferential equations (PDEs) with stability characteristic of
implicit methods. Unlike other time-stepping approaches,
KSS methods compute each Fourier coefficient of the solu-
tion from an individualized approximation of the solution
operator of the PDE. As a result, KSS methods scale ef-
fectively to higher spatial resolution. This talk will present
explicit and implicit multistep formulations of KSS meth-
ods to provide a best-of-both-worlds” situation that com-
bines the efficiency and simplicity of multistep methods
with the stability and scalability of KSS methods. Conver-
gence analysis will be presented, and the effectiveness of
spectral multistep methods will be demonstrated through
numerical experiments. It will also be shown that the re-
gion of absolute stability exhibits striking behavior that
helps explain the effectiveness of these new methods.
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Generalising the Classical Tau Method for Fun and
Profit

The classical tau method for differential equations refers to
solving an approximate system exactly over polynomials,
instead of finding approximate solutions to exact ODEs &
PDEs. While very similar, this distinction has practical
consequences for the analysis and acquisition of solutions.
Classical methods set the residual as the span of the highest
numerical basis elements. However, once an appropriate
residual space is proscribed, a finite polynomial solution
exists independent of any algorithm to obtain it. Cheby-
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shev polynomials are excellent numerically, but even lowly
monomials (however poorly conditioned in a computer) are
fantastic for analysing solutions on paper. This talk will
present some data on using a wider range of tau polyno-
mials. We will show the dependence of eigenvalues on the
choice of residual space, including the appearance of spuri-
ous spectrum and the accuracy of resolved modes. Finally,
we will discuss systematic efforts to optimise performance
by considering tau-corrections as oscillatory low-rank up-
dates to differential operators.
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MS324

Leveraging Half-Precision in Wireless Communica-
tion

Massive Multiple-Input-Multiple-Output is a crucial tech-
nology for Next-Generation networks(Next-G). It uses hun-
dreds of antennas at transceivers to exchange data. How-
ever, its accurate signal detection relies on solving an
NP-hard optimization problem in real-time. In this pre-
sentation, we introduce a new GPU-based detection al-
gorithm that demonstrates the positive impact of low-
precision arithmetic (FP16, INT16, INT8) and multiple
GPUs to achieve next-G latency/scalability/accuracy re-
quirements. Our approach iteratively extends a solution
with several symbols representing the best combination out
of the aggregated levels. The computation spanning iter-
ations is formulated as a general matrix-matrix multipli-
cation (GEMM) operation to leverage GPU architectures.
Preliminary results using A100 GPU show around 2×
time complexity improvement by exploiting low-precision
GEMM arithmetic over the reference FP32 implementa-
tion. Our GEMM-based approach turns out to be oblivious
to precision loss by reporting similar accuracy using FP32,
FP16, and even INT16/INT8 operations. We demonstrate
performance scalability using four A100 GPUs, achieving
2.3× speedup against a single-GPU version.
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MS324

Mixed Precision Linear Algebra for High Fidelity
Real-Time Wavefront Reconstruction on Giant Op-
tical Telescopes

While the largest ground-based telescopes will soon reach
40m diameter to provide means required to detect faint
rocky exoplanets, they must overcome optical distortions
induced by atmospheric turbulence. This is done thanks
to Adaptive Optics (AO) employing a real-time controller
(RTC), operating at high speed (1kHz) to catch up with
the rapidly changing optical turbulence, and responsible
for reconstructing aberrations measured by wavefront sen-
sors (WFS) to drivel deformable mirrors (DM) actuators
used to compensate them. In particular Multi-Conjugate
AO uses tomographic reconstruction in a linear control
scheme: input measurements from several sensors are mul-
tiplied by a control matrix to produce an output command
vector to drive several DMs. In this context, I will present
the various avenues for leveraging approximate comput-
ing within the AO RTC. Taking benefit from sensors data
coarse grain quantization, mixed precision approximations
can be used in the real-time control loop to minimize the
servo lag and maximize AO end-to-end performance. Ad-
ditionally, whilst the tomographic reconstructor must be
updated in quasi-real-time, the associated computational
burden can be significantly relaxed through mixed preci-
sion linear algebra, leveraging intrinsic data sparsity from
input matrices, with the goal to either come-up with more
complex high-fidelity control schemes or optimize the com-
puter system dimensioning with impact on construction,
operation and maintenance costs.
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Low Rank (Almost) Everywhere

Tile low rank and hierarchical low rank matrices can ex-
ploit the data sparsity that is discoverable all across compu-
tational science: integral equations, differential equations
(Schur complements), spatial statistics (covariances), opti-
mization (Hessians), data compression, RBF-based mesh-
ing, non-Fickian diffusion, and in various applications such
as seismic redatuming, acoustic scattering, adaptive op-
tics, climate and weather predictions, and more. Exploit-
ing data sparsity can improve performance dramatically
by allowing the working set to dwell higher in the memory
hierarchy than for dense algorithmic counterparts. We il-
lustrate in large-scale applications and hybridize with simi-
larly motivated mixed precision representations, while fea-
turing recent research with many collaborators, including
a multi-institutional 2022 Gordon Bell finalist paper.
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Portable Mixed Precision for the Iterative Solution
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of Sparse Linear Systems

The convention in scientific computing is to employ IEEE
double-precision (64-bit) arithmetic for all computations
involving floating-point data. Nonetheless, appealing ben-
efits from the adoption of mixed precision schemes have
been reported for the solution of dense and sparse linear
systems, on variety of computer architectures, via itera-
tive refinement. In this talk, we will illustrate the benefits
of leveraging mixed precision in terms of execution time
and energy efficiency. For this purpose, we will target sev-
eral case studies arising in the iterative solution of sparse
linear systems on GPUs, with codes currently integrated
the Ginkgo library (https://ginkgo-project.github.io). In
some detail, this research effort exploits the fact that, for
sparse linear algebra operations, the cost is dominated by
the memory accesses while the arithmetic is largely irrel-
evant. To leverage this property, the Ginkgo solvers store
certain parts of the data in reduced precision in memory,
but operate in ”full” 64-bit precision in order to bound the
accumulation of rounding errors. Reduced-precision stor-
age can be then exploited to maintain approximation op-
erators, such as the preconditioner, or in a GMRES-based
solver that adjust the precision of the basis to the problem.
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MS325

Global Stochastic Optimization of Stellarator Coils

In the construction of a stellarator, the manufacturing and
assembling of the coil system is a dominant cost. These
coils need to satisfy strict engineering tolerances, and if
those are not met the project could be canceled as in
the case of the National Compact Stellarator Experiment
(NCSX) project. Therefore, our goal is to find coil con-
figurations that increase construction tolerances without
compromising the performance of the magnetic field. In
this paper, we develop a gradient-based stochastic opti-
mization model which seeks robust stellarator coil config-
urations in high dimensions. In particular, we design a
two-step method: first, we perform an approximate global
search by a sample efficient trust-region Bayesian optimiza-
tion; second, we refine the minima found in step one with
a stochastic local optimizer. To this end, we introduce two
stochastic local optimizers: BFGS applied to the Sample
Average Approximation and Adam, equipped with a con-
trol variate for variance reduction. Numerical experiments
performed on a W7-X-like coil configuration demonstrate
that our global optimization approach finds a variety of

promising local solutions at less than 0.1% of the cost of
previous work, which considered solely local stochastic op-
timization.
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MS325

High-Dimensional Multi-Objective Bayesian Opti-
mization for Optical Design

The ability to optimize multiple competing objective func-
tions with high sample efficiency is imperative in many ap-
plied problems across science and industry. Multi-objective
Bayesian optimization (BO) achieves strong empirical per-
formance on such problems, but even with recent method-
ological advances, it has been restricted to simple, low-
dimensional domains. Most existing BO methods exhibit
poor performance on search spaces with more than a few
dozen parameters. In this work we propose MORBO,
a method for multi-objective Bayesian optimization over
high-dimensional search spaces. MORBO performs local
Bayesian optimization within multiple trust regions simul-
taneously, allowing it to explore and identify diverse so-
lutions even when the objective functions are difficult to
model globally. We show that MORBO significantly ad-
vances the state-of-the-art in sample-efficiency for several
high-dimensional synthetic and real-world multi-objective
problems, including a vehicle design problem with 222 pa-
rameters, demonstrating that MORBO is a practical ap-
proach for challenging and important problems that were
previously out of reach for BO methods.
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Bayesian Optimization for Hyperparameter and
Neural Architecture Search

Hyperparameter and neural architecture search (HNAS)
has been arguable one of the biggest success stories of
Bayesian optimization. This is manifested in a long list
of well-known open-source frameworks and commercial
services that provide Bayesian optimization solutions for
HNAS problems. However, despite its success, vanilla
Bayesian optimization faces several challenges on popular
HNAS use-cases: First, Bayesian optimization itself needs
to become more robust and automated, to not open an-
other hyperparameter optimization problem on top. Sec-
ond, with the ever increasing computational demands of
machine learning, we have to accelerate the optimization
process as much as possible. Third, there is a growing
interest to optimize more than just the validation perfor-
mance, such as inference latency or model size. In this talk,
I will present an overview of our recent work that tries to
overcome the current short-coming of Bayesian optimiza-
tion. I argue that these are necessary steps towards fully
automated machine learning systems that are able to learn
truly end-to-end.
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Latent Space Bayesian Optimization for Molecular
Design

Computational drug discovery can often be cast as a
black-box optimization problem, where we aim to design
a molecule of interest which maximizes some black-box ob-
jective function (i.e. its binding affinity to some target
protein). However, optimization over molecules is chal-
lenging since the objective function is defined over the dis-
crete and structured space of all possible molecules. Latent
space Bayesian optimization (LS-BO) has recently emerged
as a promising approach for optimizing over such search
spaces. In LS-BO, a deep autoencoder model (DAE) maps
molecules into a continuous latent space where familiar
Bayesian optimization tools can be more readily applied.
While recent work in this area has made rapid progress
on the design of better DAEs for this task, relatively lit-
tle attention has been paid to the optimization compo-
nent. This is problematic, as the DAEs used typically
have high dimensional latent spaces, which significantly de-
grades the performance of traditional Bayesian optimiza-
tion algorithms. To address this issue, we develop a novel
method to adapt recent work on high-dimensional Bayesian
optimization to the LS-BO setting. Our method achieves
as much as 20x improvement over state-of-the-art methods
across five molecular design tasks.
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A Fast and Arbitrarily High-Order Solver for
Highly Oscillatory ODEs

Oscillatory systems are ubiquitous in physics: they arise in
celestial and quantum mechanics, electrical circuits, molec-
ular dynamics, and beyond. Yet even in the simplest case,
when the frequency of oscillations changes slowly but is
large, the vast majority of numerical methods struggle
to solve such equations. Methods based on approximat-
ing the solution with polynomials are forced to take O(k)
timesteps, where k is the characteristic frequency of os-
cillations. This scaling can generate unacceptable com-
putational costs when the ODE in question needs to be
solved billions of times, e.g. as the forward modelling step
of Bayesian parameter estimation. In this talk I will intro-
duce an efficient method for solving 2nd order, linear ODEs
with highly oscillatory solutions. The solver employs two
methods: in regions where the solution varies slowly, it uses
a spectral method based on Chebyshev nodes and with an
adaptive stepsize, but in the highly oscillatory phase it au-
tomatically switches over to an asymptotic method. The
asymptotic method constructs a nonoscillatory phase func-
tion solution of the Riccati equation associated with the
ODE. In the talk I will present how the method fits in the
landscape of oscillatory solvers, the theoretical underpin-
nings of the asymptotic solver, a summary of the switching
and stepsize-update algorithms, results from numerical ex-
periments, and a brief error analysis.
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Wide-Band Butterfly Networks for Wave-Based In-
verse Problems in the Super-Resolution Regime

We propose an end-to-end deep learning framework that
comprehensively solves the inverse wave scattering prob-
lem across all length scales. Our framework consists of
the newly introduced wide-band butterfly network coupled
with a simple training procedure which dynamically injects
noise during training. While our trained network provides
competitive results in classical imaging regimes, most no-
tably it also succeeds in the super-resolution regime where
other comparable methods fail. This encompasses both (i)
reconstruction of scatterers with sub-wavelength geomet-
ric features, and (ii) accurate imaging when two or more
scatterers are separated by less than the classical diffrac-
tion limit. We demonstrate these properties are retained
even in the presence of strong noise and extend to scatter-
ers not previously seen in the training set. In addition, our
network is straightforward to train requiring no restarts
and has an online runtime that is an order of magnitude
faster than optimization-based algorithms. We perform ex-
periments with a variety of wave scattering mediums and
we demonstrate that our proposed framework outperforms
both classical inversion and competing network architec-
tures that specialize in oscillatory wave scattering data.
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Butterfly Algorithms: An Overview

The so-called butterfly matrix or butterfly operator is
widely known in the signals processing community from its
appearance in algorithms such as the Fast Fourier Trans-
form. The basic idea is to split a signal into two pieces, ap-
ply separate linear transformations to each piece, and then
linearly re-combine the output. The matrix correspond-
ing to the Discrete Fourier Transform can be analytically
factored into a product of log(N) block-diagonal butter-
fly matrices. Generalizations of such matrix factorizations
yield what are now known as butterfly factorizations, and
have found applications in PDE, integral equations, signals
processing, special function transforms, etc. They often al-
low for the compression of an N x N matrix into a product
of log(N) matrices, each with O(N) sparsity. This talk
will give a brief overview of such factorizations and appli-
cations, modern developments, and open problems as an
introduction to the corresponding mini-symposium.
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Efficient Identification of Butterfly Sparse Matrix
Factorizations

Large neural networks perform well in many domains, but
they suffer from long training and inference time. Intro-
ducing sparsity in these deep models by enforcing most
entries in their weight matrices to zero can reduce their
complexity. However, learning such sparse networks is dif-
ficult. Motivated by recent works showing the expressiv-
ity of the butterfly structure for neural network design, a
promising approach is to promote sparsity during training
by approximating any dense weight matrices with a prod-
uct of sparse butterfly factors. Our main contribution is
to show that any butterfly factorization Z = X(1) . . .X(J)

where the factors X(�) of size N × N follow the butterfly
constraint is essentially unique, and we provide an efficient
hierarchical algorithm that can recover these factors up to
unavoidable scaling ambiguities from the product Z. Our
method consists in recursively factorizing the considered
matrix into two factors, by relying on a non-trivial appli-
cation of the singular value decomposition to compute best
rank-one approximations of specific submatrices, instead of
iterative gradient descent steps. The complexity of our al-
gorithm is only of O(N2), and it enables fast O(N logN)
matrix-vector multiplication. Hence our work provides a
first step toward the construction of an efficient proximal
operator associated to the butterfly structure for sparse
neural network training.
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Mathematical Challenges in Electric Machine Sim-
ulation

Increasing the efficiency of electric machines got renewed
interest, triggered by the fight against climate change. The
design of electric machines relies on a combination of be-
havioural, network and finite-element models of the un-
derlying electromagnetic and thermodynamic partial dif-
ferential equations, accomplished by nonlinear (and possi-
bly hysteretic) material models, a field-circuit coupling to
power-electronics circuits and a mechanical model of the
drive train. This talk aims at the construction of math-
ematical models, including a technical priorisation of the
model features, and a discussion of the contemporary chal-
lenges for a numerical solution thereof.
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Energy-Stable Stator-Rotor Coupling and Consis-
tent Torque-Computation by Harmonic Mortaring

The working principle of electric machines is based on the
effective Magneto-mechanic energy conversion, and a key
issue in electric machine simulation is the accurate repre-
sentation of this mechanism after discretization. One par-
ticular difficulty in this endeavor is the correct handling
of the relative motion between stator and rotor. In this
talk, we discuss the efficient coupling of the magnetic field
across the air gap by a harmonic mortar method. The use
trigonometric polynomials as Lagrange multipliers enables
an efficient and elegant treatment of the relative motion
of stator and rotor. Explicit formulas for the torque com-
putation can be derived by energetic considerations, and
their evaluation by harmonic mortar finite element and
isogemetric analysis discretizations is possible. Numerical
tests are presented to illustrate the theoretical results and
demonstrate the potential of harmonic mortar methods for
the evaluation of cogging torque and torque ripple.
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Tearing and Interconnecting Approach for H(curl)

In the setting of domain decomposition, Tearing and In-
terconnecting (TI) methods such as FETI (Finite Element
TI) are well-established. They enable the parallel treat-
ment of subdomains to efficiently simulate large and sparse
problems. We aim to exploit this property for optimizing
3D models of electrical machines. Consequently, very large
systems need to be evaluated multiple times in the opti-
mization process. Hence, an efficient solver is a necessity.
As a first step toward reaching this target, combining the
discretization scheme Isogeometric Analysis (IGA) with TI
methods for H(curl) yields a parallelizable procedure for
magnetostatics. This work presents the construction of
this solver and explains how tree-cotree gauging is used to
handle intricacies arising from the function space H(curl).
Additionally, the derived results are verified numerically
and the efficiency is examined in praxis.
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Efficient 3D Finite Element Scheme for Solving
Electromagnetic Field Problems Considering Vec-
tor Hysteresis

Simulations of nonlinear magnetic field problems often
use unique history-independent material laws, such as the
commutation- or anhysteretic curve. However, the motiva-
tion to optimize, e.g., T-joints in three phase transformers
or the field distribution in electric drives, improved and
more realistic material models are needed. In this work,
an energy based (EB) vector hysteresis model is used as a
constitutive law with memory, which shows high potential
for physically and thermodynamically consistent modeling
of ferromagnetic and ferroelectric materials with high pre-
cision and efficiency. The model itself is based on consistent
thermodynamic priniciples and allows an efficient numeri-
cal implementation by utilizing the convexity of the Gibbs
energy potential, leading to a scalar optimization problem,
for which a Newton-Raphson method is used. This mate-
rial model is then used in a reduced magnetic scalar po-
tential formulation in 2D and 3D for which the nonlinear
permeability μ(H) (as a result of the EB model) can be
used, contrary to B-based formulation, where the reluctiv-
ity ν(B) is needed. This is a major advantage because the
dependence on B would require an inversion of the hys-
teresis model, which is, to the authors knowledge, acausal.
The nonlinear electromagnetic problem is then solved by
means of a Quasi-Newton scheme, using Good Broydens
method and different line search approaches are compared.
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MS328

Mathematics for Potato Cultivation and Breeding

Potato is one of the most versatile food crops with the
yearly production around 359 mil-lions tons (2020 data).
Climate change and ever increasing competition have pro-
duced serious challenges for potato breeding, cultivation
and processing industries. Of course, this holds for other
areas of horticulture and for agriculture, in general, as well.
Although agriculture was among the earliest applications
of statistics and experimental design, these new challenges
often require novel mathematical approaches. For example,
large throughput phenotyping is a well-known application
for modern image processing meth-ods. In this talk we dis-
cuss mathematical and computational problems that arose
during our participation in a series of potato-industry-
driven projects and share our solutions. We focus on the
problems of spatial and temporal effect removal in field
trials and on over-parameterized machine learning of pre-
dictive models for cultivation and breeding. In both cases
one needs to recover a piecewise smooth function of either
several or extremely many variables from poorly structured

and sparse data.
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Two-Scale Topology Optimization for 3D Printing

Subject of my presentation is a novel approach for optimiz-
ing both the macroscopic shape and the porous mesoscopic
structure of components. The key feature is the introduc-
tion of an additional local volume constraint (LVC), which
allows to adjust the desired spatial scales. The main nov-
elty is that the radius of the LVC may depend both on
space and a local stress measure. This allows for creat-
ing optimal topologies with heterogeneous mesostructures
enforcing any desired spatial grading and accommodating
stress concentrations by stress dependent pore size. I will
present some analytical results for the resulting optimal
control problem and conclude with numerical simulations
showing the versatility of our approach for creating optimal
macroscopic designs with tailored mesostructures.
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Large-Scale and Distributed Optimization, Infer-
ence, and Learning in the Presence of Heavy-Tail
Noise

In both centralized and distributed settings, stochastic gra-
dient descent (SGD) is a frequently used tool to solve
stochastic optimization problems. Therein, a noisy ver-
sion of the cost functions gradient is utilized as a search
direction, where the noise originates, e.g., due to data
sampling. There have been several recent studies show-
ing that the gradient noise that arises in many scenarios,
e.g., when training deep learning models, is heavy-tailed.
In distributed environments, an additional source of heavy-
tailed noise is the imperfect communication between differ-
ent computing units, e.g., nodes in a wireless sensor net-
work. In this context, we develop both centralized and dis-
tributed SGD-type algorithms that provably work in the
presence of heavy-tailed gradient and/or communication
noises. The methods are based on introducing a generic
nonlinearity in the iterate updates in order to combat the
noise. We provide for the methods strong convergence and
convergence rate guarantees, including almost sure, mean
square rate, and asymptotic normality, in a challenging
heavy-tailed setting, when noises are of infinite variance.
We present the analysis for two different settings: 1) cen-
tralized SGD algorithms that provably work under heavy-
tailed gradient noise and generic cost functions; and 2)
distributed algorithms for stochastic quadratic costs (cor-
responding to a distributed estimation scenario) that prov-
ably work under heavy-tailed gradient and/or communica-
tion noises.
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Group Equivariant Non-Expansive Operators: a
Mathematical Tool for Explainable Artificial Intel-
ligence

Recently the topic of explainability of Artificial Intelligence
has been gaining increasing interest from a large part of
the scientific community. First, this is due to the desire to
investigate the mechanisms of Artificial Intelligence more
thoroughly, to better understand its core functioning, so
that anomalies, unexpected behaviors and even counter-
feits can be prevented. Second, the interest is in part en-
couraged by the demands of policymakers, who demand
techniques that can be understood by humans and relied
upon for public decision-making, not only for excellent re-
sults but also for inherent transparency. In this context
Group Equivariant Non-Expansive Operators (GENEOs)
have been developed to establish a mathematical theory of
information processing agents. GENEOs are understood
as the mathematical formulation of agents who act on the
data, and give an opinion. Equivariance is indeed the key
property of GENEOs, since it guarantees to filter out the
data information that is not relevant for the problem in
focus. In this talk we will introduce GENEOs and de-
scribe how they have been successfully employed to face
some industrial problems, in the field of medicinal chem-
istry, implants inspection and maintenance and materials
science.
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MS329

Low-Rank Tensor Methods for High-Dimensional
Gaussian Processes

We consider the special case of Gaussian process kernel
learning where the covariance function is given by a sum
of products of RBF kernels. For a given dataset, the pa-
rameters of the kernel are learned by minimizing the log
marginal likelihood. Computing the log-determinant of the
covariance matrix is prohibitive for large datasets or in high
dimensions unless one exploits its low-rank tensor struc-
ture. We employ a stochastic trace estimation together
with a Lanczos algorithm for TT-tensors (Tensor Trains).
This allows us to break the curse of dimensionality and to
perform a gradient-based optimization even in high dimen-
sions.
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MS329

Preconditioning for Scalable Gaussian Process Hy-
perparameter Optimization

Gaussian process hyperparameter optimization requires
linear solves with, and log-determinants of, large kernel
matrices. Iterative numerical techniques are becoming
popular to scale to larger datasets, relying on the conjugate
gradient method (CG) for the linear solves and stochastic
trace estimation for the log-determinant. This work in-
troduces new algorithmic and theoretical insights for pre-
conditioning these computations. While preconditioning
is well understood in the context of CG, we demonstrate
that it can also accelerate convergence and reduce variance
of the estimates for the log-determinant and its derivative.
We prove general probabilistic error bounds for the precon-
ditioned computation of the log-determinant, log-marginal
likelihood and its derivatives. Additionally, we derive spe-
cific rates for a range of kernel-preconditioner combina-
tions, showing that up to exponential convergence can be
achieved. Our theoretical results enable provably efficient
optimization of kernel hyperparameters, which we validate
empirically on large-scale benchmark problems. There our
approach accelerates training by up to an order of magni-
tude.
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MS329

Adaptive Factorized Nystrom Preconditioner for
Gaussian Kernel Matrices

The spectrum of a kernel matrix significantly depends on
the parameter values of the kernel function used to define
the kernel matrix. This makes it challenging to design a
preconditioner for a regularized kernel matrix that is ro-
bust across different parameter values. In this talk, we
present the Adaptive Factorized Nyström (AFN) precondi-
tioner. The preconditioner is designed for the case where
the rank k of the Nyström approximation is large, i.e.,
for kernel function parameters that lead to kernel matrices
with eigenvalues that decay slowly. Other Nyström precon-
ditioners for a regularized kernel matrix use the Sherman–
Morrison–Woodbury (SMW) formula and must solve with
or compute an eigendecomposition of a k-by-k matrix. In
contrast, AFN is a factorized form that avoids the SMW
formula. It deliberately chooses a well-conditioned k-by-k
matrix to solve with that has a sparse approximate inverse.
This makes AFN efficient for large k. AFN also adaptively
chooses k to balance accuracy and cost.
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MS329

Efficient and Scalable Stochastic Variational Gaus-
sian Processes

Gaussian processes (GP) are a popular probabilistic learn-
ing framework, especially when inference with uncertainty
estimation is necessary. Oftentimes, GPs with derivative
information can be useful in many settings where deriva-
tive information is available, including numerous Bayesian
optimization and regression tasks that arise in the nat-
ural sciences. Given the O(n3) cost in computation for
n training points for GPs, stochastic variational Gaus-
sian processes (SVGP) scale GP inference to large datasets
through inducing points and stochastic training. However,
the SVGP training process involves hard multimodal opti-
mization, and often suffers from slow and suboptimal con-
vergence when initializing inducing points directly from
training data. Moreover, SVGP scales poorly with the
number of dimensions when derivative information is in-
corporated. We split this presentation into two parts to
focus on the two issues. In the first part, we discuss an
efficient initialization of SVGP to make the training more
efficient and in the second part we discuss a fully scalable
SVGP method with derivatives, the training cost of which
is independent of both the number of training data and the
number of input dimensions.

Xinran Zhu, Misha Padidar, Leo Huang
Cornell University
xz584@cornell.edu, map454@cornell.edu,
ah839@cornell.edu

Jacob Gardner
University of Pennsylvania,
acobrg@seas.upenn.edu

David Bindel
Cornell University
bindel@cornell.edu

MS330

On the Robustness of Inverse Scattering for Pen-
etrable, Homoegenous Objects with Complicated
Boundary

The acoustic inverse obstacle scattering problem consists
of determining the shape of a domain from measurements
of the scattered far field due to some set of incident fields
(probes). For a penetrable object with known sound speed,
this can be accomplished by treating the boundary alone
as an unkown curve. Alternatively, one can treat the entire
object as unknown and use a more general volumetric rep-
resentation, without making use of the known sound speed.
Both lead to strongly nonlinear and nonconvex optimza-
tion problems for which recursive linearization provides a
useful framework for numerical analysis. After extending
our shape optimzation approach developed earlier for im-
penetrable bodies, we carry out a systematic study of both
methods and compare their performance on a variety of
examples. Our findings indicate that the volumetric ap-

proach is more robust, even though the number of degrees
of freedom is significantly larger. We conclude with a dis-
cussion of this phenomenon and potential directions for
furhter research.
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MS330

Fast Algorithms for Certain Simulations in Quan-
tum Optics

In this talk we present a fast and accurate algorithm for
the numerical solution of a certain set of nonlocal partial
differential equations arising in the study of the process
of collective spontaneous emission in a two-level atomic
system containing a single photon. The method works
by first writing the system as an equivalent set of cou-
pled integro-differential equations for the atomic degrees
of freedom. This reformulation gives rise to a history de-
pendence in the system. In order to evaluate the history
contribution quickly we employ sum-of-exponentials repre-
sentations. The performance of this approach is illustrated
with several numerical examples.
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MS330

Fourier Representation of the Diffusion MRI Signal
Using Layer Potentials

The diffusion magnetic resonance imaging signal arising
from biological tissues can be numerically simulated by
solving the Bloch-Torrey partial differential equation. Nu-
merical simulations can facilitate the investigation of the
relationship between the diffusion MRI signals and cellular
structures. With the rapid advance of available computing
power, the diffusion MRI community has begun to employ
numerical simulations for model formulation and valida-
tion, as well as for imaging sequence optimization. Existing
simulation frameworks use the finite difference method, the
finite element method, or the Matrix Formalism method
to solve the Bloch-Torrey partial differential equation. We
propose a new method based on the efficient evaluation
of layer potentials. In this paper, the mathematical frame-
work and the numerical implementation of the new method
are described. We demonstrate the convergence of our
method via numerical experiments and analyze the errors
linked to various model and simulation parameters. Since
our method provides a Fourier-type representation of the
diffusion MRI signal, it can potentially facilitate new phys-
ical and biological signal interpretations in the future.
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Deep Learning for the Inverse Obstacle Scattering
Problem

The inverse scattering problem has many applications such
as sonar and CT. In this short talk, I will introduce our
work that combines the traditional methods and deep
learning. We use the boundary integral method to gener-
ate training data and train a convolutional neural network
to give an accurate initialization for the inverse problem.
Then, we use a Newton-like traditional inverse algorithm
to refine the boundary. Numerical examples show that this
hybrid method is able to handle hard problems.
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MS332

Multiscale Finite Elements for Transient Atmo-
spheric Flows with Sub-Grid Features

Spatial scale differences are a particular problem in cli-
mate and atmospheric modeling, where oftentimes small
scale processes interact with larger scales. In numerical
representations those processes acting below a resolvable
spatial scale are often parameterized by averaging their
effect over grid cells. However, such processes may ex-
hibit spatial structures that alter the large scale behavior
in a non-uniform manner such that averaging approaches
are not suitable. Multiscale Finite Elements (MsFEM) ad-
dress this shortcoming of traditional parameterization ap-
proaches and have been successful in stationary or quasi-
stationary settings. We present a semi-Lagrangian recon-
struction method to derive a MsFEM method for transient
(transport-dominated) flow problems.
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A Discontinuous-Galerkin-in-Time Framework for
Multirate Time Integration of Interface-Coupled
Problems

A framework is presented to design multirate time step-
ping algorithms for two dissipative models with coupling
across a physical interface. The coupling takes the form
of boundary conditions imposed on the interface relating
the solution variables for both models. The multirate as-
pect arises when numerical time integration is performed
with different time step sizes for the components. We de-
scribe a unified approach to develop multirate algorithms
for these problems. This effort is pursued though the use of
discontinuous-Galerkin time stepping methods, acting as a
general unified framework, with different time step sizes.
The two models are coupled across user-defined intervals
of time, called coupling windows, using polynomials that
are continuous on the window. The coupling method is
shown to reproduce the correct interfacial energy dissipa-
tion, discrete conservation of fluxes, and asymptotic accu-
racy. Also, the method could provide a limit for the total
communication needed between components, independent
of the number of time steps on a coupling window. In prin-

ciple, methods of arbitrary order are possible. As a pre-
liminary step, we focus on the presentation and analysis of
monolithic methods for advection-diffusion models coupled
via generalized Robin-type conditions. The monolithic
methods could be computed using a Schur-complement
approach. We also discuss some recent progress for par-
titioned algorithms and different types of coupling condi-
tions.
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Multirate and Multi-Modeling Frameworks for
High-Order Non-Hydrostatic Atmospheric Models

We are exploring process Multirate methods whereby each
process in a system of nonlinear partial different equations
(PDEs) uses a time-integrator and time-step commensu-
rate with the wave-speed of that process. We have con-
structed Multirate methods of any order using extrapola-
tion methods. Along this same idea, we have also devel-
oped a multi-modeling framework (MMF, what was pre-
viously called super-parameterization) designed to replace
the physical parameterizations used in weather/climate
models. Our approach is to view the coarse-scale and fine-
scale models through the lens of Variational Multi-Scale
(VMS) methods in order give MMF a more rigorous math-
ematical foundation. Our end goal is to use MMF in order
to better resolve the inner core of hurricanes. Our model,
NUMA, is a 3D nonhydrostatic atmospheric model that
runs on large CPU clusters and on GPUs. We intend to
show results for such simulations.
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Tost.II :: A Temporal Operator-Splitting Template
Library for deal.II

Temporal OS methods with real coefficients of order
greater than two necessarily require backward time steps;
however, temporal OS methods of arbitrary order can be
implemented by a simple abstract pattern. This presenta-
tion describes a simple view of the general OS pattern and
presents tost.II, its concrete implementation that is based
on data structures in the deal.II finite-element library. The
versatility and ease-of-use of general OS methods is demon-
strated through several multi-physics examples.
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MS333

Fairification of MSE Simulation Data with Appli-
cation to Machine Learning

The main targets of the Materials Science & Engineer-
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ing (MSE) community are the characterization of mate-
rials and the study of the impact of materials process-
ing and manufacturing to design materials with optimized
properties. Laboratories develop and use different tools to
generate data due to the vast number of different experi-
mental, computational and analytical methods used in the
MSE domain. Often, this myriad of tools does not follow
standardized schemas and results in heterogeneous data
when generated in different laboratories and even within
the same laboratory. Heterogeneous data is difficult to ex-
change, reuse and process, resulting in uncoordinated MSE
research. In the Data Analytics in Engineering group, we
often store numerical results (e.g., homogenized stresses,
stress fields, strain fields, plastic strains, ...) as a function
of the loading. Description of the loading, its provenance,
and authorship is quintessential to know. This information
is important for machine learning tasks, however, metadata
is usually missing in the produced datasets. Therefore, we
need a common and complete description of the stored ex-
perimental results. Ontologies and knowledge graphs are
state-of-the-art technology to enable such a unified data
view. Thereby, we have designed and developed a knowl-
edge graph; by using standardized World Wide Web Con-
sortium (W3C) technologies and interfaces, the access to
MSE experiment data enables compliance with the FAIR
principles.
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MS333

Paving the Way for Open and Reproducible Re-
search Within the CRC 1456

We witness an era where unprecedented amounts of data
are acquired in experimental research in the natural sci-
ences. While new measurement techniques and instru-
ments keep being devised and improved for inexpensive
and efficient data acquisition, the current bottleneck is how
to extract meaningful information from the resulting vast
amounts of such measurements. The DFG-funded Col-
laborative Research Center 1456 ”Mathematics of Exper-
iments” conducts research to improve mathematical tools
for analyzing experimental data. In several subprojects be-
tween research groups from the natural sciences and math-
ematics, experiments and algorithms are developed, im-
proved and analysed. Research activities in this field are
very diverse which makes it challenging to define and en-
sure quality measures for good scientific practice in view of
open research and reproducibility. In this talk, we present
different actions undertaken as part of central efforts of the
CRC’s infrastructure project. This includes basic means
such as infrastructure and training to ensure reproducibil-
ity, but also fostering scientific communication of research
results through interactive documentations.
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Offering General Purpose Applications in Scientific
Communities

Software interfaces are a central aspect when it comes to
the usability of simulation frameworks. The coupling li-
brary preCICE is a general purpose software framework,
which couples simulation software stemming from differ-
ent physical domains in order to simulate a global sys-
tem behavior using the coupled solvers. This talk deals
with the inherent challenges arising due to the complexity
of coupling different software interfaces employing differ-
ent concepts as provided by each simulation software. A
key aspect to cope with this complexity was the devel-
opment of software-tailored adapter codes that bridge the
gap between preCICE and the coupled application code.
Nowadays, the preCICE ecosystem comprises several such
adapter codes, corresponding tutorials as well as a broad
documentation for each component. The variety of ready-
to-use infrastructure in the preCICE ecosystem is one of
the main reasons for a steadily growing and vibrant user
community.
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MS334

Quadrature-Based Lattice Boltzmann Models for
Variable Prandtl Number Flows

The widely-used BGK or single-relaxation-time collision
model suffers from the well-known problem that the
Prandtl number, representing the ratio of momentum to
thermal diffusivity, is fixed at unity. This limitation is
overcome in numerous other approaches, of which we fo-
cus on the Shakhov and ellipsoidal statistics models. In
this contribution, we address the implementation of these
models in the spirit of the lattice Boltzmann approach, by
discretizing the velocity space based on Gauss quadratures
and replacing the equilibrium distribution by a truncated
projection with respect to a set of orthogonal polynomials.
We discuss an implicit-explicit implementation which al-
lows the ideal hydrodynamics limit to be approached while
keeping the time step finite.
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The Magic Two-Relaxation-Time Lattice Boltz-
mann Method As a Macroscopic Finite Difference
Scheme with Stress Relaxation

The two-relaxation-time lattice Boltzmann method assigns
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different relaxation rates to odd and even moments of the
distribution functions. Some ”magic” combinations of odd
and even relaxation rates offer good qualitative proper-
ties, e.g. placing the point of zero tangential velocity
exactly half-way between grid points at no-slip bound-
aries. We present a reformulation using relaxation rates for
forwards- and backwards-propagating distributions. The
”magic” combination then sets the forwards-propagating
distributions to equilibrium. Applying this approach over
three time levels eliminates all non-equilibrium contribu-
tions from neighboring grid points. We thus derive closed
macroscopic evolution equations over three time levels for
the fluid density and velocity alone. These discrete equa-
tions are naturally interpreted as discretisations of PDEs
with second time derivatives. The evolution equation for
velocity decomposes into a momentum conservation law,
and a separate stress evolution equation that simulates a
linear Maxwell fluid with finite stress relaxation. All other
kinetic effects decouple. We also derive closed macroscopic
boundary conditions from bounce-back boundary condi-
tions. Numerical experiments with flows driven by oscil-
lating walls, and by vortex dipoles colliding with walls,
confirm that solutions computed with the underlying lat-
tice Boltzmann scheme and the closed macroscopic finite
difference scheme agree to within round-off error in 128-bit
arithmetic.
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The Lattice Boltzmann Deviatoric Stress: Bur-
nett Order Contributions and Their Implication for
Boundary Conditions

Most common lattice Boltzmann models are used to com-
pute solutions of the Navier-Stokes equations, for which the
deviatoric stress is linear in the velocity gradient and pro-
portional to the Knudsen number. We solve analytically a
lattice Boltzmann model for planar channel flow to deter-
mine its deviatoric stress tensor. We find that the model
contains an additional tangential stress, proportional to the
square of the Knudsen number, that matches the stress in
the Burnett equations. This additional stress has zero di-
vergence, and hence does not affect the flow directly. How-
ever, the neglect of this additional stress by existing bound-
ary conditions for the lattice Boltzmann method triggers
spurious oscillations in the computed solutions. We pro-
pose new Burnett stress boundary conditions and analyse
them theoretically. We show that they completely elim-
inate the oscillations, and agree precisely with analytical
solutions at second order in Knudsen number. We combine
these Burnett stress conditions with Navier-Maxwell slip
boundary conditions to study rarefied flows in microcavi-
ties. We show that our algorithm captures non-equilibrium
effects in the pressure that are not captured by the Navier-
Stokes equations. The results are in very good agreement
with Direct Simulation Monte Carlo (DSMC) solutions of
the Boltzmann equation.
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Machine Learning and Digital Twins

The use of machine learning for digital twins is just begin-
ning. In this talk we will discuss and survey the state of the
art and point out the numerous challenges. The presenta-
tion will draw from the author’s recent book [Asch M., A
Toolbox for Digital Twins, SIAM, 2022]. The audience will
be encouraged to contribute to the discussion.
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Reduced Order Models for Deformable Capsules

In this talk, we present a generic approach of a dynami-
cal data-driven model-order reduction technique for three-
dimensional microfluidic fluidstructure interaction prob-
lems. A low-order continuous linear differential system
is learned from snapshot solutions of a high-fidelity (HF)
solver. The reduced-order model uses different ingredi-
ents, such as proper orthogonal decomposition, dynamic
mode decomposition and Tikhonov-based robust identifi-
cation techniques. An interpolation method is used to pre-
dict the capsule dynamics for any values of the governing
non-dimensional parameters that are not in the training
database. Then a dynamical system is built from the pre-
dicted solution. Numerical evidence shows the ability of
the reduced model to predict the time evolution of the
capsule deformation from its initial state, whatever the pa-
rameter values. Accuracy and stability properties of the
resulting low-order dynamical system are analysed numer-
ically. The numerical experiments show very good agree-
ment, measured in terms of modified Hausdorff distance
between capsule solutions of the full-order and low-order
models, in the case of both confined and unconfined flows.
This work is a first milestone to move towards real-time
simulation of fluidstructure problems, which can be ex-
tended to nonlinear low-order systems to account for strong
material and flow nonlinearities. We believe that is a valu-
able innovative approach for deriving an efficient digital
twin in this particular context.

Florian De Vuyst
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anne-virginie.salsac@utc.fr

MS335

φ-Fem: Finite Elements on Unfitted Grids to Train
Convolutional Neural Networks

φ-FEM is a recently proposed finite element method for the
efficient numerical solution of partial differential equations
posed in domains of complex shapes, using simple struc-



SIAM Conference on Computational Science and Engineering (CSE23)                                                    343342 CSE23 Abstracts

tured meshes, not necessarily fitted to the domain, and
achieving the optimal accuracy. The only geometrical in-
put for φ-FEM is a level-set function of the domain. In this
talk, we shall present a combination of φ-FEM with the
Convolutional Neural Networks (CNN) allowing for real-
time predictions to be computed on any shape, with the
ultimate goal of creating digital twins of human organs.
We recall that CNN require a particular topological struc-
ture, in the form of a regular 2D or 3D grid. In themselves,
they are well suited for e.g. processing images. However,
in our application domain, where the governing equations
should be solved on domains reproducing the geometries
of real organs to train the network, the requirement of a
structured mesh is challenging for traditional finite element
solvers. In this context, φ-FEM turns out to be a promis-
ing alternative for training a CNN to provide predictions
under the varying applied forces and under the varying ge-
ometries, conveniently represented by level sets that can
be acquired from the medical images.
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MS336

Quantifying Uncertainty in Stochastic Program-
ming Parameters for Oil Refinery Planning

Engagement with industry practitioners is one of the im-
portant activities or programs in promoting applied and
industrial mathematics as they face a lot of uncertainties
in carrying out their business. Among other types of un-
certainty they faced are knowledge uncertainties, natural
uncertainties, and decisions to be made under uncertain-
ties. In an oil refinery, uncertainties in the supply and
product demand cover all aspects of uncertainties. This
talk will present how stochastic programming parameters
be estimated to help oil refinery planners make decisions
when the supply and demand in the industry are hit by
the rapid fluctuations in oil prices. The fluctuations in oil
prices and unstable product demands result in disruption
at procurement, production, and inventory stages. The
parameters and the types of uncertainties involved in this
project were identified through literature and discussion
with industry practitioners. Then, an accurate forecast is
required to quantify the uncertainties in the oil prices de-
pendent on the behaviour of its volatility. In this talk,
the successful implementation of the project will also be

highlighted.
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Mobility and Population Growth Models for Fish-
eries, with Solutions

Fish population densities vary significantly in space, due to
heterogeneous environments and harvesting. Popular spa-
tial models are predominantly reaction-diffusion equations
of Fisher-KPP type. However, Brownian motion that leads
to a constant diffusion coefficient is a rough first approxi-
mation to fish behaviour. For two species of reef snapper,
around 5% of the population (rangers) travel much fur-
ther than the majority (home-stayers). This is not explain-
able by linear diffusion. Possibilities of improved mobility
models include density-dependent mobility, Gaussian mix-
ture models and non-Brownian Levi processes with long-
tailed distributions. The resulting densities satisfy non-
linear reaction-diffusion equations of fractional or integer
order. Exact solutions can be obtained for the interior of a
no-take area (NTA) with lethal boundary conditions that
represent over-fishing in the exterior. This gives exact ex-
pressions for the critical domain size for survival in the
NTA.
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Generalization of Reeb Spaces and Application to
Data Visualization

In many cases, data sets can be considered to be discrete
samples of differentiable maps between manifolds. For a
differentiable multivariate function into Rp with p ≥ 2,
its Reeb space is the space of connected components of
its fibers. This is a generalization of the notion of Reeb
graphs for univariate functions in the case of p = 1. It
has been known that Reeb spaces are often very useful for
visualizing the given multivariate function. In this talk,
we generalize the Reeb space in such a way that it cap-
tures more of the topological features of the fibers, not
only their connected components. This theoretical part
essentially relies on the global singularity theory of differ-
entiable maps between manifolds developed mainly by the
author. Such techniques have been used for efficiently visu-
alize large scale data. If time permits, we will also discuss
an application to multi-objective optimization problems.
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Lattice Basis Reduction and Its Application to
Cryptanalysis

The security of modern lattice-based cryptography relies on
the hardness of solving lattice problems, such as the short-
est vector problem (SVP) and the closest vector problem
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(CVP). Lattice basis reduction is a strong tool for solv-
ing lattice problems. Given a basis of a lattice, a reduc-
tion algorithm is to find a new basis of the same lattice
whose basis vectors are relatively short and nearly orthog-
onal each other. In this talk, I introduce several reduc-
tion algorithms, such as the Lenstra-Lenstra-Lovasz (LLL)
and the block Korkine-Zolotarev (BKZ) algorithms that
are popular in cryptanalysis. I also describe mathematical
properties of such reduction algorithms and demonstrate
how a reduction algorithm can solve lattice problems.

Masaya Yasuda
Department of Mathematics
Rikkyo University
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MS337

A Parallel Dynamical Low-Rank Integrator for Ra-
diation Transport

Radiation transport problems are posed in a high-
dimensional phase space, limiting the use of finely resolved
numerical methods. An emerging tool to efficiently reduce
computational costs and memory footprint in such set-
tings is dynamical low-rank approximation (DLRA), which
evolves the solution on a low-rank manifold. Since this
manifold can exhibit a high curvature, time integrators
for DLRA need to be carefully constructed to guarantee
a robust error bound while preserving crucial properties
of the original problem. This talk discusses a novel rank-
adaptive and fully parallel DLRA time integrator. The
integrator shares the robust error bound of the projector–
splitting and the unconventional integrator while allowing
basis functions and coefficients to be updated in parallel.
Moreover, it allows for rank adaptivity while not requiring
the potentially expensive augmented Galerkin step of the
rank-adaptive unconventional integrator. We demonstrate
the effectiveness of the proposed integrator for various radi-
ation transport problems including radiation therapy. The
presented results have been developed in cooperation with
Gianluca Ceruti and Christian Lubich.
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MS337

A Large-Stepsize Integrator for Charged-Particle
Dynamics in a Strong Magnetic Field

Xiao and Qin [Computer Physics Comm., 265:107981,
2021] recently proposed a remarkably simple modification
of the Boris algorithm to compute the guiding centre of
the highly oscillatory motion of a charged particle with step
sizes that are much larger than the period of gyrorotations.
They gave strong numerical evidence but no error analy-
sis. In this talk, we provide an analysis of the large-stepsize
modified Boris method in a setting that has a strong non-
uniform magnetic field and moderately bounded velocities,
considered over a fixed finite time interval. The error anal-
ysis is based on comparing the modulated Fourier expan-
sions of the exact and numerical solutions, for which the
differential equations of the dominant terms are derived ex-
plicitly. Numerical experiments illustrate and complement
the theoretical results.
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MS337

Variable Dynamic Mode Decomposition for Model
Order Reduction in Multiscale Particle Transport
Problems

Variable Dynamic Mode Decomposition (V-DMD), a
method for calculating time eigenvalues which does not re-
quire a constant time step, is demonstrated as a method for
model order reduction in multi-scale problems. V-DMD is
shown to be accurate for computing time eigenvalues in sys-
tems that were intractable for DMD due to the presence of
a large separation of relevant time scales. Time eigenvalues
of an infinite medium neutron transport problem with de-
layed neutrons, and consequently several time scales, are
found with V-DMD. Lastly, V-DMD is demonstrated to
calculate time eigenvalues with accuracy very similar to
the typical DMD approach in systems where that typical
approach can be used.

Ethan Smith
Notre Dame University
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MS338

Quantum Process Engineering using Iterative
Learning Control

Quantum optimal control (QOC) promises to implement
efficient pulse instructions for repeatable quantum pro-
cesses such as gates and algorithm subroutines. Typically,
QOC objectives are stated in terms of a terminal cost. Al-
ternatively, the QOC objective can include both a running
and terminal cost for the purpose of tracking a design tra-
jectory. If existing QOC software is treated as a black box,
then a robust, fast, and optimal-bandwidth control pulse
can be obtained and used to induce a corresponding best-
case design trajectory. This QOC solution can still suf-
fer from model mismatch with the experimental system.
In this work, we apply iterative learning control (ILC) to
eliminate the tracking error from model mismatch by lever-
aging a limited number of state tomography experiments
along the process trajectory. Many industrial control ap-
plications successfully operate by tracking specific trajec-
tories of repetitive tasks across iterations. As the process
repeats, any errors along the iteration axis would also re-
peat; by combining the model and feedback, ILC offers a
framework for suppressing these errors. To demonstrate
our approach, we apply ILC to realize the necessary pulses
to track the design trajectory of representative one and
two-qubit gates under quasi-static control errors.

Andy J. Goldschmidt
University of Washington
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MS338

Leveraging Quantum Decoherence for Fast Ground
State Reset and Pure-State Preparation

A key requirement for building general purpose quantum
computers is the ability to perform fast and accurate state
preparation, e.g. to initialize quantum algorithms into
well defined states, for fault-tolerant quantum memory, or
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quantum correction schemes requiring a continuous supply
of qubits in a low-entropy state, such as the ground state.
Unconditional quantum state preparation requires the sys-
tem under study to be coupled to a quantum dissipative
channel, allowing for entropy exchange between the system
of interest and a bath. In this talk, we will present a frame-
work for encouraging these processes through driven con-
trols that are optimally designed using numerical optimal
control techniques on classical HPC platforms. We model
the underlying quantum dynamics in terms of the den-
sity matrix satisfying Lindblad’s master equation, driven
by control pulses whose frequencies precisely trigger qubit
state transitions, and apply gradient-based optimization
to design optimal control pulse shapes. Utilizing a specific
optimization objective, we show how an ensemble of ini-
tial density matrices can be used as a single initial state
throughout the optimization process, while achieving the
desired target state for any initial qubit state. The scheme
enables automated design of optimal state preparation pro-
tocols that achieve faster ground state reset than tradi-
tional protocols as well as general pure-state preparation
targeting decoherence-protected qubits.
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Optimal Control of Open Quantum Systems as a
Practical Tool in the Quantum Technologies

Optimal control theory (OCT) is a versatile tool that can
be used to identify co ntrol strategies in the presence of de-
coherence, either avoiding or exploiting t he environment.
In this talk, I will discuss examples for both. First, for
qubits encoded in the infinite-dimensional Hilbert space of
bosonic modes, I will show how to employ OCT to sys-
tematically enhance performance in the implementation
of strong and on-demand interactions between the qubits.
Second, I will discuss OCT in driven dissipative evolutions.
For example, in trapped ion qubits, a protocol derived with
OCT allows for the resource-efficient dissipative generation
of an entangled state. Finally, I will assess prospects for
quantum control in reservoir engineering where the desired
dissipation can be realized via quantum non-demolition
measurements.
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MS339

Spectrum Aware Coarsening for Graph Partition-
ing

Graph partitioning is a problem with applications in data
mining, parallel computing, and scientific computing. For
parallel computations, obtaining a balanced partition is de-
sirable when distributing workloads. Unfortunately well
studied methods such as spectral partitioning are too slow
to be effective for this step at scale . For this reason, mul-
tilevel methods such as METIS coarsen the graph before
performing spectral partitioning at the coarsest level and
subsequently refining the partition. The quality of the par-

titions yielded from these multilevel methods tend to rely
heavily on the quality of the coarsening. This quality is
measured by how well the spectral cuts of the coarsened
graph represent the true spectral cuts on the finest graph.
We investigate the spectral approximation properties of dif-
ferent coarsening methods and implement these methods
in parallel on GPU. We show that the spectral approxi-
mation properties of different coarsening algorithms vary
significantly as do the quality of their output partitions.
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ParMOO: A Python Library for Parallel Multiob-
jective Simulation Optimization

ParMOO is a Python framework and library of solver com-
ponents for building and deploying highly customized mul-
tiobjective simulation optimization solvers. ParMOO is
designed to help engineers, practitioners, and optimization
experts exploit available structures in how simulation out-
puts are used to formulate the objectives for a multiob-
jective optimization problem. In this talk, we introduce
our response surface modeling-based framework for build-
ing custom solvers and describe how this enables users to
exploit a broad range of structures that commonly arise in
multiobjective simulation optimization problems. We then
show how ParMOO implements this framework and some
additional features that make this a practical and user-
friendly solution. ParMOO is pip- and conda-installable
(package name: parmoo) and it’s source code is publicly
maintained on GitHub: github.com/parmoo/parmoo
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MS339

Targeted Adaptive Design

Modern advanced manufacturing and advanced materials
design often require searches of relatively high-dimensional
process control parameter spaces for settings that result
in optimal structure, property, and performance param-
eters. The mapping from the former to the latter must
be determined from noisy experiments or from expensive
simulations. We abstract this problem to a mathematical
framework in which an unknown function from a control
space to a design space must be ascertained by means of ex-
pensive noisy measurements, which locate optimal control
settings generating desired design features within specified
tolerances, with quantified uncertainty. We describe tar-
geted adaptive design (TAD), a new algorithm that per-
forms this optimal sampling task. TAD creates a Gaus-
sian process surrogate model of the unknown mapping at
each iterative stage, proposing a new batch of control set-
tings to sample experimentally and optimizing the updated
log-predictive likelihood of the target design. TAD either
stops upon locating a solution with uncertainties that fit
inside the tolerance box or uses a measure of expected fu-
ture information to determine that the search space has
been exhausted with no solution. TAD thus embodies the
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exploration-exploitation tension in a manner that recalls,
but is essentially different from, Bayesian optimization and
optimal experimental design.
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What Is Fastmath?

The FASTMath (Frameworks, Algorithms and Scalable
Technologies for Mathematics) Institute is a R&D project
in applied and computational mathematics and is funded
by the U.S. Department of Energy (DOE) through the Sci-
entific Discovery Through Advanced Computing (SciDAC)
Program. The objectives of FASTMath are to develop ro-
bust mathematical techniques and numerical algorithms
to reliably address the challenges of large-scale simulation
of complex physical phenomena; deliver highly performant
software with strong software engineering to run efficiently
and scalably on current and next-generation advanced com-
puter architectures at the DOE Office of Science’s major
computing facilities; work closely with domain scientists
to leverage our mathematical and machine learning exper-
tise and deploy our software in large-scale modeling and
simulation codes; and build and support the broader com-
putational mathematics and computational science com-
munities across the DOE complex. In this talk, we briefly
describe the SciDAC Program and the role that FASTMath
plays, as well as some of the achievements FASTMath has
made.
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Lawrence Berkeley National Laboratory
egng@lbl.gov

MS340

Transforming (not Just) DG-FEM Array Expres-
sions (not Just) on GPUs

While domain-specific languages for finite-element-based
PDE solvers have enjoyed considerable success, composing
them with supporting computations (e.g. chemistry, neu-
ral networks, non-variational discretization schemes) has
proved challenging. We solve this by developing a lazy-
evaluation based array package (Pytato) with numpy-like
semantics that also serves as an Intermediate Representa-
tion (IR) for operations on multi-dimensional arrays. In
our framework, we lower the Pytato IR to an imperative,
scalar, polyhedrally-based IR, based on our Loopy tool
for loop transformations. Using these IRs we developed a
transformation strategy that delivers near-roofline perfor-
mance for a class of array computation graphs that have
the same memory access pattern as that of chained Einstein
summation expressions. We claim that the most-common
DG-FEM operators have a similar computation structure
and support it by applying the transformation to a range
of operators seen in real world applications from Combu-
tion Physics, Wave Mechanics and Electrodynamics. We
end by showing the relative-roofline performance metrics
for a suite of DG-FEM operators and also show a com-
parison with off-the-shelf array packages and hand-tuned

DG-FEM libraries.
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MS340

Solving Coupled FEM-BEM Problems Using Fen-
icsx and Bempp

In a range of applications—for example, wave transmis-
sion problems or the modelling of ultrasound—solvers that
couple the finite element method (FEM) and boundary
element method (BEM) can be very powerful. FEniCSx
and Bempp are popular open source FEM and BEM li-
braries. In the past, multiple versions of these libraries
have successfully been coupled together to perform small-
to medium-sized simulations. More recently, work has been
undertake to move to a more scalable and parallelisable im-
plementation of a coupled FEM-BEM solver. In this talk,
we will present progress towards this solver and discuss
some of the challenges in its implementation.
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pyop3: A New Domain-Specific Language for Au-
tomating High-Performance Mesh-Based Simula-
tion Codes

With the growing complexity of modern computing hard-
ware, the composition of appropriate domain-specific ab-
stractions is becoming increasingly important to achieving
the vaunted ‘three Ps’ of performance, portability and pro-
ductivity. Here, we present preliminary work on pyop3, a
new domain-specific language embedded in Python for au-
tomating mesh-based simulations. The primary contribu-
tion of pyop3 is the introduction of a hierarchical data lay-
out language that associates topological information with
the locations of the degrees-of-freedom. This enables a
generic description for any partial structure in the mesh;
for example extrusion or refinement. With such a descrip-
tion, we exploit this structure to avoid extraneous indi-
rect addressing, and the resulting penalty of additional
data movement, resulting in possible order-of-magnitude
increases in performance.
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MS341

Portable Batch Solvers in Structure Preserving Ki-
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netic Methods with PETSc

I will introduce our integrated program forboth
developingstructure-preserving (SP) methods for ki-
netic applications and deploying these methods as
high-performance tools in PETSc (Portable, Extensible,
Toolkit for Scientific computing). The metriplectic
formalism used to develop these methods is introduced.
We briefly discuss several methods developed for this
code: a mixed Poisson solver for a C0 electric field; strictly
conservative mapping between particle and finite element
bases; monotonic entropy time integrators for collisions;
and new particle based Landau collision operators. A
mature, high-order accurate, finite element based Landau
collisionoperator with adaptive mesh refinement, that
has been optimizedfor accelerator architectures using the
portable Kokkos programming language, is presented
with results using the NVIDIA A100 and AMD MI250X
architectures. We present verification studies using
plasma resistivity and compare with Spitzer resistivity.
New batch GPU linear solvers have been developed for
this work. This work is integrated into the PETSc “solver”
framework to provide a fully GPU implicit time advance
of the Landau collision operator. We show that collision
time advance with many species is practical for 3X + 2V
models of tokamaks on todays large-scale computers in
cylindricalcoordinates and that fully 3V models should be
feasible in the near future.
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MS341

Batched Time Integrators for Chemestry Applica-
tions

Current supercomputers are increasingly relying on GPUs
to achieve high throughput while maintaining a reasonable
power consumption. Consequently, scientific applications
are adapting to this new environment and new algorithms
are designed to leverage the high concurrency of GPUs.
One example of that adaptation is the demand for more
batched kernels that concurrently operate on many inputs
in a SIMD fashion. In this talk we will present time in-
tegration algorithms implemented in the Kokkos Kernels
library that are callable within parallel kernels. These al-
gorithms are used by chemistry applications to simulate
reacting flows in CFD simulations, in this case the time in-
tegration scheme can be called at each integration point of
the fluid discretization. Interface, capabilities and imple-

mentation details will be discussed, performance examples
on various architectures will be presented.
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Batched Sparse Iterative Solvers on GPU for the
XGC Fusion Plasma Application Collision Opera-
tor

Batched linear solvers, which are employed to solve many
small related but independent problems, are important for
several applications. This is particularly the case for accel-
erators such as graphics processing units (GPUs), which re-
quire a substantial amount of work to keep them operating
efficiently and solving smaller problems one after another
would be highly inefficient. An example use case is found
in the XGC gyrokinetic particle-in-cell (PIC) code used
for modeling magnetically confined fusion plasma devices.
The collision operator employs a LAPACK linear solver,
which does not run on a GPU, for current production runs.
As these matrices are well-conditioned, batched iterative
sparse solvers are an attractive option. A proxy appli-
cation has been created for facilitating optimizations and
porting of the collision operator to GPUs. We describe how
Ginkgo’s batched solver can be integrated into the collision
kernel and accelerate the simulation process. Comparisons
for the solve times on NVIDIA V100 and A100 GPUs and
AMD MI100 GPUs with a CPU node are presented for
matrices from the collision kernel of XGC. The results sug-
gest that Ginkgo’s batched sparse iterative solvers are well
suited for efficient utilization of the GPU for this problem,
and the performance portability of Ginkgo in conjunction
with Kokkos (used within XGC as the heterogeneous pro-
gramming model) allows seamless execution for exascale
oriented heterogeneous architectures.
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Leveraging Batched Kernels in Hypre

The need for batched kernels has emerged to make more
efficient use of GPUs for many small and sparse linear al-
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gebra problems. This talk will discuss some of our recent
efforts in utilizing batched kernels within the hypre linear
solver library to improve performance and make effective
use of existing and emerging hardware. Numerical results
will be presented to demonstrate potential performance im-
provements when using batched kernels within algebraic
multigrid solvers and preconditioners with modern hard-
ware accelerators.
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MS342

Asymptotic Models for Evolving Nematic Liquid
Crystal Films

Asymptotic methods are used to derive a 4th-order non-
linear partial differential equation governing the evolution
of a free surface thin film of nematic liquid crystal (NLC)
spreading and/or dewetting on a solid substrate. Within
a certain temperature range, NLCs behave as anisotropic
liquids, with anisotropy imparted by the tendency of the
long, rod-like, molecules to align locally. We consider the
evolution of ”nanoscale” films, of thickness around 100nm,
for which van der Waals-type intermolecular interactions
between the film and the substrate are important. By im-
plementing an ADI-type numerical method within a GPU
computing environment [Lam et al., Computing dynam-
ics of thin films via large scale GPU-based simulations, J.
Comp. Phys. X 2, 100001, 2019], we are able to simulate
our model efficiently to describe 3D flows on large compu-
tational domains (physically, hundreds of microns across)
for long times. Comparison of our results with available
experimental data shows very good qualitative agreement.
We also use our model to investigate the influence of the
so-called ”anchoring” conditions at the substrate (the pre-
ferred orientation of the NLC molecules), and show that it
can affect the instability development quite strongly under
certain conditions.
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On Some Novel Instabilities in Viscous Multilayer
Shear Flows

Shear flows that are stable (e.g. Couette flow or Poiseuille
flow at moderate Reynolds numbers) can become unstable
to an interfacial mode when multiple immiscible layers are
present. Such instabilities are typically long wave and were
discovered about 50 years ago by Yih. The rule of thumb
is that in simple shear flows instability arises if the more

viscous layer is also the thinner one, the so-called thin layer
effect. Motivated by experiments and molecular dynamics
simulations, we consider fluid systems that allow for slip
at fluid-fluid interfaces (slip at fluid-solid surfaces is orders
of magnitude smaller and is ignored). The basic states
are viscous but support a velocity jump across interfaces.
We have a viscous analogue of the Kelvin-Helmholtz prob-
lem seen in inviscid flows, and the natural question is to
analyse such slip models to gain an understanding of their
well-posedness and map out their stability characteristics.
I will address two aspects: (i) A linear theory of the general
problem and a semi-analytical demonstration of short-wave
instabilities when the slip is asymptotically large; (ii) the
development of a thin-layer long-wave nonlinear model and
a discussion of its stability characteristics. It will be shown
that for viscosity ratios that render the no-slip flow stable,
even a small amount of slip can cause short wave instabil-
ities of the Turing type. Nonlinear computations will be
reported.
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Laminar Drag Reduction in Surfactant-
Contaminated Superhydrophobic Channels

Although superhydrophobic surfaces (SHSs) show promise
for drag reduction (DR) applications, their performance
can be compromised by traces of surfactant that accumu-
late at liquid-gas interfaces, generating Marangoni stresses
that increase drag. This question is addressed for a three-
dimensional laminar flow in a plane periodic channel with
SHSs along both walls, in the presence of soluble surfac-
tant. We consider the regime in which bulk diffusion is suf-
ficiently strong for concentration gradients normal to the
SHSs to be small. Seeking solutions that are periodic in the
streamwise and spanwise directions, and exploiting a long-
wave theory that accounts for rapid transverse Marangoni-
driven flow and shear-dispersion effects, we thereby reduce
this high-dimensional problem to a one-dimensional model
for the surfactant distribution. The system exhibits multi-
ple regimes where asymptotic solutions can be constructed,
which compare favourably with numerics. Some are char-
acterised by advection and diffusion-dominated processes,
where the liquid-gas interface exhibits shear-free behaviour
and the DR is at its maximum. In contrast, others are dom-
inated by Marangoni effects, where the liquid-gas interface
exhibits no-slip behaviour and the DR vanishes. This anal-
ysis provides a guide for designing surfactant-contaminated
SHSs to maximise the DR for applications.
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MS343

Discarding the Magnitude of Client-Server Mes-
sages for Privacy-Preserving Federated Learning

There is a dearth of convergence results for differentially
private federated learning (FL) with non-Lipschitz objec-
tive functions (i.e., when gradient norms are not bounded).
The primary reason for this is that the clipping operation
(i.e., projection onto an l2 ball of a fixed radius called the
clipping threshold) for bounding the sensitivity of the av-
erage update to each client’s update introduces bias de-
pending on the clipping threshold and the number of local
steps in FL, and analyzing this is not easy. For Lipschitz
functions, the Lipschitz constant serves as a trivial clipping
threshold with zero bias. However, Lipschitzness does not
hold in many practical settings; moreover, verifying it and
computing the Lipschitz constant is hard. Thus, the choice
of the clipping threshold is non-trivial and requires a lot
of tuning in practice. In this work, we provide the first
convergence result for private FL with clipping on smooth
convex objectives for a general clipping threshold– without
assuming Lipschitzness. We also look at a simpler alter-
native to clipping (for bounding sensitivity) which is nor-
malization – where we use only a scaled version of the unit
vector along the client updates, completely discarding the
magnitude information. The resulting normalization-based
private FL algorithm is theoretically shown to have better
convergence than its clipping-based counterpart on smooth
convex functions.
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Verification of the Integration Process and Aggre-
gation of Health Data from Portable Sensors

Wearable devices are increasingly useful for the personal-
ization of medical treatments. The manufacturers of these
devices apply algorithms for aggregation and dimensional-
ity reduction of the raw data collected to show the client a
more user-friendly version that is easier to interpret. How-
ever, neither the raw data nor the details of the aggregation
process are provided by the manufacturer, so in most cases
they function as a black box for the user. Given the rel-
evance of the information presented to the user, its appli-
cation and the consequences of its interpretation (behavior
modification, medication administration, etc.), it is essen-
tial to verify the algorithms used in the process to guar-
antee that the information presented really corresponds to
the information collected by the sensors. In this work we
present a suitable system for the verification of aggregated
data from personal activity monitoring sensors. The sys-
tem includes a parsing algorithm that does the data struc-
ture and relates it to the output. The effectiveness of the
algorithm has been tested with real data over a period of
two years and both for daytime activity and for monitor-
ing sleep quality. The algorithm is perfectly scalable to
be used in any device, so the computer system presented
can be useful for the future computer audit of this type of
process.
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Application of Privacy Preserving Federated
Learning in Biomedical Applications Lessons
Learned

AI/ML models are known to be vulnerable to dataset shift
and under specification because of the inability of current
deep learning methods to learn the casual structure. This
problem manifests when a model is deployed in a real test
domain, where even simple changes in demographics or im-
age formats could lead to unexpected poor performance,
straining credibility. The solution for this is to train deep
learning models on as many as real world datasets as possi-
ble. But access to biomedical datasets is governed by com-
plex data usage agreements, time-consuming IRBs. One
possible solution is to send models to data and develop
frameworks to perform secure federated learning with pri-
vacy guarantees. In this talk I will present the Argonne Pri-
vacy Preserving Federated Learning Framework (APPFL)
and adopting the framework to challenges in biomedicine.
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New Stories About SZ Lossy Compression for Sci-
entific Datasets

Today’s scientific simulations and advanced instruments
are producing extremely large amount of data everyday,
introducing significant burdens in data storage and trans-
ferring at runtime. SZ (the R&D100 2021 award winner) is
an efficient error-bounded lossy compressor developed for
scientific datasets. SZ offers different types of error con-
trols such as absolute error bound, relative error bound and
peak signal to noise ratio (PSNR). SZ supports diverse ex-
ecution environments including CPU, openMP and GPU.
SZ has been integrated in multiple I/O libraries such as
HDF5 and ADIOS, as well as various scientific packages
such as cosmology simulation package. SZ is a modular
composable framework allowing users to customize differ-
ent compression pipelines according to specific requirement
or data characteristics. In this presentation, I will present
the latest research work and software development in the
regard of the SZ compression framework, especially about
diverse fresh compression methods which can adapt to a
wide range of use-cases (e.g., ultra high speed, high com-
pression ratio or high fidelity on specific quality metrics)
in practice.
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QuadConv: Quadrature-Based Convolutions with
Applications to Non-Uniform Data Compression

We present a new convolution layer for deep learning ar-
chitectures which we call QuadConv — an approximation
to continuous convolution via quadrature. Our operator
is developed explicitly for use on non-uniform data, and
accomplishes this by learning a continuous kernel which
facilitates evaluation at any point in the domain. When
compressing partial differential equation simulation data,
we show that a QuadConv-based autoencoder can match
the performance of standard discrete convolutions on uni-
form grid data (i.e., autoencoding CNNs) and maintain
this accuracy on non-uniform data.
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MS344

Lossy Scientific Data Compression with SPERR

As the need for data reduction in HPC continues to grow,
this paper introduces a new and highly effective compres-
sor to help achieve this goal, which we name as SPERR.
SPERR is built on top of an advanced wavelet compression
algorithm, and enhances it with abilities to bound user-
prescribed point-wise error. Evaluations show that among
popular lossy scientific data compressors, SPERR achieves
one of the best rate-distortion curves over a wide range of
error tolerance levels at the cost of increased computational
load.
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MS344

Convincing Climate Scientists that Compression is
a Good Idea; and Making Sure it is!

Climate models typically produce enormous amounts of
output data, which storage capacities have not kept up
with. That has forced climate scientists to make hard
choices about which variables to save, data output fre-
quency, simulation lengths, etc, all of which can negatively
impact science objectives. Therefore, we have been investi-
gating lossy data compression techniques as a means of re-
ducing data storage. As with any data reduction approach,
we must exercise extreme care when applying lossy com-
pression to climate output data to avoid introducing ar-
tifacts in the data that could affect scientific conclusions.
Our focus has been on better understanding the effects of
lossy compression on spatio-temporal climate data and on
gaining user acceptance via careful analysis and testing.

We will describe the challenges and concerns that we have
encountered and will discuss climate-specific metrics and
tools to enable scientists to evaluate the effects of lossy
compression and facilitate optimizing compression for each
variable. In particular, we will present our Large Data
Comparison for Python (LDCPy) package for visualizing
and computing statistics on differences between multiple
datasets. We will also demonstrate the usefulness of an al-
ternative to the popular SSIM that we developed, called the
Data SSIM (DSSIM), that can be applied directly to the
floating-point data in the context of evaluating differences
due to lossy compression on large volumes of simulation
data.
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MS345

Accelerating Hydrodynamics Simulations with Re-
duced Order Models

Although many model reduction schemes have been de-
veloped to reduce the computational cost of simulations
while minimizing the error introduced in the reduction pro-
cess, there are challenges especially in nonlinear advection-
dominated problems such as sharp gradients, moving shock
fronts, and turbulence, which hinder those model reduction
schemes from being practical. In this talk, we consider the
time-dependent Euler equations of compressible gas dy-
namics in a moving Lagrangian frame, and demonstrate
some novel techniques to address the challenges imposed
by the advection-dominated solutions. Lagrangian hydro-
dynamics is formulated as a nonlinear problem, which re-
quires a proper hyper-reduction technique to reduce the
complexity due to the nonlinear terms in projection-based
reduced order models. We will present various hyper-
reduction techniques, including over-sampling DEIM and
S-OPT. For reducing the Kolmogorov n-width of the so-
lution manifold, we employ a manifold decomposition ap-
proach to build local reduced order models in submanifolds.
We also present both a posteriori and a priori error bounds
associated with the projection-based reduced order model,
and the performance comparison of the reduced order mod-
eling approaches in terms of accuracy and speed-up with
respect to the corresponding full order model for several
numerical examples, namely Sedov blast, Gresho vortices,
Taylor-Green vortices, triple-point problem and Rayleigh-
Taylor instability problem.

Siu Wun Cheung
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MS345

Reduced Basis Method for Stabilized Smagorinsky
Models

In this work we present the numerical analysis of some Re-
duced Basis Smagorinsky models. In paricular, we present
a Local Proyection Stabilization (LPS) VMS-Smagorinsky
model an the construction of the reduced basis spaces via
the Greedy Algorithm. We construct the reduced velocity
space by two different strategies, by considering or not the
enrichment of the reduced velocity space with the so-called
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inner pressure supremizer. We present the development of
an a posteriori error estimator for the snapshot selection
through a Greedy algorithm, based on the Brezzi-Rappaz-
Raviart (BRR) theory. Moreover, the Empirical Interpola-
tion Method (EIM) is considered for the approximation of
the non-linear terms. Finally, we present some numerical
tests in which we show an speedup on the computation of
the reduced basis problem with the LPS pressure stabili-
sation, with respect to the method using pressure suprem-
izers.
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Differential Equations and Numerical Analysis
Universidad de Sevilla
macarena@us.es

MS345

Dynamics of Weather and Climate on Reduced
Manifolds

While operational weather forecasting models have been
dramatically improving over the past several decades, the
prediction of weather extremes, within actionable time
scales, remains elusive. In this work, we propose a new
framework, based on concept derived from nonlinear dy-
namical system theory, that can complement and possi-
bly improve the forecasting skills of existing operational
weather models.
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MS345

Rom for Large-Scale Modelling of Urban Air Pol-
lution

Urban air pollution is a major global challenge responsi-
ble for damages to climate, ecosystems, and health. A
framework that combines direct measurements and com-
putational modeling techniques is therefore an important

analytical tool, able to extract various insights from the
collected statistics and open new strategies for mitiga-
tion policies. Since pollutant dispersion depends on daily
weather conditions, CFD models with low time scales, re-
peated evaluation, and fine mesh discretization must be
used. The former requirements translate into huge mem-
ory requirements, making it essential to use HPC facilities.
However, the problem is suitable for the employment of
Reduced Order Models (ROMs) to achieve fast converged
solutions with limited loss of accuracy. For this reason, the
present work consists of the exploration of a Proper Or-
thogonal Decomposition (POD) coupled with the Galerkin
projection approach for the acceleration of external envi-
ronmental flow problems. The evolution of the pollutant is
described through the transport equation, where the con-
vective field is given by the solution to the RANS equa-
tions, while the source term consists of an empirical time
series. Here we propose a data-driven approach based on
a POD-NN reconstruction of the flux field, which is used
to recover in a non-intrusive fashion the reduced-order op-
erators required for the online evaluation. Our framework
is validated on different scales and using real traffic mea-
surements.
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SISSA
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Striking the Right Chord (Part II): Learning to
Hear

In this follow-up to the presentation ”Striking the Right
Chord (Part I): What note is this?” we discuss how a
novel data-consistent approach is modified to ”hear” the
properties associated with the tension of a drum. Partic-
ular attention is paid to applying feature extraction tech-
niques commonly associated with machine learning to con-
struct the parameter-to-observable maps required in this
data-consistent approach. In the context of the applica-
tion discussed here, we are identifying the most informa-
tive ”chords” (a harmonious sound made up of individual
”notes”) to listen to from the striking of a drum that help
us determine how tightly stretched the drum is over its
frame. Numerical results demonstrate our ability to re-
construct the distributions of different families of tensions
through the hearing of the correct chords.

Troy Butler
University of Colorado Denver
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Striking the Right Chord (Part I): What Note Is
This?

How does the sound of the drum depend on its material
properties? We model the drum as an elastic membrane
and compute the associated variable diffusion eigenprob-
lem, where the diffusion can be interpreted for instance as
the tension of the drum. We choose as the shape of a drum
a disk with a cut sector. In this case the exact eigenval-
ues for the constant coefficient problem are known, and the
non-symmetric domain guarantees that there are no clus-
ters of eigenvalues at the low end of the spectrum. This
is an important property of the problem, since as the dif-
fusion coefficient is perturbed, not only do the eigenvalues
change but the order of the modes can change too. This
phenomenon is referred to as mixing of modes. The nu-
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merical experiments are computed with hp-FEM where it
is ensured that the discretisation is such that in the refer-
ence case all first 60 eigenpairs are in correct order. Thus,
when in the perturbed cases mixing is observed, we can
with high confidence say that it is due to the variation of
the tension of the drum. Using this setup we can sample
the coefficients from given distributions and observe the
responses.
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Aalto University
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Sequentially Optimized Projections in X-Ray
Imaging

We review the framework of Bayesian experimental de-
sign and consider how to apply it to to selecting opti-
mal projection geometries in X-ray tomography assuming
the prior and the additive noise are Gaussian. The intro-
duced greedy exhaustive optimization algorithm proceeds
sequentially, with the posterior distribution corresponding
to the previous projections serving as the prior for de-
termining the design parameters, i.e. the imaging angle
and the lateral position of the sourcereceiver pair, for the
next one. Both A- and D-optimality are considered, with
emphasis on efficient evaluation of the corresponding ob-
jective functions. Two-dimensional numerical experiments
demonstrate the functionality of the approach.
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AaltoUniveristy
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Edge-Promoting Sequential Experimental Design
for X-Ray Imaging

We consider sequential edge-promoting Bayesian experi-
mental design in X-ray imaging. The process of comput-
ing a total variation type reconstruction of the absorption
inside the imaged body via lagged diffusivity iteration is
interpreted in the Bayesian framework. Assuming a Gaus-
sian additive noise model, this leads to an approximate
Gaussian posterior with a covariance structure that con-
tains information on the location of edges in the poste-
rior mean. The next projection geometry is then chosen
through A- or D-optimal Bayesian design. Two- and three-
dimensional numerical examples based on simulated data
demonstrate the functionality of the introduced approach.
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Aalto University
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Computing Optimal Designs for the Approximate
Synthesis of Four-Bar Mechanisms

Exact synthesis of robotic mechanisms is limited by the
number of design positions, which Wampler, Sommese, and
Morgan found in 1992 that there are 1,442 distinct coupler
curves to exactly trace a maximum of nine design positions.
Approximate synthesis has become an alternative where
one instead specifies a larger number of positions and finds
optimal mechanism designs. Such approximate synthesis
problems can be described by solving an unconstrained

optimization problem where the objective is a polyno-
mial. Employing homotopy continuation methods allows
one to compute all critical points. This talk will describe
the techniques used in computing the total solution set to
an approximate synthesis formulation independent of the
number of design positions and present an example associ-
ated with solving real design solutions. This is joint work
with Aravind Baskar, Jonathan Hauenstein, and Mark
Plecnik. Authors: Caroline Hills, chills1@nd.edu, Univer-
sity of Notre Dame; Mark Plecnik, plecnikmark@nd.edu,
University of Notre Dame;g Jonathan Hauenstein, hauen-
stein@nd.edu, University of Notre Dame; Aravind Baskar,
abaskar@nd.edu, University of Notre Dame
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Normalizing Flows based Mutual Information Es-
timation

Mutual Information (MI), as a measure of mutual depen-
dence on random quantities without specific modelling as-
sumptions, plays an important role in many scientific dis-
ciplines. However, estimating mutual information numeri-
cally from high-dimensional data remains a difficult prob-
lem. Classic non-parametric estimators of entropy and mu-
tual information depend either on density estimation and
Monte Carlo integration, or on the computation of k near-
est neighbours (kNN). The first type of algorithm suffers
from the curse of dimensionality, while kNN methods lack
accuracy in the presence of correlation. Non-parametric
estimators are usually fast and accurate without further
assumptions, but they do not scale well for small-sized
samples in high-dimensional spaces. This impediment has
motivated the parametric estimators, which take advan-
tage of the expressive power of deep learning architectures
in parameterizing the space of functions, to find the vari-
ational bounds for mutual information. Some recent re-
search include MINE (Belghazi et al., 2018; Song and Er-
mon, 2019), Contrastive Predictive Coding (van den Oord
et al., 2018), DEMI (Liao et al., 2020) and Normalizing
Flows based entropy estimators (Ao and Li, 2021). As
shown by Song and Ermon (2019), these models based on
discriminative learning can introduce high variance in the
estimation, while generative models such as entropy es-
timators based on normalizing flows need to learn three
distributions to compute mutual information. We propose
a principled mutual information estimator based on a gen-
eralization of normalizing flows, a deep generative model
that has gained considerable popularity in recent years.
This estimator not only estimates the marginal and joint
entropy in a systematic way, but also uses an autoregressive
structure to obtain better performance in estimating mu-
tual information. Empirical results demonstrate that our
proposed estimator exhibits improved bias-variance trade-
offs on standard benchmark tasks. Authors: Haoran Ni,
Mathematics Institute, haoran.ni@warwick.ac.uk; Martin
Lotz, Mathematics Institute, martin.lotz@warwick.ac.uk
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Time-Marching in Physics Informed Neural Net-
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works in the Context of Shear Waves in Soft Solids

Millions of people suffer from traumatic brain injury (TBI)
every year. Recently, the shear shock was observed in brain
tissue which may be the primary cause of TBI [1]. Shear
shock wave simulation in complex geometry like the human
head can be computationally exhaustive. In 2019, Raissi et
al. proposed the concept of Physics Informed Neural Net-
works (PINNs) [2]. We intend to develop an artificial neu-
ral network-based numerical method for the propagation of
shear shock waves in the brain. In this work, we developed
a fully connected dense multi-layer perceptron to describe
the propagation of shear waves in soft solids formulated
as a system of first-order PDEs (Partial Differential Equa-
tion) based on the work of Tripathi et al. [1]. The PINN
(Physics Informed Neural Networks) was trained without
any labeled data using a novel time-marching algorithm
designed to incorporate the causality of the physical phe-
nomenon, i.e., wave propagation. The non-dimensionalized
physical system of equations was formulated to facilitate
efficient training of PINN [3]. The developed data-free
surrogate neural network model is trained sequentially us-
ing a novel training algorithm that enforces the bound-
ary condition and minimizes the summation of boundary
loss and physics-based loss. The data-free PINN was con-
strained by 1) initial and boundary conditions, 2) uni-
formly distributed internal collocation points, and 3) the
non-dimensionalized system of PDEs. PINNs with two in-
put neurons containing spatial and temporal variables were
used to approximate PDE (Partial Differential Equation)
solutions. The weights and biases of the neural network
were initialized using Glorot normal method. The opti-
mal set of hyperparameters (activation function, optimizer,
etc.) and the network architecture were chosen through
multiple iterations performed systematically. The data-
free PINNs solution for the system of linear wave equation
was compared with the analytical solution. The PINNs so-
lution for the system of linear shear wave equation has a rel-
ative error of 1% as compared with the analytical solution.
The results have demonstrated the merit of the proposed
data-free PINNs. It motivates the natural extension of the
PINN to a nonlinear system of first-order PDEs as formu-
lated for shear waves in soft solids [1]. Authors: Vikrant
Pratap, University of Galway, v.pratap1@nuigalway.ie; Dr.
Bharat B Tripathi, University of Galway
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Invariant Domain Preserving and Exactly Conser-
vative Approximation of the Lagrangian Hydrody-
namics Equations

The Euler equations serve as the cornerstone of computa-
tional fluid dynamics and can be described in two different
reference frames, either by tracking the motion of a spe-
cific fluid parcel or viewing the motion of the fluid in a fixed
frame. These perspectives are called the Lagrangian and
Eulerian, respectively. In this talk, we will briefly discuss
the applications and benefits of each perspective. Then we
present a first order finite element method for approximat-
ing the compressible Euler equations in Lagrangian coordi-
nates. This method is explicit in time, uses a combination
of continuous and discontinuous finite elements in space, is
exactly mass conservative (in the Lagrangian sense), and
is invariant-domain preserving. Authors: Jean Luc Guer-
mond, Texas A&M University, guermond@tamu.edu; Bo-
jan Popov, Texas A&M University, popov@tamu.edu; Ben-

nett Clayton, Texas A&M University, bgclayto@tamu.edu;
Laura Saavedra, ETSIAE-UPM, School of Aeronautics
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Developing an Antimatter Gravity Interferometer

The assumption that the effects of gravity on antimat-
ter and matter are equivalent has permeated through-
out almost all of modern physical theory and experiment.
However, no direct observation of this effect from grav-
ity has been made on a particle in freefall. A muo-
nium beam diffracting through a series of gratings has
proven to be a suitable method for recording such freefall.
Simulating this with the best current understanding of
diffraction and interferometry is vital in determining this
antimatter-gravity relationship, since a physical construc-
tion requires a picometer-precise atom interferometer and
muonium beam. The development of these simulations has
both demonstrated the relative feasibility of experimenta-
tion and brought to question the viability in applying cer-
tain physical modeling and simulation methods.
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Filtering in Non-Intrusive Data-Driven Reduced-
Order Modeling of Large-Scale Systems

We present a method for enhancing data-driven reduced-
order modeling with a preprocessing step in which the
training data are filtered prior to training the reduced
model. Filtering the data prior to training has a number
of benefits for data-driven modeling: it attenuates (or even
eliminates) wavenumber or frequency content that would
otherwise be difficult or impossible to capture with the
reduced model, it smoothens discontinuities in the data
that would be difficult to capture in a low-dimensional
representation, and it reduces noise in the data. This
makes the reduced modeling learning task numerically
better conditioned, less sensitive to numerical errors in
the training data, and less prone to overfitting when the
amount of training data is limited. We first illustrate
the effects of filtering in one-dimensional advection and
inviscid Burgers’ equations. We then consider large-scale
rotating detonation rocket engine simulations with mil-
lions of spatial degrees of freedom for which only a few
hundred down-sampled training snapshots are available.
A reduced-order model is derived from these snapshots
using operator inference. Our results indicate the po-
tential benefits of filtering to reduce overfitting, which is
particularly important for complex physical systems where
the amount of training data is limited.

Distribution Statement A: Approved for Public Re-
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MS349

Extensions and Open-Source Algorithms for Dy-
namic Mode Decomposition for Data-Driven Mod-
eling

The dynamic mode decomposition (DMD) has grown to be-
come one of the leading methods of data-driven modeling
of dynamical systems across a multitude of scientific disci-
plines. PyDMD is a Python package that provides the tools
necessary for executing the DMD regression framework.
However, since the packages initial release, several major
innovations and extensions to DMD have arisen, such as
Optimized DMD, Physics-informed DMD, and Random-
ized DMD to name a few. Thus in order to enhance
users ability to manage and examine practical, real-world
datasets, we have extended the functionality of PyDMD to
include several of these recent DMD developments. In this
talk, an overview is given for a variety of modern DMD in-
novations that will debut in this major update to PyDMD.
I will discuss the theoretical underpinnings of these meth-
ods in addition to providing practical tips regarding DMD
usage. I will then demonstrate how one may utilize the
PyDMD package in order to model and analyze real-world
data.

Sara M. Ichinaga
Department of Applied Mathematics
University of Washington
sarami7@uw.edu

Nicola Demo
SISSA, Mathematics Area, mathLab
International School for Advanced Studies
ndemo@sissa.it

Marco Tezzele
Oden Institute for Computational Engineering and
Sciences
The University of Texas at Austin
marco.tezzele@austin.utexas.edu

Gianluigi Rozza
SISSA, International School for Advanced Studies,
Trieste, Italy
grozza@sissa.it

J. Nathan Kutz
University of Washington, Seattle
Dept of Applied Mathematics
kutz@uw.edu

Steven Brunton
University of Washington

sbrunton@uw.edu

MS349

The Shifted Operator Inference Method for Learn-
ing Solar Wind Models

Solar wind conditions are predominantly predicted
via three-dimensional numerical magnetohydrodynamic
(MHD) models. Despite their ability to produce highly ac-
curate predictions, MHD models require computationally
intensive high-dimensional simulations. This renders them
inadequate for making time-sensitive predictions and for
large-ensemble analysis required in uncertainty quantifica-
tion. This paper presents a new data-driven reduced-order
model (ROM) capability for forecasting heliospheric solar
wind speeds. Traditional model reduction methods based
on Galerkin projection have difficulties with advection-
dominated systems—such as solar winds—since they re-
quire a large number of basis functions and can become
unstable. A core contribution of this work addresses this
challenge by extending the non-intrusive operator inference
ROM framework to exploit the translational symmetries
present in the solar wind caused by the Sun’s rotation. The
numerical results show that our method can adequately
emulate the MHD simulations and outperforms a reduced-
physics surrogate model, the Heliospheric Upwind Extrap-
olation model.
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Model Reduction and Control of Dynamical Sys-
tems Based on Frequency Data

In this talk, a new unified framework for model reduc-
tion and control based on frequency response data will
be presented that is particularly well-suited to deal with
structured models. In this talk, our focus will be on port-
Hamiltonian systems. In the context of model reduction,
it is often desired to obtain a reduced-order model of the
same structure to benefit from the same structural prop-
erties of the original model such as stability or passivity.
In our framework this goal is achieved by parametrizing a
reduced-order model of prescribed structure and then opti-
mizing the parameters with respect to a specially designed
objective functional that typically results in reduced-order
models with small (and often, close-to-optimal) H∞-error.
Likewise, in the context of designing H∞-controllers for
port-Hamiltonian plant models, one can parametrize a low-
order port-Hamiltonian controller that is in negative feed-
back interconnection with the plant. This construction
automatically leads to stable closed-loop systems and the
H∞-performance can be optimized using a similar objec-
tive functional as in model reduction.
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Sensitivity Analysis of the Information Gain in
Infinite-Dimensional Bayesian Linear Inverse Prob-
lems

We consider sensitivity analysis of Bayesian linear inverse
problems with respect to modeling uncertainties. To this
end, we consider sensitivity analysis of the information
gain, as measured by the KullbackLeibler divergence from
the posterior to the prior. This choice provides a prin-
cipled approach that leverages key structures within the
Bayesian inverse problem. Also, the information gain ad-
mits a closed-form expression in the case of linear Gaus-
sian inverse problems. The derivatives of the information
gain are extremely challenging to compute. To address
this challenge, we present accurate and efficient methods
that combine eigenvalue sensitivities and hyper-differential
sensitivity analysis that take advantage of adjoint based
gradient and Hessian computation. This results in a com-
putational approach whose cost, in number of PDE solves,
does not grow upon mesh refinement. These results are
presented in an application-driven model problem, consid-
ering a simplified earthquake model to infer fault slip from
surface measurements.
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Variational Bayesian Optimal Experimental Design
with Normalizing Flows

Optimal experimental design (OED) seeks experimental
design conditions that lead to the greatest expected in-
formation gain (EIG). The EIG is typically approximated
through a double-nested Monte Carlo estimators, requir-
ing O(N2) forward model evaluations. This becomes
prohibitive when working with computationally intensive
models commonly encountered in studies of complex and
physical systems. Recently, Foster et al. proposed a vari-
ational EIG approximation technique that requires only
O(N) forward model evaluations, by maximizing a stochas-
tic lower bound of the EIG that emerges from replacing
the true posterior with a Gaussian variational distribution.
However, Gaussian distributions are unable to capture non-
Gaussian posterior behavior such as multi-modality and
skewness, and it can lead to large bias (loose bound) in
estimating the EIG. We improve the variational OED by
deploying normalizing flows that transform standard nor-
mal latent variables to general non-Gaussian distributions
through expressive neural networks, leading to lower bias
estimators as well as an ability to produce accurate non-

Gaussian posteriors. We illustrate this method on bench-
mark problems as well an application to design optimal
observing times for inferring parameters of an aphid pop-
ulation model.
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Differential Methods for Assessing Sensitivity in
Biological Models

Differential sensitivity analysis is indispensable in fitting
parameters, understanding uncertainty, and forecasting the
results of models. Although there are many methods cur-
rently available for performing differential sensitivity anal-
ysis, it can be difficult to determine which method is best
suited for a particular model. We explain a variety of dif-
ferential sensitivity methods and assess their value in some
typical biological models. First, we explain the mathe-
matical basis for three numerical methods: adjoint sensi-
tivity analysis, complex perturbation sensitivity analysis,
and forward mode sensitivity analysis. We then carry out
four instructive case studies. (a) The CARRGO model
for tumor-immune interaction highlights the additional in-
formation that differential sensitivity analysis provides be-
yond traditional naive sensitivity methods, (b) the de-
terministic SIR model demonstrates the value of using
second-order sensitivity in refining model predictions, (c)
the stochastic SIR model shows how differential sensitivity
can be attacked in stochastic modeling, and (d) a discrete
birth-death-migration model illustrates how the complex
perturbation method of differential sensitivity can be gen-
eralized to a broader range of biological models. Finally, we
compare speed, accuracy, and ease of use. We find that for-
ward mode automatic differentiation has the quickest com-
putational time, while the complex perturbation method is
the simplest to implement and the most generalizable.
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MS350

A Bayesian Framework for Coupling Optimal Ex-
perimental Design and Optimal Control

Optimal experimental design (OED) allows us to deter-
mine, a-priori, how to collect the most informative exper-
imental data. Traditional OED approaches focus on opti-
mizing the solution to the Bayesian inverse problem, which
is often an intermediate step to the true objectives of mak-
ing accurate model predictions and determining optimal
control policies. In this work, we provide a novel formula-
tion of a Bayesian OED problem that couples the goal-
oriented experimental design and optimal control prob-
lems, thus minimizing uncertainty in the control objective
directly. Through a numerical example, we illustrate how
the resulting control-oriented OED approach leads to a bet-
ter allocation of experimental resources that decreases un-
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certainty regarding the optimal control policy in compari-
son to classical OED strategies.
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Properties and Transitions of Mesoscale Convec-
tive Organisation During EUREC4A Using Unsu-
pervised Learning

The representation of shallow tradewind cumulus clouds
in climate models accounts for the majority of inter-model
spread in climate projections, highlighting an urgent need
to understand these clouds better. In particular, their spa-
tial organisation appears to cause a strong impact of their
radiative properties and dynamical evolution. The precise
mechanisms driving different forms of convective organisa-
tion which arise both in nature and in simulations are, how-
ever, currently unknown. Using unsupervised learning for
identifying regimes of convective organisation in the trop-
ical Atlantic, we will show results from analysing: a) what
the radiative properties of different forms of organisation
are, b) what atmospheric characteristics coincide with dif-
ferent forms of organisation and c) what transitions occur
when following air-masses along Lagrangian trajectories.
Specifically, we find: a) net radiation changes significantly
between different forms of organisation, b) agreement with
previous studies on the importance of boundary layer wind-
speed and to some degree atmospheric stability, and c) we
are able to succinctly capture what transitions occur be-
tween regimes.
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BOSS: A Probabilistic Parameterization Frame-
work to Improve the Representation of Microphys-
ical Process Rates in Weather and Climate Models

Weather and climate models represent cloud microphysics
using computationally-efficient bulk schemes that predict
only a few variables such as drop number and mass
concentrations. Current bulk schemes exhibit deficien-
cies that are due in part to their simplified representa-
tion of a complex natural state, and in part due to a
fundamental lack of understanding of microphysical pro-
cesses. These schemes also employ numerous ad-hoc as-
sumptions, parameter choices, and model structural as-

sumptions. To synthesize information from detailed pro-
cess models and observations for improving bulk schemes,
we have developed a novel probabilistic parameterization
framework called the Bayesian Observationally-constrained
Statistical-physical Scheme (BOSS). BOSS combines ex-
isting, though limited, process level microphysical knowl-
edge with flexible process rate formulations and parame-
ters trained to observations and data from detailed process
models through Bayesian inference. The approach is flexi-
ble and can be used to examine structural choices in bulk
schemes, particularly the functional form of process rates
and the number of predicted cloud microphysical variables.
This allows for systematic quantification of both paramet-
ric and structural uncertainty, which is not possible us-
ing traditional schemes. Results using an MCMC sampler
with BOSS to constrain process rates and parameters with
synthetic “observations’ generated by a detailed bin micro-
physical model will be presented.
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When Will It Start to Rain? Producing Accu-
rate Data-Driven Approximations for Microphys-
ical Systems with Transient Instabilities

Collision-coalescence between cloud drops is typically mod-
eled using the quasi-stochastic collection equation (SCE),
a nonlinear partial integro-differential equation. The long-
term behavior of a system governed by the SCE is pre-
dictable, but trajectories can have a significant temporary
sensitivity to initial conditions. In atmosphere models, this
corresponds to uncertainty about when the system starts
to produce a significant number of ”rain-sized” drops. Such
models can use ”bin” microphysics schemes, which dis-
cretize the drop size distribution, to solve equations such as
the SCE numerically. However, most models use cheaper
”bulk” microphysics schemes, which describe the popula-
tion of drops using only a few variables, e.g. total mass
and number. These bulk schemes are reduced order mod-
els for microphysical systems, but the strong nonlinearity
of the SCE makes conventional reduced order modeling
techniques difficult to apply. We present a new method,
Jacobian Estimation of Functional Error (JEFE), which
uses an adjoint model to measure the predictability of bin
model outputs from a small set of prognostic variables.
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This allows us to identify whether the given variables pro-
vide enough information to capture the system’s dynamics,
a prerequisite for an effective bulk scheme. Having chosen
a set of variables, we can then produce a bulk scheme using
data-driven methods, such as the Bayesian Observationally
constrained Statistical-physical Scheme (BOSS).
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Bayesian Tuning of Earth System Models in Global
and Single-Column Simulations, Constrained by
Satellite Observations and High Resolution Mod-
els

Earth System Models solve the equations of motion for
geophysical fluid flow on the globe numerically at discrete
points on a 3D grid that spans the Earth. Numerous pro-
cesses occur on sub-grid scales and cannot be explicitly
resolved by grid-scale variables. And yet, these processes
strongly affect grid-scale fluid motion as well as thermody-
namical and radiative properties. Examples of these sub-
grid processes include the microphysics of how cloud and
precipitation particles grow and interact. There is neces-
sary approximation in the modeling of sub-grid scale ef-
fects on the grid-scale variables; additionally many of the
sub-grid processes are uncertain at any scale. These ap-
proximations and uncertainties result in forecast errors.
Recently, efforts have been proposed to systematically op-
timize parameters of models of sub-grid processes using
observations. One such approach has been used with the
NASA Goddard Institute for Space Studies ModelE cli-
mate model, informed by satellite observational data. The
approach is Bayesian and employs a MCMC sampler in
conjunction with machine learning emulators to estimate
the probability density over 45 parameters for various sub-
grid processes. We present this methodology, which uses a
relatively small number ( 500) of one-year global climate
simulations, and also discuss the potential benefit of incor-
porating computationally inexpensive single-column model
simulations that focus on specific regimes of climate system
behavior.
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Error Analysis of Measure Transport Problems in
Data Science

Measure transport problems have become prevalent in data
science and machine learning, from generative adversarial

networks and normalizing flows to optimal transport. In
applications we often solve these transport problems via a
variational/optimization problem involving various param-
eterizations of transport maps. In this talk I will talk about
a theoretical framework for connecting the parameteriza-
tion error of transport to classic results from functional
approximation theory in high-dimensions.
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Stein VI for Bayesian Neural Network Prediction
of Helicopter Rotor Performance

In this work, we develop a novel framework for rapid pre-
diction of helicopter rotorblade performancewith quantified
uncertainty—under various icing conditions by bringing
together concepts in computational fluid dynamics, com-
putational aeroacoustics, and Bayesian neural networks.
We begin by using CFD and CAA to compute the acous-
tic signatures created by rotorblades under on a range of
iced blade geometries. Simultaneously, we extract aero-
dynamic performance coefficients, including lift, drag, and
moment, of the respective icing geometries from the flow
solutions. Using this dataset, we train a BNN to create
a mapping from the iced rotor acoustic signatures to pre-
dict the corresponding performance coefficients with quan-
tified epistemic uncertainty in the neural network weights.
The creation of BNN involves solving a very high dimen-
sional inference problem on all the network parameters. We
tackle this challenge by employing the projected Stein vari-
ational gradient descent that identifies and leverages the
low dimensional innate structures embedded in the highly
temporally correlated acoustic signatures. We show these
BNNs to accurately predict rotorblade performance coef-
ficients together with uncertainty in the prediction, which
is tremendously valuable to safety-critical pilot decision-
making. Furthermore, these BNN models only need be
trained offline, and can achieve extremely fast online pre-
dictions, making them suitable for real-time, in-flight use.
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Probabilistic Approaches to Transfer Learning for
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Sparse and Noisy Data Environments

Machine learning (ML) models have thus far been applied
to tasks and domains that, while impactful, have sufficient
volume of data. For predictive tasks of national security
relevance, ML models of great capacity are often needed
to capture the complex underlying physics. Such models
normally require an abundance of training data to exhibit
sufficient predictive accuracy, which might not be available
due to (1) excessive expense of computer simulations, (2)
prohibitive experimental data acquisition cost, or (3) lim-
ited access to classified/sensitive data. To alleviate such
difficulties, transfer learning (TL) may be used in which
similar data from existing datasets or domains is used. We
present a novel probabilistic TL framework to enhance the
trust in ML models within noisy and sparse data settings.
The framework will assess when it is worth applying TL,
which ML model to use in TL, and how much knowledge
is to be transferred. We rely on extensions of concepts
and techniques from the fields of Bayesian inversion, se-
quential data assimilation, uncertainty quantification, and
information theory. We provide insights through an appli-
cation to polynomial-based surrogate model construction.
We investigate that extent to which TL alleviates sparsity
in training data that may jeopardize the reliability of such
surrogates.
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Encoding Spatial Priors with VAEs for Small Area
Estimation

Gaussian processes (GPs), implemented through multivari-
ate Gaussian distributions for a finite collection of data,
are the most popular approach in small-area spatial sta-
tistical modelling. In this context, they are used to en-
code correlation structures over space and can generalize
well in interpolation tasks. Despite their flexibility, off-the-
shelf GPs present serious computational challenges which
limit their scalability and practical usefulness in applied
settings. Here, we propose a novel, deep generative mod-
elling approach to tackle this challenge, termed PriorVAE:
for a particular spatial setting, we approximate a class of
GP priors through prior sampling and subsequent fitting
of a variational autoencoder (VAE). Given a trained VAE,
the resultant decoder allows spatial inference to become
incredibly efficient due to the low dimensional, indepen-
dently distributed latent Gaussian space representation of
the VAE. Once trained, inference using the VAE decoder
replaces the GP within a Bayesian sampling framework.
This approach provides tractable and easy-to-implement
means of approximately encoding spatial priors and facil-
itates efficient statistical inference. We demonstrate the
utility of our VAE two-stage approach on Bayesian, small-
area estimation tasks.
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An Nonlinear Acceleration Method That Exploits
Symmetry of Hessian

Nonlinear acceleration methods are powerful techniques to
speed up fixed-point iterations. However, many accelera-

tion methods require storing a large number of previous
iterates and this can become impractical if computational
resources are limited. In this work, we propose a nonlinear
Truncated Generalized Conjugate Residual method (nlT-
GCR) whose goal is to exploit the symmetry of the Hessian
to reduce memory usage. The proposed method can be in-
terpreted as either an inexact Newton or a quasi-Newton
method. We show that, with the help of global strategies
like residual check techniques, nlTGCR can converge glob-
ally for general nonlinear problems and that under mild
conditions, nlTGCR is able to achieve superlinear conver-
gence. We further analyze the convergence of nlTGCR in
a stochastic setting. Numerical results demonstrate the
superiority of nlTGCR when compared with several other
competitive baseline approaches on a few problems.
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Numerical Optimization Algorithm for Estimating
a Conditioned Symmetric Positive Definite Matrix
Under Constraints

We present RCO (Regularized Cholesky Optimization): a
numerical algorithm for finding a symmetric Positive Def-
inite (PD) n × n matrix with a bounded condition num-
ber that minimizes an objective function. This task arises
when estimating a covariance matrix from noisy data or
due to model constraints, which can cause spurious small
negative eigenvalues. A special case is the problem of find-
ing the nearest well-conditioned PD matrix to a given ma-
trix. RCO explicitly optimizes the entries of the Cholesky
factor. This requires solving a regularized nonlinear opti-
mization problem, for which we apply Newton-CG and ex-
ploit the Hessian’s sparsity. The regularization parameter
is determined via numerical continuation with an accuracy-
conditioning trade-off criterion. We apply RCO to our
motivating educational measurement application of esti-
mating the covariance matrix of an Empirical Best Lin-
ear Prediction (EBLP) of school growth scores. RCO out-
performed general-purpose near-PD algorithms (Higham’s
method; Tanaka-Nakata) in terms of the EBLP estimate
bias and accuracy of its mean squared error. We present
results for two empirical datasets: a large urban school dis-
trict dataset and state dataset. For finding the nearest PD
matrix, RCO yields similar results to near-PD methods.
While all methods admit an O(n3) runtime complexity,
RCO’s constant is 100× larger, thus it is best suited for
general objective functions as opposed to this particular
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task.
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Newton-MR Algorithms with Complexity Guaran-
tees for Non-Convex Optimization

Classically, the conjugate gradient (CG) method has been
the dominant solver in most inexact Newton-type meth-
ods for unconstrained optimization. In this talk, we con-
sider replacing CG with the minimum residual method
(MINRES), which is often used for symmetric but pos-
sibly indefinite linear systems. We show that MINRES
has an inherent ability to detect negative-curvature di-
rections. Equipped with this advantage, we discuss al-
gorithms, under the general name of Newton-MR, which
can be used for optimization of general non-convex objec-
tives, and that come with favorable complexity guarantees.
We also give numerical examples demonstrating the perfor-
mance of these methods for various non-convex problems.
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Competitive Gradient Descent Algorithms

Competitive gradient descent and related method extend
gradient descent to multi-agent optimization by solving,
at each iteration, for the Nash equilibrium of a local,
multilinear approximation of the agents’ loss functions.
This talk presents extensions and applications of com-
petitive gradient descent, including mirror-descent vari-
ants based on ideas from information geometry and com-
petitive physics-informed networks (CPINNs) that achieve
order-of-magnitude improvements in accuracy compared to
PINNs.
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Overview of Earth Science Challenges in the Exas-
cale Era

The increase in Earth System Models (ESMs) capabilities
is strongly linked to the amount of computing power and
data storage capacity available. Exascale ESMs are ex-
pected to open up a new range of opportunities, from in-
creasing model resolution and larger ensemble simulations
to the integration of new components to increase the accu-
racy of our predictions. To make this possible, exascale su-
percomputers will rely on accelerators and specialised hard-
ware. While diversity for hardware gives more flexibility
for co-design, it will increase the complexity of our ESMs.
The exascale challenges are: leveraging accelerators, cou-
pling models, ensuring accuracy and stability, dealing with
increased I/O, enabling big-data workflows, etc. Solutions
to these challenges must also guarantee future-proofing
codes, pursue performance-portability across pre and exas-
cale architectures, domain-specific languages and code sus-
tainability. Most applications will require some degree of
rewriting to expose more parallelism, and many face severe
strong-scaling challenges if they are to effectively progress
to exascale. Additionally, ESMs are expected to be perfor-
mant in terms of both computational and energy efficiency.
This talk will include a exascale overview for Earth model-
ing, covering main challenges to achieve the exascalw goal
for our ESMs and the range of solutions adopted by the
community to be ready for the new era.
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Global Cloud-Resolving Simulations with NICAM
on the Supercomputer Fugaku

I will briefly introduce our recent activity in relation to
the supercomputer Fugaku, the latest flagship machine of
Japan, and show some issues in terms of both computa-
tional and modeling aspects toward an era of practical use
of global cloud-resolving climate model. The Nonhydro-
static ICosahedral Atmospheric Model (NICAM), a global
model with an icosahedral grid system, has been developed
and used for two decades. The first grand challenge simu-
lation of NICAM was global cloud-resolving (here, 3.5 km
mesh) simulation around 2005, and its extension toward
climate scale is now in sight with Fugaku. The value of
such climate simulation is guaranteed by a series of recent
model improvements to better simulate both mean state
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and disturbances. We are also revealing the climatologi-
cal performance of the ocean-coupled version of NICAM
through a series of seasonal to decadal simulations. An-
other important challenge is an O(103) ensemble global
prediction experiment with 14 km mesh for better forecast
of tropical cyclones over a week. As a resolution-intensive
approach, we are trying to run NICAM with a mesh size
of 200 m globally to open an era of global large-eddy sim-
ulation. The above challenges on Fugaku would be harder
without an effective co-design activity with the applica-
tion developers. In terms of post-processing, we recently
modified our MPI-based remapping tool and confirm its
applicability to a global 870 m mesh data.
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Can Software Be Portable, Performant and Pro-
ductive? Co-Designing a Weather and Climate
Model with a Domain Specific Language

Weather and climate models simulate complex, multi-scale
physics. They can deliver substantial value for society util-
ising their predictive power. However, It can take a decade
or more to develop a new model. Moreover, computer ar-
chitectures and the programming models used to develop
the software have evolved on a much shorter timescale and
become more complex. In this presentation the Domain
Specific Language (DSL) approach being adopted by the
Met Office in developing its next generation model, LFRic,
will be discussed and how different programming models
for different architectures can then be employed without
having to re-write the science code will be presented.
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Numerical Simulation of an Idealized Coupled
Ocean-Atmosphere Climate Model

We present numerical simulations for an idealized coupled
ocean-atmosphere climate model. Our climate model be-
longs to the class of intermediate coupled models which are
much simpler than the coupled general circulation models
of the ocean-atmosphere system but still allow to study
the fundamental aspects of ocean-atmosphere interactions.
Our model couples an atmosphere system, described by the
compressible two-dimensional (2D) Navier-Stokes equa-
tions and an advection-diffusion equation for temperature,
to an ocean system, given by 2D incompressible Navier-
Stokes equations and an advection-diffusion equation for
temperature. Finite element method is used to discretize
the system of partial differential equations representing the
climate model on a 2D periodic domain and the discrete
model is solved using Firedrake, which is an efficient auto-
mated finite element method library. The accuracy of sim-
ulation results of the climate model is ensured by carrying
out detailed numerical investigation of its atmosphere and
ocean components separately and then testing our codes
against some benchmark problems available in the liter-
ature. Our final goal is to incorporate stochasticity into
the coupled ocean-atmosphere model following the Hassel-
mann’s paradigm [Klaus Hasselmann, Stochastic climate
models part I. Theory, 1976] and use the model to study
key features of climate phenomena like El-Nino Southern
Oscillation. This will be the subject of our future work.
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Progress on Faster Butterfly Construction Based
on Randomized Matrix-Vector Multiplication

Butterfly factorization is a promising technique to develop
fast direct solvers for solving differential equations or inte-
gral equations for high-frequency wave equations. In the
past, several butterfly-based direct solvers have been de-
veloped to demonstrate reduced complexities. The critical
component for constructing these solvers is to reconstruct
a butterfly representation of a block from fast randomized
black-box matrix-vector multiplications. Previously we de-
veloped a randomized butterfly algorithm that yields an
O(N1.5logN) complexity for a N ×N block. In this work,
we show some recent progress on developing an improved
randomized algorithm that detects and prunes the sparsity
patterns of a butterfly on-the-fly. Empirical studies show
that an O(N log2N) complexity is achievable for several
classes of butterfly matrices.
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Random Butterfly Matrices and Growth Factors

Random butterfly matrices were introduced by Parker in
1995 to remove the need for pivoting when using Gaussian
elimination. The growing applications of butterfly matri-
ces have often eclipsed the mathematical understanding of
how or why butterfly matrices are able to accomplish these
given tasks. To help begin to close this gap using theoreti-
cal and numerical approaches, we explore the impact on the
growth factor of preconditioning a linear system by butter-
fly matrices. These results are compared to other common
methods found in randomized numerical linear algebra. In
these experiments, we show preconditioning using butterfly
matrices has a more significant dampening impact on large
growth factors than other common preconditioners and a
smaller increase to minimal growth factor systems. More-
over, we are able to determine the full distribution of the
growth factors for a subclass of random butterfly matrices.
Previous results by Trefethen and Schreiber relating to the
distribution of random growth factors were limited to em-
pirical estimates of the first moment for Ginibre matrices.
This is joint work with Tom Trogdon.
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Butterfly-Accelerated Manifold Harmonic Trans-
forms

Manifold harmonics are the eigenfunctions of the Laplace-
Beltrami operator (LBO) on a Riemannian manifold. A
variety of fast special function transforms for orthonor-
mal bases consisting of discretized manifold harmonics for
highly symmetric geometries exist. For example, the fast
Fourier transform (FFT) is a fast algorithm for applying
the discrete Fourier transform, which itself is an orthonor-
mal basis comprised of sampled eigenfunctions of the LBO
on a torus. At the same time, the butterfly factorization

provides a linear algebraic framework generalizing the FFT
based on factoring an N × N matrix into a product of
O(logN) sparse factors, leading to fast transforms. It has
been used to develop fast transforms for systems of orthog-
onal polynomials. We present an approach to designing
subquadratic fast transforms based on butterfly factorizing
the LBO eigenmatrix obtained under a finite element dis-
cretization of the eigenproblem. Numerical examples taken
from computer graphics will be used for illustratation.
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Fast Orthogonal Polynomial Transformations

FastTransforms is a free and open-source software package
in C with a Julia wrapper that provides a number of
fast algorithms for orthogonal polynomial transforms
(https://github.com/MikaelSlevinsky/FastTransforms).
For univariate classical orthogonal polynomials, the
connection coefficients of a measure-perturbing problem
are the matrices of eigenvectors of a triangular-banded
generalized eigenvalue problem. We use a divide-and-
conquer approach that is accelerated by the fast multipole
method (FMM). For bivariate analogues of the classical
orthogonal polynomials, including spherical harmonics,
Zernike polynomials, and Proriol polynomials on the
triangle, a measure-preserving connection is developed
to convert expansions into tensor product bases that are
suitable for FFTW-based synthesis and analysis. It is
empirically well-known that these measure-preserving
connection problems (and overall syntheses and analyses)
may be compressed by the butterfly factorization. We
provide an incremental contribution to the theoretical
underpinning by relating the connection coefficients to
Fourier integral operators.
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A New Strategy in Developing Location Model

The location model (LM) is designed to enable classifica-
tion when a dataset contains both continuous and categor-
ical variables. Due to the issue of empty cells, a smoothed
location model (smoothed LM) is introduced. However, the
smoothing process caused changes in the original informa-
tion of the non-empty cells. It is well known that original
information is valuable and important that should be main-
tained. Thus, a new strategy is proposed by amalgamating
of maximum likelihood and smoothing estimations to con-
struct a new LM. Consequently, maximum likelihood esti-
mation will be used if the cell was found to be non-empty,
otherwise smoothing estimation will be used instead. The
analysis shows that the newly constructed LM can provide
optimal classification results and demonstrates better per-
formance compared to the old models, i.e. classical LM
and smoothed LM, where the estimation used is based on
the cells conditions. The new proposed strategy of parame-
ter estimation could handle all situations; whether the cells
are empty or not, limited sample size with many variables
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measured mainly the binary.
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MS356

Neural Sampling Machine with Stochastic Synapse
Allows Brain-Like Learning and Inference

Estimating the confidence of neural networks predictions
from real-world data is a critical requirement for mission-
critical AI technologies. The brain is capable of such un-
certainty estimation from data, but the principles under-
lying this feat and its implementation in a compact, low-
power hardware remains a challenge. In this presentation,
I will first introduce Neural Sampling Machines (NSM), a
stochastic binary neural network inspired by the stochastic
behavior of biological neurons that uses to perform proba-
bilistic inference. We demonstrate a novel hardware fabric
that can implement NSMs by exploiting the stochasticity
in the synaptic connections. We experimentally demon-
strate an hybrid stochastic synapse by pairing a ferroelec-
tric field-effect transistor (FeFET)-based analog weight cell
with a two-terminal stochastic selector element. We show
that the stochastic switching characteristic of the selector
between the insulator and the metallic states resembles the
multiplicative synaptic noise of the NSM. The stochastic
NSM can not only perform highly accurate image classifi-
cation with 98.25% accuracy on standard MNIST dataset,
but also estimate the uncertainty in prediction (measured
in terms of the entropy of prediction) when the digits of the
MNIST dataset are rotated. Building such a probabilistic
hardware platform that can support neuroscience inspired
models can enhance the learning and inference capability
of the current artificial intelligence (AI).
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MS356

Stochastic Computing: From Classical to Morpho-
logical Neural Networks

During the last few years, Stochastic Computing (SC) has
emerged as a promising design technique for the implemen-
tation of energy-efficient Artificial Neural Networks (ANN)
hardware. This efficiency is mainly due to the possibility
of parallelizing the network through the use of SC and,
therefore, minimizing its dependence on a central memory
node. In the classical ANN implementation, the SC circuit
is adapted to the standard ANN design essentially exploit-
ing the ability to reduce a multiplication within a single
logic gate. However, SC has many other advantages such
as its ability to implement maximum and minimum func-
tions also with individual gates. Therefore, the possibility
of searching for the NN paradigm that best suits the capa-
bilities of SC (and therefore using both products and max-
min functions) is opened. In this work we show that NNs
known as Morphological Neural Networks (MNN) are ideal
to be implemented in hardware using SC. MNNs can be im-
plemented without using activation functions and combine
products, sums, maximum and minimum functions. They
have been studied in the literature by some researchers
in recent years and present the property of universal ap-

proximation. An FPGA implementation of a large SC-
based MNN is presented and compared with other hard-
ware methodologies in terms of energy efficiency and per-
formance. The results show that the proposed SC-based
MNN is as competitive as binary neural networks.
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Sampling Distributions from Biased Coins

Flips of a fair coin can be exploited to approximate out-
comes of distributions in expected ways. Fair coins can
even be used to simulate the flips of biased coins, and bi-
ased coins can also be exploited to sample distributions.
Deterministic computing and PRNGs are able to exploit
such simple relations. Stochastic devices that exhibit two
state behavior, however, may not be able to be reliably
classified as a Bernoulli coin flip with a fixed probability.
Devices may behave statistically as such a coin over many,
many draws, but they may actually fluctuate between val-
ues or behave in some other pathological way. This talk
examines the consequences of utilizing a noisy device for
probabilistic computation under the assumption it is be-
having as a fair or biased Bernoulli coin flip when the un-
derlying dynamics are actually much more complex. We
aim to categorize such a TRNG under appropriate metrics
analogous to those used for PRNG today. We conclude
with a discussion on how rich dynamics of noisy two state
devices may be exploited for probabilistic computation.
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Continuum-Scale Simulation Tools for Understand-
ing the Interaction of Shear and Thermal Gradients
in Flows of Dense Suspensions

Suspension flows are notoriously difficult to model due to
the variety of fluid-particle and particle-particle interac-
tions that can occur. We propose a new approach based
on a two-fluid model (TFM). The TFM can be conve-
niently implemented in an OpenFOAM solver to allow
industrial-scale simulations, including in curvilinear coor-
dinates. Good agreement is found between TFM simula-
tions and previous experiments on shear-induced particle
migration. Heat transfer in dense suspension remains a
frontier topic. We propose a closure relation for the inter-
phase heat transfer coefficient in the TFM, based on cal-
ibration against experimental data. This closure allows
us to use the OpenFOAM solver developed to simulate
non-isothermal dense suspension flow in an annular Cou-
ette cell. In this context, we identify a novel “thermo-
rheological’ migration force, which can oppose (or aid) the
well-known shear-induced migration. This work is joint
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with Dr. Federico Municchi (Colorado School of Mines)
and Purdue PhD student Pranay Nagrani, and it was sup-
ported by the American Chemical Society Petroleum Re-
search Fund.
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Efficient Neighbor Detection for Polydisperse Gas-
Solids Flows

Lagrangian particle tracking methods have become a well
established simulation tool for multiphase flows. When
employing a ’soft-sphere’ methodology, where particle col-
lisions are multi-bodied and enduring, a neighbor list
must be constructed. Traditionally, the neighbor list is
built with a grid that is 2-3X the largest particle di-
ameter. When considering polydisperse solids, the con-
struction of the neighbor list and computation of col-
lision forces becomes computationally prohibitive since
many small particles are contained within a cell. Follow-
ing [Shire et al., 2021, DOI: 10.1007/s40571-020-00361-
2], we implement a multi-grid neighbor search algorithm
within AMReX; an exascale-compatible, open-source soft-
ware for block-structured adaptive mesh refinement [Zhang
et al., 2021, DOI: 10.1177/10943420211022811]. Scaling
of the multi-grid neighbor search algorithm on CPU and
GPU is examined for a variety of gas-solids flows with
MFIX-Exa; an open-source Euler-Lagrange solver that is
built upon the AMReX library [Musser et al., 2022, DOI:
10.1177/109434202110092].
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An Unstructured Collocated Finite-Volume Level
Set Method for Incompressible Two-Phase Flows
with a Geometrical Phase Indicator

The Level Set method for simulating multiphase flows
traditionally relies on re-distancing the level-set function.
The signed distance is advantageous for the phase indica-
tor computation that relies on algebraic Heaviside func-
tion models. Traditionally, the signed-distance property
was also motivated by simplified curvature computation
and for stabilizing the numerical differentiation. We pro-
pose to use a geometrical computation of the zero level-set
for the phase indication and the curvature approximation.
This approach was disregarded initially for the level set
method because of computational costs; however, recent
advances in the geometrical computation of volume frac-
tions for the unstructured Volume-of-Fluid method provide
high-speed intersection algorithms for non-convex polyhe-
drons. Our approach omits re-distancing (that amplifies
mass loss) while relying on compact-stencil unstructured
Finite-Volume discretization of the Level Set equation.
The method is sufficiently volume-conservative and accu-
rately advects the phase indicator, while its straightforward
equation discretization and efficient geometrical phase in-
dicator deliver a high degree of (parallel) computational

efficiency.
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A Set of Machine Learning-Based Filtered Drag
Closures for Cohesive Gas-Particle Flows

Coarse-grid simulations of large-scale gas-solid flows re-
quire appropriate sub-grid closure models to approximate
unresolved physical phenomena. Such sub-grid closures
must account for the effects of the inhomogeneous parti-
cle distribution. Several closure models are available in
the literature for free flowing and non-cohesive gas-solid
flows. In our present study we expand this existing knowl-
edge by investigate the effect of cohesion on the drag force
closure, and by proposing a drag closure concept based
on machine learning (ML). The key novelty is that our
concept allows the rapid generation of closures, making it
possible to create a set of closure laws rather than a sin-
gle closure that might have limitations. First, the results
of classical unresolved (but unfiltered) CFD-DEM simula-
tions of cohesive gas-particle flow in a pseudo 2D periodic
domain are filtered with different filter sizes. Second, corre-
sponding fully 3D simulations were performed, and filtered
in an identical manner. Third, closure models were devel-
oped from data of 2D and 3D simulations and compared to
each other. ML-closures were derived separately with data
from the gravitational and non-gravitational (i.e., horizon-
tal) direction, allowing us to demonstrate that filtered drag
anisotropy is significant. Our benchmarking of 2D versus
3D closures suggests that only 3D data should be used for
closure development in the case of cohesive powders.
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Upscaling Particulate Simulations Towards Contin-
uum Modeling of Dense Granular Flows

At high solid volume fractions, the dynamics of dense gran-
ular materials are dominated by enduring inter-particle
contacts that emerge as intriguing macroscale phenomena
such as yield stress, normal stress effects, and geometry-
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dependent rheology. Particle-based simulations such as the
Discrete Element Method (DEM) are well-suited to resolve
particulate features, but ill-suited for modeling at contin-
uum scales. Whereas continuum modeling is ideally suited
for macroscale simulations, there is a lack of a general con-
stitutive model that correctly accounts for loading geom-
etry and higher-order rate effects. This talk will describe
our computational efforts in upscaling DEM simulations
towards continuum modeling by developing tensorial rheo-
logical models of dense granular flows. DEM-based numer-
ical methods that can simulate granular flows to infinitely
large strains for arbitrary imposed loading geometries will
be described. These simulations were used to calibrate a
frame-indifferent, tensorial, viscoplastic rheological model
that is valid for various deformation geometries beyond
shear, such as biaxial and triaxial deformations. This talk
will describe our ongoing work on implementing a regu-
larized version of the tensorial rheological model in an in-
compressible flow solver towards simulating dense granular
materials at the continuum.

Ishan Srivastava
Center for Computational Sciences and Engineering
Lawrence Berkeley National Laboratory
isriva@lbl.gov

Ann S. Almgren
Lawrence Berkeley National Laboratory
asalmgren@lbl.gov

John B. Bell
CCSE
Lawrence Berkeley Laboratory
jbbell@lbl.gov

MS358

A Model of Collective Motion of Self-Propelled Or-
ganisms

We present a single-point model for self-propelled micro-
scopic swimmers immersed in a viscous, incompressible
fluid. The organism model is based on a specific limit
of regularized Stokeslets, resulting in the superposition of
a regularized stresslet and a regularized potential dipole
at the same location, and an orientation vector. No spe-
cial treatment of the self-velocity is necessary. Modeling
“pusher and “puller organisms is straightforward, and the
model can also be extended to flows bounded by a plane
wall using a method of images and to organisms with rotat-
ing helical flagella by including rotlets. The model deriva-
tion will be sketched and its properties will be described
through examples that show the motion, interaction and
diffusion of these particles as a function of the concentra-
tion density.
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Tubular-Body Theory

Cable-like bodies play a key role in many biological fluid
systems but are hard to simulate. Asymptotic theories,
called slender-body theories, are effective but apply in spe-
cific regimes and can be hard to extend beyond leading
order. In this presentation I will develop an exact slender-
body-like theory for the surface traction of cable like bod-
ies in viscous flow. This theory expresses the traction as a
series of solutions to a well behaved one-dimensional Fred-
holm integral equation of the second kind. This process
can be simply generalised to other systems. We test this
theory against known solutions and then use it to look at
the swimming of a tightly wound helix exposed to an ex-
ternal torque.

Lyndon Koens
University of Hull
l.m.koens@hull.ac.uk

MS358

Regularized Stokeslets Inside Spherical Geometries

We formulate a general mapping from singular image sys-
tems to regularized image systems for use with the method
of regularized Stokeslets and apply it to biologically rel-
evant flows within a fluid-filled, spherical cavity. The
method of regularized Stokeslets has been heavily applied
to micro-scale biofluids problems such as microorgianism
locomotion. It is based on the boundary integral form of
the Stokes equations where the singular fundamental solu-
tion (the ”Stokeslet”) is replaced with a smooth approx-
imation. The method can be modified such that certain
boundary conditions are satisfied automatically via the ad-
dition of an appropriate ”image system” to the regularized
Stokeslet. Here, we focus on the computation of fluid flows
due to distributions of forces within a fluid-filled, spherical
cavity because no regularized image system has been de-
rived for this specific setting and because of its importance
to flows driven by active structures within cells. We present
two example problems in this context: the flow due to a
translating particle and the flow due to a relaxing flexible
filament contained in the cavity.
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Undulatory Swimming in Suspensions and Net-
works of Flexible Filaments

Microorganisms swimming through viscoelastic fluids are a
common feature in naturally-occurring fluids. Approaches
to modelling this behaviour normally come in two flavours:
a macroscale, course-grained approach where the fluid is
modelled as a continuum; and a microscale, detailed ap-
proach where the anisotropic structure within the back-
ground fluid is specifically modelled. The former ap-
proach has the benefit of speed, but in this talk I will
share my experience of attempting the latter, in 3D, us-
ing high-performance computer simulations, and show how
these simulations suggest the physical structure of the vis-
coelastic fluid directly affects the microorganism swimming
through it. We see some surprising differences with 2D and
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investigate why this might be so.
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Topology Optimization of a Rotating Electric Ma-
chine by the Topological Derivative

We consider the topology optimization of a rotating electric
machine in magnetoquasistatic operation in two space di-
mensions. This amounts to a topology optimization prob-
lem subject to a parabolic PDE constraint on a moving
domain which we intend to solve by means of the topo-
logical derivative concept. For that purpose, we consider
a topological perturbation of the materials in the space-
time cylinder along a trajectory given by the rotation of
the machine. Using a Lagrangian approach, we derive the
topological derivative formula, which depends on the solu-
tion of an exterior problem that is bounded in time and
unbounded in the space directions. We present an effi-
cient way for the numerical computation of the topological
derivative and use this sensitivity information for the de-
sign optimization of an electric motor by means of a level
set method.
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Space-Time Finite Element Methods for Electric
Machines

For the numerical solution of parabolic evolution equations
we consider a space-time least squares formulation in ap-
propriate function spaces which results in a mixed finite
element scheme. To ensure stability, a discrete inf-sup sta-
bility condition has to be satisfied. Since the adjoint is zero
in the continuous formulation, its Galerkin discretization
can be used to define an a posteriori error estimator for
the primal unknown to drive an adaptive scheme. This ap-
proach is then applied to parabolic-elliptic interface prob-
lems in order to model electric machines.
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Surrogate Modeling, Uncertainty Quantification,

and Sensitivity Analysis for Thermal Circuit Mod-
els of Electric Machines

Thermal circuit models offer a computationally inexpensive
alternative for assessing the performance of electric ma-
chine designs, as opposed to resource-demanding thermal
and multiphysics simulations, e.g., based on finite element
or finite volume methods. However, the simplifications that
are necessary to establish a thermal circuit model intro-
duce a number of uncertain model parameters. Variations
in these parameters may significantly affect model-based
predictions and, eventually, machine performance. In this
study, we present surrogate modeling methods based on
data-driven, regression-based Polynomial Chaos Expan-
sions (PCEs), which allow to perform uncertainty analyses
and estimate the impact of said uncertainties on scalar-
and vector-valued machine model outputs, both effectively
and accurately. Additionally, the sensitivity of model out-
puts on the uncertain parameters is assessed by means of
a PCE-based Sobol sensitivity analysis, which is addition-
ally extended to the vector-valued output case by means
of generalized Sobol indices. Sensitivity analysis results
are also used to reduce the number of considered uncer-
tainties to a minimum, by neglecting non-influential model
parameters, thus reducing the computational demand of
subsequent studies.
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Space-Time Methods for Parabolic Quasi-Linear
Time-Periodic Evolution Problems

We present new space-time finite element methods for
the solution of time-periodic parabolic evolution problems,
with possibly nonlinear coefficients. Our approach is based
on an all-at-once discretization, which results, in the linear
case, in a single, huge linear system. The linear system
is then solved by means of an algebraic multigrid precon-
ditioned GMRES method. We present numerical exper-
iments based on applications in magneto-quasi statics as
well as optimization problems, where we additionally in-
vestigate the parallel performance of our method.
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Stochastic Sampling Techniques for Muscle Re-
cruitment Distribution with Longitudinal Prior

Movement in the human body is made possible by a coordi-
nated joint effort from several muscles. A very simple task
performed by an individual such as raising an arm or lift-
ing a leg can be accomplished with a wide range of muscle
activation levels due to the concept of muscle redundancy.
Some quantification is provided for the redundancy while
presenting feasible solutions (muscle forces at joints). A
sample of feasible solutions is generated for each time in-
stance in the time interval for executing a specific locomo-
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tion of the body. This is done in the Bayesian framework,
employing Markov Chain Monte Carlo methods. These so-
lutions are in conformance with the uncontrolled manifold
theory. Furthermore, inspired by the principles surround-
ing the Feynman-Kac formula, we propose an approach
that smoothly connects the muscle activation pattern at
each time instance to mimic the smoothness exhibited in
normal human movement.

Mercy G. Amankwah
Case Western Reserve University
mercy.amankwah@case.edu

Daniela Calvetti
Case Western Reserve Univ
Department of Mathematics, Applied Mathematics and
Statistic
dxc57@case.edu

Erkki Somersalo
Case Western Reserve University
ejs49@case.edu

MS360

Efficient Coarse Propagators for Parallel Time
Stepping in Plaque Growth Simulations

The numerical simulation of atherosclerotic plaque growth
is computationally prohibitive, since it involves a com-
plex cardiovascular fluid-structure interaction (FSI) prob-
lem with a characteristic time scale of milliseconds to sec-
onds, as well as a plaque growth process governed by
reaction-diffusion equations, which takes place over several
months. A resolution of the fast (micro) scale over this
period can easily require more than a billion time steps,
each corresponding to the solution of a computationally ex-
pensive FSI problem. To tackle this problem, we combine
a temporal homogenisation approach with parallel time-
stepping. First, a temporal homogenisation approach sepa-
rates the problem in an FSI problem on the micro scale and
a reaction-diffusion problem on the macro scale. Second, a
parallel time-stepping approach based on the parareal al-
gorithm is applied on the macro-scale of the homogenised
system. The parallel scalability is, however, dominated by
the computational cost of the coarse propagator. We dis-
cuss different possibilities to modify the coarse propagator
to further reduce the number of expensive micro problems
to be solved and test the numerical algorithms in detailed
numerical studies.
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Reverse Engineering of a Long-Distance Hormone
Transport Mechanism in Plants by Computational
Modeling and Data Analysis

Indole-3-acetic acid (‘auxin’) is a plant hormone that plays
an important role in various developmental processes. Its
transport through the plant has been studied for more than
a century, but the detailed mechanisms of transport, in par-
ticular the long-range transport from top to roots, are still

not fully clear. In this talk we discuss how mathematical
modeling, simulation and experimental research have been
integrated to gain insights into these mechanisms in the
model plant Arabidopsis thaliana. The model consists of
a coupled system of reaction-diffusion-advection equations.
Parameter estimation procedures and physiologically rele-
vant ranges for parameters require simulation of the model
in regimes where the Peclet number is neither large nor
small, causing numerical complications. Moreover, exper-
imental circumstances strongly limit the number of data
points (of various types) that can be obtained. A practi-
cal parameter identifiability analysis needs to be performed
to identify which parameter combinations can still be con-
fidently estimated from the data. We introduce such a
method and show that the addition of the measurement of
a single well-chosen quantity (and single data point) in the
experimental design can drastically influence the collection
of identifiable parameter sets. Any of these sets can then
be used to draw conclusions on the underlying mechanisms
and aid in the ’reverse-engineering’ of the long-range auxin
transport mechanism.
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Applying Machine Learning to Enhance the Com-
putational Efficiency in Agent-Based Wound Heal-
ing Model

Deep tissue injuries often go with a contraction of the
skin. This contraction can become contracture if it causes
a loss of mobility of the joint of the patient. Contrac-
ture results from the cellular traction forces exerted by the
(myo)fibroblasts during the proliferation phase. In Peng
and Vermolen (2020), an agent-based model is developed
to mimic the wound healing, in which every cell is treated
individually as a fixed circle in two dimensions. To model
the cellular forces exerted by the (myo)fibroblasts, the cell
membrane is first broken into line segments. Then, the
point forces are applied at the midpoint of each line seg-
ment using the Dirac Delta distribution and then solving
the elasticity equation with finite-element methods; this
is the most computationally expensive part of the entire
model. Since our final goal is to predict the likelihood that
such a contracture occurs and to analyze the impact of
several treatments on preventing a serious contraction, the
model has to be evaluated many times and a computation-
ally efficient model is required. Moreover, while myofibrob-
lasts are known as a dendritic shape with lamellipodium
developed from the cell membrane, a large number of line
segments would be needed to model such cell membrane
shapes. In the talk, the benefits of the machine learning-
enhanced model with respect to the variation of the cell
shape and the resulting improvements in the computational
efficiency are discussed based on numerical results.
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Model Selection Using Rare Data in Life-Sciences

Biological processes are the result of many interacting par-
ticles on microscopic scales. While some of the particles
and interactions are well known, oftentimes not all dy-
namics are fully understood. Therefore, pure physics-based
modeling approaches are not always successful. Apart from
that, some outcomes of the considered biological processes
are usually observable on a macroscopic scale. Although,
the observations mostly do not include time and space
resolved measurements of all interacting components but
some information at discrete times. These observations
serve as quantitative data for the biological applications.
The quantitative data is usually not sufficient for pure
data-driven approaches. In this talk, ideas on how to use
the rare data in a model selection process are presented:
Mesoscopic models connect the different scales by abstract-
ing from the microscopic particles and interactions. The
few microscopic information on mechanisms and the obser-
vation on the macroscopic scale enable together physics-
informed machine learning techniques for the mesoscopic
model.
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Structure-Exploiting Learning for Nested Operator
Inference

Projection-based model order reduction methods are well-
established for approximating computationally expensive
full-order models for use in predictive, real-time, or many-
query applications. By exploiting the structure of the gov-
erning equations for a low-dimensional subspace, the con-
structed reduced-order model typically 1) achieves signif-
icant computational savings, 2) builds upon established
error theory to guarantee approximation accuracy, and
3) remains interpretable in terms of the governing phys-
ical equations. However, by construction projection-based
methods require access to the full-order operators a ma-
jor shortcoming for large-scale applications with legacy
codes or commercial solvers. Operator Inference meth-
ods circumvent this requirement by learning the intrusive
reduced-order model from available full-order data and the
structure of the governing equations. The method guar-
antees exact reconstruction in the limit or by applying an
additional re-projection technique if sufficient data is avail-
able to stabilize the learning problem. In this talk, we ex-
ploit the projective structure of the reduced operators for a
nested operator inference approach that continues to guar-
antee exact reconstruction with re-projection while signifi-
cantly reducing the data requirement from polynomial scal-
ing to O(1). This in particular makes the nested Opera-
tor Inference approach applicable for high-order polyno-
mial operators that were previously infeasible to infer.
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Physics-Informed Neural Networks for Boltzmann-
BGK Equations with Absorbing Boundary Layers

We introduce the application of physics-informed neural
networks (PINN) for Boltzmann-BGK equations for nearly
incompressible flows. The governing equations are dis-
cretized in the velocity space using Hermite polynomials
resulting in a first-order conservation law. A perfectly
matching layer (PML) surrounding the computational do-
main is used to dampen the waves leaving the domain.
A multi-domain approach is used with PINN to ensure the
continuity of the solution. The damping profile of the PML
is an output of the PINN offering a suitable constant for
absorbing the waves.
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Predicting Emergent Behaviors in Coupled Sys-
tems Using Localized Reduced Order Models

Mutual interactions in multi-component parametrized sys-
tems often lead to emergent phenomena, i.e., behaviors
that cannot be observed by considering the individual com-
ponents separately. Practical applications often demand
accurate and computationally fast methods able to predict
such behaviors, which can be achieved through Domain
Decomposition (DD) and Model Order Reduction (MOR)
techniques. However, simulations of the coupled model
may be unfeasible, as it might not be a-priori available
or its computational cost is too large. Thus, in this work
we propose two MOR techniques that construct local in-
dependent surrogate models, whose interaction accurately
predicts the solution of a given coupled system. The offline
phase is based on a suitable parametrization of the interface
data, whereas the online phase combines the reduced mod-
els using ideas from DD methods. We show their potential
in terms of accuracy and computational performance in
different test cases, including nonlinear and multi-physics
problems.
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Beta-Variational Autoencoders for Nonlinear and
Orthogonal Reduced-Order Models in Turbulence

In this work we propose a deep-learning framework for
learning a minimal and near-orthogonal set of non-linear
modes in the context of turbulent flows. In particular,
we focus on a high-fidelity numerical database of a sim-
plified urban environment. The proposed technique relies
on beta-variational autoencoders (beta-VAEs) and convo-
lutional neural networks (CNNs), which enable extract-
ing non-linear modes while encouraging the learning of
statistically-independent latent variables and penalizing
the size of the latent vector. Moreover, we introduce an
algorithm for ordering the resulting modes with respect
to their contribution to the reconstruction. We demon-
strate that by constraining the shape of the latent space,
it is possible to motivate orthogonality and extract a set of
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parsimonious modes which enable high-quality reconstruc-
tion. Our results show the excellent performance of the
method in the reconstruction against linear-theory-based
decompositions, where the energy percentage captured by
the proposed method from five modes is equal to 87.36%
against 32.41% from POD. Furthermore, we show the abil-
ity of our approach to extract near-orthogonal modes with
the determinant of the correlation matrix, which is equal
to 0.99, thus enhancing the interpretability of the obtained
reduced-order models (ROMs).
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Physics-Informed Neural Networks for Learning
the Homogenized Coefficients of Multiscale Elliptic
Equations

Multiscale elliptic equations with scale separation are of-
ten approximated by the corresponding homogenized equa-
tions with slowly varying homogenized coefficients (the G-
limit). The traditional homogenization techniques typi-
cally rely on the periodicity of the multiscale coefficients,
thus finding the G-limits often requires sophisticated tech-
niques in more general settings even when multiscale co-
efficient is known, if possible. Alternatively, we propose
a simple approach to estimate the G-limits from (noisy-
free or noisy) multiscale solution data, either from the ex-
isting forward multiscale solvers or sensor measurements.
By casting this problem into an inverse problem, our ap-
proach adopts physics-informed neural networks (PINNs)
algorithm to estimate the G-limits from the multiscale so-
lution data by leveraging a priori knowledge of the un-
derlying homogenized equations. Unlike the existing ap-
proaches, our approach does not rely on the periodicity
assumption or the known multiscale coefficient during the
learning stage, allowing us to estimate homogenized coeffi-
cients in more general settings beyond the periodic setting.
We demonstrate that the proposed approach can deliver
reasonable and accurate approximations to the G-limits as
well as homogenized solutions through several benchmark
problems.
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Accurate Formulation of Runge-Kutta Nystrm
Method for Direct Integration of Second Order Or-
dinary Differential Equations

In this work, we extend the classical fourth order
Runge-Kutta (RK) method to Runge-Kutta Nystrm Type
(RKNT) method for direct integration of Special and Gen-
eral third order initial valued ODEs via the idea as those
invented by Nystrm. The theory of Nystrm was adopted
in the derivation of the method. The formulation yielded
an accurate RKNT method with reduced number of func-
tion evaluation thereby making it cost effective. The pro-
posed method were tested with Numerical experiment to
illustrate its efficiency and the method can be extended

to solve higher order differential equations. The scheme is
simple to implement and converges better with the exact
solution.
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3-Additive Linear Multi-Step Methods for
Diffusion-Reaction-Advection Models

Some systems of differential equations that model prob-
lems in science and engineering have natural splittings of
the right-hand side into the sum of three parts, in partic-
ular, diffusion, reaction, and advection. Implicit-explicit
(IMEX) methods treat these three terms with only two
numerical methods, and this may not be desirable. Ac-
cordingly, A recent approach that treat diffusion, reac-
tion, and advection with separate methods was introduced
in ”[Raed Ali Mara’Beh, Raymond J. Spiteri, P. Gon-
zlez, Jos M. Mantas, ”3-additive linear multi-step meth-
ods for diffusion-reaction-advection models”, Applied Nu-
merical Mathematics, volume 183, January 2023, Pages
15-38. https://doi.org/10.1016/j.apnum.2022.08.015.]”. In
this talk, The construction of 3-additive linear multi-step
methods for the solution of diffusion-reaction-advection
systems is presented. The stability analysis and order of
convergence of the new 3-additive methods are considered.
A comparison between the new methods is with some pop-
ular IMEX methods in terms of stability and performance
is presented. In general, It is found that the new 3-additive
methods have larger stability regions than the IMEX meth-
ods tested in some cases and generally outperform in terms
of computational efficiency.
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Generalized Exponential Time Differencing
Schemes for Stiff Fractional Systems with Nons-
mooth Source Term

Many processes in science and engineering are described
by fractional systems which may in general be stiff and
involve a nonsmooth source term. In this talk, we dis-
cuss a framework for the development of exponential time
differencing schemes for solving such systems. In partic-
ular, we present robust first, second, and third order ac-
curate schemes. Rather than imposing regularity require-
ments on the solution to account for the singularity caused
by the fractional derivative, we only consider regularity
requirements on the source term for preserving the opti-
mal order of accuracy of the proposed schemes. Optimal
convergence rates are proved for both smooth and nons-
mooth source terms using uniform and graded meshes, re-
spectively. For efficient implementation, high-order global
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Padé approximations together with their partial fraction
decompositions are developed for Mittag-Leffler functions.
Numerical experiments involving a typical stiff system, and
other large systems obtained by spatial discretization of a
sub-diffusion problem are typical examples to be discussed.
Demonstration of the efficiency of the rational approxima-
tion implementation technique and the constructed high-
order schemes are to be illustrated.
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IFDIFF - A Matlab Toolkit for ODEs with State-
Dependent Switches

We present the toolkit IFDIFF for integration and sen-
sitivity generation in parameterized implicitly (state-
dependent) switched ODEs whose right-hand side is given
as Matlab code containing non-differentiable operators
(max, abs, etc.) and conditionals (if). Naive implementa-
tions using IF-THEN-ELSE branching give unreliable sim-
ulation results without warning, as switching events are un-
detectable by standard integrators. The widespread belief
that this can be countered using more stringent integra-
tion tolerances is wrong: We give a simple example where
the integrators error estimation always delivers zero. Cor-
rect treatment of switched systems requires elaborate for-
mulation of switching functions and tailored integrators,
placing high mathematical demands on modelers. Even
small model changes often imply considerable reformula-
tion effort. Further, n switches generate up to 2n possible
program flows and switching functions, rendering a-priori
formulations not feasible already in medium-sized mod-
els. IFDIFF programmatically handles switching events,
auto-generating only required switching functions. It de-
termines switching times up to machine precision, and en-
sures accurate simulation and sensitivity results. Trans-
parently extending the Matlab integrators (ode45, ode15s,
etc.), IFDIFF is applicable to existing code with state- and
parameter-dependent conditionals, thus enabling fast pro-
totyping and relieving modelers of mathematical-technical
effort.

Andreas Sommer, Hans Georg Bock, Ekaterina Kostina
Interdisciplinary Center for Scientific Computing (IWR)
Heidelberg University
andreas.sommer@iwr.uni-heidelberg.de, bock@iwr.uni-
heidelberg.de, kostina@iwr.uni-heidelberg.de

MS363

Numerical Schemes for Efficient Kernel-Based

Methods on Graphs

Important kernels in classical settings can be formulated
explicitly and implemented directly for interpolation or
classification purposes. On irregular graph domains this
is in general not possible. Kernels that describe diffusion
processes or characterize smoothness classes on graphs are
not accessible in closed form and have to be calculated nu-
merically. Often, these kernels can be characterized and
computed as matrix functions of the graph Laplacian, as
for instance the diffusion kernel which is the exponential
of the Laplacian. Calculating these matrix functions be-
comes prohibitive if the size of the graph is large and if the
spectral decomposition of the graph Laplacian is required.
In this talk, we will present efficient numerical schemes for
the calculation of kernels on large graphs that avoid the
spectral decomposition of the graph Laplacian. We will
focus on two numerical concepts that help to reduce the
computational load: the first idea is the usage of Krylov
subspace methods tailored to the needs of kernel methods
on graphs. These iterative methods approximate relevant
parts of the kernels by low-cost matrix polynomials of the
graph Laplacian. The second idea exploits local kernel ap-
proximation on subdomains of the graph via a partition of
unity method that merges the local approximants. We will
present some theoretical aspects of these cost-efficient nu-
merical schemes as well as numerical tests demonstrating
their benefits.
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Efficient Kernel Methods with Localized Bases

Despite enjoying very good convergence properties, ker-
nel methods often suffer from high computational costs as
the size of the underlying problem grows. This talk will
serve as an overview of this challenge, and will present one
possible remedy: the use of localized bases to accelerate
and stabilize kernel methods. This will include a recent
history of localization of kernels and conclude with very
recent progress and accompanying improvements to a vari-
ety of kernel based methods for solving PDEs on manifolds.
These include new stable and efficient multigrid methods
for Galerkin problems using localized kernel bases, as well
as improvements to kernel-FD and asymmetric collocation
for time dependent and independent PDEs. The talk is
based on recent joint work with Christian Rieger and other
researchers who will be acknowledged during the talk.

Thomas C. Hangelbroek
Department of Mathematics
University of Hawaii at Manoa
hangelbr@math.hawaii.edu

MS363

Dimensionality Reduction and Wasserstein Stabil-
ity for Kernel Regression

In a high-dimensional regression framework, we study con-
sequences of the naive two-step procedure where first the
dimension of the input variables is reduced and second,
the reduced input variables are used to predict the output
variable. More specifically we combine principal compo-
nent analysis (PCA) with kernel regression. In order to
analyze the resulting regression errors, a novel stability re-
sult of kernel regression with respect to the Wasserstein



370 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 369

distance is derived. This allows us to bound errors that
occur when perturbed input data is used to fit a kernel
function. We combine the stability result with known es-
timates from the literature on both principal component
analysis and kernel regression to obtain convergence rates
for the two-step procedure. This talk is based on joint work
with Stephan Eckstein and Mathias Trabs.
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Theoretical Foundations of Kernel Methods on
Compact Manifolds

The focus of this talk is the study of non-isotropic ker-
nels on compact Riemannian manifolds with approxima-
tion properties similar to those of classically studied radial
kernels. We study a class of series kernels applicable for
interpolation of arbitrary scattered data on Md by a linear
combination of shifts, where Md is a compact Riemannian
manifold. A class of functions for which the resulting inter-
polation problem is uniquely solvable for any distinct point
sets is the class of strictly positive definite kernels. For ker-
nels possessing a certain series expansion in eigenfunctions
of the Laplace-Beltrami operator on Md , we derive a char-
acterisation of this class. We give more specific results for
two-point homogeneous manifolds and the sphere. For the
special case of Sd−1 , we study the connection between ge-
ometric properties of the kernel and the coefficients in the
series expansion. Examples of such geometric properties
are axial-symmetry and invariance under parity.
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University of Giessen
janin.jaeger@math.uni-giessen.de

MS364

The Active Flux Method for Cartesian Grids with
Adaptive Mesh Refinement

We present the first implementation of the Active Flux
method on Cartesian grids with adaptive mesh refinement.
The Active Flux method is a finite volume method for hy-
perbolic conservation laws, previously introduced by Ey-
mann, Roe and coauthors, which uses a continuous, piece-
wise quadratic reconstruction and Simpson’s rule to com-
pute numerical fluxes. While classical finite volume meth-
ods only use cell average values of the conserved quantities
as degrees of freedom, the Active Flux method uses also
point values at grid cell interfaces at the current time as
well as at later time levels. These point values together
with the cell average value are also used to compute the
reconstruction. The resulting method is third order accu-
rate, has a compact stencil in space and time and good
stability properties. We implemented the adaptive Active
Flux method as a new solver in ForestClaw, a software for
parallel adaptive mesh refinement based on a quadtree ap-
proach. This is joint work with Donna Calhoun (Boise)
and Christiane Helzel (Dsseldorf)

Erik Chudzik
Heinrich-Heine-Universiät Düsseldorf
Düsseldorf, Germany

erik.chudzik@hhu.de

MS364

A Relaxation Model for the Approximation of
the Non-Isothermal Navier-Stokes-Korteweg Equa-
tions Using High-Order Methods

The non-isothermal Navier-Stokes-Korteweg (NSK) equa-
tions are a classical diffuse interface model, which governs
two-phase flow that include surface tension and phase tran-
sition effects. However, if the numerical discretization of
the NSK system is aimed, several issues have to be re-
solved. First, the non-convex bulk Helmholtz free energy
induces a non-monotonous pressure function, which in turn
results in mixed hyperbolic-elliptic first-order fluxes. Sec-
ondly, the gradient dependence of the underlying energy
potential generates a third-order derivative in the momen-
tum equation, which prevents the straight forward use of
boundary conditions at the three-phase contact line.
In this talk, we present the non-isothermal extension of our
recently presented relaxation formulation for the isother-
mal NSK equations [T. Hitz, J. Keim, C.-D. Munz, C. Ro-
hde, A parabolic relaxation model for the Navier-Stokes-
Korteweg equations, Journal of Computational Physics,
421 (2020) 109714]. The model is derived from principles
of classical irreversible thermodynamics and hence inher-
ently consistent with the Second Law of Thermodynam-
ics. For an appropriate choice of the relaxation parameters,
the model converges to the non-isothermal NSK equations.
The model is discretized by the use of a high-order dis-
continuous Galerkin spectral element method. We demon-
strate an excellent agreement with the original NSK model
for several one-, two- and three-dimensional benchmark
problems.
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Central-Upwind Schemes with Reduced Numerical
Dissipation

Godunov-type central-upwind schemes are quite popular
tools as they can be applied as “black-box’ solvers for
a wide variety of hyperbolic systems of conservation and
balance laws. These, however, suffer from relatively large
amount of numerical dissipation, which makes them less
accurate than the modern upwind schemes. I will intro-
duce two new ways of reducing the amount of numerical
dissipation present in central-upwind schemes. Both ap-
proaches lead to significant enhancement of the resolution,
especially in the areas of contact waves, which are typically
heavily affected by excessive numerical diffusion. The new
schemes are implemented in the second-order finite-volume
and fifth-order finite difference frameworks and applied to
one- and two-dimensional compressible Euler equations of
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gas dynamics in both single- and multi-fluid cases.
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Coupling of Hyperbolic Pdes via Approximating
Half-Riemann Problems

Modelling of gas networks, fluid-structure systems and
multiphase flows requires development of numerical cou-
pling techniques. Recent works on coupling of hyperbolic
systems based on solving two half Riemann problems can
be useful but require expensive iterative procedures at ev-
ery quadrature point. The iterative coupling method is
in the same spirit as the finite-volume Godunov scheme.
Thus, the most natural step to improve its performance is
to approximate the solutions of the half Riemann problems
using techniques established for finite-volume methods. In
this work we investigate multiple approximate-state and
the Roe Riemann solvers coupling systems of hyperbolic
conservation laws.
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Quinpi: Constructing Implicit High Order Schemes
for Hyperbolic Systems

Many interesting applications of hyperbolic systems of
equations are stiff, and require the time step to satisfy
restrictive stability conditions. One way to avoid small
time steps is to use implicit time integration. Implicit in-
tegration is quite straightforward for first order schemes.
This talk is concerned with the challenges of writing high
order implicit schemes for hyperbolic systems. High or-
der schemes need to control spurious oscillations, which
requires limiting in space and time also in the implicit case.
We propose a framework to simplify considerably the ap-
plication of high order non oscillatory schemes through the
introduction of a low order implicit predictor, which is used
both to set up the nonlinear weights of a standard high or-
der space reconstruction, and to achieve limiting in time.
In this talk, we concentrate on the case of a third order
scheme, based on DIRK integration in time and CWENO
reconstruction in space.
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Electrostatic Solves for Plasma Physics Using
PETSc-PIC

We present a PETSc based particle-in-cell (PIC) method
for studying electrostatic plasmas. The PETSC-PIC al-
gorithm is a highly scalable method, with multigrid capa-
bilities, for solving the Vlasov-Poisson equations. In the
PETSc-PIC algorithm, the Vlasov equation is solved us-
ing a particle representation while a continuum represen-
tation is employed for the Poisson solve. We implement our
PETSc-PIC method on two example systems: two stream
instability and Landau damping. These systems are stan-
dard tests in plasma physics and provide a baseline to show

the effectiveness and correctness of our methodology. Fur-
thermore, we compare the implementation of the tradi-
tional Poisson equation with H1 finite elements to a mixed
form Poisson method with Hdiv finite elements.
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Two-Fluid Simulations of Ultracold Neutral Plas-
mas in the Absence of External Magnetic Fields

Ultracold neutral plasmas (UCNPs), created by the pho-
toionization of a cold gas, are an excellent platform for
studying neutral plasmas in far more complex environ-
ments such as plasma in the Suns atmosphere, white dwarf
stars, and inertial-confinement fusion devices. UCNPs are
highly versatile systems with ion temperatures below 1 K,
tunable electron temperatures from 1-1000 K, and densi-
ties ranging from 106-1012 cm−3 and have proven to be an
ideal testbed for a wide variety of numerical plasma mod-
els due to their clean and controllable initial conditions and
precise diagnostics. In this talk, I will discuss our recent
progress developing a multi-physics, two-fluid (2F) plasma
code for the purpose of simulating plasmas spanning the
ultracold in a laboratory environment to the aftermath of
interchange reconnection in the solar corona. The code
is validated in the absence of external magnetic fields by
comparing 2F simulations of the evolution of a UCNPs
with various initial conditions to experimental data and
kinetic theory, including the evolution of a UCNP with a
spherically symmetric Gaussian density distribution, the
propagation of planar ion holes, and the evolution of ion
acoustic waves excited by a periodic density perturbation.
Research supported by the NSF through CAREER award
AGS-1450230.
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Subspace Acceleration Method for Simulation of
Plasma in Tokamak Boundary

Large-scale simulations of the plasma boundary are key to
the understanding and improvement of tokamak fusion ex-
periments. A collaboration with the Swiss Plasma Center
institute led to the development of a new method in or-
der to accelerate the solution of consecutive linear systems
which can arise from such simulations. A system of dif-
ferential algebraic equations is obtained from the 3D drift-
reduced Brangiskii equations that model plasma dynamics
in the edge layer of the tokamak. The explicit time integra-
tion of such a system yields the need for solving a sequence
of consecutive linear systems, for which both the matrix
and the right-hand-side are time-dependent. As the time
step is constrained to remain small, a very large number of
systems need to be solved, dominating the computational
time. In order to mitigate this, we leverage the history
of previous time solutions in order to reduce, sometimes
drastically, the number of iterations needed by the linear
systems solver. Taking inspiration by existing methods
for implicitly discretized nonlinear evolution problems, our
approach is based on combining the solution of a reduced
order model with randomization. The effectiveness of our
method is demonstrated for academic problems as well as
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large-scale plasma simulations.
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Modeling Interchange Reconnection in the Solar
Corona

Interchange Reconnection (IR) is a magnetic reconnection
scenario which occurs at the boundary between open- and
closed-field regions of the Sun’s atmosphere. When IR con-
nects a hot, dense Active Region to the cooler plasma sur-
rounding it, the resulting discontinuity can lead to field-
aligned shock formation. In this talk, we detail our ef-
forts to simulate this aftermath of IR using our generaliz-
able fluid plasma code. Specifically, we consider the effect
of non-neutrality on post-IR shock formation and prop-
agation through a multi-fluid magnetohydrodynamic ap-
proach. We also discuss the relevance of kinetic-scale be-
havior to such reconnection scenarios. This work was sup-
ported by the NSF through CAREER award AGS-1450230.
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Electron Transport in Bilayer Graphene

In the last decades graphene, thanks to its peculiar char-
acteristics, has attracted the attention of researchers and
engineers and opened new ways for the realization of a
new generation of electronic devices. Nevertheless, being
a gapless conductor in its pristine form, it cannot be used
for modeling Field Effect Transistors (FET), consequently
other solutions have to be investigated to overcome the
problem. A solution is the use of graphene nano-ribbons
which exhibit a band gap inversely proportional to the
width of the strip, another solution is offered by the use
of bilayer graphene where a tunable band gap can be in-
duced by applying an electric field. Here we propose a
preliminary study for a FET, with graphene bilayer in the
active area, by using a Monte Carlo simulation.
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Modelling the Effect of Deep and Shallow Trap
States on Polarization and Depolarization of High
Voltage Polymeric Insulation

We proposes a model to describe polarization and depo-
larization currents observed in thin samples of polymeric
materials under the application of an electric field of magni-
tude comparable to the working conditions of HVDC power
transmition cables. The model requires a reduced number
of parameters with respect to commonly used transport
models. A single carrier with negative charge is consid-

ered. The polarization curves are empirically modeled by
a power law to account for transport assisted by shallow
traps. A simplified model for deep traps with Gaussian
distribution of the density of states is proposed to describe
the depolarization curves. Numerical methods for solving
the model equations and for fitting its parameters to mea-
surement data are discussed. The validity of the model is
confirmed by excellent agreement with experiments.
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Ripples in Free Standing Graphene

Suspended graphene sheets are covered with ripples of size
ranging from 5 to 10 nm and about 1 nm height believed
to be generated by coupling between the bending modes of
the sheet and electronic density. We present an atomistic
model to calculate the free energy that combines a quantum
tight-binding Hamiltonian of electrons in a honeycomb lat-
tice coupled to a classical nonlinear elasticity theory of von
Krmn plates at finite temperature. The strength g of the
electron-phonon coupling controls a transition from a sta-
ble flat configuration of the sheet to a stable rippled phase.
We use a scaling procedure that allows us to effectively
reach larger sheet sizes. By numerically solving the model
for different size scaling, k, we find the critical value of the
parameter, gc, and the stable configuration of graphene.
For any value of k, renormalized elastic constants produce
a critical coupling, gc(T, k), which is a decreasing function
of temperature. As the sheet size measured by k tends
to infinity, gc(T, k) decreases to a limiting value, gc(T ),
approximately as k0.5. In this limit, rippling is a second
order phase transition with a susceptibility that scales as
|gc(T, k)− gc(T )|−γ , with critical exponent γ close to 0.25.
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Charge Transport in Graphene and Application to
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GFETs

Device engineers devote considerable effort for developing
transistor designs in which short-channel effects are sup-
pressed and series resistances are minimized. Scaling the-
ory predicts that a field effect transistor (FET) with a
thin barrier and a thin gate-controlled region will be ro-
bust against short-channel effects down to very short gate
lengths. The possibility of having channels that are just
one atomic layer thick is perhaps the most attractive fea-
ture of graphene for its use in transistors. Main drawbacks
of a large-area monolayer graphene are the zero gap and, for
graphene on substrate, the degradation of the mobility [G.
Nastasi, V. Romano, A full coupled drift-diffusion-Poisson
simulation of a GFET, Commun. Nonlinear Sci. Numer.
Simulat., Vol. 87 (2020), 105300]. In [G. Nastasi and V.
Romano, An efficient GFET structure, IEEE Transaction
on Electron Devices 68 (9) 2021, 4729] the authors pro-
pose a new geometry which seems very promising to get
an efficient Graphene Field Effect Transistor (GFET). The
simulations are based on a degenerate drift-diffusion model.
Here the same GFET is simulated by directly solving the
semiclassical Boltzmann equation by using a Discontinuous
Galerkin approach.
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Micro-Macro Markov Chain Monte Carlo Using
Reaction Coordinate Proposals for Molecular Dy-
namics

In many problems and applications in molecular dynam-
ics, one is typically interested in sampling from the time-
invariant probability distributions of the system. Within
many of these molecular systems, there is a natural time-
scale separation present between the fast (microscopic) dy-
namics, and the slowly changing global conformation of
the molecule determined by a few (macroscopic) variables.
Markov chain Monte Carlo (MCMC) is a general sam-
pling algorithm that has been designed for sampling from
probability distributions determined by a potential energy
function. The objective is to construct a stochastic pro-
cess whose time-invariant distribution is the invariant dis-
tribution of the molecular system By ergodicity, we can
record samples from a single path of the process, and then
these samples are consistent with invariant distribution.
However, when the underlying system has a medium to
large time-scale separation, the MCMC method may re-
main stuck in one of the local minima of the potential en-
ergy function, prohibiting a swift exploration of the com-
plete state space of the molecular system. In my talk, I will
present a new micro-macro MCMC method (mM-MCMC)
in which we first sample from the macroscopic variables,
before reconstructing a new molecular instance that is con-
sistent with the macroscopic value. I will give a detailed
explanation of the algorithm, and show its efficiency on two
molecular examples if time permits.
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A Goal-Oriented Adaptive Hierarchical Method for
Random Elliptic PDEs

This talk presents a goal-oriented adaptive hierarchi-
cal method for approximating deterministic, real-valued,
bounded linear functionals that depend on the solution of
a linear elliptic PDE with a lognormal coefficient field and
geometric singularities in bounded domains of Rd. Our
method adopts a hierarchy with its levels defined by a geo-
metrically decreasing sequence of error tolerances; in con-
trast to standard multilevel methods, where a hierarchy is
chosen based on mesh-element or time-stepping sizes. We
use isoparametric d-linear quadrilateral finite element ap-
proximations. Consider a fixed error tolerance: for each
realization of the random coefficient, we select an associ-
ated mesh from a sequence of deterministic, non-uniform
auxiliary meshes determined by a goal-oriented adaptive
algorithm based on a dual-weighted residual error represen-
tation. We demonstrate our approach for a random elliptic
PDE problem with a geometric singularity similar to that
at the tip of a slit modeling a crack. The source of random-
ness is a lognormal coefficient field, based on a Fourier ex-
pansion with random coefficients. Our adaptive approach
performs well for the lognormal case treated here, despite
the lack of uniform coercivity that cause functional outputs
to vary over orders of magnitude between outcomes.
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Boosting Variance Reduction with Meta Multifi-
delity Estimators

This work introduces meta estimators that combine multi-
ple multi-fidelity techniques based on control variates, im-
portance sampling, and information reuse, to yield a quasi-
multiplicative amount of variance reduction. The proposed
meta estimators are particularly efficient within outer-loop
applications, such as reliability-based design and shape op-
timization, when the input distribution of the uncertainties
changes with the outer-loop iteration. We derive asymp-
totic formulae for the variance reduction of the meta esti-
mators in the limit of convergence of the outer-loop appli-
cations. We demonstrate the meta estimators, using data-
driven surrogates and biasing densities, on an uncertainty
propagation problem from nuclear fusion, namely the esti-
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mation of energetic particle confinement statistics during
a stellarator coil design optimization loop. The numeri-
cally measured speedups agree well with the asymptotic
variance formulas. The meta estimators outperform all of
their constituent variance reduction techniques alone, ulti-
mately yielding two orders of magnitude speedup compared
to standard Monte Carlo estimation at the same computa-
tional budget.
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Multifidelity Methods to Actively Learn from Di-
verse Model Ensembles

Optimization problems characterize a variety of decision
making processes in engineering, whenever a choice e.g.
about a design configuration or an operational action is
expected as an outcome. Simulation-based optimization
methodologies have been proven tremendously powerful to
support these processes for applications across all engineer-
ing domains. Nevertheless, the computational cost associ-
ated with search and assessment of the best final choice
can be very high and, in turn, limit the use of these meth-
ods when problem complexity increases. With focus on
the general case of black-box optimization, this talk will
discuss methods to actively learn from diverse model en-
sembles to inform the decision processes. Different compu-
tational strategies will be considered ranging from estab-
lished frameworks for multifidelity Bayesian optimization
to novel original formulations targeting more efficient use
of both the available models and the computational re-
sources. Methods will be demonstrated over a set of estab-
lished analytical benchmarks; applications to engineering
design problems will also be presented to provide discus-
sion elements for the adoption of these methods to address
real-world optimization challenges.
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UM-Bridge: Coupling Models and Methods for
HPC-Scale Uncertainty Quantification

We present UM-Bridge, a new, universal, language-
agnostic interface for coupling uncertainty quantification
(UQ) and model software. At the example of a paral-
lelized multilevel Markov chain Monte Carlo (MLMCMC)
method inferring the source of a tsunami, we illustrate the
numerous challenges to methods and software arising in UQ
in high-performance computing (HPC) applications. Our

new interface addresses the technical challenges, making it
easy to couple any UQ software to any model software. In
addition, it massively simplifies both the UQ software for
HPC-scale problems as well as the required parallel scaling
of numerical model software by optionally leveraging mod-
ern cloud environments. Finally, we present a new library
of UQ models and benchmarks based on UM-Bridge. It is
easily accessible from virtually any programming language
and provides portability and reproducible results through
containerization.
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Multifidelity Methods for Uncertainty Quantifica-
tion of Pollutant Dispersion Models Using Control
Variates with Estimated Means

Air quality is a pressing public health issue facing modern
society. The World Health Organisation (WHO) estimate
4.2 million deaths are linked annually to ambient air pol-
lution. This issue having a huge impact on society leading
to public measures of frustration such as current attempts
by a group of citizens sue the German government over
its lack of progress in meeting WHO recommendations on
air quality levels presented in 2021. Understanding the
key factors driving air pollution the combination of accu-
rate pollution measurement techniques as well as detailed
computational models of the underlying physical processes.
The uncertainty in the model input leads to uncertainty in
the model output. To quantify this uncertainty we use
a Monte-Carlo (MC) approach based on random samples
from the input parameter PDFs. To improve the compu-
tational efficiency of the MC method we consider a range
of multifidelity computational models and use a control
variate approach to minimise the mean squared error of
estimate of the mean of the model output. The classi-
cal control variate approach assumes known values for the
means of the low fidelity models. In this talk we present
results of techniques used to estimate these means and the
optimal strategy of combining the multifidelity models.
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Handling Corruption in CG and S-Approximate
Conjugate Directions

Solves are a critical operation used in applications ranging
from machine learning to simulations. As computational
architectures continue to diversify, particularly with in-
creased parallelization, highly asynchronous solvers are re-
quired. Furthermore, a need arises for fault tolerant meth-
ods that can natively handle unreliability present in these
new environments. However, for linear systems, few asyn-
chronous methods have been the focus of Algorithm Based
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Fault Tolerance including a robust Push-Sum algorithm, a
robust Alternating Directions Method of Multipliers, and
Asynchronous Jacobi. In this presentation, we motivate
the need for handling corruption in the Conjugate Gradient
Method (CG) and an asynchronous method based on CG
known as s-Approximate Conjugate Directions (s-ACD).
S-ACD aims to leverage the power of CG through local or-
thogonality constraints while using Conjugate Directions
globally to reduce synchronization points and the s-step
framework to further reduce communication. This presen-
tation investigates various corruption schemes, including
corruption during communication. We demonstrate how
the analogs of the orthogonality constraints evolve during
the solves and corruption. Using these metrics, we propose
a detection scheme, and motivate correction schemes. Fi-
nally, we demonstrate the effectiveness of these methods
through numerical experiments. Prepared by LLNL under
Contract DE-AC52-07NA27344. Funded by LLNL LDRD
project 22-ERD-045. LLNL-ABS-840243
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Optimal Size of the Block in Block GMRES on
GPUs: Computational Model and Experiments

The block version of GMRES (BGMRES) is most advan-
tageous over the single right hand side (RHS) counterpart
when the cost of communication is high while the cost of
floating point operations is not. This is the case on modern
Graphics Processing Units (GPUs), while it is generally not
the case on traditional Central Processing Units (CPUs).
In this talk, experiments on both GPUs and CPUs are
shown that compare the performance of BGMRES against
GMRES as the number of RHS increases. The experiments
indicate that there are many cases in which BGMRES is
slower than GMRES on CPUs, but faster on GPUs. Fur-
thermore, when varying the number of RHS on the GPU,
there is an optimal number of RHS where BGMRES is
clearly most advantageous over GMRES. A computational
model is developed using hardware specific parameters,
showing qualitatively where this optimal number of RHS is,
and this model also helps explain the phenomena observed
in the experiments.
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Asynchronous Chebyshev Methods

Iterative methods typically contain many synchronization
points which can scale poorly on massively parallel com-
puters. Additionally, these synchronization costs can be
further amplified when some cores progress more slowly
than others, e.g., when using heterogenous computers or
when faults occur. While asynchronous methods have
recently gained interest, asynchronous versions of cer-
tain fast-converging iterative solvers have yet to be de-
veloped. We present the first asynchronous Chebyshev
method which combines an asynchronous formulation of
Chebyshev with an asynchronous version of the BPX multi-
grid method. Our initial experiments show that using asyn-
chronous Jacobi within asynchronous Chebyshev can re-
sult in divergence in many situations, including for large
problem sizes. This indicates the need for a preconditioner
that provides grid-size independent convergence, which is
why we use a multigrid preconditioner. We present exper-
imental results from an OpenMP implementation of asyn-
chronous Chebyshev.
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Adaptive Nonlinear Domain Decomposition Pre-
conditioning Strategies for Robust and Efficient
Simulation of Field-Scale Subsurface Flow

Macro-scale models of subsurface flow are usually simu-
lated using implicit methods, which lead to large, stiff,
and strongly coupled systems of discrete nonlinear equa-
tions. Newton-type methods work well as long as the
coupling/nonlinearity is balanced in space, but may end
up wasting a lot of computational effort when the domi-
nant nonlinearity is localized. A better alternative is then
to use a nonlinear domain-decomposition preconditioning
strategy (e.g., ASPIN) that first resolves challenging non-
linearities in a local stage before accounting for long-range
iterations in a global, Newton-like stage. This improves ro-
bustness to time-step sizes and initial guess but also intro-
duces higher computational cost per global iteration com-
pared with standard Newton. In this talk, we will discuss
methods to hybridize the two approaches, so that standard
Newton is used when this method converges well, with an
adaptive switch to ASPIN when faced with severe local
nonlinearities. We demonstrate the efficacy of the hybrid
method on examples carefully designed to stress-test the
nonlinear solver as well as on real, industrial simulation
models.
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A Nonlinear Preconditioning Strategy for Solving
Phase-Field Fracture Problems

One of the state-of-the-art methodologies to model crack
propagation is the phase-field approach. In this approach,
a new variable called phase-field is introduced which char-
acterizes the state of the material from intact to fully
broken. Modeling such problems is computationally chal-
lenging due to the highly nonlinear, non-convex, and non-
smooth nature of the underlying energy function. In this
work, we aim to solve such problems, from the perspec-
tive of the optimization methods. We propose to solve
the arising nonlinear problems efficiently using the domain
decomposition methods. For the domain decomposition
approach, we take advantage of the field-split method to
decouple the problem into two sets that are related to the
displacement and the damage variable. This spit allows us
to take advantage of the additive and multiplicative vari-
ants of the Schwarz preconditioned inexact Newton (AS-
PIN/MSPIN) method to solve the nonlinear system. In
this work, we will demonstrate the convergence behavior of
the proposed solution strategies using several benchmark
problems, and also discuss an approach to handle the vari-
ational inequalities. We will also compare these methods
with the widely-used alternate minimization method and
show the benefits of our solution schemes.
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Adaptive Nonlinear Domain Decomposition Meth-
ods

Highly scalable and robust Newton-Krylov domain decom-
position approaches are widely used for the solution of
nonlinear implicit problems. In these methods, the non-
linear problem is first linearized and afterwards decom-
posed into subdomains. By changing this order, that is,
by first decomposing the nonlinear problem, many nonlin-
ear domain decomposition methods have been designed in
the last decades. These methods often show a higher ro-
bustness and a faster nonlinear convergence compared with
classical Newton-Krylov variants. In this talk, Nonlinear-
FETI-DP (Finite Element Tearing and Interconnecting -
Dual Primal) will be discussed. Here, the choice of the
nonlinear elimination set, that is, the set of degrees of free-
dom which are eliminated in a nonlinear fashion, and the
choice of the coarse space have a huge impact on the non-
linear and linear convergence behavior. In this talk, we will
show new results combining recently developed approaches
for the adaptive choice of the nonlinear elimination set with
adaptive coarse spaces.
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Cost Efficient Preconditioners for Vector Field
Problems

When designing preconditioners based on domain decom-
position methods, the coarse space plays a key role. In
order to keep the scalability, the coarse space of low compu-
tational complexity is essential. We introduce a new coarse
space of reduced dimension for vector field problems. Nu-
merical results for the problems in three dimensions are
also presented.

Duk-Soon Oh
Chungnam National University
duksoon@cnu.ac.kr

MS370

Analysis of Latent States Modeling of Biological
Systems Using Hybrid Differential Equation Re-
current Neural Network Models

Physiological dynamic models are often represented using a
system of ordinary differential equations (ODEs). The sys-
tem of ODEs modeling a dynamic system frequently relies
on measurements from multiple nodes. In realistic biologi-
cal systems, it might not be possible to measure these nodes
for a variety of reasons. Incorporating latent states in the
model helps to compensate for the lack of measurements
in such cases. In this talk, we utilize cubature Kalman fil-
ters and recursive Bayesian state estimation with a hybrid
ODE-Neural Network model to approximate the output of
missing ODEs and measurements. We apply this approach
to two models of biological systems: a model of compart-
mental pressures in the human retina and the Hodgkin-
Huxley model for neuron action potentials. Both of these
models include states which cannot be readily measured,
and we demonstrate how our approach can produce accu-
rate estimates in spite of this hurdle.
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Transfer and Multi-Task Learning in Physics-Based
Applications with Deep Neural Operators

Traditional machine learning algorithms are learned in iso-
lation, i.e., a predictive model is trained for a single task. In
cases where multiple tasks are considered, this learning ap-
proach can be computationally prohibitive. Furthermore,
when only few and insufficient labeled data are available
for a given task, training a model from scratch might lead
to overfitting. Transfer learning allows us to leverage in-
formation from a model trained on a source domain with
sufficient labeled data and transfer it to a different but
closely related target domain for which only a small num-
ber of data is available. We propose a new TL framework
for task-specific learning of partial differential equations
(PDEs) under multiple domains that are heterogeneous
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but subtly correlated, based on the deep operator network
(DeepONet). After the training of a source operator re-
gression model, additional given tasks are learned via the
fine-tuning of task-specific layers based on a hybrid loss
function that allows for the matching of individual target
samples while also preserving the global properties of the
conditional distribution of target data. The task-specific
training is based on the conditional embedding operator
theory where conditional target distributions are embedded
onto a reproducing kernel Hilbert space. We demonstrate
the advantages of our approach for various TL scenarios
involving nonlinear PDEs under diverse conditions due to
shift in the geometric domain and model dynamics.
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RaISE: A Framework to Characterize Surrogate
Models in Scientific Machine Learning

We present a novel and unifying framework of characteriz-
ing surrogate models for the emerging field of scientific ma-
chine learning (SciML). In this context, the computational
cost of data collection dominates the cost of surrogate con-
struction or evaluation. Accordingly, we define robustness,
scalability, and efficiency in terms of accuracy. These three
concepts then collectively inform a user-specific notion of
interpretability. We apply this framework to methods of
both function and operator approximation in order to (i)
create a comprehensive and intuitively accessible catalogue
for SciML and (ii) demonstrate the utility of our framework
in practice.
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Learning High-Dimensional Parametric Deriva-
tives with Neural Operators

In this talk we will present efficient strategies for learning
high-dimensional derivative information via neural opera-
tors. By exploiting low-dimensional information of a high-
dimensional map, if it exists, one can both generate and
learn high dimensional derivative information where the
dominant computational costs can be made independent
of the discretization dimensions. Numerical results demon-
strate that this additional derivative information improves

the function approximation, and additionally neural oper-
ators that are not trained on derivative information are un-
likely to produce reliable derivatives with respect to high-
dimensional parameters. Numerical examples will demon-
strate how these derivative informed neural operators can
be used to accelerate the solutions of stochastic optimiza-
tion problems and high-dimensional inference problems.
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Expression Rate Bounds for Neural and GPC Op-
erator Surrogates

Approximation rates are analyzed for deep surrogates of
maps between infinite-dimensional function spaces, which
arise e.g. as data-to-solution maps for linear and non-
linear partial differential equations. Such surrogates may
be used to speed up computations in parameter estima-
tion problems in engineering. We study in particular deep
neural surrogate operators for holomorphic maps between
separable Hilbert spaces, where the operator inputs are
parametrized by stable, affine representation systems such
as frames. Additionally, we discuss an interpolation based
alternative to this framework, that allows for a determin-
istic construction and therefore does not require training
of the network weights. Algebraic and dimension indepen-
dent convergence rates are established in both cases.
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Robust Control Methods for Mean-Field Models
with Uncertainty

We present a class of numerical methods for the control
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of large–scale interacting agent systems, and their mean-
field limit in presence of uncertainties. In particular, we
focus on designing robust controls that allow bounding
the variance of the controlled system over time, and pro-
mote consensus emergence. First, in the spirit of non-linear
model-predictive control, we will discuss the adaptive syn-
thesis of feedback controls based on dynamic information
on moments of linear mean-field dynamics. Second, we
will quantify the robustness of controls deriving bounds
in H∞ setting for stabilizing linear controllers indepen-
dent of the number of agents. Numerical realization of the
high-dimensional uncertain dynamics is assessed by means
of asymptotic mean-field Monte-Carlo methods combined
with generalized polynomial chaos expansion. The perfor-
mance and robustness of the proposed methodologies are
assessed through different examples of interacting agent
systems.
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A Multifidelity Approach to Model-Based Bayesian
Optimal Experimental Design

In many engineering and scientific applications, experi-
ments are vital but costly and time-demanding. As such,
it is often important to find experimental design conditions
that maximize the value of these experiments. Model-
based Bayesian optimal experimental design (OED) pro-
vides a rigorous framework for identifying the ideal de-
sign by leveraging a mathematical model that simulates
the experimental outcomes. We achieve this by quanti-
fying the value of an experiment using the expected in-
formation gain (EIG). This quantity is typically evaluated
numerically using a double-nested Monte Carlo (DNMC)
estimator. However, DNMC can be prohibitively expen-
sive when using a complex and computationally intensive
model. We propose a multi-fidelity approach to accelerate
the OED process, in which an ensemble of EIG estimators
of varying accuracy and cost (e.g. from lower-fidelity mod-
els that use simplified physics, coarsened meshes, or partial
convergence) are combined into a single estimator via the
approximate control variate method. By leveraging the
accuracy-cost tradeoffs of the available models, the multi-
fidelity estimator achieves lower variance in estimating the
EIG criterion. This approach is demonstrated on a nonlin-
ear benchmark and in designing turbulent flow experiments
for inferring the Reynolds-averaged NavierStokes (RANS)
turbulence closure model parameters.
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Reinforcement Learning Framework for Bayesian
Sequential Optimal Experimental Design

Experiments are indispensable for learning and developing
models in engineering and science. When experiments are
expensive, a careful design of these limited data-acquisition
opportunities can be immensely beneficial. Optimal exper-
imental design, while leveraging the predictive capabilities
of a simulation model, provides a rigorous framework to
systematically quantify and maximize the value of exper-
iments. We focus on designing a finite sequence of exper-
iments, seeking fully optimal design policies (strategies)

that can (a) adapt to newly collected data during the se-
quence (i.e. feedback) and (b) anticipate future changes
(i.e. lookahead). We cast this sequential decision-making
problem in a Bayesian setting with information-based util-
ities, and solve it numerically via policy gradient methods
from reinforcement learning. In particular, we directly pa-
rameterize the policies and value functions by neural net-
worksthus adopting an actor-critic approachand improve
them using gradient estimates produced from simulated
design and observation sequences. The overall method
is demonstrated on an algebraic benchmark and a sen-
sor movement application for source inversion. The results
provide intuitive insights on the benefits of feedback and
lookahead, and indicate substantial computational advan-
tages compared to previous numerical approaches based on
approximate dynamical programming.
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Bayesian Optimal Experimental Design for High-
Dimensional Combustion Models

Many scientific and engineering experiments are developed
to study specific questions of interest. Unfortunately, time
and budget constraints make operating these experiments
at a wide range of conditions intractable, thus limiting the
amount of data collected. In this talk, we consider an ap-
plication of Bayesian optimal experimental design to iden-
tify conditions that are expected to be most informative,
measured by the expected information gain. We focus on
inferring specific parameters of a chemically reacting sys-
tem subject to both parametric and model uncertainty. A
physics-based model was developed to simulate the gas-
phase reactions occurring between highly reactive inter-
mediate species in a high-pressure photolysis reactor cou-
pled to a mass spectrometer. The measured time-of-flight
mass spectrum evolves in both time and energy produc-
ing a high-dimensional output at each design. We dis-
cuss how accurate low-dimensional representations of the
high-dimensional mass spectrum are necessary for comput-
ing the expected information gain. Additionally, we em-
ploy Bayesian optimization to efficiently explore over the
constrained design space. We present our results, discuss
trade-offs during the optimization, and outline a workflow
for efficiently computing optimal experimental designs for
high-dimensional models.
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Machine Learning Strategies for Scaling Up Opti-
mal Experimental Design

Objective-based uncertainty quantification via MOCU
(mean objective cost of uncertainty) enables one to mea-
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sure the impact of model uncertainty on the operational
objective to be achieved based on an uncertain model.
Various real-world science and engineering applications in-
volve modeling complex systems based on insufficient data,
where the resulting uncertain model may be used for sub-
sequent tasks such as prediction or control. The ability to
accurately estimate the impact of the uncertainty present
in the current model on the expected performance of these
tasks is crucial for optimal experimental design (OED),
as it allows one to prioritize experiments that can effec-
tively reduce the model uncertainty that practically mat-
ters. While the efficacy of MOCU-based OED has been
demonstrated in several problems, the high computational
cost for MOCU estimation has been a significant obstacle
to its application. In this talk, we present machine learn-
ing (ML) strategies that can remarkably accelerate MOCU
computation, thereby substantially scale-up MOCU-based
OED capabilities.
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Stochastic Methods for Machine Learning

We develop a backward stochastic differential equation
based probabilistic machine learning method, which for-
mulates a class of stochastic neural networks as a stochas-
tic optimal control problem. An efficient stochastic gradi-
ent descent algorithm is introduced with the gradient com-
puted through a backward stochastic differential equation.
Convergence analysis for stochastic gradient descent op-
timization and numerical experiments for applications of
stochastic neural networks are carried out to validate our
methodology in both theory and performance.
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MS372

Reduced-Order Neural Operator Surrogates for

Dynamical System Models

A primary challenge in achieving high accuracy in simu-
lations of physical systems is the expense of resolving the
high dimensional and multiscale nature of dynamical inter-
actions. In order to make many-query predictive simula-
tion of such systems tractable, as required for e.g. design
optimization and uncertainty quantification efforts, accu-
rate surrogate models are typically required. In this work
we employ neural operator surrogates using the deep oper-
ator network (DeepONet) architecture to construct surro-
gates for the full temporal solution of chemical dynamical
systems models arising in plasma and reacting flow ap-
plications. In particular we explore the opportunity for
constructing such surrogates on reduced dimensional rep-
resentations of the chemical species state, propose network
augmentations to overcome expense associated with tem-
poral symmetries arising in the training data, and investi-
gate user-defined temporal modes for accelerating network
training. Results are presented for surrogates applied to
spatially homogeneous chemistry models relevant to CFD
solvers for reacting flows and low-temperature fluid plas-
mas.
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MS372

Representing Subgrid-scale Models with Neural
Ordinary Differential Equations

We explore a new approach to learning the subgrid-scale
model effects when simulating partial differential equations
(PDEs) solved by the method of lines and their represen-
tation in chaotic ordinary differential equations based on
neural ordinary differential equations (NODEs). Solving
systems with fine temporal and spatial grid scales is com-
putationally challenging, and closure models are generally
difficult to tune. We propose a machine-learning strategy
to represent the coarse- to fine-grid map, which can be
viewed as subgrid-scale parameterization. Our approach
is based on NODEs and partial knowledge of the coarse
system; therefore, we learn the source dynamics operator.
Our method inherits the advantages of NODEs and can be
used to parameterize subgrid scales, approximate coupling
operators, and improve the efficiency of low-order solvers.
Numerical results are used to illustrate this approach using
the two-scale Lorenz 96 equation, the convection-diffusion
equation, and the Navier–Stokes equations.
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Sann: Stiffness-Aware Neural Network for Learn-
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ing Hamiltonian Systems

In this talk, I will present stiffness-aware neural network
(SANN), a new method for learning Hamiltonian dynam-
ical systems from data. SANN identifies and splits the
training data into stiff and nonstiff portions based on a
stiffness-aware index, a simple, yet effective metric that can
be used to quantify the stiffness of the dynamical system.
This classification along with a resampling technique al-
lows one to apply different time integration strategies such
as step size adaptation to better capture the dynamical
characteristics of the Hamiltonian vector fields. SANN has
been evaluated using complex physical systems including a
three-body problem and billiard model. The results show
that SANN is more stable and can better preserve energy
when compared with the state-of-the-art methods, leading
to significant improvement in accuracy.
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MS373

Leveraging Exascale Computing Resources for
Particle-In-Cell on GPU (PIConGPU)

This talk will discuss challenges and success stories while
migrating the plasma application, PIConGPU to ORNL
Frontier exascale system. PIConGPU is one of the 8 CAAR
(Center for Accelerated Application Readiness) codes cho-
sen by ORNL to stress test the hardware and software of
Frontier. The talk will also cover recent results and soft-
ware tools used to analyze performance while preparing
PIConGPU for the Frontier system.
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Scalable, Performance Portable Particle-in-Cell
Modeling with WarpX

WarpX is an electromagnetic and electrostatic particle-in-
cell code that is being developed as part of the Exascale
Computing Project. Originally designed for particle accel-
erator modeling, WarpX has also been used for a variety of
other scientific applications, including laser-plasma inter-
action and astrophysical plasmas. WarpX includes several
advanced algorithmic options, including psuedo-spectral
analytical time-domain (PSATD) solvers and the ability
to operate in Lorentz-boosted reference frame. Powered
by the AMReX framework, WarpX can run on a variety of
CPU and GPU-based platforms and has been scaled up to
some of the most powerful supercomputers in the world,
such as Frontier. In this talk, I will give an overview of the
WarpX project and discuss some of the optimizations that
allowed WarpX to take advantage of these machines.
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The Cabana Particle Library and Cabana-Based
PIC Applications

We first describe the Cabana library, developed as part of
the Exascale Computing Project (ECP) by the Co-design

center for Particle Applications (CoPA). Cabana extends
Kokkos, a library for performance portability across paral-
lel architectures (of particular interest, Summit and Fron-
tier), for particle applications. Cabana includes particle
data structures, particle algorithms, and particle commu-
nication (MPI) capabilities, as well as structured grids with
corresponding grid algorithms, grid communication, and
particle-grid algorithms. Next, we detail the development
of Picasso, a library built on Cabana for PIC algorithms,
and PicassoMPM, a new MPM application for additive
manufacturing built in collaboration with the ECP Ex-
aAM center. In addition, use of Cabana within the XGC
plasma physics application is discussed. Finally, the use
of Cabana for PIC algorithmic exploration is described,
including sparse grid and collision kernel examples.
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Dynamic Parallelization of Multi-Dimensional La-
grangian Random Walk, Mass-Transfer Particle
Tracking Schemes

Lagrangian particle tracking schemes allow a wide range of
flow and transport processes to be simulated accurately,
but a major challenge is numerically implementing the
inter-particle interactions in an efficient manner. Our work
improves upon a multi-dimensional, parallelized domain
decomposition (DDC) strategy for mass-transfer particle
tracking (MTPT) methods. We show that this can be ef-
ficiently parallelized by employing large numbers of CPU
cores to accelerate run times. Current, static DDC meth-
ods fix each processor’s area of responsibility for the du-
ration of the simulation and provide ample speedup when
particle density is approximately constant throughout the
domain. However, this type of DDC does not guarantee
proper load balance in simulations with, say, a highly het-
erogeneous velocity field. Our algorithm relies on particles
that move within each time step, and their corresponding
information must be manually moved between processors
when necessary. In this work, we investigate and compare
two different procedures for dynamically decomposing the
domain to address work imbalance amongst processors—
one being a moving geometric DDC and the other be-
ing a tree-based neighbor search. In theory, each method
presents advantages over the other, which prompted this
study for the method we should use moving forward. Both
new techniques provide significant speedup over their se-
rial versions, and we observe further advantages than their
parallelized predecessors.
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MS373

Hipace++: Progress on the Quasi-Static Particle-
in-Cell Method on GPU

Simulations of plasma-based accelerators with the particle-
in-cell (PIC) method are notoriously expensive, as they re-
quire a nanometer-scale resolution over a meter-scale prop-
agation distance. Due to the Courant condition, this scale
discrepancy results in a very large (many millions) number
of time steps for a production simulation, which can be un-
workable. The quasi-static PIC method is a reduced model
not subject to the same Courant condition, thus accelerat-
ing these simulations by orders of magnitude. Developed
in the last few years, HiPACE++ is the first quasi-static
PIC code fully running on GPU. In this algorithm, a 3D
problem is decomposed into many 2D problems (one per
longitudinal cell). HiPACE++ exploits this property to
reduce the volume of communications by orders of mag-
nitude and harness the effectiveness of single-GPU FFTs
and multi-grid solves. We will discuss the main algorithm
tweaks needed to fully port the quasi-static PIC method
on GPU (Nvidia or AMD) based on the AMReX library.
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Quantum Algorithms for Solving Partial Differen-
tial Equations

Recently we have developed quantum algorithms for solv-
ing the Navier-Stokes equations governing the motion of
classical fluids, as well as arbitrary systems of partial dif-
ferential equations. In this talk we briefly describe the
construction of these quantum algorithms and the regimes
where they provide a quantum speed-up. We then dis-
cuss ongoing work extending these algorithms in multiple
directions. First, we describe quantum circuits that imple-
ment the quantum oracles appearing in these algorithms
so that they are now expressed entirely as quantum cir-
cuits. We then discuss how the original spatial discretiza-
tion based on finite-difference methods can be replaced
by: (i) finite-element; (ii) finite-volume; and (iii) spectral
methods. Lastly, we discuss the extension of the quantum
Navier-Stokes algorithm to problems in magnetohydrody-
namics and plasma dynamics. We emphasize that these
quantum algorithms open up a large new application area
for quantum computing quantum simulation of classical
nonlinear continuum systems and fields which have sub-
stantial economic and scientific impact.
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MS374

Efficient Quantum Lattice Boltzmann Method Im-
plemented in Qiskit

The emergent field of quantum computing is of increas-

ing interest to the computational scientist and engineer.
Specifically the quantum computers capability to work in a
space that is exponentially large with the respect of quan-
tum bits available, can lead to some exciting speed ups
when properly exploited. In the field of computational
fluid dynamics the prospect of working with an exponen-
tially large storage space is particularly interesting, but
currently little research is being done on this topic as it
cannot yet be realised on today’s Noisy Intermediate Scale
Quantum (NISQ) computers. In this presentation we in-
troduce a novel start-to-end quantum algorithms for the
efficient simulation of the collisionless lattice Boltzmann
equation on universal quantum computers. Our approach
supersedes earlier work in this direction both in its compu-
tational efficiency and its ability to handle all types of flow
configurations. We verify the correct functioning of our ap-
proach and its true quantum-readiness by providing a refer-
ence start-to-end implementation in Qiskit and presenting
numerical results for difference benchmark computations.
Next to this verification by example we give correctness
proofs for the novel building blocks of our algorithm.
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MS374

Hybrid Quantum-Classical Reservoir Computing
for Thermally Driven Fluid Flows

Quantum computing and machine learning have changed
our ways to process data fundamentally in the last years. A
combination of both can be a promising way to accelerate
data processing in the near future. Here, we discuss the
porting of a classical recurrent neural network algorithm
in the form of a reservoir computing model to a quantum
computer. We simulate the nonlinear chaotic dynamics of
Lorenz-type models for a classical two-dimensional thermal
convection flow by a hybrid quantum–classical reservoir
computing model. The high-dimensional quantum reser-
voir dynamics are established by universal quantum gates
that rotate and entangle the individual qubits of the ten-
sor product quantum state. A comparison of the quantum
reservoir computing model with its classical counterpart
shows that the same prediction and reconstruction capa-
bilities of classical reservoirs with thousands of perceptrons
can be obtained by a few strongly entangled qubits. This
strong entanglement is shown to be essential for the per-
formance of the quantum reservoir computing algorithm.
Furthermore, the quantum reservoir computing model is
implemented on a real noisy IBM quantum computer and
compared with ideal quantum simulators. Our work opens
the door to model the dynamics of classical complex sys-
tems in a high-dimensional phase space effectively with an
algorithm that requires a small number of qubits.
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MS375

Higher Order Generalized Nystrom Approxima-
tion

The growing abundance of data that is naturally repre-
sented in a multi-way format, such as high-dimensional
arrays of numbers, has become a common occurrence in
various fields such as computer vision, natural language
processing, and bioinformatics. These types of data often
poses a computational challenge as they can be too large
to store in memory. To effectively analyze and extract
insights from such data, efficient low-rank tensor approxi-
mation methods are needed. In this paper, we introduce a
higher-order Generalized Nystrom approximation method
for low-rank Tucker approximations of tensors. We pro-
vide theoretical guarantees for the expected approximation
error and computational complexity of our approach, es-
tablishing it as promising solution for working with large,
multi-dimensional datasets.
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Block Subsampled Randomized Hadamard Trans-
form for Low-Rank Approximation on Distributed
Architectures

In this talk we discuss a novel structured random ma-
trix composed blockwise from subsampled randomized
Hadamard transforms (SRHTs). The block SRHT is
expected to outperform well-known dimension reduction
maps, including SRHT and Gaussian matrices, on dis-
tributed architectures with not too many cores compared
to the dimension. We discuss the oblivious subspace em-
bedding property of block SRHT transform and outline
that the required number of rows is similar to that of the
standard SRHT. We then present different experimental
results showing the accuracy and the performance on par-
allel architectures obtained when using this transform.
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MS375

A Fast Randomized Algorithm for Computing the
Null Space

In this talk, we examine the effect of sketching on the right
singular vectors corresponding to the smallest singular val-

ues of a tall-skinny matrix. We describe a randomized algo-
rithm for approximating the trailing right singular vectors
and examine the quality of the solution using multiplicative
perturbation theory. For an m × n (m � n) matrix, the
algorithm runs with complexity O(mn log n+ n3) which is
faster than the standard O(mn2) methods.
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Exploring the Potential of Sketched Rayleigh-Ritz
in Unrestarted Lanczos and Restarted Davidson
Methods

Sketching methods have been increasingly popular for solv-
ing large scale least-squares problems. Recently a sketched
Rayleigh-Ritz method proposed by Nakatsukasa and Tropp
promises to avoid orthogonalization in Krylov methods.
This is important for eigenvalue problems where ghost
eigenvalues rise quite fast unless some form of reorthog-
onalization is used in the Lanczos method. In this work,
we explore the computational tradeoffs of sketched Krylov
methods by providing a high performance implementation
within the PRIMME software package and comparing with
traditional methods.
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MS376

High Resolution Level-Set Methods in Fluids and
Materials

Free boundary problems are ubiquitous in science and engi-
neering but their numerical solutions are challenged by the
fact that (1) smaller scales influence larger one in a non-
trivial manner, which demands efficient adaptive gridding;
(2) boundary conditions, including sharp jump conditions,
must be imposed on a moving and irregular boundary and
(3) nonlinearity requires advanced numerical schemes. I
will present a framework that seeks to address these chal-
lenges and I will present some of their applications in the
field of fluids and materials.
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A Numerically Consistent Unstructured Volume-
of-Fluid Discretization for the Two-Phase Momen-
tum Convection with High-Density Ratios

We extend the numerically consistent discretization of
the single-field two-phase momentum convection from the
ρLENT method an unstructured Level Set / Front Track-
ing method to the isoAdvection VOF method. The numer-
ical consistency of the momentum convection term in the
discretized single-field Navier-Stokes equations is crucial
for the numerical stability when simulating two-phase flows
with high density ratios. We use an auxiliary mass trans-
port equation to ensure the numerical consistency. A care-
ful derivation of the unstructured VOF discretization indi-
cates that an exact solution of the volume fraction equation
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is equivalent to solving this auxiliary mass equation. How-
ever, equation discretization is unavoidable, and it intro-
duces the inequality between the numerical integration of
the mass flux ρfFf and the geometrical integration of the
phase-specific volume by the VOF method. Two numeri-
cally consistent discretizations are possible with the isoAd-
vection VOF method. First, an auxiliary mass equation
can be solved, while carefully dealing with the face-centered
density. Second, an appropriate discretization scheme cho-
sen for the momentum convection term stabilizes the solu-
tion. Multiple droplet studies with the density-ratio range
ρ−/ρ+ ∈ [1, 10000] are used to verify the discretization.
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Challenges and Opportunities in Cut-Cell Grid
Generation: An Applied Perspective

Adaptive cut-cells grids are exceptionally useful for sim-
ulations of low-temperature filamentary plasma, with ap-
plications in high-voltage technology, aerodynamics, and
plasma medicine. A common theme in these applications is
that they often combine complex geometries with the need
for deep mesh refinement. Additional challenges for cut-cell
grid generation arise due to: 1) Inefficient representation
of implicit functions (e.g. for surface tessellations), and 2)
load imbalance. In this talk we discuss how to efficiently
represent complex geometries by reconstructing signed dis-
tance functions using bounding volume hierarchies. We
also discuss approaches for robustly load-balancing the cut-
cell generation, and provide simple strategies for dealing
with the inherent load imbalance associated with the evalu-
ation of the resulting implicit function. Finally, we provide
algorithms for accelerating implicit function evaluations for
composite geometries.
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A High-Order Cartesian Grid, Finite Volume
Method for Elliptic Interface Problems

In this work we solve the elliptic PDE−βu+∇·(ηF(u)) = f
where β, η and f may be discontinuous across an interface.
Our scheme builds upon the finite volume, Cartesian grid
embedded boundary method developed by Devendran et.

al (2017), which utilizes weighted least-squares interpola-
tion to construct stencils in complex geometries. We ex-
tend this technique to 1) enforce jump conditions at an
interface and 2) solve elliptic PDEs with variable and dis-
continuous coefficients. We consider the flux F(u) = ∇(u)
and demonstrate high-order convergence for various geome-
tries, source terms, and coefficients.
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A 3D High-Order, Multiresolution Immersed Ge-
ometry Method for Multiphysics Problems

We present an overview of our work on a 3D high-order,
finite-difference based immersed interface method for mul-
tiphysics problems, implemented within a multiresolution
adaptive grid software framework. In this talk we specifi-
cally highlight on three features of our approach. First, we
discuss our method to achieve a high-order (third or more)
spatial discretization all the way up to the boundary for
three-dimensional geometries with both convex and con-
cave features. Second, we will present our two-sided inter-
face treatment which enables the solution of separate phys-
ical problems on either side of the interface, which may be
coupled through the boundary conditions. Third, we will
discuss the implementation of this methodology in our in-
house multiresolution adaptive grid solver MURPHY, and
the scalability of this implementation on massively parallel
compute architectures.

Wim van Rees, James Gabbard, Thomas Gillis
MIT
wvanrees@mit.edu, jgabbard@mit.edu, tgillis@mit.edu

MS377

Data-Driven Reduced Order Models for Nonlinear
Optimal Control

Modeling and control of high-dimensional, nonlinear
robotic systems remains a challenging task. While various
model- and learning-based approaches have been proposed
to address these challenges, they broadly lack generalizabil-
ity to different control tasks, rarely preserve the structure
of the dynamics, and are unable to tractably bridge the
gap between having accurate, but low-dimensional mod-
els. In this work, we propose a new, data-driven ap-
proach for extracting low-dimensional models from data
using Spectral Submanifold Reduction (SSMR). In con-
trast to other data-driven methods which fit dynamical
models to training trajectories, we identify the dynam-
ics on generic, low-dimensional attractors embedded in the
full phase space of the robotic system. This allows us to
obtain computationally-tractable models for control which
preserve the system’s dominant dynamics and better track
trajectories radically different from the training data. We
demonstrate the superior performance and generalizabil-
ity of SSMR in dynamic trajectory tracking tasks vis--vis
the state of the art, including Koopman operator-based



384 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 383

approaches.
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Piecewise Quadratic Approximation Manifold for
Nonlinear Projection-Based Model Order Reduc-
tion

A piecewise quadratic approximation manifold is pro-
posed for mitigating the Kolmogorov barrier to projection-
based model order reduction (PMOR). After the com-
puted solution snapshots are clustered, each local model
is trained in two steps using an approach that builds
on the data-driven procedure underlying the construc-
tion of traditional (affine) projection-based reduced order
models (PROMs). The overall approach is application-
independent and linearization-free. Consequently, it is
more robust than alternative approaches for the solution of
highly nonlinear problems. If for a convection-dominated
turbulent flow problem a PMOR method equipped with
the traditional piecewise-affine approximation delivers a
certain level of accuracy using a local PROM of average
dimension n, the proposed PMOR approach produces a
piecewise quadratic PROM that delivers a similar level
of accuracy using however an average local dimension of
roughly

√
2n. It is shown that when implemented within

the least-squares Petrov-Galerkin (LSPG) PMOR method
and equipped with the energy conserving sampling and
weighting (ECSW) hyperreduction method, the proposed
piecewise quadratic approximation manifold accelerates
the solution of a benchmark turbulent flow problem by
more than four orders of magnitude. It also accelerates
the solution of such a problem using a traditional PROM
by two orders of magnitude.
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Dynamics-Based Model Reduction of Nonlinear Fi-
nite Element Problems

The prediction and continuation of steady-state response

poses a serious computational challenge for full-scale non-
linear finite element models of realistic engineering sys-
tems. Model reduction techniques based in rigorous dy-
namical systems theory aim to reduce such nonlinear sys-
tems over low-dimensional, attracting invariant manifolds.
The low-dimensional dynamics of these invariant manifolds
acts as a mathematically exact reduced-order model for the
full, high-dimensional system. In particular, the recent the-
ory of Spectral Submanifolds (SSM) allows for such a rig-
orous model reduction and leads to reliable steady-state re-
sponse predictions within feasible computation times. Fur-
ther developments have made the direct computation of
such invariant manifolds and their reduced dynamics scal-
able to realistic, nonlinear finite-element models. In this
talk, we review the basics of SSM theory and computation.
We demonstrate applications of SSM-based reduced-order
models towards the extraction of nonlinear forced response
curves in realistic finite-element models of mechanical sys-
tems.
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Sensitivity Analysis of Frequency Response Curves
Using a Parametric Reduced Order Model and
Harmonic Balance

In MEMS industry, designers often resort the large FE
models to characterize new devices. This process is com-
putationally cumbersome, even more so when dealing with
nonlinearities due to large deformations. On top of this, as
MEMS production processes lead to considerable geomet-
ric imperfections, the performance spread of each device
must be assessed during the design phase. A popular way
to do so is the Monte Carlo method, but it requires thou-
sands of simulations. To alleviate the computational bur-
den of these repeated nonlinear analyses, not be feasible
in practice, we recently developed a parametric ROM for
shape defects in the geometry. Using the Harmonic Bal-
ance method (HB), we were able to compute Frequency
Response Curves (FRC) in the matter of minutes. How-
ever, even if way more efficient than running the full order
model, repeating these simulations thousands of times is
still unacceptable. To overcome these difficulties, we pro-
pose a HB Sensitivity Analysis, which approximates the
nominal solution (i.e. without defects) with a Taylor series.
This way, after the nominal solution and the sensitivities
are computed, the FRC for each new parameter realization
will be given simply through an update. Different strate-
gies to achieve this goal are discussed on a simple non-
linear oscillator, with special care for the closure equation
required for the well-posedness of the problem. Finally, the
computational benefits of the method are assessed on a FE
model of a MEMS device.
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Parametric Reduced-Order Modelling of Contact
Mechanics for the Efficient Dynamic Simulation of
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Bolted Structures with Changes in Pretension

Bolted joints play an important role in mechanical sys-
tem assemblies to connect different components and mate-
rials. The varying contact conditions at the large frictional
contact area, which can highly depend on the pretension,
inevitably change the properties of joints. Consequently,
the dynamic behavior of the system is influenced and it is
desirable to predict and assess these influences from a de-
sign point of view. However, commonly used finite element
models can result in large sizes for complex systems while
the contact mechanism requires complicated time-domain
iterative solvers, making the computation time-consuming.
Therefore, a parametric model order reduction strategy is
proposed for the efficient simulation of bolted structures
with changes in pretension. This strategy uses a Craig-
Bampton rationale, in which the second-order Krylov sub-
space is applied for reduction and parameterization for pre-
tension. Due to the large dimension of contact surfaces,
the contact surface reduction is applied based on the com-
bination of characteristic constraint modes and joint in-
terface modes. To compute the time-domain dynamics of
the reduced model, the dual loop contact algorithm for
the augmented Lagrange multiplier method in conjunction
with Newmark method is employed. The efficiency and ac-
curacy of the proposed reduction method is illustrated by
the time domain displacements and detailed contact condi-
tions of a proof-of-concept bolted structure under different
pretensions.
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Massive Graph Analytics in Arkouda

Due to the emergence of massive real-world graphs, whose
sizes may extend to terabytes, new tools must be developed
to enable data scientists to handle such graphs efficiently.
These graphs may include social networks, computer net-
works, and genomes. In this talk, we present our novel
graph package, Arachne, to make large-scale graph analyt-
ics more effortless and efficient based on the open-source
Arkouda framework. Arkouda has been developed to al-
low users to perform massively parallel computations on
distributed data with an interface similar to NumPy. In
this package, we developed a fundamental sparse graph
data structure and then built several useful graph algo-
rithms around our data structure to form a basic algorith-
mic library. Benchmarks and tools were also developed
to evaluate and demonstrate the use of our graph algo-
rithms. The graph algorithms we have implemented thus
far include breadth-first search (BFS), connected compo-
nents (CC), k-Truss (KT), Jaccard coefficients (JC), tri-
angle counting (TC), and triangle centrality (TCE). Their
corresponding experimental results based on realworld and
synthetic graphs are presented. Arachne is organized as
an Arkouda extension package and is publicly available on

GitHub (https://github.com/Bears-R-Us/arkouda-njit).
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GBTLX: High Performance Code Generation of
Graph Applications

We propose GBTLX, a code generation framework that
translates a linear algebraic graph program written with
a high level library into a program that would be written
by a domain expert. In the front end, GBTLX captures
the set of graph library calls within the program. This is
then sent to the code generation system, SPIRAL, for se-
mantic analysis and optimization. If a known algorithm is
found, SPIRAL will generate a domain expert algorithm in
place of those library calls. The code generation process is
built with the same building blocks that makes linear alge-
braic graph processing so appealing, and uses a rule based
system to transform those building blocks into known al-
gorithms. The process also supports various graph repre-
sentations and hardware architectures. The end result is a
single source framework that provides domain knowledge
at both the algorithmic and architectural level, while keep-
ing a user-friendly medium, a high level library. We show
that the generated code for GBTLX achieves performance
comparable to others in the larger community.
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HPC Graph Analytics on the OneGraph Model

Current graph databases generally support one of the two
graph models: W3Cs Resource Description Framework
(RDF) or Labeled Property Graphs (LPG). Each comes
with its own modeling features and disjoint query lan-
guages. At Amazon Neptune, we are developing a single,
unified graph data model that embraces both RDF and
LPG, that we named OneGraph (1G). We are also building
a scalable computational infrastructure that will support
both OLTP and OLAP workloads on 1G model. In this
talk, I will present challenges of supporting HPC Graph
analytics on this new computational framework.
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Writing Custom GPU Linear Algebra Kernels for
Fun and Peak Performance

GPU programs that achieve peak performance are notori-
ously difficult to write, as they require the author to not
only reason about concurrent execution, but also have an
appreciable understanding of the underlying microarchitec-
ture. Although vendor libraries provide basic kernels such
as the BLAS suite, with modern workloads, it is becoming
increasingly critical to accelerate their custom computa-
tions that have been codesign with the application algo-
rithm in mind and are less likely to be supported by ven-
dors out of the box due to their bespoke nature. In this
talk, we motivate the need for custom GPU linear algebra
kernels by taking our efforts to run all pairs shortest path
on Summit and Frontier supercomputers as a case study,
and highlight the features of our library, CUDA Algebra
for Semirings (cuASR) that emerged from it. Highlighting
this as a user story, we go over how it influences the design
philosophy for open source vendor libraries that are ex-
pected to be extended by users, and we conclude with the
new features in NVIDIA CUTLASS and how one can ex-
tend its abstractions to author custom kernels that achieve
peak performance on modern CUDA hardware.
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Estmating Rare Event Probabilities with Stein
Variational Gradient Descent

Stein variational gradient descent (SVGD) is a recently
proposed approach to sampling from Bayesian posterior
distributions. The method – unlike many variational infer-
ence approaches - avoids explicitly parametrizing posterior
approximations. Instead, approximations are formulated
implicitly as a sequence of measure transports starting
from the prior distribution. In this work, we aim at repur-
posing SVGD for estimating rare event probabilities in the
order of 10−3 −−10−10. We use importance sampling (IS)
and employ SVGD to approximate the optimal importance
sampling density. The latter is straight-forward based on a
well-known analogy between sampling from Bayesian pos-
teriors and optimal IS distributions: the indicator function
of the rare event is treated as the likelihood and estimat-
ing the rare event probability amounts to estimating the

marginal likelihood or model evidence. In order to avoid
non-smooth (indicator) likelihoods, we employ a smooth
approximation of the rare event indicator function. We
discuss the choice of the smooth indicator approximation
and adaptively choosing the smoothing parameter appear-
ing therein, which yields a rare event pendant to annealed
SVGD approaches for Bayesian inference. Several exam-
ples are used to benchmark the efficacy of our approach
against state-of-the-art methods for estimating rare event
probabilities.
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Power System Event Location via DEIM

Real-time event analysis is critical for the successful se-
curity and operation of electrical power systems. Gone
unchecked, local disturbances can cascade into wide area
failures (see e.g., the 2003 Northeastern United States
blackout). Data-driven analysis techniques based on low-
rank matrix factorizations of system measurements have
gained popularity in recent years due to the increased de-
ployment of phasor measurement units (PMUs). In this
talk, we introduce a selection procedure for locating the
source power system events from real-time data based on
the Discrete Empirical Interpolation Method (DEIM). The
DEIM selection algorithm parses the dominant singular
vectors of the collected measurements in order to select
a set of representative row indices, each corresponding to
measurements at a particular bus. These selected indices
serve as a proxy for identifying the buses most affected by
an event, and locate the source of the initial fault with high
accuracy. Numerical results involving synthetically gener-
ated PMU data illustrate the effectiveness of the proposed
approach.
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Camera: A Method for Cost-Aware, Adaptive,
Multifidelity, Efficient Reliability Analysis

Estimating probability of failure in aerospace systems is
a critical requirement for flight certification and qualifi-
cation. We propose a method to use models of multiple
fidelities that trade accuracy for computational efficiency.
Specifically, we propose the use of multifidelity Gaussian
process models to efficiently fuse models at multiple fi-
delity, thereby offering a cheap surrogate model that em-
ulates the original model at all fidelities. Furthermore, we
propose a novel sequential acquisition function-based ex-
periment design framework that can automatically select
samples from appropriate fidelity models to make predic-
tions about quantities of interest in the highest fidelity.
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We use our proposed approach in an importance sam-
pling setting and demonstrate our method on the fail-
ure level set estimation and probability estimation on syn-
thetic test functions as well as two real-world applications,
namely, the reliability analysis of a gas turbine engine
blade using a finite element method and a transonic aero-
dynamic wing test case using Reynolds-averaged Navier–
Stokes equations. We demonstrate that our adaptively con-
structed multifidelity surrogate model is guaranteed to pre-
dict the true failure level set with high probability.

Ashwin Renganathan
University of Utah
ashwin.renganathan@utah.edu

MS379

Adaptive Failure Probability Estimation with
Gaussian Processes

Efficiently approximating the probability of system fail-
ure has gained increasing importance as expensive simula-
tions begin to play a larger role in reliability quantification
tasks in areas such as structural design, power grid testing,
and safety certification among others. This work develops
an adaptive approximation scheme for efficiently quanti-
fying the probability a simulation exceeds a given failure
threshold subject to a prior distribution on system param-
eters. Our method iteratively updates a Gaussian process
by IID sampling from a density proportional to the point-
wise expected-weighted-misclassification-rate. Probabilis-
tic error bounds are derived to enable an adaptive stopping
criterion. We show this method achieves the same error as
standard Monte Carlo techniques using substantially fewer
simulations.
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Identification of Network Vulnerabilities to Cas-
cading Failures

Measures of power grid vulnerability are often assessed by
the amount of direct and instantaneous damage an ad-
versary can exact on the network. The cascading impact
of such attacks is often overlooked, even though it is well
known that cascades are one of the primary causes of large-
scale blackouts. This paper explores modifications of the
power network’s transmission line flow thresholds as can-
didates for adversarial attacks, which are undetectable as
long as they don’t affect line flows at equilibrium. This
forms the basis of a black-box function in a Bayesian op-
timization procedure, where the goal is to find line thresh-
old settings that maximize cascade damage. Notably, the
proposed method is agnostic to the choice of underlying
cascade simulator. Extensive experiments conducted using
a recently developed quasi-steady state cascade simulator
reveal that, contrary to what one might expect, the most
restrictive thresholds do not necessarily produce the most
damaging cascades. More surprisingly, even in a limited re-
source setting where attacks are resource-constrained, one
can find attacks that produce cascades comparable in sever-
ity to those found when there are no resource constraints.
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Bayesian Sparse Dictionary Learning

Dictionary learning can be seen as a possible data-driven
alternative to solve inverse problems by identifying the
data with possible outputs that are either generated nu-
merically using a forward model or the results of earlier
observations of controlled experiments. Sparse dictionary
learning is particularly interesting when the underlying sig-
nal is known to be representable in terms of a few vectors
in a given basis. In this talk we propose to use hierarchi-
cal Bayesian models for sparse dictionary learning that can
capture features of the underlying signals, e.g., sparse rep-
resentation and nonnegativity. The same framework can
be employed to reduce the dimensionality of an annotated
dictionary through feature extraction, thus reducing the
computational complexity of the learning task. Computed
examples where our algorithms are applied to hyperspec-
tral imaging and classification of electrocardiogram (ECG)
will be presented.
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Sparse Bayesian Inference with Regularized Gaus-
sians

In this talk, we will present a method for Bayesian infer-
ence that, unlike many existing Bayesian methods, results
in posterior distributions that assign positive probability
to sparse vectors. We combine Gaussian distributions with
the deterministic effects of sparsity-inducing regularization
like l1 norms, total variation and/or constraints. The re-
sulting posterior distributions assign positive probability to
various low-dimensional subspaces and therefore promote
sparsity. Samples from this distribution can be generated
by solving regularized linear least-squares problems with
properly chosen data perturbations. We will discuss some
properties of the underlying prior and use this methodol-
ogy to derive an efficient algorithm for sampling from a
Bayesian hierarchical model with sparsity structure.
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Certified Coordinate Selection for Linear Bayesian
Inversion with Laplace Prior

In this talk we are presenting a new and comprehensive
method to tackle large-dimensional linear Bayesian inverse
problems with Gaussian likelihood and Laplace prior. The
unknown parameter is represented on an ad hoc basis the
dimension of which can be very large. The inverse prob-
lem is then formulated w.r.t. the basis coefficients (coordi-
nates), and we show how to select a possibly small subset
of them which is most informative w.r.t. the data relative
to the heavy-tailed prior. To this end, we propose a novel
technique for the diagnosis of the contribution of each basis
coefficient that is based on the MAP of the exact poste-
rior density. In the new framework, we perform likelihood-
informed dimension reduction by constructing efficiently a
low-dimensional approximation to the likelihood function
which accounts for the informed coefficients only. In addi-
tion, we provide a tractable upper bound on the resulting
approximation error measured with the Hellinger distance.
We show how MCMC sampling from the approximated but
also exact posterior can be accelerated by using pseudo
marginal MCMC sampling that is performed only on the
selected set of coordinates. In the end of this talk, we
present numerical results from examples in computed to-
mography and image deblurring that affirm the versatility
of our method.
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Computational Strategies for Bayesian Inversion
with Conditionally Gaussian Sparsity Priors

In many practical Bayesian linear inverse problems, im-
portant parameters such as the noise covariance and the
ideal strength of regularization are unknown a priori. Fur-
thermore, adopting a sparse Bayesian learning (SBL) ap-
proach we may wish to employ a sparsity-promoting prior
that strongly promotes sparsity in a linear transform of
the unknown. It has been shown that both concerns may
be addressed using hierarchical Bayesian models that em-
ploy conditionally Gaussian priors with various choices of
hyper-priors. However, the resulting posterior densities are
typically no longer log-concave, which creates convergence
concerns when using either optimization or sampling to
characterize the posterior distribution. With this in mind,
here we study iterative algorithms for posterior point esti-
mation, particularly with regards to more general measure-
ment and regularization settings. In particular, we consider
the scenario that the noise covariance of one or several data
sources are unknown and made part of the inference proce-
dure, and when sparsity is promoted in multiple transforms
of the unknown. We then apply recent data-augmentation
techniques to accelerate the methods for large-scale prob-
lems such as image-deblurring and synthetic aperture radar
(SAR) despeckling. We demonstrate the performance of
our methods on a suite of numerical examples.
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Varying Map Estimators with Varying Assump-
tions in Sparsity Promoting Gaussian Hierarchical
Models

Maximum a posteriori (MAP) estimation, like all Bayesian
methods, depends on prior assumptions. These assump-
tions are often chosen to promote specific features in the
recovered estimate like sparsity. The form of the chosen
prior determines the shape of the posterior distribution,
thus the behavior of the estimator, and the complexity of
the associated optimization problem. Here, we consider
a family of Gaussian hierarchical models with generalized
gamma hyperpriors designed to promote sparsity in linear
inverse problems. By varying the hyperparameters we can
move continuously between priors that act as smoothed �p
penalties with flexible p, smoothing, and scale. We then
introduce methods for tracking MAP solution paths along
paths through hyper parameter space. Path following al-
lows a user to explore the space of possible MAP solutions
under varying assumptions and to test the robustness and
sensitivity of solutions to changes in the prior assumptions.
By tracing paths from a convex region to a non-convex re-
gion, the user can find local minimizers in strongly sparsity
promoting regimes that are consistent with a convex relax-
ation of the same problem derived using a consistent family
of prior assumptions. We show experimentally that these
solutions are less error prone than direct optimization of
the non-convex problem.
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Modeling and Design of Single-Atom Alloy Cata-
lysts

In this contribution, we apply data-driven modeling - i.e.,
molecular simulations and machine learning (ML) - for the
study of CO2 hydrogenation processes (e.g., reverse water-
gas shift) on single-atom alloy (SAA) catalysts, i.e., di-
luted bimetallic materials able to break the scaling rela-
tionships that limit conventional catalysts [RT Hannagan,
et al., Chem Rev 120, 12044-12088, 2020]. We target a
wide combinatory space of elements of the periodic ta-
ble, which makes a direct study with density-functional
theory (DFT) computationally prohibitive. Therefore, we
produce a database of DFT-calculated energies on a lim-
ited number of SAAs and we apply physics-inspired ML
techniques for the extrapolation to a wide range of mate-
rials. We use a graph-based Gaussian Process Regression
ML model (i.e., WWL-GPR) to calculate adsorption en-
ergies [W Xu, et al., Nat Comput Sci 2, 443-450, 2022],
and simpler models (e.g., multivariate regressions) to es-
timate the activation energies of the new materials. We
employ microkinetic modeling to simulate the reaction ki-
netics; then, we apply Sensitivity Analysis and Uncertainty
Quantification to identify the parameters that can improve
the model predictions, and we refine them with additional
DFT calculations. The application of the framework to
CO2 hydrogenation allows us to rationalize how reaction
mechanisms and catalytic activity change with the cata-
lyst composition, paving the way toward the design and
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nano-engineering of SAA catalysts.
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Solving Kinetic Master Equations with Tensor
Trains

The performance of a catalytic surface depends on phys-
ical processes taking place on multiple time scales. On
the time scale of molecular motion, chemical surface re-
actions are rare transitions between metastable basins in
free-energy landscapes. The interplay of these elementary
reactions making up the catalytic cycle can be modeled as a
Markov jump process on the lattice of adsorption sites. The
corresponding Markovian master equation describing the
stochastic reaction kinetics, however, is usually too high-
dimensional to be solved with standard numerical tech-
niques and one has to rely on sampling approaches such as
the kinetic Monte Carlo method. In this talk, we show how
to mitigate the curse of dimensionality for the direct solu-
tion of the kinetic master equation by exploiting tensor
decompositions. We use the tensor-train format to con-
struct probability distributions as well as transition-rate
matrices in form of networks of so-called tensor cores rep-
resenting the different adsorption sites. The performance
of the approach is demonstrated on a reduced model for
the CO oxidation on the RuO2(110) surface. We investi-
gate the complexity for increasing system size as well as
for various reaction conditions and illustrate the advan-
tage over stochastic simulation approaches by a sequence
of problems with increasing stiffness.
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From Transition States to Dynamics Over Long
Time Scales

For many chemical reactions and diffusion mechanisms in
materials, transition states can be characterized by saddle
points on the potential energy surface. Saddle point find-
ing methods can be classified into two categories. First,
there are methods including the nudged elastic band and
string methods which require knowledge of both reactant
and product states to determine a minimum energy path
connecting them. These so-called double-ended methods
are widely used with density functional theory to determine
rates of anticipated reaction mechanisms. A second class
of single-ended methods, generally based upon minimum-
mode following techniques, require only the initial state to
determine possible reaction mechanisms leading to possi-
bly unknown product states. These single-ended methods
require more sampling but they have the power to map out
reactions on a potential surface with minimal user bias. I
will discuss application of these saddle point finding meth-
ods to accelerating molecular dynamics simulations, such
as through the hyperdynamics approach. Also, upon dis-
covering a set of reaction mechanisms from an initial state,
minimum mode following saddle searches can be coupled to
kinetic Monte Carlo to model the evolution of atomic scale
systems over the time scales of the reactions. This adap-
tive kinetic Monte Carlo method can, in favorable cases,
even model the evolution of atomic scale systems to ex-
perimental time scales of seconds or minutes – orders of

magnitude longer time scales than can be reached with
molecular dynamics. A frank assessment of the limitations
of the methods will also be given. Examples will include
molecular reactions on metal surfaces and surface segrega-
tion in bimetallic nanoparticles.
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Conquering the Mesoscale in the Simulation of Sur-
faces and Interfaces via Distributed Lattice-Based
Kinetic Monte Carlo

Kinetic Monte Carlo (KMC) simulations are instrumental
in the multi-scale modelling of surfaces and interfaces. As
an example, such simulations are frequently used to eluci-
date the complex reaction dynamics exhibited by solid cat-
alysts and predict macroscopic performance metrics, such
as activity and selectivity. However, the length- and time-
scales accessible by sequential KMC implementations are
limited, and handling lattices with millions of sites has
been prohibitive due to large memory requirements and
long simulation times. Domain decomposition approaches
could address these limitations, but they require sophisti-
cated algorithms for conflict resolution at the boundaries
between subdomains. Jeffersons Time-Warp algorithm
addresses this challenge via rollbacks and re-simulations
which correct any and all causality violations arising tran-
siently during simulation. Thus, the exact dynamics of
the chemical master equation are finally reproduced. In
this work, we have coupled the Time-Warp algorithm with
the Graph-Theoretical KMC framework enabling the han-
dling of complex adsorbate lateral interactions and reaction
events within large lattices. This approach has been im-
plemented in our general-purpose KMC software Zacros,
and has been validated and benchmarked for efficiency in
model systems as well as realistic chemistries. This work
makes Zacros the first-of-its-kind general-purpose KMC
code with distributed parallelisation capability to study
heterogeneous catalysts.
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Tile-Centric Approximations of The Maximum
Likelihood Estimation for Large-Scale Spatial
Statistics Modeling

Maximum Likelihood Estimation (MLE) is one of the most
popular approaches to model spatial and spatio-temporal
data in Geoscience. It relies on generating an npt×npt co-
variance matrix to describe the underlying geospatial ran-
dom field, where n represents the number of spatial loca-
tions, p is the number of variables, and t is the number of
time slots. When the npt value is large, the MLE calcula-
tion becomes prohibitive with O((npt)3) time complexity.
In the literature, studies have adopted two ways to miti-
gate the computational cost of the MLE operation: high-
performance computing and algebraic approximations. In
this work, we couple parallel processing with matrix ap-
proximation techniques to speed up the MLE operation on
large-scale systems. Moreover, we combine two approxi-
mation techniques, i.e., mixed precisions and low-rank ma-
trix approximations, to deliver higher compression rate and
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faster time-to-solution, while maintaining applications’ ac-
curacy. The results show that our approximation tech-
nique can provide accurate estimates for the statistical pa-
rameters with a considerable performance improvement.
Our experiments were conducted on three different sys-
tems, KAUST Shaheen-II (an Intel Haswell system), HLRS
HAWK (an AMD Epyc Rome system), and Riken Fugaku
(a Fujitsu A64FX system).
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Algorithms, Applications, and Software for H2 Hi-
erarchical Matrices

The H2 hierarchical matrix representation makes it possi-
ble to store and apply certain dense kernel matrices with
linear (optimal) complexity. This makes it promising to
use H2 hierarchical matrices for large-scale scientific and
machine learning applications where these kernel matrices
arise. This talk will discuss recent developments in the effi-
cient and accurate low-rank or interpolative decomposition
needed in H2 hierarchical matrix construction for different
types of kernel matrices from different types of applica-
tions. Recently developed software for these applications

will also be presented.
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Approximate Multifrontal Solver with GPU Accel-
erated Block Low Rank Compression

We present an approximate sparse multifrontal solver with
block low rank compression, used as a preconditioner for
GMRES or BiCGStab. The solver runs on modern GPU
architectures, relying on non-uniform batched dense linear
algebra kernels from the MAGMA and KBLAS libraries.
Various low rank compression kernels are compared, in-
cluding methods based on adaptive randomized sampling,
in terms of accuracy and performance on the GPU. The
multifrontal solver can furthermore combine multiple rank
structured formats, such as block low rank and hierarchi-
cally off-diagonal butterfly, where the choice of approx-
imation method depends on the size of the frontal ma-
trix being compressed. This combination reduces both the
asymptotic complexity as well as the runtime for medium
scale problem sizes. We consider a range of industrial
and academic applications: high frequency Helmholtz and
Maxwell, incompressible Navier-Stokes, etc.
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Learning Dynamics from Images Using La-
grangian/Hamiltonian Structure

In many real-world settings, image observations of physi-
cal systems, such as satellites, may be available when low-
dimensional measurements are not. However, the high-
dimensionality of image data precludes the use of classical
estimation techniques to learn the dynamics, and a lack
of interpretability reduces the usefulness of standard deep
learning methods. In this talk, I will discuss our work
on leveraging Lagrangian and Hamiltonian formalisms in
neural network design for physically plausible neural net-
work based video prediction and generation. In our predic-
tion pipeline we explicitly construct the equations of mo-
tion from learned representations of the underlying phys-
ical quantities, and in our generative model we implicitly
discover the structure of the configuration space.
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Structured Barycentric Forms for Data-Driven
Modeling of Structured Dynamics

Data-driven rational approximation is a key tool in learn-
ing dynamical systems from data. In this talk, we will
first briefly review how the barycentric form of a rational
approximant is employed in learning linear (unstructured)
dynamics from data. Then, we will extend this analysis
and methodology to structured linear systems, such as me-
chanical systems described second-order dynamics, by de-
veloping new barycentric-like forms for these classes of dy-
namical systems. Then, we will further extend the analysis
to special classes of structured nonlinear systems where the
nonlinearity appears as a quadratic output.
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Preserving Lagrangian Structure in Data-Driven
Reduced-Order Modeling of Large-Scale Mechan-
ical Systems

We present a nonintrusive physics-preserving method to
learn reduced-order models (ROMs) of Lagrangian me-
chanical systems. Existing intrusive projection-based
model reduction approaches construct structure-preserving
Lagrangian ROMs by projecting the Euler-Lagrange equa-
tions of the full-order model (FOM) onto a linear subspace.
This Galerkin projection step requires complete knowledge
about the Lagrangian operators in the FOM and full ac-
cess to manipulate the computer code. In contrast, the
proposed Lagrangian operator inference approach embeds
the mechanics into the operator inference framework to de-
velop a data-driven model reduction method that preserves
the underlying Lagrangian structure. The method does not
require access to FOM operators or computer code. The
numerical results demonstrate Lagrangian operator infer-
ence on an Euler-Bernoulli beam model and a large-scale
discretization of a soft robot fishtail with 779,232 degrees
of freedom. Accurate long-time predictions of the learned
Lagrangian ROMs far outside the training time interval
illustrate their generalizability.

Harsh Sharma, Boris Kramer
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Data-Driven Structure-Preserving Model Reduc-
tion for Stochastic Hamiltonian Systems

In this work we demonstrate that SVD-based model re-
duction techniques known for ordinary differential equa-

tions, such as the proper orthogonal decomposition, can
be extended to stochastic differential equations in order
to reduce the computational cost arising from both the
high dimension of the considered stochastic system and
the large number of independent Monte Carlo runs. We
also extend the proper symplectic decomposition method
to stochastic Hamiltonian systems, both with and without
external forcing, and argue that preserving the underlying
symplectic or variational structures results in more accu-
rate and stable solutions that conserve energy better than
when the non-geometric approach is used. We validate
our proposed techniques with numerical experiments for a
semi-discretization of the stochastic nonlinear Schrdinger
equation and the Kubo oscillator.

Tomasz Tyranowski
Max Planck Institute for Plasma Physics
tomasz.tyranowski@ipp.mpg.de
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Unlimited Sampling Meets Super-Resolution

Almost all physical sensors are limited by their dynamic
range. This fundamental bottleneck also limits the practi-
cal utility of the Shannon-Nyquist sampling theorem which
is at the heart of Digital Revolution. This is because ampli-
tudes exceeding the dynamic range of an analog-to-digital
converter (ADC) result in permanent loss of information
due to clipping or saturation. To reconcile this gap between
theory and practice, we introduce a computational sens-
ing approachthe Unlimited Sensing framework (USF)that
is based on a co-design of hardware and algorithms. On the
hardware front, our work is based on a radically different
design, which allows for the ADCs to produce modulo or
folded samples. On the algorithms front, we develop new,
mathematically guaranteed recovery strategies. We show
that recovering signals from modulo folded measurements
is related to the super-resolution and exponential fitting
problems. Thereon, we also consider the reconstruction of
sparse signals from modulo samples which leads to a new
twist in that one ends up into a double super-resolution
problem. We show that our approach is empirically robust
to noise and allows for recovery of signals upto 25 times
modulo threshold, when working with modulo ADC hard-
ware.

Ayush Bhandari
Imperial College London
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Reconstruction of Unresolved Small-Scale Struc-
tures in Isotropic Turbulence Using Deep Learning

Recently, deep learning has been extensively utilized for
modeling and analysis of fluid turbulence. One such ap-
plication is the use of super-resolution (SR) algorithms
to reconstruct small-scale structures from their large-scale
counterparts for turbulent flows. To date, all SR algo-
rithms are either supervised, or require unpaired reference
data at high-resolution for training. This renders the model
inapplicable to practical fluid flow scenarios, where the
generation of high-resolution ground truth by resolving all
scales down to the Kolmogorov scales becomes prohibitive.
Hence, it is imperative to develop physics-guided models
exploiting the multi-scale nature of turbulence. Casting
SR as an inverse problem, we present a self-supervised
workflow based on generative adversarial networks to re-
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construct small-scale structures relevant to homogeneous
isotropic turbulence. In addition to visual similarity, we as-
sess the quality of the obtained reconstruction using spec-
tra, structure functions, and probability density functions
of velocity components and a passive scalar. From the
analysis, we infer that the outputs of the workflow are in
statistical agreement with the ground truth, which is ex-
cluded from the training. Additionally, we observe that
the trained network generalizes well across Reynolds num-
bers. The results from this work lay the foundation to
reconstruct small-scale structures from large-eddy simula-
tion data.
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Espira for Reconstruction of Exponential Sums and
Its Application

In this talk we present our recent results regarding the ES-
PIRA (Estimation of Signal Parameters by Iterative Ra-
tional Approximation) method for reconstruction of expo-
nential sums. As signal model we consider the complex
exponential sums which strongly generalize usual Fourier
sums. As input information the ESPIRA method employs
a set of equidistant signal values and is based on rational
approximation of DFT data. The rational approximation is
done with the use of AAA algorithm developed by Nakat-
sukasa, Ste and Trefethen (2018). Some applications of
ESPIRA will be presented during the talk.

Nadiia Derevianko
Institute for Numerical and Applied Mathematics
University of Göttingen
n.derevianko@math.uni-goettingen.de

Gerlind Plonka
Institute for Numerical and Applied Mathematics
University of Goettingen
plonka@math.uni-goettingen.de

Markus Petz
Institute for Numerical and Applied Mathematics
University of Göttingen
m.petz@math.uni-goettingen.de

MS384

Optimal Algorithm for Super-Resolving Close
Point Sources from Bandlimited and Noisy Data

We consider the problem of recovering a linear combination
of Dirac masses from noisy Fourier samples, also known as
the problem of super-resolution. Following recent deriva-
tion of min-max bounds for this problem when two or more
sources collide, we develop an optimal algorithm which
provably achieves these bounds in such a challenging sce-
nario.

Rami Katz, Nuha Diab
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On the Stability of Sparse Super-Resolution

We consider super resolution (SR) as the nonlinear map-
ping of the low frequency Fourier coefficients of a dis-
crete measure on [0, 1)d to its support and weights. We
focus on weak SR assuming a condition on the separa-
tion of the involved measures similar to the Rayleigh cri-
terion and prove that the reconstruction map satisfies a
local Lipschitz property giving explicit estimates for the
Lipschitz constant depending on the dimension d and the
sampling effort while improving a recent bound on the
assumed separation from Chen/Moitra for d = 2. Tech-
nically, we heavily rely on the construction of localising
functions (extremal functions, minorants) as introduced
by Beurling/Selberg in the 20th century (being less magic
than their famous lattice-interpolating counterparts by
Cohn/Kumar/Miller/Radchenko/Viazovska). We finally
conclude that weak SR is globally Lipschitz continuous
and hence well conditioned when the space of measures
is equipped with the Wasserstein distance as metric.
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Adaptive Choice of Near-Optimal Expansion
Points for Interpolation-Based Reduced Order
Modeling

Interpolation-based methods are well-established and ef-
fective approaches for the efficient generation of accurate
reduced-order surrogate models. Common challenges for
such methods are the automatic choice of good or even
optimal interpolation points as well as a suitable size for
the reduced-order model. An approach that tackles the
first problem for linear, unstructured systems is the Itera-
tive Rational Krylov Algorithm (IRKA), which computes
optimal interpolation points by iterative updates solving
linear eigenvalue problems. However, in the case of struc-
tured systems, the eigenvalue problems resulting from the
corresponding transfer functions are nonlinear such that
the number of potential new interpolation points exceeds
the order of the reduced model. In our work, we pro-
pose an IRKA-inspired iterative interpolation method for
structured systems to compute near-optimal interpolation
points as well as a suitable size for the reduced-order model.
Thereby, the iterative updates of the expansion points are
chosen to yield accurate approximations in specified fre-
quency ranges of interest.
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Optimization-Based Model Order Reduction for
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Stochastic Systems

In this talk, we will connect ideas from model order reduc-
tion for stochastic linear systems and H2-optimal model
order reduction for deterministic systems. In particular,
we supplement and complete the theory of error bounds for
model order reduction of stochastic differential equations.
With these error bounds, we establish a link between the
output error for stochastic systems (with additive and mul-
tiplicative noise) and modified versions of the H2-norm for
both linear and bilinear deterministic systems. When de-
riving the respective optimality conditions for minimizing
the error bounds, we will see that model order reduction
techniques related to iterative rational Krylov algorithms
(IRKA) are very natural and effective methods for reduc-
ing the dimension of large-scale stochastic systems with
additive and/or multiplicative noise. We apply modified
versions of (linear and bilinear) IRKA to stochastic linear
systems and show their efficiency in numerical experiments.
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Certified Optimization with Reduced Order Mod-
els

This talk presents new approaches for the optimization of
expensive large-scale optimization problems using reduced
order models (ROMs). The fundamental idea is to approx-
imate computationally expensive evaluations of objective
and constraint functions and derivatives by inexpensive
ROMs. The challenge is that ROMs need to be adjusted
during the optimization process, and that only asymptotic
ROM error bounds are available. New trust-region and line
search based optimization approaches and their integration
with efficient ROM contructions are presented that are im-
plementable when only asymptotic ROM error bounds are
available and have proven convergence properties.

Matthias Heinkenschloss
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Optimization-Based Model Order Reduction with
Applications in Finance

Solving optimal stopping problems by backward induction
in high dimensions is often very complex since the compu-
tation of conditional expectations is required. Typically,
such computations are based on regression, a method that
suffers from the curse of dimensionality. Therefore, the
objective of this talk is to establish dimension reduction
schemes for large-scale asset price models and to solve re-
lated optimal stopping problems (e.g. Bermudan option
pricing) in the reduced setting, where regression is feasible.
The proposed algorithm is based on an error measure be-
tween linear stochastic differential equations. We establish
optimality conditions for this error measure with respect
to the reduce system coefficients and propose a particular
method that satisfies these conditions up to a small devi-

ation. We illustrate the benefit of our approach in several
numerical experiments, in which Bermudan option prices
are determined.
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Damping Optimization of the Excited Mechanical
System Using Dimension Reduction

In this work a mechanical system excited by a periodic
external force is considered. The main problem is to de-
termine the best damping matrix to be able to minimize
the system average displacement amplitude. Damping op-
timization usually includes optimization of damping po-
sitions and corresponding damping viscosities. Since the
objective function is non-convex, a standard optimization
approach typically requires a large number of objective
function evaluations. We first propose a dimension reduc-
tion approach that calculates approximation of the average
displacement amplitude and additionally we efficiently use
a low rank update structure that appears in the external
damping matrix. Moreover, an error bound which allows
determination of appropriate approximation orders is de-
rived and incorporated within the optimization method.
We also present a theoretical error bound that allows de-
termination of effective damping positions. The methodol-
ogy proposed here provides a significant acceleration of the
optimization process. The gain in efficiency is illustrated
in numerical experiments.
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Data-Driven Uncertainty Quantification for Linear
Systems

Uncertainty propagation and uncertainty quantification is
at the core of many control and optimization problems un-
der uncertainty. In this talk, we discuss the prospect of un-
certainty propagation for finite-dimensional linear systems
in discrete time without explicit knowledge of the actual
system model. We combine the framework of polynomial
chaos expansions with data-driven system representations
stemming from the fundamental lemma. The latter lemma
states that under suitable controllability assumptions, any
finite horizon input-output trajectory of a linear system is
contained in the column space of suitable Hankel matrices
constructed from persistently exciting input data and the
corresponding output trajectories. We show that under
suitable assumptions on the available input-output mea-
surement data, this enables to propagate Gaussian and
non-Gaussian uncertainties through linear systems with-
out explicity model knowledge. We draw upon examples
from energy system networks and from other domains to
illustrate our findings.

Timm Faulwasser, Guanru Pan, Ruchuan Ou
TU Dortmund University
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Uncertainty Quantification in Hierarchical Vehicu-
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lar Traffic Models

It is well known that evolution of vehicular traffic is ex-
posed to the presence of uncertainties. In this talk, starting
from the established hierarchy between microscopic, kinetic
and macroscopic scales, we will investigate the propagation
of uncertainties through the models, applying the intrusive
stochastic Galerkin approach. Connections between the
scales will be presented in the stochastic scenario and nu-
merical simulations will be performed.

Elisa Iacomini, Michael Herty
RWTH Aachen University
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Uncertainty Aware Optimal Allocation for Gas
Transmission Networks Using Finite Element
Methods

We develop a finite volume representation of uncertainty
in solutions of hyperbolic partial differential equation sys-
tems on graph-connected domains with nodal coupling and
boundary conditions. The representation is used to state
the physical constraints in stochastic optimization prob-
lems subject to uncertain parameters. The method is based
on the Stochastic Finite Volume (SFV) approach, and can
be applied for uncertainty management of fluid flow over
actuated transport networks. The method is examined
for steady-state optimization subject to probabilistic con-
straints where the SFV-based representation of the uncer-
tainty is directly incorporated as constraints into a non-
linear programming formulation. The computational ad-
vantages of using higher order quadrature for evaluation of
the probabilistic constraints is explored and demonstrated
using numerical examples.
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Stochastic Finite Volume Method for Uncertainty
Quantification of Transient Flow in Gas Pipeline
Networks

We develop a weakly intrusive framework to simulate
the propagation of uncertainty in solutions of generic hy-
perbolic partial differential equation systems on graph-
connected domains with nodal coupling and boundary con-
ditions. The method is based on the Stochastic Finite Vol-
ume (SFV) approach, and can be applied for uncertainty
quantification (UQ) of the dynamical state of fluid flow
over actuated transport networks. The numerical scheme
has specific advantages for modeling intertemporal uncer-
tainty in time-varying boundary parameters, which can-
not be characterized by strict upper and lower (interval)
bounds. We describe the scheme for a single pipe, and
then formulate the controlled junction Riemann problem

(JRP) that enables the extension to general network struc-
tures. We demonstrate the method’s capabilities and per-
formance characteristics using a standard benchmark test
network.
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Posterior Predictive Variational Inference for Un-
certainty Quantification in Machine Learning

Machine Learning (ML) is increasingly becoming an in-
tegral part of the computational science and engineer-
ing (CSE) toolkit, yet the rigor of uncertainty quantifi-
cation (UQ) for ML has not kept pace with its utilization.
Bayesian inference provides a principled framework for UQ,
yet ML models like Deep Neural Networks (DNNs) chal-
lenge many traditional inference algorithms. This has mo-
tivated the use of approximate Bayesian inference methods
like Variational Inference (VI) within ML. While VI has
significant computational advantages over traditional algo-
rithms like Markov Chain Monte Carlo, many challenges
remain with VI for Bayesian UQ in ML such as the ro-
bustness of UQ to often ad hoc assumptions of variational
family and prior distribution. We seek to mitigate some
of these deficiencies by taking a goal-oriented approach.
Our approach, Posterior Predictive Variational Inference
(PPVI) seeks to optimize VI to make specific predictions.
This means that uncertainty is optimally represented to
answer specific questions at hand. This makes UQ more
accurate for these specified quantities of interest and makes
it easier to understand the robustness of these methods to
assumptions. We will present theory, algorithms, and illus-
trative examples for PPVI to describe its utility to CSE.
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A Study of Bias-Variance in Variational Inferencing
Using Delta Method

Variational inference (VI) is a method from machine learn-
ing that approximates probability densities through opti-
mization. VI has been used in many applications and tends
to be faster than classical methods, such as Markov chain
Monte Carlo sampling.Instead of KL divergence, the evi-
dence lower bound as a cost function is used in optimizing
the parameters of a variational distribution, especially for
high dimensional problems. We explore the technicalities
in using KL divergence in such a scenario, synthesizing es-
timators, and leveraging upon the delta method to study
the bias-variance trade-off. Our objective is to study the
gradient space of the KL divergence with respect to the
variational parameter and to understand how we can re-
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duce its variance using importance sampling. With lower
variance in the gradient information, we can achieve larger
optimization steps, lower the number of samples needed,
which we compare against the ELBO based optimization.
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Deep Ensembles of Variational Approximations

log-likelihood is estimated using the standard evidence
lower bound (ELBO), or improved versions as the impor-
tance weighted ELBO (IWELBO). We propose the mul-
tiple impor- tance sampling ELBO (MISELBO), a versa-
tile yet simple framework. MISELBO is ap- plicable in
both amortized and classical VI, and it uses ensembles,
e.g., deep ensembles, of independently inferred variational
approx- imations. As far as we are aware, the con- cept
of deep ensembles in amortized VI has not previously been
established. We prove that MISELBO provides a tighter
bound than the average of standard ELBOs, and demon-
strate empirically that it gives tighter bounds than the av-
erage of IWELBOs. MIS- ELBO is evaluated in density-
estimation ex- periments that include MNIST and several
real-data phylogenetic tree inference prob- lems. First,
on the MNIST dataset, MIS- ELBO boosts the density-
estimation perfor- mances of a state-of-the-art model, nou-
veau VAE. Second, in the phylogenetic tree in- ference set-
ting, our framework enhances a state-of-the-art VI algo-
rithm that uses nor- malizing flows. On top of the tech-
nical bene- fits of MISELBO, it allows to unveil connec-
tions between VI and recent advances in the importance
sampling literature, paving the way for further method-
ological advances.
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Shape-Changing Trust-Region Methods Using
Multipoint Symmetric Secant Matrices

We consider methods for large-scale and nonconvex un-
constrained optimization. We propose a new trust-region
method whose subproblem is defined using a so-called
shape-changing norm together with densely-initialized
multipoint symmetric secant (MSS) matrices to approxi-
mate the Hessian. Shape-changing norms and dense ini-
tializations have been successfully used in the context of
traditional quasi-Newton methods, but have yet to be ex-
plored in the case of MSS methods. Numerical results sug-
gest that trust-region methods that use densely-initialized
MSS matrices together with shape-changing norms outper-
form MSS with other trust-region methods.
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Distributed Stochastic Inertial-Accelerated Meth-
ods with Delayed Derivatives for Nonconvex Prob-
lems

Stochastic gradient methods (SGMs) are predominant ap-
proaches for stochastic optimization. On smooth noncon-
vex problems, acceleration techniques have been applied to
improve the convergence of SGMs. However, little explo-
ration has been made on applying acceleration to a stochas-
tic subgradient method (SsGM) for nonsmooth nonconvex
problems. Also, few efforts have been made to analyze an
(accelerated) SsGM with delayed derivatives. The informa-
tion delay naturally happens in a distributed system. In
this talk, I will present an inertial proximal SsGM for non-
smooth nonconvex stochastic optimization. Our method
has guaranteed convergence even with delayed derivatives
in a distributed environment. Convergence rate results
are established to three problem classes: weakly-convex
nonsmooth problems with a convex regularizer, compos-
ite nonconvex problems with a nonsmooth convex regular-
izer, and smooth nonconvex problems. In a distributed en-
vironment, the convergence rate of the proposed method
will be slowed down by the information delay. Never-
theless, the slow-down effect will decay with the number
of iterations for the latter two problem classes. We test
the proposed method on three applications. The numer-
ical results clearly demonstrate the advantages of using
the inertial-based acceleration. Furthermore, we observe
higher parallelization speed-up in asynchronous updates
over the synchronous counterpart, though the former uses
delayed derivatives.
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On Machines and CPMIP Metrics Underlying
CMIP Simulations

Since 1995, the Coupled Model Intercomparison Project
(CMIP) has coordinated climate model experiments involv-
ing multiple international modelling teams. This has led to
a better understanding of the Earth’s climate, and CMIP
model experiments have routinely been the basis for fu-
ture climate change assessments made by the Intergovern-
mental Panel on Climate Change (IPCC). Along with all
other aspects of the workflow for the sixth phase, CMIP6,
the Earth System Documentation (ES-DOC) project man-
ages the creation, analysis and dissemination of documen-
tation about the computing platform used to run the vari-
ous ensembles of simulations and their representative per-
formance for the given hardware and CMIP6 model and
experiment, with a dedicated eco-system of tools. The
computational performance evaluation is characterised by
the CPMIP Metrics, a set of measures specifically designed
to capture the actual performance of Earth System Mod-
els (ESMs). We present an overview of the results of all
present submissions by modelling groups towards CMIP6
machine and performance documentation coordinated by
ES-DOC, whilst describing the challenges of collecting and
communicating such information. We briefly look to the
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past and future with regards to the realities and impor-
tance of this task, for example thinking ahead to CMIP7.
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Deep Learning of Seismograms

Seismology is a data-rich and data-driven science in which
the application of machine learning (ML) techniques has
been growing rapidly. Among the various ML techniques,
seismologists quickly recognized and realized the potential
of deep neural networks (DNNs) to address a broad ar-
ray of seismological applications. Much of this is due to
the availability of large-scale datasets and the suitability of
deep-learning techniques for seismic data processing; how-
ever, some aspects of applying AI to seismology are likely
to prove instructive for geosciences more broadly. Deep
learning is a powerful approach, but its application has sub-
tleties and nuances. I will present a systematic overview
of trends, challenges, and opportunities in applications of
deep-learning methods in seismology.
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Global Ocean Modeling on GPUs with Julia

In this talk, we examine the performance of the open-
source Oceananigans.jl software in modeling low to high-
resolution large-scale ocean simulations. The software is
written entirely in the Julia programming language and
uses a rich system of abstractions not easily implemented
in the traditional languages of climate science, such as For-
tran and C. Additionally, by leveraging the Julia infras-
tructure, Oceananigans allows switching the computation
between CPU and GPU architectures seamlessly, making
it the perfect tool to prototype, test, and run large-scale
ocean simulations. We demonstrate the usability and the
performance of Oceananigans by integrating two relevant
global setups, an eddy-permitting simulation at a 0.25-
degree resolution and an eddy-resolving one at a 0.1-degree
resolution. While the former fits entirely on one gaming-
grade GPU, the latter requires parallelizing the computa-
tion on a minimum of three scientific programming GPUs.
We examine the software’s scalability and accuracy along
with the performance for both test cases, showing optimal
results compared to state-of-the-art ocean models. We ar-
gue that it is primarily the use of Julia that allows us to
implement a high-level model that is easy and engaging
but also attains good scaling and absolute performance on
large-scale climate problems.
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DestinE - Digital Twins of the Earth System

As part of the European Commission’s Destination Earth
programme, global, coupled storm-resolving simulations
can contribute to building digital replicas of Earth, thanks
to recent advances in Earth system modelling, supercom-
puting and the adaptation of weather and climate codes for
novel computing architectures. Combined with novel data-
driven deep learning advances, this offers a window into the
future, with a promise to significantly increase the time-
liness and realism of Earth system information. Despite
the significant compute and data challenges, there is a real
prospect to better support global to local climate change
mitigation and adaptation efforts, and complement today’s
existing information. Digital Twins of Earth thus encap-
sulate both the latest science as well as technology ad-
vances to provide near-real time information on Extremes
and climate change in a wider digital environment. Here
users can interact, modify and ultimately create or com-
plement their own tailored information. Partnering with
ESA and EUMETSAT, this is facilitated through complex
workflows akin to a game engine environment provided by
ECMWF’s digital twin engine that closely connects Eu-
roHPC resources for the production of and access to digital
twin data. The underlying system architecture and design
choices will be described and justified.
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A Descent Algorithm for the Optimal Control of
Relu Neural Network Informed PDEs Based on
Approximate Directional Derivatives

We introduce a numerical solver for a class of optimal con-
trol problems with learning-informed semilinear partial dif-
ferential equations (PDEs). The latter have constituents
that are in principle unknown and are approximated by
nonsmooth ReLU neural networks. We argue that a di-
rect smoothing of the ReLU network with the aim to make
use of classical solvers can have significant disadvantages.
This motivates us to devise a numerical algorithm that
treats directly the nonsmooth optimal control problem, by
employing a descent algorithm inspired by a bundle-free
method. Several numerical examples are provided and the
efficiency of the algorithm is shown.
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Trust-Region Method for PDE-Constrained Op-
timization with Total Variation Regularization of
Distributed Integer-Valued Parameters

We are interested in solving mixed-integer PDE-
constrained optimization problems with integer-valued dis-
tributed parameters. The latter are regularized with a total
variation term in the objective. The regularization allows
us to derive first-order optimality conditions of the opti-
mization problem and trust-region subproblems by means
of local variations of the level sets of the distributed param-
eter functions. The latter also allow us to prove that the
iterates of a function space trust-region algorithm (solving
the aforementioned subproblems) converge to first-order
optimal points. We also show how inexactness may be
introduced into the trust-region subproblems and one may
obtain a convergence of the method when discretized sub-
problems are solved.
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Optimization Problems over the Space of Functions
of Bounded Variation with Distributional Gradient
Constraints

We consider non-diffusive variational problems with mixed
boundary conditions and with gradient distributional con-
straints. These problems arise as first order optimality con-
ditions of optimization ones over BV (or Sobolev) spaces
with appropriate gradient constraints, and are useful in
the modelling of the growth of non-homogeneous material
piles. In this setting, the upper bound in the constraint
is either a function or a Borel measure which allows the
pile growth to observe discontinuities. We rigorously iden-
tify the Fenchel pre-dual problem, and consider primal-
dual type algorithms for the approximation of solutions.
Further, we investigate the perturbation of solutions to the
problem by means of perturbation of the upper bound of
the gradient constraint and establish stability results.

Carlos Rautenberg
George Mason University
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Risk-Averse Optimization of Random Elliptic Vari-
ational Inequalities

Mathematical programs with equilibrium constraints
(MPEC) have long since been a challenging topic in nons-
mooth optimization. The core difficulties in the derivation
of meaningful optimality conditions and development of
provably convergent numerical optimization methods lie in
the inherent degeneracy of the constraint set, which can
often be rewritten as a mixed complementarity problem.
We consider a class of MPECs in which the equilibrium
constraint is modeled by an elliptic variational inequality
subject to random inputs. Due to the resulting presence of
uncertainty in the objective function J , we model our risk
preference by considering composite objective functions of
the type R(J (z))+ρ(z), where R is a numerical surrogate

for risk and ρ(z) is the cost of the decision z. We propose
to derive optimality conditions using an adaptive penalty
technique, which can later be linked to a function-space
based optimization method. In doing so, we highlight a
number of unforeseen challenges, not unique to the infinite-
dimensional setting, which give rise several open questions.
Finally, we conclude with some initial numerical studies,
in which we make use of a path-following stochastic ap-
proximation algorithm with a variance reduction step that
periodically makes use of the full gradient.

Thomas M. Surowiec
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Application of Composite Dfo Solver Limols to
Bending Machine Modelling

Complex physical simulations often don’t allow for auto-
matic differentiation and numerical differentiation is costly
and fidgety when the simulation output is not very smooth.
Optimization of simulator parameters therefore has a need
for derivative-free optimizers. As the simulations are ex-
pensive, sample efficiency is critical. Simulators often have
many detailed outputs which get lumped into a single ob-
jective value. Avoiding all that loss of structure (e.g. by
retaining a least squares structure) can greatly reduce the
number of evaluations till convergence. Sioux Technologies
has developed the composite derivative-free solver LIMOLS
which has a clean interface for exploiting a plethora of com-
posite structures and is very sample efficient as a result. We
illustrate 10x faster convergence than Nelder-Mead on an
application of modelling a bending machine and matching
simulated shapes with measured shapes through a Hauss-
dorf metric / Iterative closest point computation.

Lense Swaenen, Guus Bollen
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Massively Parallel Probabilistic Computing with
P-Bits

The slowing down of Moore’s Law has led to a crisis as
the computing workloads of Artificial Intelligence (AI) al-
gorithms continue skyrocketing. There is an urgent need
for scalable and energy-efficient hardware catering to the
unique requirements of AI algorithms and applications.
In this environment, probabilistic computing with p-bits
[Camsari et al., 2017] has emerged as a scalable, domain-
specific and energy-efficient computing paradigm, particu-
larly useful for probabilistic applications and algorithms.
In this talk, I will describe two general applications of p-
computing: combinatorial optimization and probabilistic
sampling as relevant problems to Machine Learning and
AI. I will discuss recent and representative [Borders et al.
2019] experiments illustrating how both problems can be
efficiently addressed by a suitably modified magnetoresis-
tive random access memory (MRAM) technology. I will
also show standard CMOS-based implementations of p-
computing applied to practical optimization problems in
large scale [Aadit et al., 2022] to stress why nanodevice-
based implementations of p-computing may be a crucially
needed ingredient.

Kerem Camsari
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Spiking Neural Network Representation of Partial
Differential Equation Evolution Maps

We present a novel method based on Spiking Neural Net-
works for the construction of numerical integrators of ordi-
nary (ODE) and partial differential equations (PDEs). For
illustration purposes, we provide applications to a host of
ODEs and PDEs of variable complexity.
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Neuromorphic Circuits for Generating Useful Cor-
relations from Random Bit Streams

Hardware approaches to random number generation from
specific distributions require the ability to tune covariances
between random bits. Correlated variability is also ob-
served to be tightly controlled between spike trains from
biological neurons. Computational neuroscientists have in-
vestigated the properties of neuronal correlations by de-
vising algorithms to generate spike trains with prescribed
correlations, and by studying plasticity rules that relate
learned weights to neuronal correlations. I will present
neuromorphic circuits that use these principles to gener-
ate bit streams with controlled correlations, and to solve
discrete optimization problems such as graph MAXCUT.
SAND2022-13164 A
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MS392

Stellarator Optimization with Automatic Differen-
tiation in DESC

Next-generation fusion reactor designs require expensive
numerical optimization to ensure good confinement and
achievable engineering tolerances. DESC is a newly de-
veloped code that computes 3D Magnetohydrodynamic
(MHD) equilibria and performs PDE constrained optimiza-
tion of these solutions. DESC solves for equilibria by solv-
ing the force balance equation J×B = ∇p using a pseudo-
spectral method. In tests, it has been shown to be sig-
nificantly more accurate than legacy codes such as VMEC,
particularly near the coordinate singularity at the magnetic
axis. DESC is also the first 3D MHD equilibrium code built
with automatic differentiation, which allows accurate cal-
culation of the Jacobian matrices at negligible additional
cost. These derivatives can then be used for optimizing the
solutions to obtain desirable physics and engineering prop-
erties. This reduces the computation time by three orders

of magnitude in tests compared to the legacy code STEL-
LOPT, and enables exploration over a higher-dimensional
parameter space. Examples such as quasisymmetry, met-
rics for particle confinement, stability, and turbulent fluxes
will be shown. DESC also allows novel boundary con-
ditions, which yields understanding on the existence of
non-axisymmetric equilibria with nested flux surfaces and
reveals their connection to axisymmetric solutions. Ex-
amples of these computational advances are demonstrated
along with a discussion of the new physics insights they
provide.
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MS392

Multi-Objective Non-Convex Stellarator Optimiza-
tion in Julia

Designing new stellarator configurations with improved
plasma confinement presents a challenging numerical op-
timization problem. A characteristic feature of stellara-
tor optimization is the need to optimize for different com-
peting physics objectives that span a range of disparate
time and length scales. Further complicating matters, the
standard method for computing stellarator equilibria by
specifying the plasma boundary is an ill-posed problem.
When combined, these properties produce a complex opti-
mization landscape that is both non-convex and not sim-
ply connected. A final barrier to stellarator optimization
traditionally has been in the numerical software itself. In
general, the existing software for stellarator optimization
is very heterogenous in complexity/resource requirements
and implementation language, presenting a large barrier
to leveraging new developments in both optimization tech-
niques and physics objective models. To address these
needs, a new suite of modular optimization packages has
been created using Julia that provides a common frame-
work for interfacing equilibrium solvers and physics objec-
tives with robust optimization routines. Built with high-
performance computing and usability in mind, new physics
objective functions can be seamlessly incorporated into op-
timizations that performantly scale to thousands of CPUs.
This framework has been employed to optimize for turbu-
lent transport simultaneously with good fast particle con-
finement and quasisymmetry.
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MS392

Quantifying and Reducing Uncertainty in Inertial
Confinement Fusion Experiments Using Optimal
Experimental Design

High Energy Density (HED) science is the study of the be-
havior of material under extreme conditions of temperature
and pressure. Understanding the growth and properties of
hydrodynamic instabilities and the transition into turbu-
lence is important in many HED processes and also yields
insights into other areas where hydrodynamic instabilities
occur. In contrast to classical fluids experiments, exam-
ining hydrodynamic instabilities in the HED regime poses
novel challenges. HED experiments are expensive and often
performed at oversubscribed facilities. Additionally, there
are many limitations for the available diagnostics and ex-
periments are typically multi-physics in nature. Such com-
plexity means that modeling can become prohibitively ex-
pensive. Improving the models from limited experimental
and high-fidelity simulation data is therefore of great im-
portance. We will discuss the use of statistical techniques
on a large suite of 2D xRAGE simulations of multimode
Richtmyer-Meshkov and Rayleigh-Taylor experiments per-
formed on Omega-EP to better understand turbulence in
the HED regime. We will preform Bayesian inference to
quantify and reduce uncertainty on our model parameters
using experimental data. We will also explore experimental
design techniques to identify the most informative experi-
ments. These computations will involve many repeated for-
ward model runs, which can be enabled through building
inexpensive surrogate models that approximate the high-
fidelity XRAGE.
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Optimizing Stellarators to Preserve Magnetic Sur-
faces at High Plasma Pressure

Stellarators are a promising concept for the development
of controlled fusion power plants. They rely on the con-
finement of a hot plasma in a topologically toroidal vessel
by using magnetic fields that are entirely generated exter-
nally. Since the charged particles in the plasma tend to
follow magnetic field lines, a magnetic field that foliates
nested surfaces is desirable. These magnetic surfaces can
act as heat and particle transport barriers and in particular
this is guaranteed if certain symmetries are ensured. The
presence of the plasma, however, implies the existence of
electric currents inside the confinement volume that scale
with the plasma pressure. These currents perturb the mag-
netic field and, beyond a certain pressure limit, can break
the magnetic surfaces. The breaking of the surfaces, which
often leads to magnetic field line chaos, allows magnetic

field lines to undergo large excursions across the device,
which can be detrimental for confinement. In this talk I
will show how these pressure limits can be predicted and
how they can be increased by optimizing the external mag-
netic field or by externally perturbing the plasma current.
This involves solving the magneto-hydrodynamic equilib-
rium problem in three dimensions, a fantastic numerical
challenge that requires treating magnetic field discontinu-
ities as well as chaotic magnetic field lines.
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Level Set Learning for Poincar Plots of Symplectic
Maps

Many important qualities of plasma confinement devices
can be determined via a Poincar plot of the symplectic
magnetic field return map. These qualities include the lo-
cations of chaotic regions of phase space and the locations
of magnetic islands, which are commonly used for ejecting
unwanted particles in the plasma. However, every evalu-
ation of the magnetic return map requires an ODE solve,
meaning a detailed Poincar plot can be expensive to create.
In recent years, a variety of symplecticity-preserving neu-
ral network based learning methods have been proposed
that could be used as proxies to speed up return map eval-
uations. Unfortunately, these methods still require long
training times, and are too expensive to be used for stel-
larator optimization objectives. In this talk, we propose
a kernel-based method where we instead learn a single la-
beling function that is approximately invariant under the
symplectic map. From the labeling function, we show that
we can recover important qualities of the Poincar plot, in-
cluding the location of stable orbits, islands and chaos.
Additionally, the labeling function can be found with rel-
atively few evaluations of the underlying symplectic map,
while being robust to error in the symplectic map.

Maximilian Ruth, David Bindel
Cornell University
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Propulsion of Flexible Rodlike Magnetic Micro-
robots

Inspired by bacterial swimming we design and develop rod-
like soft robots that can be propelled in viscous Newtonian
fluids. The soft robots consist of tapered, hollow tubes con-
structed of a polyacrylamide-based hydrogel polymer, with
magnets embedded at both ends. The magnets allow ac-
tuation via torque applied by a uniform rotating magnetic
field. We demonstrate the propulsion of the soft-robots
in viscous Newtonian fluids, and connect it to the defor-
mations of the soft robot under magnetic actuation. Our
results suggest that the geometrical asymmetry of tapering
enables propulsion, and suggest ways to further refine the
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design of such soft robots.
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Image-Based Flow Simulation of Platelet Aggre-
gates under Variable Shear Flow

As the initial step of hemostasis and thrombosis, platelet
aggregates significantly affect the formation and stability
of thrombi. The mechanical properties of such aggregates
are influenced by their microstructure and their interaction
with the flow during formation. However, due to technical
limitations, it is difficult to study the intrathrombus condi-
tions of platelet aggregates only by experimental or compu-
tational approaches. In this work, an image-based compu-
tational model is proposed based on two sets of microscopy
images of three different platelet aggregates formed under
different external flow rates to study the blood flow behav-
ior within such aggregates. These image sets are captured
from whole blood perfused microfluidic chambers coated
with collagen. One set of images captured the shape of the
aggregate outline, while the other employed platelet label-
ing to infer the internal density. The platelet aggregates are
considered as porous mediums. The computational model
is subsequently applied to study the blood flow behavior
and the interaction between the platelet aggregates and
the blood flow under different shear rates. The penetra-
tion depth, represented by the boundary of convective and
diffusive transport, is also investigated. The results show
that external flow velocity has a significant influence on the
agonist transport in the outer layers of the aggregate, while
the internal core stably remains in the diffusion dominated
regime.
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Understanding Bacterial Swimming in E. Coli

We present an in silico microswimmer motivated by peritri-
chous bacteria such as E. coli, which can run and tumble
by spinning their flagellar motors counterclockwise (CCW)
or clockwise (CW). Runs are the directed movement driven
by a flagellar bundle and tumbles are reorientations of cells
caused by some motor reversals from CCW to CW. Our
simulations reveal that physical properties of the hook and
the counterrotation of the cell body are important factors
for efficient flagellar bundling, and that longer hooks in
mutant cell models create an instability and disrupt the
bundling process, resulting in a limited range of movement.
Moreover, we demonstrate that cells can explore environ-
ment near surface by making variations of tumble events
as they swim close to the surface.
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Effects of Prey Capture on the Swimming and
Feeding Performance of Choanoflagellates

Locomoting organisms often carry loads such as captured
prey or young. Load-carrying effects on high Reynolds
number flight have been studied, but the fluid dynamics
of load-carrying by low Reynolds number microorganisms
have not. We studied low Reynolds number load-carrying
using unicellular choanoflagellates, which wave a flagellum
to swim and create a water current transporting bacterial
prey to a food-capturing collar of microvilli. A regular-
ized Stokeslet framework was used to model the hydrody-
namics of a swimming choanoflagellate with bacterial prey
on its collar. Both the model and microvideography of
choanoflagellates showed that swimming speed decreases
as number of prey being carried increases. Flux of water
into the capture zone is reduced by bacteria on the collar,
which redirect the water flow and occlude parts of the col-
lar. Feeding efficiency (prey captured per work to produce
the feeding current) is decreased more by large prey, prey
in the plane of flagellar beating, and prey near microvillar
tips than by prey in other locations. Some choanoflagel-
lates can attach themselves to surfaces. We found that the
reduction in flux due to bacterial prey on the collars of
these attached thecate cells was similar to the reduction in
flux for swimmers.
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Results on Classical Elastohydrodynamics for a
Swimming Filament

We consider two models of an immersed inextensible fil-
ament undergoing planar motion in R3: (1) the classical
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elastohydrodynamic model using resistive force theory cou-
pled with Euler-Bernoulli beam theory, and (2) a novel
curve evolution formulation incorporating the effects of lin-
ear viscoelasticity. We mention our recent PDE results on
these models and highlight how this analysis can help to
better understand undulatory swimming at low Reynolds
number. This includes the development of a novel numer-
ical method to simulate inextensible swimmers in Newto-
nian and viscoelastic media.
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On a Dynamic Variant of the Iteratively Regular-
ized Gauss-Newton Method with Sequential Data

In this talk we will present a variant of the iterative reg-
ularized Gauss-Newton method, which is a well-known
methodology for solving inverse problems. This talk, and
work, is motivated from the question of whether one can
improve the computation based on sequential data rather
than using one single instance of the data. As a result, we
present a dynamic version which considers sequential data
at every iteration. We introduce two new algorithm, which
we analyze both numerically and computationally. We pro-
vide various results such as convergence, well-defindness
and error bounds, while testing our new algorithms on a
range of PDEs.
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Projected Particle Filtering

Data assimilation of high-dimensional nonlinear models is
subject to curse of dimensionality. It is when an ensemble
of small size is unable to reduce an error of the estimate.
Typical remedy to the curse of dimensionality is distance-
based localization. Distance-based localization reduces the
model state dimension by taking into account only a few
numerical cells of the model state near each observation.
Even though distance-based localization reduces the er-
ror substantially for both linear data-assimilation meth-
ods such as ensemble Kalman filter and nonlinear data-
assimilation methods such as particle filtering, linear data-
assimilation methods still considerably outperform nonlin-
ear data-assimilation methods in linear and quasi-linear
regimes. We propose a further dimension reduction based
on projection. We analyze the proposed projected ensem-
ble Kalman filter and the projected particle filter in terms
of error propagation. The numerical results show consid-
erable error decrease when used with small ensemble sizes.
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Optimal Regularized Hypothesis Testing in Statis-
tical Inverse Problems

In many inverse problems, one is not primarily interested
in the whole solution u† ∈ X , but in specific features of
it that can be described by a family of linear functionals
of u†. We perform statistical inference for such features
by means of hypothesis testing. This problem has recently
been treated by multiscale methods based upon unbiased
estimates of those functionals. Constructing hypothesis
tests using unbiased estimators, however, has two severe
drawbacks: Firstly, unbiased estimators only exist for suffi-
ciently smooth linear functionals, and secondly, they suffer
from a huge variance due to the ill-posedness of the prob-
lem, so that the corresponding tests have bad detection
properties. We overcome both of these issues by consider-
ing hypothesis tests with maximal power among all tests
based upon linear estimators that have a given level of
significance. While the construction of such optimal tests
requires knowledge of the true solution u†, we present a
way to compute approximately optimal hypothesis tests
adaptively. We study this approach both analytically and
numerically for linear inverse problems and compare it with
unregularized hypothesis testing.
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Inhomogeneous Regularization for Ensemble
Kalman Inversion

Regularization stabilizes ill-conditioned inverse problems
by imposing prior information/characteristics of the un-
known signal to recover. l1 regularization, for example,
imposes sparsity of the unknown signal, while l2 regular-
ization imposes smoothness of the signal. For a signal with
both sparsity and smoothness, it is natural to use regular-
ization that changes over different signal locations to ac-
count for corresponding characteristics, which we call inho-
mogeneous regularization. In this work, we use Ensemble
Kalman Inversion for inhomogeneous regularization. The
ensemble provides prior information for classifying char-
acteristics to determine the power p for lp regularization.
Once the characteristics are determined, Ensemble Kalman
Inversion uses the transformation-based approach for lp
regularization as an efficient solver for inhomogeneous reg-
ularization problems. The work validates the effectiveness
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and robustness of the inhomogeneous regularization prob-
lem using Ensemble Kalman inversion through a suite of
stringent 1D and 2D test problems, including sea ice image
recovery that shows both smooth heterogeneous variations
and local cracks.
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MCMC Sampling For Sparsity Promoting Bayesian
Hypermodels

In this talk, we review some conditionally Gaussian hy-
permodels that are shown to favor sparse solutions to the
Maximum A Posteriori (MAP) estimation problem. A nat-
ural question is whether the whole posterior distribution is
concentrated on sparse solutions. In this presentation, the
question is addressed by MCMC sampling.
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Projection-Based Model Order Reduction for
Large-Scale Nonlinear Problems in Structural Me-
chanics Using An Industrial Code

We present our work on parametric model order reduc-
tion (pROM) for a generic class of parametric mechanical
problems with internal variables in a nonlinear quasi-static
framework. Our methodology is integrated in the qualified
industrial grade finite element solver for structural mechan-
ics studies code aster. As part of engineering design, en-
gineers may perform repeated simulations for slightly dif-
fering configurations with different physical parameters or
geometrical parameters (parametric study). Nevertheless,
successive evaluations for nonlinear mechanical problems
can entail prohibitive computational costs. We develop
an adaptive algorithm based on a POD-Greedy strategy.
Since the operator is nonlinear, the computational com-
plexity of the operator assembly scales with the size of the
high-fidelity model. We develop an hyper-reduction strat-
egy using an element-wise empirical quadrature in order
to speed-up online assembly costs. We introduce a cost-
efficient error indicator which relies on the reconstruction
of the stress field by a Gappy-POD strategy, which can be
used to drive the Greedy procedure. As an illustration and
validation of our methodology, we provide namely numer-
ical results on an elasto-plastic holed plate under traction,
with physical variable parameters (strain hardening or elas-
ticity coefficients).
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Non-Intrusive Machine Learning Models of PDEs
with Differentiable Programming: An Inter-
pretability Study

Surrogate models of partial differential equations (PDEs)
are an important area of research for applications where
rapid, accurate predictions are desired with low compu-
tational costs. Deep learning is a popular approach, but
they typically lack the strong physical constraints intrin-
sic in PDEs. Differentiable programming is an emerg-
ing paradigm that aims to enable the expressivity of neu-
ral networks inside PDEs, such that the learned model
is intimately connected to the physics of the problem by
construction. Recent efforts in differentiable program-
ming have shown promise in learning accurate param-
eterizations from simulation data with known numeri-
cal properties. However, several earth/climate applica-
tions have incomplete or partially known PDEs that need
non-intrusive parameterization from observational training
data. This leads to a significantly challenging learning
problem, where the strengths and weaknesses of differen-
tiable programming are less known. Furthermore, PDEs
often exhibit chaotic non-local dynamics, which are harder
to model than the local dynamics seen in several canonical
PDEs. In this work, we systematically study differentiable
programming-based strategies to learn such non-local dy-
namics by training neural networks embedded directly in-
side a non-local generalized Burgers system. In particular,
we represent the nonlinear and non-local terms as neural
networks and use backpropagation to train the equations
while simultaneously solving the surrogate PDE in the for-
ward pass. Additionally, we investigate the properties of
the learned surrogate PDEs, including their sensitivity to
system noise, external forcing, impact on prediction ac-
curacy, and comment on potential applications. Our re-
sults show that differentiable programming as a paradigm
can accurately model PDEs while surpassing vanilla neu-
ral networks. Interestingly, it succeeds even when strong
assumptions are made about the missing physics while re-
quiring lesser data and computational cost. However, we
also discover that the problem specification and numerical
methods employed have a non-trivial impact on the quality
and stability of the learned surrogate model, with signifi-
cant implications for various applications.
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Discovery of Interpretable Structural Model Er-
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rors by Combining Bayesian Sparse Regression and
Data Assimilation

We introduce MEDIA (Model Error Discovery with Inter-
pretability and Data-Assimilation), a framework designed
to identify structural errors in models of nonlinear dy-
namical systems. While traditional calibration methods
can reduce parametric uncertainties, it remains a chal-
lenge to deduce structural uncertainties from observations.
We demonstrate the performance of our framework on a
canonical prototype of geophysical turbulence, the twolevel
quasigeostrophic system. A Bayesian sparsitypromoting
regression framework is used to select the relevant terms
from a library of interpretable kernels. As calculating the
library from noisy and sparse data (e.g., from observa-
tions) using conventional techniques leads to interpolation
and numerical errors, here we propose using a coordinate-
based multilayer embedding to impute the sparse observa-
tions. We demonstrate the importance of alleviating spec-
tral bias, especially with the multiscale nature of turbulent
flows, and show a random Fourier feature layer can suffi-
ciently increase accuracy of the kernel terms to enable an
accurate discovery. Our framework successfully identifies
structural model errors due to linear and nonlinear pro-
cesses (e.g., radiation, surface friction, advection), as well
as misrepresented orography.
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MS396

A PCA Based Nonlinear Preconditioner and Ap-
plications

We discuss a novel nonlinearly preconditioned inexact
Newton method for solving nonlinear system of algebraic
equations from the discretization of highly nonlinear PDEs.
The preconditioner is constructed by a decomposition of
the nonlinear residual space into two subspaces; one corre-
sponds to the low frequency subspace and the other corre-
sponds to the high frequency subspace. Such a decompo-
sition is obtained by an unsupervised learning algorithm.
The new method features a low computational cost and is
capable of balancing the overall nonlinearity effectively.
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Physics-Informed Neural Networks to General Do-
mains

The application of machine learning to different engineer-
ing fields shows an increasing trend in recent decades. One
sub-field in particular, deep learning, emerges from the
rest. Deep-learning algorithms are more complex and ab-

stract than traditional machine learning algorithms, which
allows them to automate some pieces of the training pro-
cess and eliminate some of the human intervention. A mes-
merizing recent application of deep-learning is the physics-
informed neural network, a mesh-free method that can be
easily implemented using automatic differentiation from
popular deep-learning frameworks. This application is
nothing else but a neural network mapping multiple in-
dependent variables to a physics field and whose predic-
tions conform to the physics laws described by differen-
tial equations. This is achieved by guiding its training
with a loss function that includes the equations residuals
and the constraint of initial and boundary conditions. Al-
though previous studies solved a wide variety of differential
equations, most applications are still limited to simple one-
or two-dimensional domains. However, real-life engineer-
ing problems involve more complex geometries. This work
demonstrates the application of physical-informed neural
networks to such geometries. The demonstration cases
solve the steady-state heat conduction equation with both
Dirichlet and Neumann conditions in two-dimensional ge-
ometries with non-orthogonal boundaries to the Cartesian
coordinates.
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Hybrid Data- and Knowledge-Driven Multiscale
and Multiphase Simulation of the Human Liver

The liver is the central organ for metabolic processes with
a complex function-perfusion relationship. This coupled
relation can be investigated by numerical multiscale sim-
ulations of the total organ, liver lobules and liver cells.
To enable robust, efficient, and patient-specific diagnosis
and prediction of hepatic diseases through simulations, the
purely knowledge-based models are complemented by data-
based approaches. To better understand the relation be-
tween hepatic perfusion, metabolism and tissue, we have
developed a multicomponent, poroelastic multiphase and
multiscale function-perfusion model, using a mixture the-
ory based on the Theory of Porous Media. To increase
the robustness of the model and allow for near real-time
patient-specific simulations, computationally critical parts
are enhanced by data-driven methods through the inte-
gration of experimental, clinical and in silico data from
cooperation partners. In addition to purely data-driven
methods, we will increase the model robustness and the
overall accuracy of the model predictions by exploring hy-
brid knowledge- and data-driven approaches. The overar-
ching goal is the definition and development of an accurate
decision-supporting framework for clinical applications.
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Understanding the Relation Between Microstruc-
ture and Macroscopic Mechanical Properties of Ar-
teries by Deep Learning

Biological tissues exhibit substantial interindividual differ-
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ences and also change their properties during aging. There-
fore, modeling the constitutive behavior of biological tis-
sues one cannot simply rely on a library of once measured
material parameters as it is typically possible for engineer-
ing materials. Rather one has to apply constitutive models
tailor-made for a specific tissue of a specific patient at a
specific age. To tackle the related challenges in constitu-
tive modeling, it is key to understand the relation between
the microstructure of biological tissues and their macro-
scopic mechanical properties. Here, we introduce a novel
machine learning framework that can bridge the gap be-
tween the microscale and macroscale in arteries. Using
data from mechanical tests, histological analyses and ad-
vanced imaging, it can predict the nonlinear macroscopic
mechanical properties of arterial tissue. The incorporation
of substantial prior knowledge from continuum mechanics
and materials theory enables our framework to do so even
on the basis of a relatively small amount of data (101−102

samples) and yet with high accuracy (R2 > 0.9). More-
over, using so-called relevance propagation, our framework
can quantify the role of different microstructural features
for the macroscopic mechanical properties in an automatic,
systematic and largely unbiased way opening up a host of
new insights into the foundations of soft tissue biomechan-
ics.
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Neural Networks Accelerated Simulations for Burn
Contraction

Patients with severe burn injuries often suffer from hy-
pertrophic scars, which impair their aesthetic appearance.
Next to hypertrophy, skin contraction is a common long-
term side effect. If contraction has reached the extent that
patients suffer from joint immobility, then the contraction
is referred to as a contracture. In order to devise thera-
pies that prevent the formation of contractures, it is im-
portant to be acquainted with the underlying biological
mechanisms. Since clinical observations are represented
in terms of patterns and numbers, mathematical quantifi-
cation in order to validate biological theory is indispens-
able. Since the model formulations consist of a set of cou-
pled nonlinear partial differential equations, the finite ele-
ment strategies result in expensive simulations. In partic-
ular, the assessment of uncertainty quantification used to
estimate the probability distribution of medical scenarios
makes the computations very expensive. In order to have
feasible access to the simulations in clinical settings, the
simulations are accelerated using artificial intelligence by
means of feed-forward neural networks. During the presen-
tation, the mathematical model and the applied artificial
intelligence model will be introduced.

Fred Vermolen
Hasselt University
Computational Mathematics Group
Fred.Vermolen@uhasselt.be

Ginger Egberts
Delft University of Technology
g.egberts@tudelft.nl

MS397

Stable Discrete Closure Models Through Embed-
ded Learning

For turbulent fluid flows, neural network closure models
can learn to predict sub-grid scale stresses to high accuracy,
while still producing instabilities once included in a solver
[M. Kurz and A. Beck, Investigating model-data incon-
sistency in data-informed turbulence closure terms, 14th
WCCM-ECCOMAS Congress, CIMNE, 2021]. By mini-
mizing the a-posteriori error of the same models (embedded
learning), stability can be enforced [Y. Guan et al., Stable a
posteriori LES of 2D turbulence using convolutional neural
networks, Journal of Computational Physics, 458:111090,
2022]. This requires a careful choice of hyper-parameters
however, e.g. number of time steps unrolled [B. List et
al., Learned turbulence modelling with differentiable fluid
solvers, arxiv:2202.06988, 2022] and choice of initial param-
eters [S. D. Agdestein and B. Sanderse, Learning filtered
discretization operators, arxiv:2208.09363, 2022]. Care
must be taken to avoid local minima and exploding gradi-
ents. We investigate the accuracy and stability of closure
models learned for PDEs subject to explicit discrete fil-
ters using embedded learning. The discrete setting allows
for computing exact commutator errors and loss functions.
We show that the learned closure models produce stable
and accurate trajectories for the solution and energy in
time upon extrapolation. We also compare the stability of
the models trained while embedded in a solver to the one
of those trained to predict the discrete commutator error
only.
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Model Reduction and Uncertainty Quantification
Using Deep Orthogonal Decomposition

In the context of parametrized PDEs, Reduced Order Mod-
els (ROMs) allow for an efficient approximation of the
parameter-to-solution map, thus enabling expensive many-
query routines such as those typical of Uncertainty Quan-
tification (UQ). Motivated by the limitations of classical
approaches such as the Reduced Basis method, many au-
thors have now been considering the use of Deep Learning
techniques for building nonintrusive ROMs. Here, we pro-
pose a novel approach, Deep Orthogonal Decomposition
(DOD), where a deep neural network yields a representa-
tion of the solution manifold in terms of an adaptive local
basis. In principle, designing and training these models
can be a challenging task because of the high dimensions
involved. As a remedy, we exploit Mesh-Informed Neural
Networks (MINNs), a novel class of architectures designed
to handle mesh-based data. MINNs embed hidden lay-
ers into discrete functional spaces of increasing complex-
ity, obtained through a sequence of meshes defined over
the underlying PDE domain. This results in sparse mod-
els that are computationally less demanding and thus bet-
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ter suited for the DOD. We assess the proposed approach
over a broad set of numerical experiments, including com-
plicated domains and high dimensional parameter spaces,
and compare it with other state-of-the-art methods, such as
principal orthogonal decomposition and autoencoders. Fi-
nally, we present some applications to (inverse) UQ, show-
casing the advantages entailed by the DOD approach.
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Anomaly Detection for Dynamical Systems Using
Bayesian Online Changepoint Detection

Data-driven analyses of complex fluid flows are frequently
limited by the lack of labeled data. In applications that re-
late to anomaly or regime transition detection, such a sce-
nario precludes the use of supervised learning techniques.
In this study, we deploy unsupervised data-driven tran-
sition detection for Kolmogorov flow, as a prototype for
real-world applications, where anomaly or regime change
detection is desirable without historical data. In particu-
lar, we propose the use of a deep variational autoencoder,
which encodes high dimensional turbulent flow into disen-
tangled low dimensional representations. Benefiting from
extremely weak correlation between latent dimensions, we
implement latent Bayesian online changepoint detection al-
gorithm to identify regime transition. We deploy this state-
of-art two-stage data-driven approach on the Kolmogorov
flow dataset, revealing an accurate correlation between the
detected changepoint and a regime transition.
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Embedded Learning Strategies for Neural Closure
Models

Discovering physics models is an ongoing, fundamental
challenge in computational science. In fluid flow prob-
lems, this problem is usually known as the closure problem,
and the art is to discover a closure model that represents
the effect of the small scales on the large scales. Well-
known examples appear in large eddy simulations (LES)
and in reduced-order models (ROMs). Recently, it ap-
peared that highly accurate closure models can be con-
structed by using neural networks. However, integrating
the neural network into the physics models (neural closure
models) is typically prone to numerical instabilities as the
training environment does not match the prediction envi-
ronment. Instead, we investigate learning closure models
while they are embedded in a discretized PDE solver by us-
ing differentiable programming software. This ”trajectory
fitting” or ”embedded learning” approach is a more diffi-
cult learning problem than the more classical approach of
operator fitting, but promises better accuracy and stabil-

ity. We compare two strategies to solve the trajectory fit-
ting problem: discretise-then-optimise and optimise-then-
discretise. Furthermore, we present a new neural closure
model form which allows us to preserve structure, namely
kinetic energy conservation, and therefore non-linear sta-
bility bounds.
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Non-Intrusive Reduced-order Modeling for Blood
Flow Simulations with Surface Registration

In cardiovascular science and engineering, high-fidelity
blood flow simulations are computationally expensive.
Snapshot-based reduced-order modeling is one of the com-
mon remedies to the problem. However, the anatomical
geometries used for simulations are either segmented from
clinical image data or generated indirectly by computa-
tional models, which are typically unparameterized and
lead to distinct spatial discretisations. In this work, a data-
driven surrogate model based on non-intrusive reduced-
order modelling with surface registration is proposed. The
surrogate model approximates the fluid dynamics of blood
flow within vessels of distinct but similar shapes. Different
from existing approaches, the proposed surrogate model
performs a surface registration to approximate the shape
of the target domain from the reference shape. The diffeo-
morphism constructed during surface registration provides
the mapping between the reference domain and the tar-
get domain, as well as the parametrisation of the shape.
The simulations are subsequently performed on the ref-
erence domain to ensure the spatial compatibility of the
snapshots. Proper orthogonal decomposition is applied to
construct reduced bases and the projection coefficients are
computed via a radial basis function interpolation method.
Two numerical examples based on stenosis and bifurcation
vessels are presented and discussed to demonstrate the ef-
ficiency and accuracy of the surrogate model.
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Spectral Deferred Correction Methods for Second-
Order Problems

Spectral deferred corrections (SDC) is an iterative method
for the numerical solution of ordinary differential equa-
tions. SDC can be understood as applying an appropri-
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ate preconditioner to a Picard iteration to obtain faster
and more robust convergence. SDC has been studied pri-
marily for first-order problems, using low-order methods as
preconditioners (e.g., explicit, implicit, or implicit-explicit
Euler). It has been shown that SDC can achieve arbitrarily
high order of accuracy and possesses good stability prop-
erties. In this talk, we will present a theoretical analysis
of the convergence and stability properties of SDC when
applied to second-order ODEs and using velocity-Verlet as
a preconditioner. While there are a few numerical stud-
ies of the performance of SDC applied to the second-order
Lorentz equations (so-called Boris-SDC), there exists so far
no theoretical analysis of the properties of SDC for general
second-order problems. We will present a theorem that
shows that the order of convergence depends on whether
the force on the right-hand side of the system depends on
the velocity (like in the Lorentz equation) or not (like in
the undamped harmonic oscillator). We also show a the-
orem that guarantees convergence of SDC under certain
conditions. We compare the stability domain of SDC with
the Picard iteration and validate our theoretical analysis
in numerical examples.
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Time-Adaptive Spectral Deferred Corrections

The complexity of the dynamics of most computational
problems is not uniform throughout time. This means
that fixed resolution schemes will either over-resolve less
complex areas or under-resolve the more complex parts.
In principle, adaptively adjusting resolution provides a
remedy. However, it can be computationally expensive
since it requires the estimation of local errors and often
costly bookkeeping of the discretization data structure.
We present here temporal adaptivity based on an embed-
ded version of spectral deferred corrections (SDC), which
estimates the local error similarly to embedded Runge-
Kutta methods. We are able to estimate the local error
without additional right-hand-side evaluations and provide
dynamic temporal resolution within the pySDC software
framework. In addition, we show how adaptivity enables
other improvements like fault-tolerant time-stepping.
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Rosenbrock-Wanner and W-Methods for Stochas-
tic Galerkin Systems

Rosenbrock-Wanner methods represent linear-implicit
techniques to solve initial value problems of stiff ordi-
nary differential equations (ODEs). In W-methods, the
exact Jacobian matrix of the right-hand side is replaced
by an approximation to reduce the computation work.
We consider a system of ODEs including random vari-
ables, which is used in uncertainty quantification, for ex-
ample. The stochastic Galerkin approach changes the
random-dependent system into a larger deterministic sys-
tem of ODEs. We apply a W-method to the stochastic
Galerkin system, where the approximation of the Jacobian
matrix has a block-diagonal form. Each block is the Jaco-
bian matrix of the right-hand side in the original random-
dependent ODEs inserting the expected value. We investi-
gate the stability of the W-method for stiff linear systems
of ODEs. The concept of A-stability is extended using
a scalar linear ODE with a single negative random vari-
able. It follows that the stability of the W-method depends
on the eigenvalues of the resulting system matrix, the ex-
pected value of the random variable, and the coefficients of
the numerical scheme. We discuss the stability conditions
for W-methods up to four stages with maximum order of
convergence. The construction of a W-method satisfying
the stability condition is possible for each probability dis-
tribution. We present results of numerical computations
for a test example.
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Efficient Implicit Multiderivative Time Integration
for Compressible Flows

In this talk, we show how to use an implicit two-derivative
time integration process efficiently with a discontinuous
Galerkin solver. The area of application is the compress-
ible Navier-Stokes equations. We focus on a stable imple-
mentation as well as on the possibilities of time-parallelism
through a pipelining procedure; numerical results demon-
strating the efficiency will be shown.
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Interleaving of SDC with DoF Subset Selection for
Improved Efficiency in Electrophysiology Simula-
tions

The electrical excitation of cardiac tissue is described by
PDE models of reaction-diffusion type coupled to pointwise
ODEs, ranging from the simplest monodomain equation to
EMI models with cellular resolution. Due to fast reac-
tions and small spatial extent of activation fronts, small
time steps and mesh widths are required for a sufficiently
accurate discretization, incurring a substantial computa-
tional effort. The highly localized dynamics of these mod-
els call for adaptive simulation methods. Unfortunately,
the overhead incurred by classical mesh adaptivity turns
out to outweigh the performance improvements achieved
by reducing the problem size. Here, we explore a different
approach to adaptivity based on progressive subset selec-
tion of algebraic degrees of freedom during time stepping
with spectral deferred correction methods. This realizes a
kind of multirate higher order integration but allows for a
natural and efficient definition of artificial boundary con-
ditions justified by a priori error estimates based on the
maximum principle. Numerical experience indicates a sig-
nificant performance increase compared to simulations on
uniform grids.
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An Efficient Kernel-Based Method to Solve Frac-
tional Differential Equations

We describe a reproducing kernel Hilbert space framework
that gives rise to a naturally linked efficient Galerkin-based
numerical solver for fractional differential equations. Some
theory as well as numerical examples will be presented.
This is joint work with Hamed Mohebalizadeh and Hoja-
tollah Adibi (Amirkabir University of Technology, Tehran).
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PDE-Greedy Kernel Methods for Adaptive Ap-
proximation of Partial Differential Equations

Kernel greedy methods have been shown to be provably
and empirically efficient for general function approxima-
tion tasks. These methods can be extended to meshless
approximation of linear PDEs on domains or manifolds
by symmetric collocation. We present different collocation
point selection strategies, especially the PDE-f-greedy and

PDE-P-greedy procedure. We provide analytical results
on convergence rates and demonstrate the applicability by
computational experiments for elliptic PDEs.
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Hp-Adaptive RBF-FD Method

In general, the desired accuracy of the numerical solution
varies over the domain of interest. A typical example of
such a situation is a contact between two bodies with con-
centrated stress under the contact region, which requires a
more accurate simulation than in the rest of the domain.
Similarly, in flow simulations we often deal with geometries
with narrow passages or other geometric complications for
which a more refined solution is desired. In fact, most real-
world problems we wish to simulate exhibit such behaviour
at some point. This can be addressed with two conceptu-
ally different adaptive approaches, namely p-adaptivity or
h-/r-adaptivity. In p-adaptivity, the solution accuracy is
varied by changing the order of approximation, while in
h-/r-adaptivity the resolution of the spatial discretisation
is adjusted for the same purpose. Ultimately, h- and p-
adaptivities can be combined into hp-adaptivity for max-
imum performance. Since the regions where higher accu-
racy is required are usually not known a priori, and to avoid
human intervention in the solution procedure, a measure
of the quality of the solution, commonly referred to as an a
posteriori error indicator, is a necessary additional step in
an adaptive solution procedure. In this talk we will present
our work on the hp-adaptive RBF-FD method for solving
problems from linear elasticity and fluid flow.
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Improved Error Estimates for RBF Interpolation

The usual error estimates for interpolation with radial ba-
sis functions (RBF) provide convergence rates if the error
is measured in a low smoothness norm. Those rates dete-
riorate if the error is measured in stronger norms. Numer-
ically, often higher convergence rates than the predicted
ones are observed if smooth functions are approximated.
One explanation is the so-called doubling trick. In this talk
we will extend those doubling results to the case, where the
error is measured in norms which are stronger than the so-
called native space norm. This is based on joint work with
Thomas Hangelbroek
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A New Fractional Differentiation Formula for Ca-
puto Fractional Derivatives and Its Application

In this talk, a new fractional differentiation formula is
proposed for the Caputo fractional derivative of order
α ∈ (1, 2). We have applied Cubic Hermite Interpolation
polynomial in the subinterval [t0, t2] and cubic Lagrange’s
Interpolation polynomial in the subinterval [tj−1, tj ], for
j ≥ 3. This new differentiation formula is of second or-
der. A difference scheme is proposed with the help of this
approximation formula to solve the time-fractional wave
equation (TFWE). The stability and convergence of the
numerical scheme are also analyzed. To show the effective-
ness and accuracy of the proposed numerical scheme, two
numerical examples are also provided. The scheme is ob-
served to be fast, easy, and provide highly accurate results.
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Using Both Particle and Continuum Discretiza-
tions

PIC discretizations require a coordination between discrete
fields supported on meshes, and discrete fields supported on
particles. We will discuss the infrastructure for this coor-
dination in PETSc, including conservative projections be-
tween these spaces, accurate integration in RBF overlaps,
adaptivity in both domains, and integration with scalable
solvers.
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The Pseudo-Inverse Mapping in the Global Gyroki-
netic Magnetic Fusion Code XGC

The X-point gyrokinetic code (XGC) is a 5D total-f gy-
rokinetic particle-in-cell (PIC) code being used to study
multiscale kinetic turbulence and transport phenomena in
magnetic fusion plasmas [https://xgc.pppl.gov]. XGC is
a US ECP (Exascale Computing Project) and SciDAC
code. XGC evaluates dissipative operations such as Fokker-
Planck Coulomb collisions and heat sources/sinks on a 5D
(3D configuration and 2D velocity space) grid at each time
step. This requires a mapping back-and-forth between the
marker particles and the 5D phase-space grid. To enable
exact conservation properties (of particle number, momen-
tum and energy) and to avoid significant error accumula-
tion over time in plasmas with steep density and tempera-

ture gradients, as appears in a tokamak edge, the code has
recently been equipped with a novel mapping in 2D veloc-
ity space based on the calculation of a pseudo-inverse. This
mapping has been implemented in XGC using the PETSc
library and generalized to use a discretization space of any
order. A complication of the pseudo-inverse mapping is
that the calculation is only well-posed if the particle cov-
erage is good enough in the simulations. Here we explore
the performance and the robustness of the mapping in var-
ious scenarios using different numerical solvers in PETSc
and possible solutions to obtain sufficient particle coverage.
We also discuss the possibility of using the mapping as a
coarse-graining technique to control particle noise.
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Structure Preserving Hybrid Models for Plasma
Physics

We present STRUPHY (STRUcture-Preserving HYbrid
codes) - a Python package for energetic particles (EPs)
in plasma. The package is easy-to-use (PyPI and Docker
installations) and features a collection of PDE solvers for
fluid-kinetic hybrid models such as MHD-kinetic current
and pressure coupling schemes, among others. Such mod-
els represent a decent compromise between physical con-
tent and numerical cost, as the bulk plasma is treated
with a relatively ”cheap” fluid model and only the EPs are
described kinetically. The discretization is based on the
GEMPIC framework [Kraus et al., GEMPIC: Geometric
ElectroMagnetic Particle-In-Cell Methods, J. Plas. Phys.
2017] and leads to provable stability due to exact conserva-
tion laws. We will discuss some of the implemented hybrid
models, their discretization and some numerical results in
the context of magnetized plasmas. STRUPHY kernels
are accelerated to Fortran speed using the open source
accelerator Pyccel [https://github.com/pyccel/pyccel]; an
MPI/OpenMP hybrid parallelization allows for HPC ap-
plication of STRUPHY. The package is available under
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https://gitlab.mpcdf.mpg.de/struphy/struphy.

Stefan Possanner
Max-Planck-Institut für Plasmaphysik
stefan.possanner@ipp.mpg.de

MS400

Particle Basis Landau Collisions in PETSc

In recent years, theoretical advances have demonstrated
the conservative properties of a particle basis discretization
of the Landau collision integral. Additional time stepping
schemes have been proposed to maintain the conservative
properties of this discretization. I present an implemen-
tation of the conservative particle basis Landau collision
operator in the Portable Extensible Toolkit for Scientific
Computing (PETSc) for use in plasma codes without the
need for basis projection at the collision step.

Joseph Pusztay
University at Buffalo
Department of Computer Science and Engineering
josephpu@buffalo.edu

MS401

Simulation of Reverse Osmosis Membrane Com-
paction Using Material Point Method

Reverse Osmosis (RO) is a promising technology to address
the impending water-crisis in the upcoming decades. RO
at high salinities and high pressures is challenging due to
membrane compaction that changes its porosity and per-
meability. In this study, we present a simulation method-
ology for membrane structural mechanics to understand
pore size distribution and permeability variations under
high pressure. We use the material point method (MPM),
that solves the solid mechanics equations in a Lagrangian
framework. MPM provides many features that make it
well-suited for simulating mesoporous membranes. The La-
grangian framework allows for large deformations, easy in-
tegration of constitutive models and direct import of com-
plex geometries as particles. The spatial discretization in
our MPM solver is achieved using linear or cubic-spline
shape functions while the time integration is carried out us-
ing the explicit Euler method. A series of images contain-
ing detailed pore structures obtained from X-ray tomog-
raphy is first converted to a collection of material points.
Compressive loads are applied to the top layer of the mem-
brane to simulate the application of pressure. The mem-
brane deformation and pore size distribution before and
after load application are reported and compared with the
experimental measurements. The presentation discusses
the numerical methods used, the performance of the solver
on high-performance computing machines, and the results
of membrane compact in detail.
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MS401

A Transport Model for Cell Motion

Two phase flow models have been shown to be useful to
understand cell motility. Simple 1D, two-phase, porovis-
cous, reactive flow model capture behaviors relevant to cell
crawling. These models assume constant cell length. We
release that assumption and study the behavior of the re-
sulting transport equations. We devise adequate numerical
schemes and simulate travelling solutions capturing new
features of cell motion.

Ana Carpio
Universidad Complutense de Madrid
Departamento de Matematica Aplicada
carpio@mat.ucm.es
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MS401

Transport Equation from a Stochastic Model of An-
giogenesis

Angiogenesis is a multiscale process of blood vessel growth
from a primary vessel. It is of paramount importance in
healthy processes such as organ growth and repair and
wound healing, and also in pathologies such as cancer or
retinopathies. It is triggered by the emission of vessel
growth substances from a region of tissue lacking oxygen.
On mesoscopic scales large compared to cell size but small
compared to organ size, it can be modeled using stochastic
differential equations and birth/death processes for branch-
ing of blood vessels and for their merging (anastomosis).
From the stochastic process, we have derived a transport
equation for the density of active tips of blood vessels,
which is parabolic and contains source terms for branching
and anastomosis that include a memory term. It is coupled
to a reaction-diffusion equation for the growth factor con-
centration. Numerical simulation of the transport equation
and the underlying stochastic process show that the den-
sity evolves towards a moving soliton-like wave whose ve-
locity and shape change slowly according to some ordinary
differential equations for collective coordinates. We have
also developed a theory of fluctuations about the density
by adding multiplicative noises to the transport equation.
The moments of the density turn out to be given by powers
of the soliton solution with appropriate exponents.

Manuel Carretero
Universidad Carlos III de Madrid
G. Millan Institute of Fluid Dynamics, Nanoscience
&IndMath
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MS401

Electrothermal Monte Carlo Simulation of a Reso-
nant Tunneling Diode

Monte Carlo technique for the solution of theWigner trans-
port equation has been developed, based on the gener-
ation and annihilation of signed particles. A stochastic
algorithm without time discretization error has been re-
cently introduced (Muscato et al. Kin.Relat. Models,
12(1), 59-77, 2019), based on the theory of piecewise de-
terministic Markov processes. Numerical experiments have
been performed in the case of a GaAs Resonant Tunneling
Diode (RTD), improving the CPU consumption (Muscato,
J. Comput. Electron., vol 20., pagg. 2062-2069, 2021). In
such nano-devices the presence of very high and rapidly
varying electric fields is the cause of thermal heating of
the carriers and the crystal lattice. In fact, the external
electric field transfers energy to the electrons and in turn
to the lattice through the scattering mechanism. This self-
heating process can influence significantly the electrical be-
haviour because the dissipated electrical energy causes a
temperature rise in the device resulting in increased power
dissipation. The mechanism through which lattice self-
heating occurs is that of electron scattering with phonons,
and therefore a model which deliberately incorporates all
scattering events will also capture such energy dissipation
details. Following the guidelines developed in Muscato et
al. Comp. Math. with Applications, 65, 520-527, (2013) ,
the heating phenomenon in a RTD will be tackled.

Orazio Muscato
Dipartimento di Matematica e Informatica,
Universita’ di Catania
orazio.muscato@unict.it

MS402

Performance-Portable Solvers for Nonlinear Me-
chanics

Finite element analysis in solid mechanics typically uses
low order elements and assembled sparse matrices. We
demonstrate that matrix-free methods based on libCEED
are faster for all finite element orders, and that increas-
ing the order of accuracy further reduces the cost per de-
gree of freedom, leading to order of magnitude reduction
in simulation cost to reach engineering tolerances. We dis-
cuss the design of a matrix-free p-multigrid method and
explore solver robustness and efficiency in nonlinear anal-
ysis of lattice structures and bonded particulate materials
with billions of degrees of freedom, with special attention
to recent GPU-based architectures. We also demonstrate
how the same principles enable transformative capability

in simulation of compressible turbulence.
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MS402

Applications of a Tiled Monte Carlo Algorithm to
the Computation of Matrix Functions

We extend our prior work on Monte Carlo algorithms for
the solution of large linear equations to compute other ma-
trix functions such as exponential and logarithm. One of
the only available tools for huge matrices is the Monte
Carlo algorithm, which also has the advantage of being able
to compute matrix-free, i.e., computing matrix elements as
needed, which is essential for truly huge problems for which
it is not even possible to store a full vector. To facilitate
this latter scenario, we compute the projection of the var-
ious matrix functions onto the vector we are interested in
with the assumption that we can compute the vector ele-
ments also on demand. However, it has been shown that
this one-element-at-a-time approach cannot guarantee con-
vergence of the statistical error. On the other hand, our
recent algorithm that computes with matrix tiles can guar-
antee convergence for sufficiently large tiles. We compute
matrix functions by summing a polynomial approximation
(e.g., Taylor, Chebyshev, etc.). We first investigate the
convergence conditions for each matrix and provide an ex-
pression for the statistical error. Then, we optimize the
algorithm in terms of operation time and accuracy by ad-
justing the parameters such as the tile size and the number
of samples for given target error. We also apply variance
reduction techniques to reduce the statistical error with
the same computational cost. Finally, we show numerical
examples from quantum chemistry.

Hyeji Choi
SUNY Stony Brook
Institute for Advanced Computational Science
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MS402

Global-Coarsening Multigrid for hp-adaptive Finite
Element Computations

hp-adaptive finite element methods allow to choose both
the mesh size h and the polynomial degree p locally on
every cell. Despite their excellent convergence properties,
they are not widely used, possibly, due to their challeng-
ing implementation. Recent comprehensive support for hp-
FEM in the deal.II library attempts to close this gap, yet
reveals new challenges: We observed that common off-the-
shelf matrix-based solvers are inadequate for hp-FEM ap-
plications both from a memory-consumption and a perfor-
mance point of view. As a compelling alternative solver,
we present herein a hybrid multigrid preconditioner that
globally coarsens both p and h and can be evaluated in a
state-of-the-art matrix-free fashion on parallel distributed
systems. We compare its performance and scalability to
algebraic multigrid methods, using realistic computations
on up to many thousands of MPI processes as test cases.
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Colorado State University
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MS402

Application and Tailoring of Matrix-Free Al-
gorithms to Many-Particle Solid-State-Sintering
Phase-Field Implementations

Biodegradable magnesium implants bear a great potential
since they degrade after a certain period, during which
they temporarily support the healing process. Solid-state-
sintering processes are able to produce patient-specific im-
plants. In order to understand and improve the manufac-
turing process, we perform experiments and develop nu-
merical tools, e.g., based on phase-field (PF) methods, at
the Helmholtz-Zentrum Hereon. To be able to simulate
problems at late simulation stages when a spherical ap-
proximation of particles is not applicable with many parti-
cles (1000), we have reimplemented parts of our PF code,
leveraging state-of-the-art matrix-free finite-element build-
ing blocks. In this presentation, we summarize our efforts
in porting a sintering application to matrix-free FEM and
discuss challenges we faced in solving such a highly nonlin-
ear and dynamic problem: in particular, 1) the challenge
of dealing with a high number of scalar components (up
to 15), which dynamically changes, when particles move or
merge; and 2) the development of a block preconditioner
for the solution of the Jacobian matrix, which we evalu-
ate in a matrix-free fashion. Our solver employs deal.II
for spacial discretization and adaptive mesh refinement as
well as Trilinos non-linear and linear solver capabilities.
Results will also contain performance analyses conducted

on SuperMUC-NG supercomputer.
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MS402

Matrix-Free Low-Order-Refined Preconditioners
for High-Order H(curl) and H(div) Problems with
GPU Acceleration

While efficient algorithms are well-known for the applica-
tion of high-order finite element operators, the develop-
ment of effective solvers and preconditioners for the result-
ing large-scale linear systems remains a more challenging
problem. One key challenge is that the associated matrices
are generally too dense to compute and store, necessitat-
ing the development of matrix-free preconditioners. In this
talk, I will describe the construction of a class of low-order-
refined preconditioners for problems posed in all spaces
of the high-order finite element de Rham complex. This
construction is facilitated by the use of an interpolation-
histopolation basis that guarantees spectral equivalence of
the high-order and low-order-refined operators, indepen-
dent of the mesh size h and polynomial degree p. Special-
ized algebraic multigrid methods can then be used to ob-
tain scalable, high-performance, GPU-accelerated, matrix-
free solvers for the high-order problems. Additionally, I
will describe the development of new matrix-free solvers
for grad-div problems and mixed finite element problems
in H(div). These solvers are based on solving the saddle-
point system, and also use properties of the interpolation-
histopolation basis to achieve enhanced sparsity.

Will Pazner
Center for Applied Scientific Computing
Lawrence Livermore National Laboratory
pazner@pdx.edu

MS403

Approximate Bayesian Computation Parameter
Estimation for a Model of Self-Generated Cell
Chemotaxis

Approximate Bayesian computation (ABC) has gained
considerable interest in recent years as it allows for ap-
proximate inference for models with intractable or expen-
sive to calculate likelihoods. ABC replaces the likelihood
computation by simulating from the underlying generative
model and using the parameters corresponding to the gen-
erated observations which are “close enough’ to the true
data to approximate the posterior distribution. As a real-
istic test we present results of the use of an ABC algorithm
to perform parameter estimation for a complex model of
collective cell migration. We consider a hybrid discrete-
continuum model for the migration of a population of cells
which interact with a background chemical chemoattrac-
tant field. Each individual cell acts as moving sink term
reflecting the degradation of the chemoattractant through
the action of membrane bound enzymes. We perform a
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sensitivity analysis of the model using a Morris screening
approach to indicate which parameters in the model are
indentifiable. Our results suggest that regardless of the
algorithm used, the ABC-posterior distributions depend
crucially on the value of the measurement time interval T
and that capturing the true parameter uncertainty of the
SDE model parameters might therefore be a challenging
task for ABC.

John A. Mackenzie
Strathclyde University
j.a.mackenzie@strath.ac.uk

MS403

Quantifying Model Bias with Information Inequali-
ties for Probability Divergences and Concentration
Inequalities

We discuss the foundations of model-form uncertainty by
constructing suitable neighborhoods of models around a
baseline model. These neighborhoods are based on KL-
divergence and other new related divergences, the so-called
(f,Γ) divergences, which are used in Machine Learning al-
gorithms (for example GANs). We derive corresponding
information inequalities which allows us to estimate the
size of possible error on suitable expectation of observables
provided the model belong to the neighborhood. The in-
formation inequalities are made practical and computable
by using concentration inequalities.

Luc Rey-Bellet
Department of Mathematics & Statistics
University of Massachusetts
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MS403

Model Error Estimation for Active Learning of In-
teratomic Potential Models

Solutions to inverse problems often assume the computa-
tional model can replicate the true mechanism behind data
generation. However, physical models carry misspecifica-
tion due to different parameterizations and assumptions.
Ignoring such model errors can lead to overconfident cal-
ibrations and poor predictive capability, even when high-
quality data are used. As a result, outer-loop tasks, such as
active learning or optimal design lead to biased results with
poorly calibrated uncertainties. This work will present a
Bayesian inference framework for representing, quantify-
ing, and propagating uncertainties due to model structural
errors by embedding stochastic correction terms in the
model. The physical input parameters and model-error
parameters are then simultaneously optimized in an in-
verse modeling context. We will demonstrate the method-
ology on example problems developing machine-learned in-
teratomic potential (MLIAP) models. The resulting pre-
dictive uncertainties capture model error and will be em-
ployed in an active learning loop to enable efficient con-
struction of uncertainty-augmented MLIAPs.
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Bayesian Inference under Model Misspecification
and Optimal Transport

Central to any inverse problem is the choice of a misfit
function that best represents the discrepancy between the
observations (data) and model predictions. In the context
of model error, different choices of misfit measures can play
a crucial role in mitigating or magnifying the impact of the
misspecification. This is particularly important in inverse
problems, such as those in full waveform inversion, where
the misfit should measure data features that are most rel-
evant for learning the unknown parameters. For various
statistical models appearing in supervised learning and in-
verse problems, we show that specific choices of optimal-
transport-based misfit functions can reduce the gap be-
tween model space and the observed data. For both de-
terministic and Bayesian inference problems, we compare
the recovered solution to traditional discrepancy measures
based on the �2 norm. A variety of independent scoring
rules that account for different predictive goals are used to
quantify the error of the recovered solution in both state
and data space for these inverse problems.
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MS403

Optimal Experimental Design for Prediction for
Data-Consistent Inversion

One of the ultimate goals in science is to develop a symbi-
otic relationship between two of the pillars, experimenta-
tion and simulation, where the data from the experiments
informs the computational models and the computational
models are used to guide the optimal acquisition of new
data. In many situations, the collection of experimental
data can be costly and time consuming. Thus, we may only
be able to afford to perform a limited number of experi-
ments, so we must choose the experiments that are likely
to produce informative data. Moreover, the optimality of
the experiment must be chosen with respect to the ulti-
mate objective. We present a mathematically rigorous ap-
proach for optimal experimental design for data-consistent
inversion. Data-consistent inversion is a relatively new ap-
proach for solving a particular class of stochastic inverse
problems where a probability measure is sought on model
inputs such that the corresponding push-forward measure
matches a given target measure. We demonstrate that the
optimal experimental design often depends on whether our
objective is to characterize the uncertainty in model input
parameters or in the prediction of quantities of interest
that cannot be observed directly. Numerical results will be
presented to illustrate both types of optimal experimental
design and to highlight the differences.

Tim Wildey
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MS404

Benchmarking Multi-Fidelity Optimization Meth-
ods: Recent Experiences and Lesson Learned

The talk overviews the efforts of the AVT-331 technical
team under the NATO STO Applied Vehicle Technology
Panel, which is studying multi-fidelity methods through
application to vehicle design. The objectives of the team
are to understand the potential benefits of multi-fidelity
methods in vehicle design and to document the relative
strengths and weaknesses of different multi-fidelity meth-
ods using a common benchmark suite developed by the
team. The benchmark suite has multiple levels of complex-
ity, beginning with analytic functions with well-understood
properties and culminating with representative air and sea
vehicle benchmarks. The suite also includes intermediate
complexity benchmarks of relevance to air, sea, and space
vehicles. Benchmark features are presented, including de-
scriptions of benchmark objectives, and enabling software
needed to reproduce vehicle-level results, as well as experi-
mental setup for analytic benchmarks. The principal multi-
fidelity methods utilized across the team are also summa-
rized. Lastly, the process is described by which the relative
strengths and weaknesses of different multi-fidelity meth-
ods is assessed over eight assessment categories.
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MS404

Multi-Output Approximate Control Variates for
Trajectory Optimization

Monte Carlo estimators with many Quantities of Inter-
est (QoIs) can often lead to an extremely high computa-
tional burden. Variance reduction approaches are critically
needed to reduce the cost of analysis in computationally
expensive models. By using multiple models of varying fi-
delity, a control variate estimator can significantly reduce
the variance of an estimator for one QoI using the corre-
lation between the models. However, with many QoIs, a
vast majority of approaches use multiple independent con-
trol variate estimators for each QoI. In this talk, we develop
a multi-output approximate control variate estimator and
show that it outperforms a set of multiple single-output
control variate estimators. Overall, it significantly reduces

the cost of analysis by additionally extracting correlations
amongst multiple model outputs. We demonstrate our
technique on applications in flight trajectory estimation
in simulations of entry, descent, and landing. Also, using
highly correlated QoIs, examples will be shown that signif-
icantly surpass current state-of-the-art techniques.
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MS404

A Combination Technique for Pde Constrained Op-
timal Control Problems under Uncertainty

We present a combination technique based on mixed dif-
ferences of both spatial approximations and quadratures
formulae for the stochastic variables to solve efficiently Op-
timal Control Problems (OCPs) under uncertainty. The
method requires solving the OCP for several low-fidelity
spatial grids and quadrature formulae for the objective
functional. All the computed solutions are then linearly
combined to get a final approximation which, under suit-
able regularity assumptions, preserves the same accuracy
of fine tensor product approximations, while drastically re-
ducing the computational cost. The combination technique
involves only tensor product quadrature formulae, thus the
discretized OCPs preserve the convexity of the continuous
OCP. Hence, the combination technique avoids the incon-
veniences of Multilevel Monte Carlo and/or sparse grids ap-
proaches, but remains suitable for high dimensional prob-
lems. We will present an a-priori procedure to choose the
most important mixed differences and an asymptotic con-
vergence analysis, which states that the asymptotic conver-
gence rate is exclusively determined by the spatial solver.
Numerical experiments validate the results.
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Towards Multilevel Slice Sampling

For sampling approximately a partially known distribu-
tion, e.g., posterior distributions in Bayesian inverse prob-
lems, the slice sampling methodology provides a machinery
for the design and simulation of a suitable Markov chain
without the necessity to tune any parameters as in many
Metropolis-Hastings algorithms. In the machine learning
community slice sampling is a frequently used approach,
which appears not only there as standard sampling tool.
In particular, the elliptical slice sampler attracted in the
last decade considerable attention as a dimension-robust
algorithm. However, from a theoretical point of view it is
not well understood. In this talk, we present theoretical re-
sults regarding the geometric ergodicity of Markov chains
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generated by elliptical slice sampling as well as simple slice
sampling. Moreover, we outline how multilevel or multifi-
delity ideas can be combined with (elliptical) slice sampling
in order to reduce the (usually) significant computational
cost of this promising Markov chain Monte Carlo method.

Björn Sprungk
TU Freiberg
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Towards a Dominant SVD Computation via
ADMM-Like Decentralized Consensus Optimiza-
tion with Projection Splitting

The Singular Value Decomposition (SVD) of a matrix
provides an optimal low-rank approximation of the data,
which is useful across science and engineering. Existing
methods for computing this approximation when data is
held privately on multiple machines require a central pa-
rameter server or the transmission of local gradients; oth-
erwise, they scale poorly with the amount of data. To
develop a communication-efficient and scale-invariant de-
centralized algorithm, we frame the computation as a de-
centralized consensus optimization problem and introduce
reasonable approximations to simplify the Alternating Di-
rection Method of Multipliers (ADMM) solution. Limited
numerical experiments show that our algorithm can out-
perform its centralized version and is competitive with de-
centralized stochastic gradient descent. While theoretical
guarantees of convergence are absent, this work furthers
the development of reliable decentralized solutions to prob-
lems posed in non-traditional computing environments.
Prepared by LLNL under Contract DE-AC52-07NA27344.
Funded by LLNL LDRD project 22-ERD-045. LLNL-ABS-
840146
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Resilient Workflow Management for Interfacing
Among Black Box Algorithms

Computational scientific discovery is increasingly driven by
carefully linking independently developed research codes
and deploying them on heterogeneous large scale high per-
formance computing resources. We present Merlin, a work-
flow management tool, to aid in resolving the subtleties
of interfacing complex scientific codes and, in particular,
enable robust, machine learning-friendly ensembles of sim-
ulations. We will discuss some of Merlins features that
allow for multi-tiered fault recovery and low per-task over-
head. Our showcase example - currently in development
- is to design inertial confinement fusion experiments via
a combination of simulation, optimization, and machine
learning algorithms on the exascale machine El Capitan,
which is projected to be the worlds fastest supercomputer
when fully deployed in 2023.
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Random Sketching for Improving the Performance
of Gram-Schmidt Algorithm on Modern Architec-
tures

Randomized Gram-Schmidt was introduces in 2022 in a pa-
per authored by Oleg Balabanov and Laura Grigori. The
authors showed how to use their randomized scheme in
GMRES and demonstrated the results featuring both: a
speedup of their Matlab GMRES code and stability compa-
rable to GMRES with regular modified Gram-Schmidt. We
extended this work by connecting it to low-synchronization
variants of Gram-Schmidt. We also created a GPU imple-
mentation to test the practicality of the proposed algo-
rithm. As it turns out, using random sketching in conjunc-
tion with low-synchronization GMRES results in a signifi-
cant reduction of computational time and is ultimately an
appropriate and highly performant GPU strategy.
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Neural Operators: Learn to Predict in Computa-
tional Sciences

Traditional deep neural networks are maps between finite
dimension spaces, and hence, are not suitable for model-
ing phenomena such as those arising from the solution of
partial differential equations (PDE). We introduce neural
operators that can learn operators, which are maps be-
tween infinite dimension spaces. By framing neural op-
erators as non-linear compositions of kernel integrations,
we establish that they are universal approximators of op-
erators. They are independents of the resolution or grid
of training data and allow for zero-shot generalization to
higher resolution evaluations. We find that neural opera-
tors can solve turbulent fluid flow, seismic wave equation,
co2 storage, and many more hard problems with 100000x
speedup compared to numerical solvers. I will outline sev-
eral applications where neural operators have shown order
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of magnitude speedup.

Kamyar Azizzadenesheli
Nvidia
kaazizzad@gmail.com

MS406

Operator Learning in Vascular Flows Modeling:
Online Biomarker Prediction and Uncertainty
Quantification from Non-Invasive 4D Flow MRI
Data

Unlike diseases with strong genetic predisposition, such
as cancer, there exist no accurate personalized diagnostic
tools for disorders such as Hypertensive Pregnancy Disor-
ders (HPD) and its mechanism remain understudied. For
the purpose of performing diagnostics, we require disease
indicators (biomarkers) that are strongly correlated with
the underlying condition, i.e. absolute vascular pressure
for hypertension. Measuring absolute pressure requires an
invasive procedure and it is impossible for pregnant sub-
jects, but an informed estimate is possible via the use of
Computational Fluid Dynamics. Unfortunately, not only
the computational cost of CFD is high, but also patient
specific information required in modeling is missing in the
clinic. The goal of this talk is to synthesize AI, CFD and
medical imaging (US/MRI) techniques to provide trustwor-
thy predictions of strong biomarkers for early diagnosis of
HPD in a real-time clinical setting. We will present a three-
step procedure based on a reduced order Navier-Stokes and
an ensemble of Operator Learning models with a nonlinear
manifold decoder and show how it can employed to provide
accurate biomarker predictions for different topologies to-
gether with a quantification of the associated uncertainty.

George Kissas, Jacob Seidman, Paris Perdikaris, George
Pappas
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MS406

Continuous Generative Neural Network for Inverse
Problems

We study Continuous Generative Neural Networks
(CGNNs), namely, generative models in the continuous set-
ting. The architecture is inspired by DCGAN, with one
fully connected layer, several convolutional layers and non-
linear activation functions. In the continuous L2 setting,
the dimensions of the spaces of each layer are replaced by
the scales of a multiresolution analysis of a compactly sup-
ported wavelet. We present conditions on the convolutional
filters and on the nonlinearity that guarantee that a CGNN
is injective. This theory finds applications to inverse prob-
lems, and allows for deriving Lipschitz stability estimates
for (possibly nonlinear) infinite-dimensional inverse prob-
lems with unknowns belonging to the manifold generated
by a CGNN.
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MS406

Multi-Model Communication and Data Assimila-
tion for Improving Model Dynamics

Developing a single model to capture all the dynamics of
the Earths atmosphere is an immense task. Each model
will have a deficiency in at least a small number of ar-
eas, such as the Madden–Julian Oscillation or the El Nino-
Southern Oscillation. Improving these aspects of atmo-
sphere models often comes at the cost of introducing or
worsening deficiencies in other areas. In contrast, it is
possible to create specialized, low-dimensional models to
capture these phenomena by simplifying many aspects of
the full system. Here, we propose a strategy to allow dif-
ferent models communicate throughout a simulation. The
communication lets us leverage the strengths of each model
without needing to change their dynamics. The strategy
is based on common data assimilation techniques used to
combine models and real-world data. We implement this
strategy in a test case consisting of a deficient tropical at-
mosphere model and a model of the Madden–Julian Os-
cillation. The models have different state spaces and dif-
ferent dynamics. We show that our strategy enriches the
dynamics of both models beyond the information that is
communicated between them.
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MS406

Morphological Parameters Estimation of Neurons
Using a Machine Learning Algorithm on Diffusion
MRI Data

Diffusion magnetic resonance imaging is a promising non-
invasive modality that can be used to probe tissue mi-
crostructure. Existing methods that estimate brain mi-
crostructure parameters often use biophysical models that
are a) based on analytical expressions of the diffusion MRI
signal, b) arising from simplified geometrical models of neu-
ronal tissue. We take a different approach by a) numeri-
cally solving a gold standard model for the diffusion MRI
signals, given by the Bloch-Torrey partial differential equa-
tion that governs the transverse magnetization, b) while
using realistic neuron geometries. In previous work, we
created accurate finite element meshes for over 1000 realis-
tic neurons whose surface descriptions have been uploaded
to the database NeuroMorpho.Org, and solved the Bloch-
Torrey equation to obtain the simulated diffusion MRI sig-
nals of these neurons in 64 diffusion directions and at 31
diffusion-encoding gradient strengths. In this work, this set
of simulated data was used to train a support vector ma-
chine to estimate morphological parameters such as soma
volume, dendrite volume, and dendrite total length. The
results reveal that the direction-averaged dMRI signals are
significantly related to certain morphological parameters,
such as soma volume, soma volume fraction, etc. This
study is part of the effort to show that machine learning
algorithms can serve as an efficient estimator for certain
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neuroanatomical parameters in diffusion MRI experiments.
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MS407

Quadrature by Parity Asymptotic eXpansions
(QPAX) for Light Scattering by High Aspect Ratio
Plasmonic Particle

The study of scattering by a high aspect ratio particle has
important applications in sensing and plasmonic imaging.
To illustrate the effect of particle’s narrowness (that can
be related to parity properties) and the need for adapted
methods (in the context of boundary integral methods), we
consider the scattering by a penetrable, high aspect ratio
ellipse. This problem highlights the main challenge and
provides valuable insights to tackle general high aspect ra-
tio particles. We find that boundary integral operators are
nearly singular due to the collapsing geometry to a line
segment. We show that these nearly singular behaviours
lead to qualitatively different asymptotic behaviours for
solutions with different parities. Without explicitly taking
this into account, computed solutions incur large errors.
We introduce the Quadrature by Parity Asymptotic eX-
pansions (QPAX) that effectively and efficiently addresses
these issues. We demonstrate the effectiveness of QPAX
through several numerical examples (potentially including
high-order QPAX results).

Camille Carvalho
UC Merced
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MS407

Multitask Optimization of Laser-Plasma Accelera-
tors Using Simulation Codes with Different Fideli-
ties

Laser-plasma accelerators can generate GeV electron
beams in an ultra-compact, cm-scale setup, but have yet
to demonstrate sufficient beam quality and stability for de-
manding applications. To overcome this challenge, broad
optimization of the accelerator design with numerical sim-
ulations is essential. However, due to the high computa-
tional cost of general particle-in-cell simulations, optimiza-
tion over a large parameter space is prohibitively expensive.
Here, we show that cheaper simulations based on reduced
physical models can be effectively incorporated into an op-
timization to strongly reduce the need for fully-detailed
simulations. This is enabled by a Bayesian optimization
algorithm using a multitask Gaussian process, where two
tasks corresponding to the output of each simulation code
are defined. The algorithm identifies correlations between
both tasks, allowing it to learn from inexpensive evalu-
ations and perform only a few, well-targeted simulations
of high fidelity. By means of a proof-of-principle study
combining the FBPIC and Wake-T codes, we demonstrate
an order-of-magnitude reduction in computing time and
cost, paving the way towards cost-effective optimization
over wide parameter spaces.
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MS407

Numerical Optimization of Secondary Beamlines at
the Argonne Tandem Linac Accelerator System

Physicists at the Argonne National Laboratory’s ATLAS
In-Flight Facility seek automated optimization processes
for the production and delivery of secondary beamlines.
Secondary beam production relies on a primary beam pro-
vided by ATLAS to impinge on a production target, gener-
ating numerous new and interesting radioactive ions. A se-
lection of the isotope of interest is first made, and then op-
timized (for yield, purity, and beam quality) from the pro-
duction point to the experimental target. In this talk, we
highlight approaches for utilizing numerous outputs from
beamlines in order to decrease the number of experimental
setups required during an optimization campaign.

Jeffrey Larson
Argonne National Laboratory
jmlarson@anl.gov
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Optimization and Machine Learning to Recon-
struct Multiple Compton Scattering Events for
GRETINA Spectroscopy

Rare isotopes with unstable nuclear structures created
by ion-beam and target interactions are probed by sci-
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entists at Argonne National Laboratory’s ATLAS facility
and elsewhere. In order to investigate these rare struc-
tures, the gamma-rays emanating from the target must be
reconstructed from recorded spectra. The partially com-
plete spherical shells of high-purity germanium (HPGe),
GRETA (GRETINA) and AGATA, represent the state-of-
the-art in gamma-ray spectroscopy. GRETA is able to cap-
ture individual gamma-ray-matter interactions and their
energies allowing the reconstruction of the scattered paths
of individual gamma-rays that have undergone Compton
scattering. However, current methods for reconstruction
recover gamma-rays with an efficiency much lower than
predicted and lower than older detectors (i.e., Gammas-
phere). Data-driven optimization using modern machine
learning (ML) methods allows for more reliable separation
of multiple gamma-rays and ordering of their interactions.
Additionally, ML methods are used to improve existing
metrics to better differentiate between high and low quality
data and employ more computationally intensive methods
only when needed. These methods, in conjunction a mixed
integer non-linear program formulation, allow for increased
efficiency of the ion-beam approaching the predicted effi-
ciency for AGATA and GRETA as well as enabling further
scientific investigations into rare isotopes.
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MS407

Using Machine Learning to Optimize the Perfor-
mance of the Superconducting ECR Ion Source
Venus

The fully-superconducting electron cyclotron resonance
(ECR) ion source VENUS is key to providing both
the high-intensity, medium-mass ions needed for the su-
perheavy element science program and the very-highly-
charged ions for the chip testing program at the 88
Inch Cyclotron at Lawrence Berkeley National Laboratory
(LBNL). The success of this source has led to the con-
struction of a VENUS replica as primary injector source
at the Facility for Rare Isotope Beams at Michigan State
University: a facility that will serve at the forefront of Nu-
clear Structure research for decades to come. At LBNL a
Python library has been developed to communicate with
the VENUS programmable logic controller (PLC) to moni-
tor and fully control the ion source programmatically. This
permits a variety of data analytics and machine learning
techniques to be applied to enhance and facilitate the oper-
ation of the ion source. In this talk, the physics, mechanics
and control of the ion source will be discussed. Some ini-
tial results demonstrating how techniques such as bayesian
optimization and neural networks enable a better under-
standing, automatization and output stabilization will be

presented.
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MS408

Use of Multiple Functional Approximations to In-
fer Uncertainty in Density Functional Theory

Kohn Sham Density functional theory (KS-DFT) is a
first principles electronic structures method widely used
in chemistry, physics, and materials science, but predic-
tions rely on an exchange correlation (XC) functional, the
form of which is unknown. Many density functional ap-
proximations (DFAs) have been developed in attempt to
capture the XC functional, but it is difficult to determine
which approximation is best suited to a given problem,
and the choice of approximation is a major source of pre-
dictive uncertainty. This talk will present an approach to
infer probability distributions over predicted quantities by
leveraging a data set of DFT predictions computed using
an ensemble of different DFAs for a range of molecules.
To perform inference, we require some model of the re-
lationship between molecules as well as DFAs. We use a
multitask Gaussian Process regression framework to relate
regression problems corresponding to different DFAs and
define kernel functions to relate descriptors of individual
molecules. Tests informed by predictions of the ionization
potential of small organic molecules indicate that incorpo-
rating multiple DFAs through the multitask framework can
improve predictive accuracy compared to a single Gaussian
Process regression model informed by one DFA. The chal-
lenge of producing robust uncertainty predictions from the
distributions predicted by GP regression is ongoing work.
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MS408

Leveraging Model Assumptions for Model Form
Uncertainty Quantification

Model-form uncertainty arises from physical assumptions
made in constructing models either to reduce the physical
complexity or to model physical processes that are not well
understood. In Reynolds-Averaged Navier-Stokes (RANS)
turbulence modeling and turbulent combustion modeling,
some of these assumptions are known and can be leveraged
as a priori knowledge in quantifying the uncertainty. Three
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such approaches are presented in this talk that take advan-
tage of the physics inherently neglected by a model in order
to characterize the structural uncertainties and model-form
error. The peer models approach compares the model out-
put between two equally plausible models with divergent
assumptions, such that model variability is indicative of
model error. The hierarchical models approach identifies a
hierarchy of models of increasing fidelity and functionalizes
the error in a lower fidelity model based on the principles
of a higher fidelity model. These first two approaches are
applied to turbulent reacting flows, where the model-form
error is propagated through Large Eddy Simulations (LES)
using stochastic collocation. The final implied models ap-
proach analyzes the model error through the derivation of
a transport equation for the model error that is implied by
the model for the quantity of interest. The implied models
approach is applied to RANS turbulence model for multiple
turbulent flow configurations in order to better understand
the sources of model-form error including the role of error
cancellation and error superposition.
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MS408

Quantifying Model Prediction Sensitivity to
Model-Form Uncertainty

In the process of model development, limited knowledge
and computational resources necessitate simplifying as-
sumptions that are not valid in all cases, leading to model-
form uncertainty (MFU). When model predictions must
be used to inform high-consequence engineering-design and
policy decisions, it is critical to understand how they are
impacted by uncertainty in these assumptions. We present
a novel method to quantify this impact by combining pa-
rameterized modifications to modeling assumptions, rep-
resenting MFU, with grouped variance-based sensitivity
analysis. We demonstrate the approach on a subsurface
contaminant transport model, and we present theoretical
and numerical results on the robustness of the approach to
the mathematical form of the MFU parameterization. SNL
is managed and operated by NTESS under DOE NNSA
contract DE-NA0003525
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Uncertainty Propagation in Pore Water Chemical
Composition Calculation Using Surrogate Models

Performance assessment in deep geological nuclear waste
repository systems necessitates an extended knowledge of
the pore water chemical conditions prevailing in host-rock
formations. In the last two decades, important progress
has been made in the experimental characterization and
thermodynamic modeling of pore water speciation, but
the influence of experimental artifacts and uncertainties
of thermodynamic input parameters are seldom evaluated.
In this respect, we conducted an uncertainty propagation
study in a reference geochemical model describing the pore

water chemistry of the Callovian-Oxfordian clay forma-
tion. Nineteen model input parameters were perturbed,
including those associated to experimental characterization
(leached anions, exchanged cations, cation exchange selec-
tivity coefficients) and those associated to generic thermo-
dynamic databases (solubilities). A set of 13 quantities of
interest were studied by the use of polynomial chaos ex-
pansions built non-intrusively with a least-squares forward
stepwise regression approach. Training and validation sets
of simulations were carried out using the geochemical spe-
ciation code PHREEQC. The statistical results explored
the marginal distribution of each quantity of interest, their
bivariate correlations as well as their global sensitivity in-
dices. The influence of the assumed distributions for input
parameters uncertainties was evaluated by considering two
parametric domain sizes.
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Predicting Composite Structures Failure with the
Help of Quantum Neural Networks

Composite materials failure entails many physical phenom-
ena, which make its prediction challenging from a compu-
tational standpoint. Especially in a design context, where
material properties, geometry and stacking sequence are
varied, the computing time required by the finite element
analyses becomes prohibitive. This has motivated the idea
of data-driven composite failure prediction, where a data-
based model learns from relatively few numerical simula-
tions and it can later generalize to unseen input (e.g. load-
ing) conditions. Even though most machine learning mod-
els are trained on classical computers, quantum computers
can also learn from data. In fact, operations on quantum
bits are continuous and can be tuned in a hybrid quantum-
classical optimization loop. Since the model is a quantum
circuit, it is evaluated on quantum hardware, while the
parameters are updated classically. Thanks to the proper-
ties of quantum mechanics, quantum models proved able to
learn functions that classical machine learning models can-
not learn, especially in classification tasks. However, the
datasets used were ’fabricated’ such to be easily classified
by the quantum circuit. As one of the first practical appli-
cations, this work explored the power of quantum machine
learning models in the practical scenario of learning com-
posite structures failure and compared it to that of classical
data-driven models.
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Early Applications of Quantum Computing to Sub-
surface Imaging

We show an application of quantum annealing to solving an
NP-hard combinatorial optimization problem encountered
on land, where strength and timing of scattered waves is
used to generate the subsurface image. Geological anoma-
lies such as underground rivers, caves, or boulders, have dif-
ferent wave propagation velocity than their surroundings.
This results in abrupt local misalignment in arrival times of
detected waves. This can blur the image and misrepresent
the geological information. Optimizing the relative align-
ment of the measurements is described by a multi-modal
objective function. Getting stuck in local optima is com-
mon, and often a second best optimum, far away in param-
eter space, gives a false sense of certainty about the sub-
surface. Solving this conceptually simple, yet mathemat-
ically challenging, problem has far reaching implications
to the economics of civil engineering, hydrology, gas stor-
age and hydrocarbon exploration. We convert the classical
optimization to a Discrete Quadratic Model, and through
various discrete (classical) variable to qubit encodings to
a Binary Quadratic Optimization and its constraints. We
discuss how a custom hybrid classical-quantum workflow
enables us to solve problems nearing business-relevance and
show how the encodings influence the output generated by
the 5000-qubit quantum annealer. We discuss some fea-
tures of this application which could help establishing other
use cases in similar disciplines.
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Quantum Algorithms for Scientific Machine Learn-
ing and Solving Differential Equations

In the talk, I will discuss the advances in the field of quan-
tum scientific computing. This is based on the series of
works for solving differential equations for applications in
fluid dynamics and generative modelling. First, I will show
how to differentiate quantum circuits with feature maps
and embed derivatives of multidimensional functions. This
approach relies on automatic differentiation to represent
derivatives in an analytical form, thus avoiding inaccu-
rate finite difference procedures. We refer to the underly-
ing circuits as derivative quantum circuits (DQCs). I will
describe the proposed hybrid quantum-classical workflow
where DQCs are trained to satisfy nonlinear differential
equations and specified boundary conditions. As an ex-
ample, I will apply the algorithm to solve a problem from
computational fluid dynamics. This corresponds to the
fluid flow in a convergent-divergent nozzle (described by
Navier-Stokes equations), where we predict density, tem-
perature and velocity profiles for the stiff system of equa-
tions that can challenge classical solvers. Second, I will also
show that DQCs can provide an advantage for generative
modelling from stochastic differential equations, giving ac-

cess to sampling from financially relevant models. Finally,
I will discuss the protocols that may be scaled to treat large
industrial problems in the future.
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Finite Element Computations on NISQ Quantum
Devices using FEqa

While quantum devices are under development they offer a
fresh and exciting perspective for scientific and engineering
computation. FEqa is a recently published state-of-the-
art technique capable of solving practical problems using
NISQ devices using quantum annealing on quantum an-
nealers and the quantum adiabatic optimization algorithm
(QAOA) on gate-based quantum computers. This mini-
tutorial will provide a quick introduction to the two ma-
jor quantum computing models, quantum annealing and
gate-based quantum computing, give insight into the the-
oretical foundations of FEqa and its algorithms, formulate
problems with results, and present recent advances since
publication. The remainder of the tutorial will be focused
on open avenues in quantum computing for scientific and
engineering computation.
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Acceleration of Randomized Tensor Decomposi-
tions

In this talk, we discuss the application of acceleration
methods to randomized tensor low rank approximations
(LRAs). Randomized tensor LRA algorithms have been
proposed to address the need for efficient decompositions
algorithms for large dense tensors; such algorithms rely on
stochastic first-order or second-order methods. Accelera-
tion methods have been designed and applied for general
first-order optimization problems. We theoretically and
empirically investigate the advantages of combining these
two lines of work.
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Approximate Euclidean Lengths and Distances Be-
yond Johnson-Lindenstrauss

In this presentation we will dive in the core of Random-
ized Numerical Linear Algebra and present out recent re-
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sults (Sobczyk and Luisier, NeurIPS 2022) related to the
Johnson-Lindenstrauss (JL) lemma and its applications.
We revisit a key problem: how to approximate the Eu-
clidean lengths (or distances) of a set of high-dimensional
vectors. Can we do better than JL? Based on techniques
which are inspired by the recently published Hutch++
algorithm for trace estimation, we proposed algorithms
which can (provably) improve the standard JL bounds,
both in theory and in practice. We will describe all these
algorithms and sketch the proof techniques. These im-
provements can ultimately lead to more practical and ef-
ficient randomized algorithms for scientific computing, es-
pecially when high accuracy is required, which is a known
shortcoming of JL-based random projections. We will
also discuss how these results can be applied to other
problems, namely to compute Euclidean distances between
high-dimensional data points, to estimate the statistical
leverage scores of a matrix, and to approximate the charge
densities in a quantum mechanical system.

Aleksandros Sobczyk
IBM Research Europe
ETH Zürich
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Faster Accurate Sketching for Tensor Networks

Linear sketches with tensor product structure provide an
effective tool for accelerating decomposition of tensors. We
describe a new approach for inexact optimization of Tucker
decomposition via linear sketching (arXiv:2104.01101).
Then, we propose efficient a general scheme for construct-
ing computationally-efficient sketches of tensor network
inputs with arbitrary structure (arXiv:2205.13163). We
provide bounds on the complexity and accuracy of both
schemes and show that the general scheme is optimal or
near-optimal among possible tensor networks consisting of
Gaussian tensors.

Edgar Solomonik
University of Illinois at Urbana-Champaign
solomon2@illinois.edu

Linjian Ma
University of Illinois at Urbana Champaign
lma16@illinois.edu

MS410

Capacity Analysis of Vector Symbolic Architec-
tures

Hyperdimensional computing (HDC) is a biologically-
inspired framework that uses high-dimensional vectors and
various vector operations to represent and manipulate sym-
bols. The ensemble of a particular vector space and two
choice vector operations (one addition-like for ”bundling”
and one outer-product-like for ”binding”) form what we
call a ”vector symbolic architecture” (VSA). While VSAs
have been employed in numerous applications and studied
empirically, many theoretical questions about VSAs remain
open. We provide theoretical analyses for the representa-
tion capacities of two popular VSAs: MAP-I and MAP-
B. Representation capacity refers to lower bounds on the

dimensions of the VSA vectors required to perform cer-
tain symbolic tasks (such as testing for set membership
and estimating set intersection sizes) to a sufficient degree
of accuracy. Our analysis of MAP-I also demonstrates a
connection between VSAs and sketching (dimensionality
reduction) algorithms such as the Johnson-Lindenstrauss
transform. Time permitting, we will also describe a rela-
tionship between the MAP-I VSA to Hopfield networks,
which are simple models for associative memory.
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High-Order Method-of-Lines Time Integration for
Sharp Immersed Methods with Moving Boundaries

Sharp immersed methods are designed to accurately cap-
ture moving boundaries without the computational cost
and algorithmic challenges of mesh motion or remeshing.
However, these methods face a unique challenge in ”fresh”
or ”emerging” computational elements that change sides
of an interface during a given time step. Most existing
solutions reconstruct an extended flow field in the vicin-
ity of the interface at each time step with up to second-
order accuracy. Here we demonstrate that this methodol-
ogy can be successfully combined with higher-order spatial
discretizations and explicit Runge-Kutta time integrators
in a method-of-lines approach, and describe the nature of
the associated temporal errors. We show an application of
this approach to a high-order 3D immersed interface dis-
cretization of the advection diffusion equation with moving
interfaces, an important intermediate step on the path to
a fully high-order sharp interface Navier-Stokes solver.

James Gabbard, Wim van Rees
MIT
jgabbard@mit.edu, wvanrees@mit.edu

MS411

Optimizations and Algorithm Tradeoffs in Embed-
ded Boundary Discretizations

We present a novel higher-order accurate Embedded
Boundary (EB) discretization, implemented in a flexibe
software framework with good GPU performance. By
separating concerns for geometry generation, finite vol-
ume stencil generation and solvers, we are able to ap-
ply multiple optimizations independently. For example,
mesh refinement and subdivision algorithms can be used
to achieve very fast, high precision representations of mod-
erately complex surfaces. EB and tensor stencils can be
represented as mixed-precision hyper-sparse matrix opera-
tions on block-structured grid data, greatly reducing mem-
ory storage and bandwidth. And many nested loop struc-
tures and solver operations can be recast as optimized ma-
trix operations that better utilize GPU floating point capa-
bilities. When combined with fast algorithms and calls to
optimized GPU libraries, we are able to demonstrate signif-
icant speedups over traditional CPU implementations and
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solvers for real applications.
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The Hermite-Taylor Correction Function Method
for Embedded Boundary and Maxwells Interface
Problems

The Hermite-Taylor method is a high-order method for hy-
perbolic problems that relies on a Hermite interpolation
procedure in space and a Taylor method in time. The sta-
bility condition of this method depends only on the largest
wave-speed, independent of the order. However, the treat-
ment of general boundary and interface conditions is still
a challenge since the Hermite-Taylor method requires not
only to know the electromagnetic fields on the boundary
and the interface but also their derivatives through order
m in each Cartesian coordinate to achieve a (2m+1)-order
accurate method. In this talk, we investigate the correc-
tion function method to estimate all the needed informa-
tion at the nodes near either the boundary or the inter-
face in the Hermite-Taylor setting. The correction function
method relies on the minimization of a functional based on
Maxwell’s equations. This minimization problem has to be
solved only for some nodes in the vicinity of the boundary
or the interface at each time step. Numerical examples in
1-D and 2-D are performed and the expected convergence
order is observed for reasonable values of m.
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Higher-Order Finite-Volume Embedded Boundary
Methods on Moving Domains

This works presents a high-order finite-volume embedded
boundary method capable of representing moving bound-
aries. The algorithm automates mesh generation around
complex geometries by embedding them in a Cartesian
grid with cut-cells on the boundaries, and is capable of
providing high-order geometric information as necessary.
In space, the scheme achieves fourth-order accurate dis-
cretizations that are stable in the presence of small cut-
cells. We devise weighted least-squares reconstructions to
achieve this without approaches such as mesh modifica-

tion, cell merging, or redistribution. In time, we employ a
second-order implicit-explicit Runge-Kutta scheme which
treats viscous and diffusive terms implicitly, while treating
the advection and boundary motion terms explicitly. We
apply this algorithm to modeling the formation of small
bubbles of liquid water produced on catalyst sites inside
hydrogen fuel-cells. Modeling this system requires cou-
pled multi-phase physics with reactant gasses governed by
advection-diffusion equations, produced liquid water gov-
erned by the unsteady Stokes equations, and chemical re-
actions occurring on solid boundaries. Embedded bound-
aries that evolve in time and depend on the fluid behavior
represent the boundaries between the gas, liquid, and solid
materials. We demonstrate the formal accuracy of the algo-
rithm using grid refinement studies, and show simulations
of practical application.
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Robust Cut-Cell Finite Elements in Two and Three
Dimensions

This presentation concerns a geometrically simple and
computationally robust cut-cell finite element method for
Poisson’s equation on arbitrarily shaped two- and three-
dimensional domains. The equation is solved on a Carte-
sian axis-aligned grid of 4-node square elements in two
dimensions and 8-node cube elements. These intersect
the boundary of the domain in a smooth but arbi-
trary manner. Dirichlet boundary conditions are imposed
strongly by means of a projection method, while Neumann
boundary conditions require integration over a locally dis-
cretized boundary region. Representative numerical ex-
periments demonstrate that the proposed method is stable
and attains the asymptotic convergence rates expected of
the corresponding unstructured body-fitted finite element
method. Limited proofs of stability (in the sense of the
inf-sup condition) are also available and will be discussed.
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Fast Data-Driven Model Reduction for Non-
Linearizable Dynamics

An area of intense study in nonlinear dynamics is auto-
mated model identification of nonlinear systems based en-
tirely on data. An ideal model is simple enough for system
interpretability and control, but rich enough to capture



422 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 421

essential nonlinearities. Efficient reduction of very high-
dimensional datasets is another challenge. In our approach,
we use spectral submanifolds (SSMs) as reduced spaces.
Specifically, an SSM is the unique smoothest nonlinear con-
tinuation of a spectral subspace from a steady state. After
identification of the SSM, we compute its dynamics in the
Poincar normal form. The recently presented SSMLearn al-
gorithm identifies SSMs from data via nonlinear optimiza-
tion. While broadly applicable, this method is too compu-
tationally costly to handle higher-dimensional data. Here,
we introduce a simplified method, fastSSM. Our main as-
sumption is to estimate the tangent space of the SSM via
singular value decomposition. Furthermore, the normal
form dynamics are computed analytically rather than via
implicit optimization. This entails a speedup of several or-
ders of magnitude, allowing analysis of higher-dimensional
datasets. We demonstrate this by training on a full sur-
face profile signal from tank sloshing experiments. Further-
more, we show that our algorithms can capture the loss of
stability and transition between buckling states with data
from a FE beam simulation.

Joar Ax̊as
Chair in Nonlinear Dynamics
ETH Zurich
jgoeransson@ethz.ch

Mattia Cenedese
ETH Zurich
Switzerland
mattiacenedese15@gmail.com

George Haller
ETH, Zurich
Switzerland
georgehaller@ethz.ch

MS412

Projection-Based Reduction of Adaptively-Refined
Nonlinear Models

Adaptive Mesh Refinement (AMR) is often required and
fairly practiced in the context of high-dimensional, mesh-
based numerical simulations. However, it is in its infancy in
that of low-dimensional, generalized-coordinate-based sim-
ulations such as those performed using projection-based
reduced-order models (PROMs). This talk presents a com-
plete framework for executing PROMs in the presence of
AMR that builds on elements of readily available methods
while contributing several critical new ones. In particular,
it introduces an efficient algorithm for computing a pseudo-
meshless inner product between AMR snapshots for the
purpose of projection and clustering. The proposed frame-
work allows for hyperreduction, which is often necessary
for parametric and/or nonlinear problems: for this pur-
pose, it incorporates the energy-conserving sampling and
weighting (ECSW) method. It relies on the concept of local
reduced-order bases to achieve computational tractability
in the presence of AMR. All new ideas described in the
talk are illustrated with the solution of three-dimensional,
nonlinear, convection-dominated turbulent flow problems.
Their impact is highlighted by the significant speedups that
they deliver for realistic problems.
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Structural Condition Monitoring Using Parametric
Reduced Order Models and Limited Output Mea-
surements

Structural and mechanical systems are oftentimes sub-
jected to damage, which impels the vibration response be-
yond the normal operational regime. Apart from challeng-
ing the system’s serviceability and integrity, these events
pose a limit to the versatility and applicability of struc-
tural health monitoring strategies. The present works ad-
dresses the challenges associated with the response pre-
diction and parameter identification of systems subjected
to such events in the context of vibration-based struc-
tural health monitoring. The proposed approach relies on
projection-based Reduced Order Models for the represen-
tation of system dynamics, which are tailored to an in-
verse framework that aims to estimate characteristic traits
of the system’s state and features of the induced damage.
To assess the damage evolution and capture the changes
in system parameters over time, the ROMs are used as
predictors in the context of a sequential Bayesian infer-
ence problem, whereby the physics is fused with vibration
response measurements. This approach allows recursive
state or damage-related parameter estimation through a
bank of filters and an evolution strategy that captures
the parametrized states’ dynamics. By continuously mon-
itoring damage-related features and tracking the system’s
traits, the proposed framework aims to provide an indirect
evaluation of the system’s condition, while quantifying the
induced damage.
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Multi-Scale and Rotation-Equivariant Graph Neu-
ral Networks for the Simulation of Fluid Dynamics

The numerical simulation of fluid dynamics is an essential
tool in many areas of science and engineering. However,
its high computational cost can limit application in prac-
tice. Recent deep-learning approaches have demonstrated
the potential to yield surrogate models for fluid dynam-
ics simulation. While such models exhibit lower accuracy
in comparison, their low runtime makes them appealing
for design-space exploration and real-time simulation. We
introduce two novel graph neural networks (GNNs) for ex-
trapolating the time evolution of a fluid in an unstruc-
tured discretization of the domain. In both models, pre-
vious states are processed through multiple coarsenings of
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the graph, which enables faster information propagation
through the fluid domain and improves the capture and
forecast of the system state. One of the models is architec-
turally equivariant to rotations, which allows the network
to learn the underlying physics more efficiently. We anal-
yse these models using two canonical fluid models: advec-
tion and incompressible fluid dynamics. Our results show
that the proposed models can generalise from uniform ad-
vection fields to high-gradient fields on complex domains.
The multi-scale graph architecture allows for inference of
incompressible Navier-Stokes solutions, within a range of
Reynolds numbers and design parameters, more effectively
than a single-scale GNN. Simulations are between 102 to
104 times faster than the numerical solutions on which they
were trained.
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Exploiting Parallelism in Extreme Multi-Label
Graph Classification Problems

We are developing graph-based techniques for extreme mul-
tilabel text classification problems that arise in e-commerce
applications. Our techniques are relatively easy to inter-
pret, use intuitive parameters, and are competitive with
fast neural network-based classification methods. This
talk will introduce the motivating applications and present
data structures that make the training and inference al-
gorithms amenable to exploiting shared-memory multicore
parallelism. We will also comment on extending the imple-
mentations to GPUs and distributed-memory systems.
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Graph Partitioning for Communication-Intensive
and High-Concurrency Graph Analytics

Graph partitioning is a critical pre-processing step to en-
sure load balance and low communication overheads in dis-
tributed graph analytic computations. With modern graph
data at massive scales and modern high performance com-
putation platforms offering significant concurrency both
on-node and across a networked system, graph partition-
ing algorithms and approaches designed for regular scien-
tific problems are becoming increasingly non-optimal. We
consider graph partitioning in the context of irregular com-
putations on irregular large-scale graph datasets on highly
parallel systems. We propose several novel optimization
criteria to balance work and communication loads for these
data-driven computations, and we implement partitioning
approaches for our new criteria in a GPU framework opti-
mized for our the target datasets and systems.
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Graman: Graph Network Based Simulator for
Forecasting Molecular Polarizabilities

Realistic, high-quality simulations of complex physical sys-
tems often require substantial computational resources
making them challenging to scale up to larger systems.
A promising approach to overcome these limitations is
to use machine learning models trained on experimental
and simulation data. One of the many applications that
can benefit from such an approach is simulating Raman
spectra from ab initio molecular dynamics (AIMD) simu-
lations. Recent works have shown that Graph Network-
based simulators can be trained to simulate complex dy-
namical systems. In this talk, we will present our Graph
Network-based simulator to accelerate the simulation of
Raman spectra. The proposed simulator constitutes of
three components: (1) encoder which constructs the graph
given the atomic positions and embeds the atoms/edges
into a latent space; (2) Graph-Network processor which
learns the spatial interactions among atoms and updates
the latent embeddings; and (3) decoder which learns the
dynamics and predicts the next state of the simulation.
Currently, our simulator is trained to simulate molecule
trajectories. We trained our simulator on synthetic sim-
ulation data obtained from NWChem. We observed sat-
isfactory performance on single-step prediction. We plan
to develop novel methodologies to improve multi-step pre-
diction performance. Finally, we dive into future research
opportunities on generalizing this approach to other phys-
ical systems.
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Reducing Communication in Graph Neural Net-
work Training

Graph Neural Networks (GNNs) are powerful and flexi-
ble neural networks that use the naturally sparse connec-
tivity information of the data. GNNs represent this con-
nectivity as sparse matrices, which have lower arithmetic
intensity and thus higher communication costs compared
to dense matrices, making GNNs harder to scale to high
concurrencies than convolutional or fully-connected neu-
ral networks. We show that communication-avoiding ma-
trix multiplication algorithms can accelerate GNN training
compared to existing training methods with two families of
algorithms. The first asymptotically reduces communica-
tion in full-batch training by leveraging 1D, 1.5D, 2D, and
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3D SpMM algorithms. The second applies communication-
avoiding algorithms for SpGEMM to parallelize GNN mini-
batch sampling algorithms (e.g. GraphSAGE, LADIES,
GraphSAINT). Altogether, these algorithms optimize com-
munication across the full GNN training pipeline. We ex-
periment on graph datasets with billions of edges on over a
hundred GPUs to show the performance benefits of these
algorithms.
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Geometric Effects in Wall Shear Stress Uncertainty
Quantification in the Cardiovascular System

The vascular system delivers nutrients and oxygen to the
body through blood vessels whose walls are subjected to a
constant hemodynamic stress due to blood flow. This wall
shear stress (WSS) has proven to be a biomarker related
to the thickness, ulceration and rupture of atherosclerotic
plaques. In practice, the WSS is not measured directly, but
computed from blood flow measurements obtained with
phase-contrast 4d flow magnetic resonance imaging. This
computation depends explicitly on the flow velocity gradi-
ents and the geometry of the vessel. Therefore, the statis-
tics of the WSS measurement noise are different from those
of the flow velocity measurement noise. In this work we
study the geometric effects that characterize the uncer-
tainty propagation from the flow velocity measurements
into the WSS measurements, focusing on velocity measure-
ments obtained with MRI. To achieve this, we propose an
additive noise model based on Gaussian processes that al-
low us to explicitly determine these geometric effects. In
particular, we study the spatial correlations in the WSS
noise. In addition to this theoretical model, we study a
noise model arising from phase-contrast 4d flow magnetic
resonance imaging using numerical simulations. We per-
form additional numerical simulations on synthetic geome-
tries, and on human anatomic models. Our numerical re-
sults confirm our theoretical findings and provide evidence
of spatial correlations in the WSS noise.
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Stochastic Chaos and Predictability in Laboratory
Earthquakes

Laboratory earthquakes exhibit characteristics of a low-
dimensional random attractor with average dimension sim-
ilar to that of natural slow earthquakes (¡5). Instanta-
neous dimensions reach high values (¿10), indicating that
some regions of the phase space need a high number of
degrees of freedom (dofs). We present methods to explore
these dofs via a stochastic perturbation of the underly-
ing low-dimensional deterministic dynamics. We study the
dynamics for the spectrum of fault slip modes from sta-
ble sliding to stick-slip events and find that a model of
stochastic differential equations based on rate- and state-

dependent friction explains the observations. In the fully
unstable regime we do not observe truly periodic behav-
ior. Aperiodicities can be explained by small perturbations
(¡0.5) in the stress state. Frictions nonlinear nature ampli-
fies small scale perturbations, reducing the predictability
of the otherwise periodic macroscopic dynamics. As ap-
plied to tectonic faults, our results imply that even small
stress field fluctuations ( 150 kPa) can induce coefficient
of variations in earthquake repeat time of a few percent.
Moreover, these perturbations can drive an otherwise fast-
slipping fault, close to the critical stability condition, into
a mixed behavior involving slow and fast ruptures.
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Constraint Preserving Particle Flow Filters

Data assimilation can be thought of as a Bayesian inverse
problem that combines noisy observations of reality with
uncertain model dynamics. Flow based assimilation meth-
ods evolve the samples from an uninformed prior to pos-
terior that is informed by the observation via a defined
stochastic differential equation. But what happens when
the model states are constrained to be on a physical man-
ifold? Think of a pendulum with a constant cord length.
Standard filters have a minimal ability to strongly enforce
these physical constraints. To this end, we formulate a flow
based filter that treats the assimilation as an evolution of a
stochastic differential algebraic equation (SDAE). We also
specifically discuss the time evolution of the said SDAE.
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Bayesian Inference with Gaussian Process Models
for Multiscale Data and Model Integration

TBD
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Numerical Algorithms for Special Functions in the
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Santander-Amsterdam Project

We give a brief overview of recent published algorithms by
our group and of current activities and future plans. In
particular we discuss in some detail two current lines of
research: the computation and inversion of cumulative dis-
tributions and the evaluation of confluent hypergeometric
functions. This is joint work with Javier Segura and Nico
Temme.
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On the Numerical Approximation of Functions
with Singularities

Several classes of special functions have singularities, a par-
ticular example being Greens functions of partial differen-
tial equations. In that case both the nature and the lo-
cation of the singularity are known in advance. In this
talk we discuss numerical methods for the approximation
of functions with such singularities. The methodology is
based on enriching an approximation space with singular
functions. This leads to redundancy in the space, which in
turn leads to ill-conditioning of the approximation prob-
lem. Yet, we can prove numerical stability of an algorithm
based on the theory of frames, we can devise an efficient
implementation with near linear complexity in many cases
(called the AZ algorithm), and we make it available as part
of a Julia toolbox called FrameFun.
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Providing Library-Grade Software for Special
Functions

Providing accurate values to a special function over its full
domain in an efficient manner can be challenging. This will
often involve several different algorithms for different parts
of the domain and return values that can be on very differ-
ent scales of magnitude. We use the example of the Gauss
Hypergeometric function as implemented in the NAG Li-
brary to illustrate how these challenges can be overcome.
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Input-Output Finite Time Stabilization of Sampled
Data Control for Semi Markov T-S Fuzzy System
with Affine Matched Membership Function

This article aims to examine the problem of Input-output
finite-time stabilization of sampled-data control for semi-
Markov fuzzy systems with time delay and disturbance. In
most general cases, mode-dependent non-linear systems are
difficult to study. In order to deal with this issue, nonlinear
systems can be linearised by fuzzy with membership func-
tions. To be specific, affine matched membership function
for system and controller is considered. To stabilize and

reduce the communication burden, sampled data feedback
control is utilized for the considered system. By endow-
ing Lyapunov stability theory, a set of sufficient conditions
is developed in the frame of linear matrix inequalities to
guarantee that the fuzzy system is Input Output Finite
time stable. Finally, two numerical examples that are use-
ful in the field of engineering are provided to demonstrate
the effectiveness of the proposed method.
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Nist Digital Library of Mathematical Functions:
Updates and Related Work

In 2010, the National Institute of Standards and Technol-
ogy (NIST) launched the Digital Library of Mathemati-
cal Functions (DLMF), a free online compendium of def-
initions, recurrence relations, differential equations, and
other crucial information about functions useful to ap-
plied researchers in the mathematical and physical sciences.
Although the DLMF was developed to expand and re-
place the widely cited National Bureau of Standards (NBS)
Handbook of Mathematical Functions commonly known as
Abramowitz and Stegun (A&S), it is far beyond a book on
the web, incorporating web tools and technologies for ac-
cessing, rendering, and searching math and graphics con-
tent. This talk will spotlight completed and ongoing mod-
ifications to DLMF content and technology, and look at
related follow-on work.
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Thermodynamically-Consistent Coupling of Fluc-
tuating Hydrodynamics and Kinetic Monte Carlo
for Gas-Solid Interfaces

We consider a hybrid simulation method for a gas-solid
interfacial system by combining the fluctuating hydrody-
namics (FHD) method for the gas phase and the kinetic
Monte Carlo (KMC) method for reactive surface. Since
both simulation methods incorporate thermal fluctuations,
a correct coupling of the two methods through a compu-
tational interface requires careful stochastic analysis. In
addition, the fact that the two methods are based on dis-
parate types of descriptions (that is, FHD is a continuum
description whereas KMC is particle dynamics on a lattice)
makes it a nontrivial task to develop a thermodynamically-
consistent coupling between the two phases. By assuming
that additional interactions between the two phases that
are induced by the inclusion of surface chemistry occur only
through adsorption and desorption processes, we develop
a physically-inspired flux-exchange model where mass and
energy fluxes across the interface are computed based on
adsorption/desorption counts. By performing stochastic
analysis, we justify the proposed mass and energy updates
in FHD cells. We validate the overall hybrid simulation
method by performing simulations for gas-solid interfaces
undergoing reversible adsorption. We also discuss high-
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performance computing implementation strategies.
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Structure-Dependent Multiscale Analysis in Het-
erogeneous Catalysis

Multiscale analyses based on structure-dependent microki-
netic modeling are acknowledged to be an essential key
tool to achieve a detailed mechanistic understanding of the
catalyst functionality as they bridge the micro-scale en-
vironment of the active site and the macroscale reaction
environment. Here, we present a methodology to perform
a structure-dependent microkinetic analysis of a catalytic
process. The methodology makes it possible to unveil the
nature and identity of the active site in a self-consistent
manner. The methodology is based on the combination of
microkinetic modeling and ab initio thermodynamics with
Wulff constructions and Boltzmann statistics at given con-
ditions of chemical potential in the reactor. In doing so,
the structure and the coordination geometry of each atom
at the catalyst surface are determined. Then, microkinetic
analyses are performed on the distribution of the sites in
order to unravel the identity of the active site during the re-
action. Selected examples in the context of water-gas-shift,
reverse-water-gas shift, and CO2 methanation on metal
catalysts will be employed as showcases. As a whole, this
methodology makes it possible a concomitant description
of the nature of the catalyst material in reaction conditions
and of its catalytic consequences in terms of reactivity. As
such, it paves the way towards the use of first-principles
methods for the interpretation of the experimental evi-
dence in terms of structure-activity relationships.
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First-Principles Multi-Scale Modeling of Electro-
chemical CO2 Reduction

Electrochemical CO2 reduction is at the heart of the
world’s effort towards a sustainable energy future. De-
spite this, devices have not yet been optimized to the per-

formance level needed to overthrow conventional chemi-
cal processes. Here, we propose a new multi-scale model
for electrochemical CO2 reduction which is based on first-
principles quantum chemical calculations. We connected a
kinetic model built up from Density Functional Theory cal-
culations with a mass transport model accurately depicting
the design of a state-of-the-art electrolyzer. From that, we
analyze local concentration variations with macroscopic de-
sign parameters, but also possible liquid intermediates and
mechanistic effects. We conclude by giving general design
principles to the hands of experimentalists to derive opti-
mized electrolyzer cells.
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A Hybrid Kinetic-Continuum Computational
Model for Simulations of Laser-Induced Plasma
Plumes

A combined kinetic-continuum computational model for
simulations of the shielding effect in strongly non-
equilibrium plasma plumes. The model accounts for vari-
ous modes of non-equilibrium, which are characteristic for
plasma plumes induced by short- and ultra-short pulses.
It includes a two-temperature model of the irradiated tar-
get, a kinetic model for flow of atoms and ions, and a
continuum model for electrons in gaseous plasma. The
model of plasma plume is implemented as a part of the di-
rect simulation Monte Carlo (DSMC) method. The classi-
cal DSMC method is combined with the collision-radiation
(CR) model using an approach, when a simulate particle
represents both ions and atoms in multiple excited states.
In the CR model, non-equilibrium distribution of ions, elas-
tic collisions between electrons and ions, multiphoton ion-
ization, inverse Bremsstrahlung, electron impact ioniza-
tion, three-body recombination, as well as plasma emis-
sion are accounted for. The developed model is used to
study the efficiency of burst laser ablation under conditions
of strong plume accumulation effect and plasma shield-
ing. This work was supported by the MKS Instruments,
Inc. Work was also performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore Na-
tional Laboratory under Contract DE-AC52-07NA27344.
Release number LLNL-ABS-840136. A.N.V. also acknowl-
edges support from NSF through RII-Track-1 Future Tech-
nologies and Enabling Plasma Processes project (award
OIA-2148653).

Alexey N. Volkov, Michael Stokes
University of Alabama
avolkov1@ua.edu, mastokes2@crimson.ua.edu

Zhibin Lin
MKS Instruments, Inc.
zhibin.lin@mksinst.com

Saad Khairallah, Alexander Rubenchik
Lawrence Livermore National Laboratory
khairallah1@llnl.gov, rubenchik1@llnl.gov

MS417

Arithmetic Operations with H-matrices

H2-matrices can be used to represent solution operators
both for partial differential and boundary integral equa-
tions, but computing these (approximate) representations
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still presents a challenge, particularly if we want to guar-
antee a given accuracy. This talk presents a technique for
approximating the product of two H2-matrices efficiently.
The cluster bases used for compressing the result are com-
puted adaptively in order to guarantee a prescribed accu-
racy of the approximated matrix. Using the efficient matrix
multiplication algorithm, more complex tasks like comput-
ing the inverse or constructing triangular factorizations can
be approached.
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Reducing Communications and Memory Costs of
Parallel Block Low-Rank Solvers

Block Low-Rank (BLR) compression is successful at re-
ducing the high computational cost and memory footprint
of sparse direct linear solvers. With the growing sizes of
problems and increasing relative costs of data movements
on modern architectures, it has become crucial to further
optimize the memory and communication costs of paral-
lel BLR solvers. In order to do so, we introduce several
new approaches targeting both the LU factorization and
solution phases of the solver. The key ideas include us-
ing mixed precision representations, designing data access
patterns better suited to BLR, and compressing interme-
diate data, even at the cost of increasing the number of
operations. We evaluate the potential of these approaches
on a range of matrices coming from real-life problems in
industrial and academic applications.
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O(N) Factorization of Dense Matrices on GPUs
Without Trailing Submatrix Dependencies

In the previous work, we demonstrated pre-computing the
fill-ins and integrate them into the shared basis, allows us

to remove the dependency on trailing-matrices even for H2-
matrices. Comparisons with a block low-rank factorization
code LORAPO already showed a maximum speed up of
4,700x for a 3-D problem with complex geometry. In this
talk, we are aiming to give a performance extension of our
previous work using batched LAPACK/BLAS API as well
as GPUs. The adoption of a method that is free of data
dependencies, has great potential of utilizing parallel com-
puting hardware with optimal efficiency.
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Distributed Multi-GPU algorithms for H2 Matri-
ces

We describe high-performance, distributed-memory, and
GPU-accelerated algorithms for matrix-vector multiplica-
tion and matrix recompression of hierarchical matrices in
the H2 format. Results show near-ideal scalability up to
1024 NVIDIA V100 GPUs, with performance exceeding
2.3 Tflop/s/GPU for the matrix-vector multiplication, and
670 Gflops/s/GPU for matrix compression, which involves
batched QR and SVD operations. The algorithms are a
new module of H2Opus, a performance-oriented package
that supports a broad variety of H2 matrix operations on
CPUs and GPUs.
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Structure-Preserving Model Order Reduction on
Manifolds

Classical model order reduction (MOR) computes a re-
duced solution in a linear subspace. Thus, its accuracy is
limited by the Kolmogorov n-widths, which is known to be
especially problematic for advection-dominated problems.
This is why recent approaches like “MOR on manifolds”
actively investigate techniques which rely on nonlinear em-
beddings [K. Lee and K. Carlberg, “Model reduction of dy-
namical systems on nonlinear manifolds using deep convo-
lutional autoencoders”, 2020]. However, most of these ap-
proaches do not respect special structures in the equations.
This concerns e.g. the structures present in Lagrangian or
Hamiltonian equations. In our work, we use differential ge-
ometry to formulate a rather general theoretical framework
which is able to preserve such structures during the reduc-
tion. We show that this formalism generalizes structure-
preserving MOR techniques with linear embeddings to the
case of nonlinear embeddings. In a numerical experiment,
we investigate for the one-dimensional wave equation how
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techniques from machine learning can be used to derive
a nonlinear embedding for structure-preserving MOR of
Hamiltonian systems on nonlinear manifolds.
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Machine Learning Structure Preserving Brackets
for Forecasting Irreversible Processes

Forecasting of time-series data requires imposition of in-
ductive biases to obtain predictive extrapolation, and re-
cent works have imposed Hamiltonian/Lagrangian form to
preserve structure for systems with reversible dynamics. In
this work we present a novel parameterization of dissipa-
tive brackets from metriplectic dynamical systems appro-
priate for learning irreversible dynamics with unknown a
priori model form. The process learns generalized Casimirs
for energy and entropy guaranteed to be conserved and
nondecreasing, respectively. Furthermore, for the case of
added thermal noise, we guarantee exact preservation of a
fluctuation-dissipation theorem, ensuring thermodynamic
consistency. We provide benchmarks for dissipative sys-
tems demonstrating learned dynamics are more robust and
generalize better than either” black-box” or penalty-based
approaches.
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Structure-Preserving Model Reduction for Dissipa-
tive Differential Equations

In this talk, we consider numerical computation of dissipa-
tive gradient systems, such as Hamiltonian systems with
friction, and systems that arise as discretizations of cer-
tain dissipative partial differential equations. Such systems
are often equipped with some energy functional that decays
with time, which is important in that it controls asymptotic
behavior of solutions. The energy decay property could
be preserved by “structure-preserving numerical methods.”
They are preferable for better qualitative behaviors, but in
many cases schemes become fully-implicit, and prohibitive
as is for large systems. It encourages us to introduce
some model reduction techniques (for example, the proper
orthogonal decomposition [Moore, 1981]), but it in turn
generally destroys the important mathematical structure,
the gradient structure, which makes the overall strategy
very problematic. In this talk, we show a new structure-
preserving model reduction technique for dissipative gra-
dient systems, which successfully preserves the gradient
structure. The technique is partially inspired by an exist-
ing technique for Hamiltonian systems (without friction)

[Peng–Mohseni, 2016], but provides more general guiding
principle for structure-preservation. With some numeri-
cal examples we illustrate that in fact such a structure-
preserving model reduction provides us efficient, stable nu-
merical computations.
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Structured Neural Networks and Their Relevance
for Mechanical Systems

Neural networks have gained much interest because they
can effectively approximate functions defined in high-
dimensional spaces. Moreover, when suitably designed,
they can also be employed to approximate functions while
reproducing an expected structure or property. An exam-
ple is working with symplectic neural networks to approxi-
mate Hamiltonian systems’ flow maps while preserving the
model’s interpretability. Thus, neural networks can be rel-
evant tools for physical problems as well. In this talk, we
present a formalism for designing neural networks that sat-
isfy specific desired properties. We then demonstrate their
effectiveness in the problem of discovering the dynamics
of a mechanical system while maintaining some expected
features.
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Conservative Iterative Solvers for Systems of Con-
servation Laws

We consider implicit discretizations for systems of nonlin-
ear hyperbolic conservation laws. A successful design prin-
ciple for such discretizations has been to respect conserva-
tion. Iterative methods are typically not designed based on
such ideas. The question thus arises if iterative methods
are locally conservative. As it turns out, many commonly
used methods preserve the local conservation of an underly-
ing implicit scheme. This includes pseudo-time iterations,
Newton’s method and Krylov subspace methods. However,
there are prominent exceptions, in particular the Jacobi
and Gauss-Seidel iterations. We present extensions of the
Lax-Wendroff theorem for a fixed, finite number of itera-
tions each time step. The iterative method defines a numer-
ical flux that is inconsistent in general. We can describe
the specific inconsistency as a form of slowed down time
for pseudo-time iterations, Krylov methods, and thereby
also Newton-Krylov methods. A simple technique based on
the explicit Euler method can alleviate flux-inconsistency
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and can additionally be used to generate improved initial
guesses for iterative methods. Numerical experiments il-
lustrate the theory.
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Multiple Invariants-Preserving Relaxation Runge
Kutta Methods for Conservative Dynamical Sys-
tems

Relaxation Runge-Kutta methods, which are a slight mod-
ification of the RK methods, have been introduced to pre-
serve invariants of initial-value problems. So far, this ap-
proach has been applied to preserve only one nonlinear
functional in the numerical solution of a problem. In this
talk, I will present the generalization of the relaxation ap-
proach for RK methods to preserve multiple nonlinear in-
variants of a dynamical system. The significance of pre-
serving multiple invariants and its impact on long-term
error growth will be illustrated via several numerical ex-
amples.
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Walking into the Complex Plane to ”order” Better
Integrators

Most numerical methods for time integration use real time
steps. Complex time steps provide an additional degree of
freedom, as we can select the magnitude of the step in both
the real and imaginary directions. By time stepping along
specific paths in the complex plane, integrators can gain
higher orders of accuracy or achieve expanded stability re-
gions. Complex time stepping also allows us to break the
Runge-Kutta order barrier, enabling 5th order accuracy
using only five function evaluations. We show how to de-
rive these paths for explicit and implicit methods, discuss
computational costs and demonstrate clear advantages for
complex-valued systems like the Schrodinger equation.
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Efficient Implementation of Implicit RungeKutta
Methods with Downwind-Biased Operators

Strong stability preserving (SSP) time integrators have
been developed to preserve certain nonlinear stability prop-
erties of the numerical solution in arbitrary norms, when
coupled with suitable spatial discretizations. The exist-
ing general linear methods either attain small time steps
for strong stability preservation or are only first-order ac-
curate. One way to relax the time-step restrictions is to
consider time integrators that contain both upwind- and
downwind-biased operators. In this talk, we review down-
wind SSP Runge-Kutta (DWRK) methods in the frame-
work of perturbations of classical Runge-Kutta methods.
We show how downwinding improves the SSP properties
of time-stepping methods and breaks some stability barri-
ers. In particular, we focus on a novel one-parameter family
of implicit DWRK methods for which the SSP coefficient

varies with respect to the method’s coefficients and the
CFL-like restriction can be arbitrarily large. We analyze
the stability and accuracy of such methods for large CFL
numbers. Finally, we discuss the computational complex-
ity of implicit DWRK methods, and we propose a block
factorization of the Jacobian that enhances the solution of
Newton’s method.
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Efficient Numerical Solution of Advection-
Diffusion-Reaction Equations by Modified
PatankarRungeKutta Methods

In this talk we numerically solve advection-diffusion-
reaction equations using a Strang splitting. Thereby,
the NPZD model—a stiff, positive and conservative sys-
tem of ordinary differential equations (ODE) describing
the ecosystem of phytoplankton—arises as a sub-problem.
For solving the NPZD model we compare standard ODE
solvers and an unconditionally positive and conservative
modified Patankar–Runge–Kutta method (MPRK) with
respect to their efficiency. Thereby, we confirm that only
the MPRK scheme is positive for all time step sizes while
the remaining schemes face severe time step restrictions in
order to maintain positive approximations. As a result,
MPRK schemes may choose the maximal time step size
coming from an explicit time integration of the advection-
diffusion part also for the reaction part, whereas the stan-
dard ODE solvers must choose an even smaller time step
size leading to an overall higher computational effort.
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Multiscale Matrix Pencil Method for Superresolu-
tion

We present some recent multiscale factorizations of highly
structured matrices encountered in exponential analysis,
which is a sparse digital signal processing method. These
factorizations give rise to matrix pencil methods for the
analysis of the digital signal at different granularity levels
of the signal samples. Here the granularity is allowed to not
adhere to the Nyquist sampling constraint. We numerically
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illustrate how coarsely collected signal samples allow to
detect fine and weak signal details, meaning the presence
of significantly higher signal frequencies than dictated by
the Nyquist bandwidth condition. In addition, the high
frequency components can be entirely buried in the signal
noise.

Annie Cuyt
University of Antwerp
annie.cuyt@uantwerpen.be

MS420

Graph Signal Processing and Intralogistics

This presentation deals with graphs, graph signal process-
ing (GSP) and possible applications to (intra-)logistics.
In particular we focus on modelling a cooperating fleet
of forklifters (FL’s) as an N-vertex-graph (V,E,w). The
vertex set V splits in stationary (e.g. charging stations,
pick/drop-places) and moving vertices (FL’s), the edge-
set E represents cooperation or source/sink-relations of
the connected vertices, the weight function w quantifies
these relations. As an example we study the task of opti-
mal placement of charging stations for battery-driven FL’s
based on recorded motion and task data of the fleet. One
idea is to connect stationary (charging stations) with mov-
ing vertices (FL’s) with a proper edge set E and weight
function w and to measure the ’importance’ of the charging
stations at their individual position by a properly modified
pagerank-like algorithm. Alternatively in this graph we
may consider the state of charge (SOC) of the individual
FL’s as a graph signal f and perform a sensitivity analy-

sis to its graph Fourier transform f̂ , when the positions of
the charging stations are varied. Apart from these exam-
ples we also show simulations of GSP-like models of FL-
fleets. These simulations rely on CARLA; an open source
tool developed mainly in the context of autonomous driv-
ing. The reported work comes from a cooperation of the
Aschaffenburg University of Applied Sciences with a local
manufacturer of fork lifters.
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Robust and Tractable Multidimensional Exponen-
tial Analysis

Given samples a multidimensional signal of the form

f(x) =
K∑

k=1

ak exp(−�x, ωk�), x, ω1, · · · , ωk ∈ Rq,

we develop a method based on localized trigonometric poly-
nomial kernels to determine the values of the number K of
components, and the parameters ak and ωk’s. Our method
is easy to implement, and is shown to be stable under a very
low SNR.
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Towards the Future Removal of Bandwidth Con-
straints

The Nyquist condition which imposes a condition on the
sampling step used when collecting data from a digital sig-
nal, in terms of the frequencies present in the signal, is at
the basis of many digital signal processing algorithms. The
Nyquist constraint can be circumvented by using mutually
prime multiples of the sampling step, as in coprime arrays.
The performamnce of the latter can be improved to us-
ing mutually prime scale and shift parameters instead of
two mutually prime scales. We show that the bandwidth
condition can be further stretched by cleverly choosing the
multiples of the sampling step. Can we remove the band-
width condition entirely?

Wen-shin Lee
University of Stirling
wen-shin.lee@stir.ac.uk

MS421

Accelerating PDE-Constrained Optimization Us-
ing Adaptive Certified Trust-Region Localized Re-
duced Basis Methods

PDE-constrained parameter optimization problems, where
the involved equality constraint is a parameterized par-
tial differential equation (pPDE), are of interest for many
applications, such as parameter identification, decision-
making, and inverse problems. In many cases, the under-
lying pPDE admits a large- or multi-scale structure which
easily exceeds computational resources if the optimization
method relies on standard approximation methods for the
forward problem. In this talk, we are concerned with accel-
erating the overall computational cost of the optimization
routine by utilizing adaptive model order reduction (MOR)
methods for the pPDE. The adaptive procedure is based
on a trust-region (TR) method that relies on the a pos-
teriori error estimation of the reduction approach. While
going beyond a classical offline/online splitting, it can be
fully certified and shown to be convergent also for prob-
lems with a slow convergence of the Kolmogorov n-width.
In addition, the method can reliably be relaxed in the ini-
tial phase of the iterative algorithm. We focus on several
aspects of the algorithm in both the optimization loop and
the full- and reduced-order models. We show results that
use the classical reduced basis (RB) method for an elliptic
forward problem. As a second step, we extend the TR-RB
algorithm with adaptive and certified localized model order
reduction techniques to fully replace the high-dimensional
model.
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Optimization of Energy Consumption in District
Heating Networks via Space-Time-Model Adaptive
Methods

We propose an adaptive optimization algorithm for oper-
ating district heating networks in a stationary regime. The
behavior of hot water flow in the pipe network is modeled
using the incompressible Euler equations and a suitably
chosen energy equation. By applying different simplifica-
tions to these equations, we derive a catalog of models. Our
algorithm is based on this catalog and adaptively controls
where in the network which model is used. Moreover, the
granularity of the applied discretization is controlled in a
similar adaptive manner. By doing so, we are able to obtain
optimal solutions at low computational costs that satisfy
a prescribed tolerance w.r.t. the most accurate modeling
level. To adaptively control the switching between differ-
ent levels and the adaptation of the discretization grids,
we derive error formulas and a posteriori error estimators.
Under reasonable assumptions we prove that the adaptive
algorithm terminates after finitely many iterations. Our
numerical results show that the algorithm is able to pro-
duce solutions for problem instances that have not been
solvable before.
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Adaptive Reduced Basis Methods for PDE-
Constrained Optimization and Optimal Input De-
sign

We propose an algorithm for the bi-level optimal input de-
sign involving a parameter-dependent evolution problem.
In the inner cycle a control is fixed and the parameter is
optimized in order to minimize a cost function that mea-
sures the discrepancy from some data. For this optimiza-
tion problem a trust-region reduced basis approximation
of the model with creation and enrichment of the reduced
basis on-the-fly is used. In the outer cycle the found pa-
rameter is fixed and the control is now optimized in order
to minimize a suitable measure of uncertainty of the pa-
rameters. Such measure of uncertainty is defined using the
Fishers information matrix, that quantifies how informa-
tive an input is for a fixed parameter. Numerical examples
illustrate the efficiency of the proposed approach.
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An Adaptive Scheme for the Optimization of
Damping Positions by Decoupling Controllability
Spaces in Vibrational Systems

In this work, the problem of optimizing damper positions
in vibrational systems is investigated. The objective is to
determine the positions of external dampers in such a way
that the influence of the input on the output is minimized.
The energy response serves as an optimization criterion,
whose computation involves solving Lyapunov equations.
Hence, in order to find the best positions, many of these
equations need to be solved, and so the minimization pro-
cess can have a high computational cost. To accelerate the
process of finding the optimal positions, we propose a new
reduction method. Our algorithm generates a basis span-
ning an approximation to the solution space of the Lya-
punov equations for all possible positions of the dampers.
We derive an adaptive scheme that generates the reduced
solution space by adding the subspaces of interest, and then
we define the corresponding reduced optimization problem
that is solvable in reasonable amount of time. We decouple
the solution spaces of the problem to obtain a space that
corresponds to the system without external dampers and
serves as a starting point for the reduction of the optimiza-
tion problem. In addition, we derive spaces corresponding
to the different damper positions that are used to expand
the reduced basis if needed. Our new technique produces
a reduced optimization problem of significantly smaller di-
mension that is faster to solve than the original problem,
which we illustrate with some numerical examples.
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A Relaxation-Based Probabilistic Approach for
Pde-Constrained Optimization under Uncertainty
with Pointwise State Constraints

We consider a class of convex risk-neutral PDE-constrained
optimization problems subject to pointwise control and
state constraints. Due to the many challenges associated
with almost sure constraints on pointwise evaluations of
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the state, we suggest a relaxation via a smooth functional
bound with similar properties to well-known probability
constraints. First, we introduce and analyze the relaxed
problem, discuss its asymptotic properties, and derive for-
mulae for the gradient the adjoint calculus. We then build
on the theoretical results by extending a recently published
online convex optimization algorithm (OSA) to the infinite-
dimensional setting. Similar to the regret-based analysis of
time-varying stochastic optimization problems, we enhance
the method further by allowing for periodic restarts at pre-
defined epochs. Not only does this allow for larger step
sizes, it also proves to be an essential factor in obtaining
high-quality solutions in practice. The behavior of the al-
gorithm is demonstrated in a numerical example involving
a linear advection-diffusion equation with random inputs.
In order to judge the quality of the solution, the results are
compared to those arising from a sample average approxi-
mation (SAA). In addition, we conduct statistical tests to
further analyze the behavior of the online algorithm and
the quality of its solutions.
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Mathematical Analysis of a Discrete Covid-19 Epi-
demic Model

In this talk, we will study the global dynamics of a discrete
Covid-19 epidemic model. A unique positive solution for
the proposed model with the positive initial conditions is
obtained. The stability analysis of the disease-free equilib-
rium and endemic equilibrium have been investigated. It
has been proved that the DFE is globally asymptotically
stable when the basic reproduction number R0 ≤ 1. The
proposed model has a unique endemic equilibrium that is
globally asymptotically stable whenever R0 > 1. The the-
oretical results are illustrated by a numerical simulation.
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Dynamic Models of the Infection of Lassa Fever
Epidemics Incorporating Detected and Undetected
Class

In this study, a dynamical model of the infection of Lassa
fever which incorporates detected and undetected classes
was proposed to investigate the effect of vaccine on the
spread of the Lassa disease. The stability analysis of the
model was conducted to determine free and endemic equi-
librium. The exact solutions of the models were obtained
using analytic technique. The basic reproduction number
was determined using the next generation matrix approach.

The local and global stability were carried out using Routh-
Hurwitz conditions and the Castillo-chavez criterion. The
numerical computations of the exact solutions were also
done using Mathematica software. The result obtained
shows that, the disease free equilibrium is locally asymp-
totically stable when the basic reproduction otherwise its
unstable. These indicate that, the Lassa fever disease will
be completely wiped out if the secondary infection is kept
below unity.
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Computational Modelling of Protein Conforma-
tional Changes - Application to the Opening Sars-
CoV-2 Spike

We present a new approach to compute and analyze the
dynamical electro-geometric properties of proteins under-
going conformational changes. The molecular trajectory
is obtained from Markov state models, and the electro-
static potential is calculated using the continuum Poisson-
Boltzmann equation. The numerical electric potential is
constructed using a parallel sharp numerical solver imple-
mented on adaptive Octree grids. We introduce novel a
posteriori error estimates to quantify the solution’s accu-
racy on the molecular surface. To illustrate the approach,
we consider the opening of the SARS-CoV-2 spike protein
using the recent molecular trajectory simulated through
the Folding@home initiative. We analyze our results, fo-
cusing on the characteristics of the receptor-binding do-
main and its vicinity. This work lays the foundation for a
new class of hybrid computational approaches, producing
high-fidelity dynamical computational measurements serv-
ing as a basis for protein bio-mechanism investigations.
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A Deep Learning Approach for the Detection of
COVID-19, Abnormal and Normal Lungs from
Computed Tomography Slices using Different CNN
Architectures

The outbreak of COVID-19 has had a devastating impact
on the lives of many people. Due to the rampant epidemic
of this pandemic, there have been many evident cases of
other lung infections that are a threat to human life mis-
diagnosed as COVID-19 infection. Hence, an efficient sys-
tem that distinguishes lungs affected by COVID-19 and
other infections is highly essential for clinicians in these
times. Therefore, a transfer learning-based convolution
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neural network (CNN) is designed for accurate detection
that classifies as covid-19 affected, abnormal and healthy
from computed tomography slices. Competitive results
of different CNN architectures namely, VGG16, VGG19,
ResNet and Inception v3 networks are compared. Related
works in the literature include [Sahinbas, K. and Catak,
F.O., 2021. Transfer learning-based convolutional neural
network for COVID-19 detection with X-ray images. In
Data Science for COVID-19 (pp. 451-466). Academic
Press] and [Isaac A., Nehemiah H.K., Isaac A. and Kannan
A., 2020. Computer-Aided Diagnosis system for diagno-
sis of pulmonary emphysema using bio-inspired algorithms.
Computers in Biology and Medicine, 124, p.103940].
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How to Give Good Talks

Input your abstract, including TeX commands, here. The
abstract should be no longer than 1500 characters, includ-
ing spaces. Only input the abstract text. Don’t include
title or author information here.
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MP1

Matrix Free Multigrid Preconditioner for Dg-Sem
for Compressible Flow

High fidelity fluid simulations have many important ap-
plications in science and engineering, with examples in-
cluding numerical weather prediction and simulation aided
design. Discontinuous Galerkin (DG) methods are high
order discretizations, promising for simulation of unsteady
compressible fluid flow in three dimensions. Systems aris-
ing from such discretizations of turbulent fluid motion are
often stiff, and require implicit time integration. This re-
quires fast, parallel, low-memory solvers for the algebraic
equation systems that arise. For (low order) finite vol-
ume (FV) methods, multigrid (MG) methods have been
successfully applied for this purpose. But for high order
DG such solver are currently lacking. This deficiency in-
hibits wider adoption of DG methods, and motivates our
research to construct a matrix free preconditioner for high
order DG discretizations. The preconditioner is based on
a multigrid method constructed for a low order finite vol-
ume discretization defined on a subgrid of the DG mesh.
Numerical experiments on atmospheric flow problems show
the benefit of this approach.
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MP1

An Overview on Recent Development in Dune and
Dune-Fem

For about two decades the Distributed and Unified Nu-
merics Environment (DUNE:https://dune-project.org) has
been an active part in the scientific development of com-
putational software and technology and it’s C++ routines
are the basis for several other well established open source
projects, for example, DuMux (https://dumux.org) or the
Open Porous Media Initiative (https://opm-project.org).
Although the C++ interfaces of DUNE are highly flexi-
ble and customizable, a solid knowledge of C++ is neces-
sary to make use of this powerful tool. In this Minisym-
posterium an overview on recent development towards a
Python interface for DUNE and in particular DUNE-FEM,
a module which provides highly efficient implementations
of hp-adaptive Discontinuous Galerkin (DG) methods for
solving a wide range of non linear partial differential equa-
tions. Providing easier user interfaces based on Python
and the Unified Form Language (UFL) opens DUNE-FEM
to a broader audience.
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MP1

Reactive Transport Models for Ice-Ocean Inter-
faces

Heat and mass exchange processes at the boundary be-
tween sea ice and ocean saltwater play a vital role in un-
derstanding the coupling between earth’s ocean and atmo-
sphere. Ice-ocean interface models are furthermore used to
constrain thickness and composition of the kilometer-thick
shell of icy moons such as the Jovian moon Europa. Meso-
scale models of the ice-saltwater interface treat the transi-
tion region between ice and seawater as a continuous mush
containing a mix of solid and high-salinity brine [Buffo et
al., Dynamics of a Solidifying Icy Satellite Shell, 2021].
This is in analogy to established enthalpy methods for the
treatment of alloy solidification [Swaminathan and Voller,
On the enthalpy method, 1993]. Governing equations for
incompressible flow are coupled with thermal and solute
transport through buoyancy and advective terms. In this
contribution we focus on the numerical treatment of the
mixture solidification problem. Assuming thermodynamic
equilibrium, conservation of energy and solute transport
are solved with discontinuous Galerkin finite elements. Our
prototype uses the DUNE Python API [Dedner and Nolte,
The Dune Python Module, 2018] and leverages several re-
cent works on multiphase reactive transport. In particular,
we generalize a variable switching technique [Krabbenhoft
et al., An implicit mixed enthalpytemperature method for
phase-change problems, 2007] to systems where the liquid
fraction is a multivariable function.
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PP1

Modelling and Simulation of Charge Transport in
Perovskite Solar Cells

Due to its flexibility, perovskite materials are a promising
candidate for many semiconductor devices. For example,
Perovskite Solar Cells (PSCs) have become recently one
of the fastest growing photovoltaic technologies. However,
which exact physical operation mechanisms play a funda-
mental role within such devices is not fully understood yet.
Experiments indicate that besides the movement of elec-
tric carriers, ion movement within the perovskite needs to
be taken into account. For this reason it is paramount
to understand the electronic-ionic charge transport within
PSCs better via improved modelling and simulation. In
this work, we take volume exclusion effects into account by
formulating two different current densities either treating
the mobility or the diffusion as density dependent while
the other quantity remains constant. Finally, we compare
both fluxes within drift-diffusion simulations performed by
two different open-source tools.
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PP1

Stochastic Inversion Strategies for Model Calibra-
tion and Optimization under Uncertainty : Appli-
cations in Materials Design

While significant advances have been made in forward and
backward modeling of complex physical systems for captur-
ing nonlinear and multi-scale processes, fewer efforts have
been directed towards quantifying uncertainties. A fully
integrated approach to the calibration and optimization
of the physical systems necessitates the inclusion of un-
certainties. To address this stochastic inversion problem,
we propose a novel probabilistic framework to formulate
the problem of optimization/design in the presence of un-
certainty. We apply the proposed framework to materials
design problems, in order to perform stochastic inversion of
the material Process-Properties-Performance linkages. We
advocate the use of probabilistic, data-driven surrogates
for the process-property and property-performance links,
that are capable of learning under Small Data, that incor-
porate physical constraints and are able to quantify their
predictive uncertainty. We demonstrate the efficacy of the
proposed scheme for concrete which exhibits highly non-
linear and multi scale behavior.
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An Incremental Tensor Train Decomposition for
High-Dimensional Data Streams

We propose a tensor network-based approach to discover
latent structures in large-scale tensor-structured data (i.e.
solutions of high dimensional PDEs, video sequences, etc.).
Moreover, we provide an algorithm to sequentially com-
press large-scale data as they arise through solvers or data
gathering. Our approach is developed for computing the
compression in the tensor-train format and we discuss and
demonstrate advantages compared to the other incremental
algorithms existing in the literature. We also demonstrate
that our approach can be used for efficient large-scale data
assimilation and Bayesian inverse problems to provide ac-
curate estimations in the limited observation scenarios.
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Local Compatibility Boundary Conditions for
High-Order Accurate Finite-Difference Approxi-
mations of the Wave Equation on Curvilinear and
Overlapping Grids

We describe a high-order accurate numerical boundary
conditions method for finite-difference (FD) approxima-
tions of PDEs. The novel Local Compatibility Bound-
ary Conditions (LCBC) method uses boundary conditions,
derivatives of the governing equations, interior and bound-
ary grid values to construct a local interpolating polyno-
mial centered at each boundary point. Such polynomial
gives a discrete formula for the solution at ghost points
near the boundary. Ghost values are then used in the im-
plementation of high-order accurate centered FD schemes.
We develop the LCBC method for the wave equation initial
boundary value problems over 2D and 3D Cartesian and
curvilinear domains utilizing overset grids for geometrically
complex domains.
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PP1

PapStatistical Inference for Nonergodic Weighted
Fractional Vasicek Models Er Here

A problem of drift parameter estimation is studied for a
nonergodic weighted fractional Vasicek model defined as
dXt = θ(μ+Xt)dt+ dBa,b

t , t ≥ 0, with unknown parame-

ters θ > 0, μ ∈ R and α := θμ, whereas Ba,b := Ba,b
t , t ≥ 0

is a weighted fractional Brownian motion with parame-
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ters a > −1, |b| < 1, |b| < a + 1. Least square-type es-

timators θ̃T , μ̃T and θ̃T , α̃T are provided, respectively, for
(θ, μ) and (θ, α) based on a continuous-time observation
of Xt, t ∈ [0, T ] as T → ∞. The strong consistency and

the joint asymptotic distribution of θ̃T , μ̃T and θ̃T , α̃T are
studied. Moreover, it is obtained that the limit distribu-
tion of θ̃T is a Cauchy-type distribution, and μ̃T and α̃T

are asymptotically normal.
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PDE-Constrained Optimisation for Thin Film Flow

The objective of this poster is to present the solution of
time-dependent optimal control for nonlinear partial dif-
ferential equations that arise in fluid dynamics, in partic-
ular, thin-film equations. Controlling thin film flow has
been novel and desirable in many applications [Kalogirou,
A. and Blyth, M.G., 2021. Instabilities at a sheared in-
terface over a liquid laden with soluble surfactant]. For
example, flat-flow film stability is preferred in coating pro-
cesses , while interfacial deformation could be valuable in
heat and mass transfer . Our main contribution is to de-
velop the time-dependent optimality system for controlling
thin-film flow by finding the appropriate topography for
the relevant system that minimises the differences between
thin-fluid film flow and the preferred state. We use the
approach of Optimize then Discretize, that is optimality
system will be derived [van der Zee, K.G., Tinsley Oden,
J., Prudhomme, S. and Hawkins-Daarud, A., 2011. Goal-
oriented error estimation for CahnHilliard models of binary
phase transition] as coupled systems of partial differential
equations and then discretised and solved. An iterative al-
gorithm is used for the optimality system as it contains a
coupled system of time-dependent PDEs, including adjoint
equations which are backwards in time[Azmi, B., Kalise, D.
and Kunisch, K., 2021. Optimal feedback law recovery by
gradient-augmented sparse polynomial regression].
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Dual Solution Or Double-Diffusive Mixed Convec-
tion Opposing Flow Through a Vertical Cylinder
Saturated in a Darcy Porous Media Containing Gy-
rotactic Microorganisms

The steady mixed convection flow towards an isothermal
permeable vertical cylinder nested in a fluid saturated
porous medium is studied. The Darcy model is applied
to observe bioconvection through porous media. The sus-
pension of gyrotactic microorganisms is considered for var-
ious applications in bioconvection. Appropriate similar-

ity variables are opted to attain the dimensionless form
of governing equations. The resulting momentum, energy,
concentration, and motile microorganism density equations
are then solved numerically. The resulting dual solutions
are graphically visualized and physically analyzed. The re-
sults indicate that depending on the systems parameters,
dual solutions exist in opposing flow beyond a critical point
where both solutions are connected. Our results were also
compared with existing literature.
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A Hybrid Amr Low-Rank Tensor Approach for
Solving the Boltzmann Equation

The Boltzmann equation describes the time evolution of a
particle distribution function in six-dimensional position-
velocity phase space. The exponential growth in com-
putational complexity often challenges a grid-based ap-
proach to modeling the Boltzmann equation as the di-
mensionality grows. To mitigate such issues, scalable low-
rank tensor decomposition techniques have recently been
developed with applications to high-dimensional PDEs.
Despite the remarkable progress made in the commu-
nity, low-rank structures in the phase-space are not evi-
dent in realistic engineering systems with complex geome-
tries (e.g., electric propulsion systems and fusion reactors),
where discontinuities, shocks, complex boundary condi-
tions, and material-dependent physics (e.g., collisions, fu-
sion reactions, ionization/excitation, charge-exchange pro-
cesses) pose formidable challenges. In this talk, we pro-
pose a novel hybrid algorithm where quad-tree adaptive
mesh refinement (AMR) is applied in real space while a
low-rank approximation is applied in the velocity space.
The AMR algorithm efficiently handles challenges pertain-
ing to complex structures in real space, while the low-rank
formulation targets dimensionality challenges in the veloc-
ity space. We present preliminary results on the new algo-
rithm applied to challenging multi-dimensional gas kinetics
problems.
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Using Nonlinear Domain Decomposition As
Smoother in Nonlinear Multigrid

Nonlinear partial differential equations frequently arise in
different fields of science. Discretization of the nonlinear
problems usually leads to largenonlinear systems. Solu-
tion of such big discretized nonlinear problems needs fast,
highly scalable, and parallelize solvers. Nonlinear multi-
grid is a well-known method for efficiently solving non-
linear boundary value problems. The full approximation
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scheme (FAS) solves nonlinear problems on fine and coarse
grids. To smooth the nonlinear problem a suitable nonlin-
ear solver is needed and since a matrix-free implementation
is desirable, this form of implementation of the smoother
should be plausible. For this purpose, the nonlinear addi-
tive Schwarz method (NASM) seems to be an appropriate
choice. NASM converges with the same rate as linear it-
erations applied to the linearised equation. In addition,
it is inherently parallel and proper to be implemented in
matrix-free form. We combine FAS and NASM to obtain
hybrid NASM/FAS. The FAS solves the nonlinear problem
and the NASM is the smoother of the nonlinear bound-
ary value problem in local subdomains on each level of the
multigrid method. Within the NASM, Jacobian-Free New-
ton Krylov method is used as a solver on each subdomain.
We consider different nonlinear equations in 3D space as
test problems. We investigated several parameters of the
methods to have a better understanding of influence of the
parameters on the efficiency of the method and its conver-
gence rate.
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Two New Strategies for Stock Price Prediction
Based on Machine Learning Algorithms

Stock price prediction is a complicated and interesting task.
Noisy trends make stock pricing sensitive and complicated
while the economical motivation behind, keeps it interest-
ing for researchers and investors. A significant complica-
tion is the more impact of later data in prediction. In
computer science, incremental learning is a class of ma-
chine learning algorithms in which input data is continu-
ously used to extend the existing model’s knowledge. These
algorithms help to improve the predictions and analysis in
two ways: 1) there is no need to keep all the history and
2) the old and least effective data will be easily deleted.
In this paper we are to outline two novel incremental ideas
for stock pricing. We also test each of our suggested al-
gorithms for predicting the price of 6 stocks from different
sectors. To show the efficiency of our proposed algorithm,
we compare the predicted prices with real values and also
perform a back-test to verify that the annual returns based
on real data and predicted price are almost the same.
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A Relaxed Low-Rank Correction for Schur Com-
plement Preconditioners

We describe a multiplicative low-rank correction scheme
for pressure Schur complement preconditioners to acceler-
ate the iterative solution of the linearized Navier-Stokes
equations. The update method is based on a low-rank
approximation to the error between the identity and the
preconditioned Schur complement. We introduce a relax-
ation parameter that can improve the updated precondi-
tioner. The scheme is tested for a model for buoyancy-
driven fluid flows described by the Boussinesq approxima-
tion which combines the Navier-Stokes equations enhanced
with a Coriolis term and a temperature advection-diffusion
equation. Numerical results on a cube and a shell geome-

try illustrate the action of the low-rank correction on spec-
tra of preconditioned Schur complements using well-known
preconditioning techniques and demonstrate that the up-
date technique can accelerate the convergence of iterative
solvers.
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Supervised Learning for Kinetic Consensus Control

The modelling of multi agent systems (MAS) can be seen
as the result of a suitable combination of with-in popula-
tion interactions and external influences. We address how
to successfully condition high dimensional MAS towards
a designed cooperative goal (e.g. consensus) by means of
dynamic optimization. The problem reads as the mini-
mization of a cost functional subject to individual-based
dynamics; thus, its solution easily becomes unfeasible as
the number of agents grows. A natural way of circumvent-
ing this difficulty is by passing from a microscopic view-
point to a macroscopic one, that is from an agent-to-agent
description of the trajectories to the evolution of the sys-
tem represented as a density in space and time. Although
mean field optimal control problems are designed to be in-
dependent of the number of agents, they are feasible to
solve only for moderate intrinsic dimensions of the agents’
space. For this reason, we propose a procedure for ap-
proaching the solution from suboptimality by means of a
Boltzmann scheme. We consider the quasi-invariant limit
of binary interactions as approximation of the mean field
PDE governing the dynamics of the agents distribution.
This considerably tackles down the numerical complexity
of the original problem, which is now reduced to a collec-
tion of many 2-agents sub-systems. The need for an effi-
cient solver of the binary OCP motivates the use of Neural
Networks.
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A State Redistribution Algorithm for Moving Ge-
ometries

State redistribution (SRD) is a modern technique for sta-
bilizing cut cells that result from finite-volume embedded
boundary methods. SRD has been successfully applied to
a variety of compressible and incompressible flow problems
with static geometries. In this work, we present a novel ex-
tension of the state redistribution algorithm to moving ge-
ometries. We demonstrate the effectiveness of the extended
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algorithm by solving the variable density, incompressible
Navier-Stokes equations using a finite-volume projection
method where moving geometries are represented with a
cut cell / embedded boundary approach. The resulting al-
gorithm is shown to be conservative and validated using
canonical two- and three-dimensional example problems.
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A Machine Learning Minimal Residual Method for
Solving Quantities of Interest of Parametric PDEs

We propose to combine neural networks (NNs) and finite
element schemes over coarse meshes to approximate quan-
tities of interest (QoI) of parametric PDEs. Within the
context of residual minimization, we add a weight to the
inner product of the test space. The inner-product weight
is computed as the output of an artificial neural network
and it is trained with a supervised learning procedure. We
use a loss function to train the neural network that com-
pares the QoI of the coarse-mesh discrete solution with the
QoI of a precomputed high-precision solution. Then, the
training process minimize the loss function to make the
discrete solution a better approximation (on the QoI) for
any PDE parameter.
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Co-Design of Discretizations and Matrix-Free
Solvers for Large-Scale Stokes Problems with Ex-
treme Viscosity Variations

The simulation of real-world Earth mantle convection prob-
lems requires extreme spatial resolution. This motivates
massively parallel, matrix-free methods for solving the cor-
responding linear systems. The optimal efficiency of such
methods is only attained through careful co-design of the
discretization and the linear solver. In particular, we are
concerned with the choice of discretizations and solvers
for Stokes problems that exhibit extreme viscosity varia-
tions, leading to severely ill-conditioned linear systems. It
is unclear which discretization can cope best with this, as
different discretizations produce discrete problems of var-
ious sizes, nonzero patterns, and spectral properties. We
consider a new enriched Galerkin scheme that promises to
be a competitive choice compared to standard discretiza-
tions. On the solver side, we employ a combination of
geometric multigrid and Krylov methods, e.g., the Golub-
Kahan solver. Eventually, we analyze the discretization-
and solver-composite with respect to its numerical and
computational efficiency on hybrid tetrahedral grids.
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Efficient Upwind Finite-Difference Schemes For
Wave Equations On Overset Grids

We describe an algorithm to easily and efficiently incor-
porate upwinding into finite-difference schemes for solving
wave equations in second-order form and apply this scheme
to solve problems on complex geometry using overset grids.
Upwinding can be added to an existing discretization, such
as a centered and dissipation-free scheme, as a modular cor-
rector stage. This new upwind predictor-corrector scheme
significantly improves the run-time performance compared
to our original formulation, with typical speedups of factors
of ten or more. As with the original upwind formulation,
theory and numerical results show that the new algorithm
remains robust and stable even for the difficult cases of
overset grids with thin boundary fitted grids, where non-
dissipative schemes are generally unstable. Numerical re-
sults simulating Maxwells equations in second-order form
to second- and fourth-order accuracy are used to assess the
run-time performance of the new scheme.
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preCICE: A Sustainable and User-Friendly Cou-
pling Ecosystem for Partitioned Simulations

What if we could build complex and efficient multi-
physics simulations by easily plugging together the tools
we already have at hand? Prototyping such complex
and efficient simulations has been possible since longer
with the free/open-source coupling library preCICE,
which provides sophisticated numerical coupling methods
and scalability on ten thousands of compute cores [¡a
href=”https://doi.org/10.1016/j.compfluid.2016.04.003”¿Bungartz
et al., preCICE A fully parallel library for multi-physics
surface coupling, Comp&Fluids, 2016¡/a¿]. Today, it is
significantly easier to design partitioned simulations by
selecting from a list of ready-to-use integrations with
widely-used simulation codes, following a unified and
actively maintained online documentation, and connecting
with an expanding community of users and contributors,
counting more than 100 research groups worldwide. This
growing ecosystem of subprojects creates challenges in
structuring and automating the development, documen-
tation, testing, and continuous integration from unit to
system level. This poster will present the challenges and
lessons learned in growing preCICE from an as-is coupling
library to a sustainable, batteries-included ecosystem [¡a
href=”https://doi.org/10.12688/openreseurope.14445.1”¿Chourdakis
et al., preCICE v2: A sustainable and user-friendly cou-
pling library [version 1; peer review: 2 approved] Open
Res Europe 2022, 2:51¡/a¿].
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Material Reconstruction in Epma Using the PN
Model and Adjoint Gradient Based Minimization

Electron Probe Microanalysis (EPMA) determines the
chemical composition of material samples based on inten-
sity measurements of x-rays induced by electron beams.
The reconstruction of the chemical composition poses an
inverse problem. The spatial resolution of EPMA is cur-
rently restricted by intensity models that assume a material
with either homogeneous or depth-layered structure. We
propose a more sophisticated intensity model based on the
spherical harmonic (PN ) approximation of the Boltzmann
equation for electron transport that allows heterogeneous
structure. Current reconstruction methods invert intensity
measurements obtained with a single beam setup (energy
and position). For higher resolution, the reconstruction
method must consider intensities obtained from multiple
beam setups. We propose a reconstruction method based
on gradient-based minimization of the discrepancy between
multiple modeled and measured intensities. We present a
numerical staggered grid method for the PN -approximation
and differentiate our intensity model using a combination
of the continuous adjoint method and adjoint algorithmic
differentiation. The combination achieves an efficient gra-
dient computation of the discrepancy function and thus an

efficient reconstruction with exchangability in the material
parametrization. Using reconstruction examples we moti-
vate further research on e.g. tailored discrepancy functions,
material parametrizations or uncertainty quantification.
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Travelling Waves in a Volume-Filling Model of Cell
Invasion into Extracellular Matrix

Many reaction-diffusion models produce travelling wave so-
lutions that can be interpreted as waves of invasion in bio-
logical scenarios such as wound healing or tumour growth.
These partial differential equation models have since been
adapted to describe the interactions between cells and ex-
tracellular matrix (ECM), using a variety of different un-
derlying assumptions. In this work, we derive a system
of population-level reaction-diffusion equations with cross-
dependent diffusion terms by coarse-graining an individual-
based description of cell motility and proliferation along-
side ECM degradation, taking into account the impact of
both cell and ECM volume-filling effects on cell motility
and proliferation. We analyse the resulting travelling wave
solutions both numerically and analytically across various
parameter regimes using phase plane analysis, asymptotics
and perturbation techniques. Subsequently, we perform
a systematic comparison between the population-level be-
haviours observed in this model and those predicted by
simpler models in the literature, which do not take into
account volume-filling effects in the same way. Our study
justifies the use of some of these simpler, more analytically
tractable models to reproduce the qualitative properties
of the solutions in the limiting cases, as well as revealing
some interesting properties caused by the introduction of
cell and ECM volume-filling effects, where standard model
simplifications might not be appropriate.
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PP1

Sequential Learning for Fiber Coating Dynamics
via Pod and Neural ODEs

Thin film liquids flowing down a vertical fiber exhibit
a family of complex and interesting nonlinear dynamics
driven by Rayleigh-Plateau instability, including moving
droplets and irregular wavy patterns. These films play an
important role in many engineering applications, such as
heat and mass exchangers, desalination, and vapor/particle
capture systems. This type of flow has been modeled by de-
generate fourth-order parabolic PDEs for the free surface.
We are interested in using Neural ODES (NODEs) to learn
the long-term behavior of the fiber coating dynamics. It
has been shown that Heavy Ball NODEs (HBNODEs) have
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advantages over NODEs for sequential learning in terms of
the number of function evaluations needed and ability to
learn long-term dependencies [Baker, et al. Learning POD
of Complex Dynamics Using Heavy-ball Neural ODEs]. In
this poster, we use the energy and entropy structure of the
PDE to design a POD-based HBNODE framework that
better captures the morphological changes in the dynam-
ics.
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PP1

Extreme Learning Machines for Variance-Based
Global Sensitivity Analysis

Variance-based global sensitivity analysis (GSA) can pro-
vide a wealth of information when applied to complex mod-
els. A well-known Achilles’ heel of this approach is its com-
putational cost which often renders it unfeasible in prac-
tice. An appealing alternative is to analyze instead the
sensitivity of a surrogate model with the goal of lowering
computational costs while maintaining sufficient accuracy.
Should a surrogate be “simple” enough to be amenable to
the analytical calculations of its Sobol’ indices, the cost of
GSA is essentially reduced to the construction of the sur-
rogate. We propose a new class of sparse weight Extreme
Learning Machines (SW-ELMs) which, when considered as
surrogates in the context of GSA, admit analytical formu-
las for their Sobol’ indices and, unlike the standard ELMs,
yield accurate approximations of these indices. The effec-
tiveness of this approach is illustrated through both tradi-
tional benchmarks in the field and on a chemical reaction
network.
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PP1

Exponential Methods for the Anisotropic Diffusion
Problem

The diffusion of Galactic cosmic rays (CRs) depend on
the properties of the Galactic magnetic field. The ordered
structure of the large-scale magnetic field results in prefer-
ential diffusion, of CRs, parallel to the ordered field lines,
i.e. the diffusion is anisotropic. We propose to solve the
diffusion equation, characterised by a diffusion tensor, us-
ing methods that directly compute the matrix exponential.
Not only do these methods converge rather quickly, one can
also obtain highly accurate solutions whilst taking substan-
tially larger step sizes than what is possible for implicit
(and explicit) schemes. We propose to use the methods
of Leja polynomial interpolation and Krylov-based KIOPS
to compute the matrix exponential. We also investigate
the performance of exponential integrators, in this con-
text, by extracting a constant coefficient from the diffusion
tensor, where the stiff constant coefficient term is solved
exactly and the remainder is treated using high-order ex-
plicit methods. We show in a number of test problems
that these proposed methods result in significant amount of
computational savings (up to 2 orders of magnitude) over
the traditionally used Crank-Nicolson integrator. These
methods are expected to further boost the computational
performance with the inclusion of other terms in the CR
transport equation such as advection, reacceleration, en-

ergy losses, etc. (i.e. when the equation is extremely stiff).

Pranab J. Deka, Lukas Einkemmer, Ralf Kissmann
University of Innsbruck
pranab.deka@uibk.ac.at, lukas.einkemmer@uibk.ac.at,
ralf.kissmann@uibk.ac.at

PP1

Eulerian Algorithms for Computing the Forward
Finite Time Lyapunov Exponent Without Finite
Difference Upon the Flow Map

Effective Eulerian algorithms are introduced for the com-
putation of the forward finite time Lyapunov exponent
(FTLE) of smooth flow fields. The advantages of the pro-
posed algorithms mainly manifest in two aspects. First,
previous Eulerian approaches for computing the FTLE
field are improved so that the Jacobian of the flow map can
be obtained by directly solving a corresponding system of
partial differential equations, rather than by implementing
certain finite difference upon the flow map, which can sig-
nificantly improve the accuracy of the numerical solution
especially near the FTLE ridges. Second, in the proposed
algorithms, all computations are done on the fly, that is,
all required partial differential equations are solved forward
in time, which is practically more natural. The new algo-
rithms still maintain the optimal computational complexity
as well as the second order accuracy. Numerical examples
demonstrate the effectiveness of the proposed algorithms.
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Models Correction Based on Sparse Identification
and Data Assimilation

Many models assumed to be able to predict the response of
structural systems fail to efficiently accomplish that pur-
pose for two main reasons. First, some structures in opera-
tion undergo localized damage that degrades their mechan-
ical performances. To reflect this local loss of performance,
the stiffness matrix associated with the structure should be
locally corrected. Second, the nominal model is sometimes
too coarse grained to reflect all structural details, and con-
sequently, the predictions are expected to deviate from the
measurements. In that case, the entire domain needs to
be repaired; therefore, the entire structure-stiffness ma-
trix should be corrected. In the present work, we pro-
pose a methodology to correct locally or enrich globally
the models from collected data. The proposed techniques
consist in the first case of an L1-minimization procedure
that, with the support of data, aims at the same time pe-
riod to detect the damaged zone in the structure and to
predict the correct solution. For the global enrichment,
instead, the methodology consists of an L2-minimization
procedure with the support of measurements. The bene-
fits and potential of such techniques are illustrated on four
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different problems, showing the large generality and adapt-
ability of the methodology. Di Lorenzo, D.; Champaney,
V.; Germoso, C.; Cueto, E.; Chinesta, F. Data Comple-
tion, Model Correction and Enrichment Based on Sparse
Identification and Data Assimilation. Appl. Sci. 2022, 12,
7458.
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Scikit-Shape: Python Toolbox for Shape and Image
Analysis

Many tasks in image processing, e.g. segmentation, sur-
face reconstruction, are naturally expressed as energy min-
imization problems, in which the free variables are shapes,
curves in 2d or surfaces in 3d. We typically express such
problems as energies with data (or target) mismatch and
geometric regularization components, to be minimized al-
gorithmically to attain the optimal shape. To solve such
problems, we have implemented a suite comprising various
building blocks of such problems and algorithms to per-
form the minimization, including geometric regularization,
statistical shape priors, adaptive geometric discretization,
and fast Newton-type minimization schemes. Moreover, we
have developed crucial shape analysis algorithms for statis-
tical analysis and evaluation of the shapes computed, based
on elastic shape distance framework. Our main applica-
tions are image and data analysis problems, but the infras-
tructure is quite general, and can be used for problems in
other fields as well. All our algorithms are implemented in
Python, leveraging on the NumPy/SciPy ecosystem, mak-
ing them as easy to use as Matlab, also compatible with
existing Python tools. Our algorithms is freely available
as an open source package for the research community at:
http://scikit-shape.org
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Optimization of Back-Contact Metal-
Semiconductor-Metal Perovskite Solar Cells

Currently, hybrid organic-inorganic halide perovskites are
the most promising low-cost materials for solar cell fab-
rication with decent photovoltaic properties compared to
the widely preferred crystalline silicon. Conventionally,
perovskite solar cells (PSCs) have multilayer structure,
in which the perovskite layer is sandwiched between two
charge-transporting layers. This structure demands a high
level of precision and accuracy in fabrication to achieve
a reasonable level of performance. Herein we present a

theoretical analysis of back-contact metal-perovskite-metal
PSC, which intends to simplify the fabrication process.
The electrical and optical properties of the two-dimensional
model of devices are investigated numerically in accordance
with the experimental results reported by other groups.
The geometrical parameters of devices such as the thick-
ness of the perovskite film, the distance between metallic
contacts, and the width of metallic contacts are varied in
search of the device structure that yields the best photo-
voltaic performance. An unexpected drop in the device
current is obtained when the width of metallic contacts
is too small. The analysis of electric field distribution in
the devices revealed the underlying reasons for this phe-
nomenon. Based on the computer simulation experiments,
it is found that a theoretical power conversion efficiency of
6.5% could be achieved for observed PSCs structure with
the methylammonium lead iodide perovskite layer.
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Mathematical Modelling of the Transmission Dy-
namics of Monkey Pox Using the Differential
Transformation Method

This work is designed to formulate and analyze a mathe-
matical model for dynamics of Monkey Pox disease with
optimal control measures under some assumption made.
Necessary conditions for the existence and stability of the
disease steady states are derived. The Monkey Pox disease
reproduction number is determined. Based on construc-
tion of suitable Lyapunov functional, disease-free equilib-
rium point of the formulated model is shown to be globally
asymptotically stable when the crime reproduction number
is below unity, while a unique disease present equilibrium
is proved to be globally asymptotically stable whenever the
disease reproduction number exceeds unity. The method
of differential transformation is employed to compute an
approximation to the solution of the non-linear systems of
differential equations for the transmission dynamics of the
disease model. The differential transformation method is
a semi-analytic numerical method or technique, which de-
pends on Taylor series Sensitivity analysis is carried out to
determine the relative importance of model parameters in
the disease spread. Furthermore, optimal control theory is
employed to assess the impact of two time-dependent opti-
mal control strategies, including public enlightenment and
vaccination.
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A New Free-Surface Incompressible Navier-Stokes
Spectral Element Model for Water Waves

We present a new high-order accurate free-surface incom-
pressible Navier-stokes model discretized using the spectral
element method for the simulation of water waves suit-
able for offshore engineering applications, e.g. in renew-
able sectors such as offshore wind and wave energy. For
such applications, the development of efficient models for
wave propagation and wave-structure interactions is of key
interest. We present details of the derivation of the model
in two space dimensions and first results from numerical
experiments to highlight the capabilities of the solver.
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A Fourier Series-Based Approach for Estimating
Time-Varying Parameters in Differential Equations

Many real-world systems modeled using differential equa-
tions involve unknown parameters. While many estimation
approaches focus on constant parameters, some unobserv-
able system parameters may vary with time with unknown
evolution models. In this work, we propose a novel ap-
proximation method inspired by the Fourier series to esti-
mate time-varying parameters in deterministic dynamical
systems modeled using differential equations. We demon-
strate the capability of this approach in estimating periodic
parameters, in cases where the period is both known and
unknown, with several computed examples.
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A Parallel Approach to Approximate Bayesian In-
ference

Despite the increasing interest in Bayesian computing,
large-scale inference tasks continue to pose a computational
challenge that often requires a trade-off between accuracy
and computation time. We present a highly scalable ap-
proach for performing spatial-temporal Bayesian modeling
based on the methodology of integrated nested Laplace ap-
proximations (INLA), combining solution strategies from
the field of high-performance computing with state-of-the-
art statistical learning techniques. We leverage different
parallelization strategies to fully utilize the power of todays
distributed compute architectures and introduce highly op-
timized sparse linear algebra routines to handle the compu-
tational kernel operations, enabling fast and reliable model
predictions.
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p4est – State of the Software

The p4est software library implements fast algorithms for
large-scale distributed adaptive mesh refinement. It em-
ploys a distributed forest-of-octrees data structure and has
been demonstrated to scale to 106 MPI processes. The
management of the software has always been exceedingly
conservative, prioritizing correctness and simplicity over
feature extension and the evolution of C standards. In re-
cent times, however, it has been increasingly relevant to
allow for more flexible, cross-platform build options, last
but not least to address demands by the scientific user
base. Thus, we have added an inofficial but functional
CMake build system, support for non-Linux OSes, various
CI runners, and generally hardened the software for a va-
riety of compute environments. On the algorithmic side,
we have added several performance improvements of core
algorithms, such as forest creation, ghost layer construc-
tion and repartitioning. Furthermore, we have added to
the set of non-process-local search and geometric matching
algorithms, for example to locate (ocean gauge) points and
integrate over (satellite view) rays modeling actual phys-
ical measurements. In addition to mesh-based numerical
simulation, new algorithmic features expand applications
to ray casting and radiosity. This poster gives a general
overview and some behind-the-scenes bits and pieces on
the current state of the software.
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Discovering Shared Causal Drivers from Highly-
Corrupted Time Series

Many experimental measurements arise from subsystems
that implicitly share a common driving signal. In systems
biology, examples include targets of transcription factors,
regulation of circadian rhythms, and descending control
in animal nervous systems. Previous theoretical work on
attractor reconstruction suggests that partial information
present in each subsystem can reveal subregimes within
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the unseen driving signal, introducing the possibility of
fully recovering the driver given sufficient data. Here, we
show that these results motivate a new type of manifold
learning algorithm based on persistent homology. We show
empirical results demonstrating the ability to reliably de-
tect a common driving signal from complex time series,
even in the presence of many noisy, incomplete measure-
ments. We show applications to real-world datasets in-
cluding species abundances in microbial ecosystems and
simultaneous recordings of neurons.
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An Integral Equation Method for a Broad Class of
Elliptic PDEs on Surfaces

Elliptic PDEs on a surface embedded in three dimensions
occur frequently in computer graphics, including in shape
analysis and surface interpolation problems. They also oc-
cur in many areas of physics, including molecular dynamics
and fluid dynamics. They are particularly useful in mag-
netostatics and plasma problems, where they are used to
construct the Hodge decompositions of tangential vector
fields. In this poster, we present the first published method
for converting a broad class of elliptic PDEs on a gen-
eral smooth surface Γ into second kind Fredhölm integral
equations on Γ. Doing so ensures the equations are well
conditioned and makes it possible to construct high-order
numerical solvers. The structure of the integral equation
also enables the use of hierarchical compression schemes,
which can be used to solve the resulting linear system in
a comparable speed to non-integral equation methods. To
derive the integral equation, we extend the known method
for the Laplace-Beltrami problem [Kropinski and Nigam,
2014] on a sphere to a broader class of equations on gen-
eral smooth surfaces. The new method uses the observation
that the Greens function of a corresponding PDE in R2 is a
parametrix (an approximate Greens function) for the PDE
on Γ to derive an integral equation form of the PDE.
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Geometric Shape Optimization for Reflexive Optics

Geometrical optics describes the propagation of light in op-
tical media. In many physical situations, light can undergo
successive reflections on objects like mirrors. In telescopes,
designing of mirror shapes aims at providing an enlarged
and good-quality image of an observed light source like a
star or Earth. Traditionally, optical design makes use of
parametric shape optimization to compute the design of
mirrors in optical instruments. However attractive math-
ematical techniques like shape differentiation in the spirit
of Hadamard’s boundary variation partially alleviates the
use of shape parametrization and potentially provides bet-
ter designs for optical criteria. Numerous mathematical
models coexist for the description of light rays. Here we
choose a kinetic Liouville PDE supplemented with reflex-
ive boundary conditions which offer a unified framework
to deal with reflections and geometric shape optimization.
The aim of this poster is to present a new work on the
boundary variation method to the aforementioned PDE
model. We will highlight the mathematical difficulties

which arise with this equation in our shape optimization
application such as regularity issues, non local boundary
conditions, lack of variational formulation and numerical
computations in the phase space. Although covering many
possible applications, our research is motivated by the de-
sign of optical telescope and some numerical illustrations
will be presented in this context.
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Line-Search Methods for Unconstrained Optimiza-
tion with Inexactness Arising from Reduced Order
Models

I discuss line-search algorithms for the solution of smooth
unconstrained optimization problems that allow the use of
approximate objective function and gradient information.
These algorithms are motivated by the need to rigorously
incorporate reduced order models (ROMs) into the solution
of large-scale optimization problems governed by partial
differential equations. Problems of this nature are com-
mon in many science and engineering applications. The
developed algorithms are error aware and use on the fly
updates to error tolerances in order to reduce the accuracy
requirements on the ROM approximations. The considered
algorithms require no explicit information about the under-
lying true model and operate entirely using error bounds on
the objective and its gradient. These algorithms are im-
plementable and provide convergence guarantees subject
to some reasonable assumptions on the underlying opti-
mization problem. Numerical results show that the pro-
posed line-search methods, combined with ROMs, converge
to local minima of the original optimization problem at a
fraction of the computational cost required by traditional
Newton CG algorithms.
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Accelerating Parallel-in-Time Methods

To reduce the computation time of numerically solving
partial differential equations, time-parallel methods have
received increasing interest in recent years. Most parallel-
in-time methods are iterative, and their parallel efficiency
depends on fast convergence of the iterative scheme. In
this poster we will discuss approaches, e.g., using machine
learning, to improve the performance of parallel-in-time
methods.
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Representation Theory Based Algorithm to Com-
pute Boltzmann’s Bilinear Collision Operator in
the Irreducible Spectral Burnett Ansatz Efficiently

Numerically solving the Boltzmann equation is computa-
tionally expensive in part due to the number of variables
the distribution function depends upon. Another contrib-
utor to the complexity of the Boltzmann Equation is the
the quadratic collision operator describing changes in the
distribution function due to colliding particle pairs. Solv-
ing it as efficiently as possible has been a topic of recent
research, e.g. [Cai & Torrilhon, “On the Holway-Weiss
debate: Convergence of the Grad-moment-expansion in ki-
netic gas theory”, 2019), (Wang & Cai, “Approximation of
the Boltzmann collision operator based on hermite spectral
method”, 2019), (Cai & Fan & Wang, “Burnett spectral
method for the spatially homogeneous Boltzmann equa-
tion”, 2020]. In this paper we exploit results from repre-
sentation theory to find a very efficient algorithm both in
terms of memory and computational time for the evalua-
tion of the quadratic collision operator. With this novel
approach we are also able to provide a meaningful inter-
pretation of its structure.
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Pore-Scale Simulation of Hydrogen Transport in
Porous Media

Underground Hydrogen Storage (UHS) in porous forma-
tions is a promising technology for large-scale (TWh) en-
ergy storage. To ensure the efficiency of the storage op-
eration, multiscale modeling and simulation strategies are
essential, in which the micro-scale physics are studied to
derive input parameters for the continuum-scale dynamic
models. The present study develops a dynamic pore-
network modeling (D-PNM) approach to simulate the im-
miscible two-phase flow of hydrogen and water through
representative digital network models of different porous
structures. The model input parameters are based on
the experimentally obtained static and dynamic wettabil-
ity analyses as presented in the literature. As for the rock,
digital networks are constructed based on 3D X-ray im-
ages of porous samples. The topology of the pore space
geometry is translated into a representative pore-network
model. To preserve the simulation stability, the developed
D-PNM solves the transient multi-phase Stokes equations
fully implicitly, for pressure and phase volume concentra-
tion. Through several test cases, we analyze the trans-
port characteristics of hydrogen/water interface, especially
the fingering and spreading physics. These results shed
new lights on how a representative continuum-scale model
should be created to study the process at field scale.
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Iterative Regularization Schema for Volume Re-
construction in Single Particle Analysis

In this contribution, we study discrete inverse prob-
lems Ax b arising in cryo-electron microscopy single-
particle analysis (SPA). SPA aims to reconstruct the three-
dimensional high-resolution structure of biological macro-
molecules from a set of its two-dimensional projections.
Structural information is vital to understanding biological
life processes and can be used, for example, in drug discov-
ery. Inverse problems arising in SPA are challenging espe-
cially due to the large dimensionality of the measured data,
suffering from the presence of extreme amounts of noise
and missing information. Computationally efficient meth-
ods and strong regularization, therefore, need to be applied
in order to obtain reliable approximation of a molecular
structure. Here, we focus on an inverse problem of vol-
ume reconstruction from a given set of measured particle
projections with estimated viewing angles. We start with
a brief overview of the problem formulation and present
sample realistic data. Further, we focus on a discretization
schema that yields a highly structured large-scale approx-
imation problem. An inner-outer iterative solver suitable
for the solution of the studied problem will be presented
and its highly-parallel GPU implementation will be dis-
cussed. Finally, we present results obtained with realistic
data and address future work.
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Romnet: Learning PDE Dynamics from Data with
Reduced Order Model Neural Networks

Data-driven modeling of dynamical systems is an active
area of research. However, current techniques very often re-
quire extensive prior knowledge of the governing equations,
or are limited to linear or first-order equations. In this
work, we propose a neural net-based approach for learn-
ing the dynamics of systems described by Partial Differen-
tial Equations (PDEs), without requiring any prior knowl-
edge of the system. Specifically, we propose a novel deep
learning framework, called Reduced Order Model Network
(ROMNet), that consists of three modules responsible for
(i) learning a lower dimensional representation of the data,
(ii) learning the dynamics and advancing the solution in
the reduced latent space, and (iii) mapping the advanced
solution from the latent space to the original space. We
demonstrate the effectiveness of ROMNet for learning PDE
dynamics on complex simulated and real-world data, show-
ing that our model accurately learns unknown linear and
nonlinear PDEs (in 2D and 3D). We compare our approach
to conventional numerical schemes and find that ROMNet
advances the dynamics considerably faster and more effi-
ciently in addition to having comparable accuracy. Our
results showcase the implications of deep learning models
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(such as ROMNet) in learning complex PDEs and the po-
tential to significantly enhance current numerical methods
for large systems as well as improving the analysis of sys-
tems with limited prior knowledge.
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Data-Driven Diffusion Coefficient Estimation in
Marine Lakes

Marine lakes are located near the ocean and their geologi-
cal location allows exchanges between the lake and the sea
to occur. This grants marine lakes the potential to de-
velop near-isolated marine ecosystems. We wish to quan-
tify the mixing within the lakes by estimating the diffu-
sion coefficient, D, of quantities such as temperature and
salinity from direct measurements. We set up our sys-
tem as a PDE-constrained optimization problem, typically
a Helmholtz-type equation, and minimize a cost function
consisting of a misfit term between data and state solution
and a regularization term for D. We deploy Finite Ele-
ment Method (FEM) and Newton-type algorithm for dis-
cretization and optimization, respectively. We obtain good
convergence towards the optimal diffusion coefficient. We
derive a method to systematically select the regularization
parameter. Through empirical study, we also show the im-
portance of accurately modeling the exchanges with the
ocean. We demonstrate the capability of our method on
synthetic data as well as real measurement data.
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Measurement of Gas Bubble Size in Fluid Flow

We describe a method to identify, in photographs of gas
bubbles suspended in liquid flow, the location and diam-
eter of the bubbles. Challenges include discriminating in-
focus from out-of-focus bubbles; densely packed, overlap-
ping bubbles; and deformed (non-spherical) bubbles. Re-
cent progress in algorithm development and comparison to
human analysis is presented.
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Reflectionless Discrete Analytic Perfectly Matched
Layers for Higher-Order Finite Difference Schemes

We propose discrete-analytic Perfectly Matched Layers
(PMLs) for high-order finite difference (FD) discretiza-
tions of the scalar wave equation which, unlike PDE-based
PMLs, produce no numerical reflections (up to machine
precision) at the PML interface. We prove that our numer-
ical solutions decay exponentially within the PML domain
as its width increases. Our approach generalizes the ideas
put forth by Chern in [1] for the standard second-order FD

method, to arbitrary high-order schemes at the cost of in-
troducing additional localized PML variables that account
for the larger stencils used. The merits of the method are
demonstrated on a variety of numerical examples includ-
ing waveguide problems where high-order schemes are often
needed to mitigate undesired numerical dispersion errors.
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manuel.sanchez@ing.puc.cl

PP1

A Massively Parallel Approach to Forecasting Elec-
tricity Prices

With the ongoing energy crisis in Europe, accurate fore-
casting of electricity price levels and volatility is essential
to planning grid operations and protecting consumers from
extreme prices. We present how massively parallel stochas-
tic optimal power flow models can be deployed on mod-
ern many-core architectures to efficiently forecast power
grid configurations in real time. Processing of stochastic
weather and economic scenarios is optimized on many-core
CPUs to achieve maximal throughput and minimize la-
tency from the receipt of weather data to the output and
interpretation of model results.
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PP1

Parallel Zolotarev-SVD for the Analysis of Rocket
Combustion Data

Singular value decomposition (SVD), also known as prin-
cipal component analysis (PCA), is one of the oldest and
most fundamental, but also very powerful mathematical
tools in data science. This poster is concerned with the
application of modern high-performance SVD algorithms
to problems arising in, e.g., the context of rocket combus-
tion at the German Aerospace Center (DLR). We report
on our implementation within the PyTorch- and mpi4py-
based HPC-data analytics software HEAT (Helmholtz An-
alytics Toolkit) developed at DLR, JSC, and KIT (Gtz
et al., 2020 IEEE International Conference on Big Data,
pp. 276-287). The core of our SVD implementation is
formed by the highly parallelizable Zolotarev-SVD algo-
rithm proposed by Y. Nakatsukasa and R.W. Freund (2016,
SIAM Review, Vol. 58, No. 3, pp. 461-493). We present
numerical experiments on the respective scaling behavior.
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Moreover, depending on the concrete problem type, other
well-known techniques, such as randomized or incremental
algorithms, are shown to allow for further reduction of the
computational costs.
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PP1

An Adaptive Sparse Proper Generalized Decompo-
sition for Real-Time Structural Health Monitoring

Real-time structural health monitoring represents an
added-value service for airlines. It consists in implement-
ing an automated procedure to determine the health sta-
tus of a structure at regular intervals. Recently, data-
driven modelling approaches have been the focus of in-
creasing interest due to their capacity to handle the large
amount of data acquired through sensors networks. How-
ever, one of the challenges is the lack of sufficiently pre-
dictive physical models for damage identification. For this
purpose, we consider the use of so-called reduced order
models relying on an offline/online strategy. First, a data
compression is performed during the offline (or learning)
phase. Synthetic damaged structural responses generated
through high-fidelity simulations and design-of-experiment
samplings are collected to construct a low-dimensional ap-
proximation subspace based on the Sparse Proper General-
ized Decomposition (sPGD). However, the classical sPGD
fails to capture the influence of damage localization on the
solution. To alleviate the just referred difficulties, our work
proposes an adaptive sPGD. First, a change of variable is
carried out to place all the damage areas on the same ref-
erence region, where an adapted interpolation can be done.
Finally, during the online use, an optimization algorithm
is employed to estimate model parameters which allow to
defining the health state of the structure.
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PP1

A Mimetic Finite Difference Based Quasi-Static
Magnetohydrodynamic Solver for Force-Free Plas-

mas in Tokamak Disruptions

In this work, we propose a regularized quasi-static MHD
model for force-free plasmas in tokamak disruptions and a
corresponding mimetic finite difference (MFD) algorithm,
which is targeted at applications such as simulating the
cold vertical displacement event (VDE) of a major disrup-
tion in an ITER-like tokamak reactor. In the case of whole
device modeling, we further consider the two sub-domains
of the plasma region and wall region and their coupling
through an interface condition. We develop a parallel,
fully implicit, and scalable MFD solver based on PETSc
and its DMStag structure for the discretization of the five-
field quasi-static perpendicular plasma dynamics model on
a 3D structured mesh. The MFD spatial discretization is
coupled with a fully implicit second-order DIRK scheme.
The MFD algorithm exactly preserves the divergence-free
condition of the magnetic field under a generalized Ohms
law. The preconditioner employed is a four-level field-
split preconditioner, which is created by combining sep-
arate preconditioners for individual fields, that calls multi-
grid or direct solvers for sub-blocks or exact factorization
on the separate fields. The numerical results confirm the
divergence-free constraint is strongly satisfied and show the
good performance of the fieldsplit preconditioner and over-
all algorithm. The simulation of ITER VDE cases over the
actual plasma current diffusion time is also demonstrated.
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Certifying Stability in Runge-Kutta Methods Via
Semidefinite Programming

In the development of new time-integration schemes, one
often seeks to impose desirable stability properties (e.g., A-
stability, G-stability, B-stability etc.), or at the very least,
verify stability of newly constructed schemes. It has been
known since the 1970’s and 80’s that various numerical
stability conditions for Runge-Kutta or multistep methods
can be formulated as feasibility problems involving semi-
definite matrices. In practice, utilizing these algebraic con-
ditions to obtain rigorous stability certificates may fail for
various reasons. In this poster we present new theory for
several semi-definite algebraic feasibility conditions. These
theoretical observations have the practical implication of
enabling the rigorous certification of several types of nu-
merical stability through the solution of semi-definite pro-
gramming (SDP) problems. We highlight the approach by
using SDPs to provide rigorous certificates of numerical
stability for a range of linear time stepping methods (e.g.,
Runge-Kutta and multistep methods), including rigorous
bounds on α for the A(α) stability of several schemes pub-
lished in the literature.
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Acceleration of Convergence of Fixed-Point Itera-
tions

We propose a convergence accelerating method for fixed-
point iterations that can be applied to q + 1 times differ-
entiable iteration functions. In this method, we consider
given q linearly independent fixed-point iteration functions
to solve a nonlinear equation, each of which generates a
sequence of iterates that may be either convergent or di-
vergent. We select a linear combination function of the q
iteration functions, whose first q − 1 derivatives are zeros
at the true root. The resulting combined fixed-point iter-
ation has order of convergence higher than or equal to q.
We apply this method to obtain a quartically convergent
algorithm for the square root of a positive number.

Chansoo Kim
Korea Institute of Sci. and Tech. & Univ. of Sci. and
Tech.
AI/R Lab.
eau@kist.re.kr

Young Sang Choi
Healthcare AI Team, National Cancer Center
ychoi@ncc.re.kr

Byoungseon Choi
Department of Economics, Seoul National University
bschoi12@snu.ac.kr

PP1

Towards Explainable Neural Network Models of
Mosquito Abundance

Vector-borne disease outbreaks are closely tied to vector
abundance, which makes knowledge of population dynam-
ics useful in preventing future outbreaks. Here we present
Aedes-AI, a collection of neural network models of Aedes
aegypti mosquito abundance [Kinney, A., Current, S., and
Lega, J., Aedes-AI: Neural network models of mosquito
abundance, PLoS Comp. Bio. (2021)]. The models are
trained on synthetic data generated from a mechanistic
model, in contrast to other models of mosquito abundance
that rely on noisy, real world trap data for training. We
assess the impact of model architecture and input data
oversampling on the ability of a model to replicate the dy-
namics of the mechanistic model, and we show the neural
networks can learn the spatiotemporal features of mosquito
populations. The Aedes-AI model framework presents an
opportunity to study and advance interpretability meth-
ods because the models are trained on data generated from
known dynamics. Here, we focus on extracting feature im-
portance and representing the learned latent features of
the hidden layers. We conclude with a discussion on how
the Aedes-AI models are appealing from a public health
perspective. The models are computational efficient com-
pared to the mechanistic model and are designed to be user
friendly. Further, the present approach to developing AI
models of abundance for Aedes aegypti mosquitoes should
be replicable for other potent disease vectors.
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Design and Development of Intro to HPC Program
Targeting Underrepresented Undergraduates

In high-performance computing (HPC), traditionally un-
derrepresented groups (including people of color, women,
and first-generation scholars) engage at significantly lower
rates than their representation in the general population.
Often for these groups, exposure to introductory HPC ma-
terial at the undergraduate level is needed to bridge gaps
in foundational computational skills in order to increase
the size and diversity of the workforce. In order to directly
address this skill gap, we have created a two-pronged ap-
proach. First, we are developing a program for upper-level
undergraduate students to gain these computational skills,
preparing them for more advanced internships, research op-
portunities, and next steps in the field of high-performance
computing and scalable artificial intelligence. Building off
a foundational curriculum developed by Sustainable Hori-
zons Institute and using the expertise of subject matter
experts from across the national laboratory system, we de-
signed an introductory course tailored to use national labo-
ratory HPC resources to learn fundamental HPC concepts.
Second, using the insights obtained during a listening ses-
sion with professors at minority serving institutions we are
working to create a more sustainable, long-term absorption
of HPC and scalable AI content to enhance their existing
curriculum.
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Added Technical Aspects of P4est: Alternative
Quadrant Representation and MPI-3 Shared Mem-
ory

Parallel adaptive mesh refinement (AMR) is a key tech-
nique when simulations are required to capture time-
dependent and/or multiscale features. A forest of octrees is
a data structure to represent the recursive adaptive refine-
ment of an initial, conforming coarse mesh of hexahedra.
This poster presents several recent enhancements to the
p4est software for forest-of-octrees AMR. The first intro-
duces new ways of encoding quadrants as atomic objects,
which vary both the in-memory binary format and the as-
sociated algorithms. We present a 128-bit AVX version
and an optimized long integer format, respectively. The
second enhancement exploits MPI-3 shared memory win-
dows to eliminate redundancy of quadrant and metadata
storage whithin each shared memory node. In conclusion,
we demonstrate how different approaches to shared mem-
ory use affect performance, along with the comparison of
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runtimes for various quadrant implementations and repre-
sentative simulation pipelines.
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Exascale Ready AdaptiveMesh Refinement for Hy-
brid Meshes

t8code is a versatile open source library for parallel adap-
tive mesh refinement on hybrid meshes. [1] It is exascale-
ready and capable of efficiently managing meshes with up
to a trillion elements distributed on a million of cores as al-
ready shown in a peer-reviewed research paper. [2] On the
top-level, t8code uses forests of trees to represent unstruc-
tured meshes with complex geometries. Space-filling curves
index individual elements within a forest, which requires
only minimal amounts of memory allowing for efficient
and scalable algorithms of mesh management. In contrast
to existing solutions, t8code has the capability to manage
an arbitrary number of tetrahedra, hexahedra, prisms and
pyramids within the same mesh. With this poster we want
to present the first official release (v1.0) of our software and
give a quick overview over its main features. Besides pre-
senting the core algorithms of t8code, we give application
scenarios on how our library integrates into major simula-
tion frameworks for weather forecasting, climate modeling
and engineering; and how they benefit from our approach
to do AMR. [1] https://github.com/DLR-AMR/t8code [2]
https://epubs.siam.org/doi/abs/10.1137/20M1383033
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Finite-Element Based Computational Methodolo-
gies for Non-Collinear Magnetism and Spin-Orbit
Coupling in Real-Space Density Functional Theory

Spin-Orbit Coupling (SOC) is a relativistic effect that plays
a critical role in many experimental phenomena, includ-
ing magnetic anisotropy, phosphorescence, and spin-orbit
torque. SOC is also vital in other active fields, such as
spintronics, low-dimensional materials, and topological in-
sulators. Extensions of pseudopotential Density Functional
Theory (DFT), a widely used first principles material sim-
ulation tool, to account for non-collinear magnetism and
SOC are known to predict various material properties suc-
cessfully. The traditional implementations of DFT com-
monly employ either a plane wave (PW) basis or an atom-
centered orbital (AO) basis set. PW basis sets restrict
the simulation domains to periodic boundary conditions
while the AO basis is not systematically convergent. Fur-
ther, both these basis sets suffer from poor scalability on
massively parallel computing architectures. Recently, com-
putational methodologies for DFT calculations based on
a finite-element basis, incorporated in open-source code
DFT-FE, have demonstrated reduced computational pre-

factor delaying the onset of cubic scaling till system sizes
of 30,000 electrons while demonstrating accuracy compara-
ble to existing PW implementations. In this work, we will
discuss the real-space formulation and an efficient, scalable
finite-element-based implementation methodology of non-
collinear magnetism and SOC in the framework of DFT-FE
on both multinode CPU and GPU architectures.
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Time Adaptive Quasi-Newton Waveform Iteration

We consider methods for coupled problems, in particular
partitioned solvers for fluid structure interaction where dif-
ferent sub solvers are used for the fluid and solid domain.
More specifically we want to create detailed simulation of a
jackdaw’s feather to investigate how feathers generate lift
and ultimately answer the question to how birds evolved
flight. Another point of interest are partitioned solvers for
thermal transfer problems with two subdomains that share
a boundary. Interface Quasi-Newton is one of the stan-
dard solvers used for the coupling of the two subdomains
in fluid structure interaction. It has recently been com-
bined with waveform iterations to extend interface Quasi-
Newton to work with multirate time stepping, where the
two sub solvers use different timesteps. We further extend
the Quasi-Newton waveform iteration to the time adap-
tive case, where both of the sub solvers use an adaptive
time stepping scheme. We also provide some insight to
how one should select tolerances and termination criteria
within time adaptivity, the waveform iteration and possible
inner solvers for the subproblems.
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Pattern Formation in a Nonlocal Lotka-Volterra
System

We analyse the stability of the spatially-uniform, coexisting
steady state of a diffusive nonlocal Lotka-Volterra (NLLV)
system for two species in one spatial dimension, and in-
clude terms that model both nonlocal intraspecific and lo-
cal interspecific competition. We find that the coexisting
state of the system can lose stability once nonlocality is
introduced. We use asymptotic and numerical analysis to
find the neutral curve and also derive amplitude equations
using weakly nonlinear analysis, which show that the bi-
furcation behaviour close to the neutral curve is consistent
with numerical results. Finally, we construct the asymp-
totic solution in the limit of weak diffusivity, and find that
the leading order periodic solution consists of disjoint re-
gions where either one or the other species is absent.
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Learning Sparse Approximate Inverse Precondi-
tioners with Graph-Conditioned Variational Auto-
Encoders

Preconditioning is an essential ingredient for iterative algo-
rithms, such as the conjugate gradient method, to achieve
fast and robust convergence when solving large and sparse
linear systems arising from mesh-based discretizations of
partial differential equations (PDEs). However, generat-
ing reliable and efficient preconditioners can be both chal-
lenging and expensive. We propose a deep learning based
generative technique which models the probability distri-
bution of the exact inverse of sparse system matrices gen-
erated from finite element discretizations of linear elliptic
PDEs. Our model, based upon a graph-conditioned vari-
ational auto-encoder architecture, is capable of generating
sparse approximate inverse (SPAI) preconditioners which
yield competitive condition numbers compared with those
obtained through brute force SPAI search methods. We
are aiming to generalise this approach to allow training
on coarser discretizations than those considered in our test
set.
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A Symmetrized Parametric Finite Element
Method for Anisotropic Surface Diffusion

We deal with a long-standing problem about how to de-
sign an energy-stable numerical scheme for solving the
motion of a closed curve/surface under anisotropic sur-
face diffusion with a general anisotropic surface energy
γ(n), where n is the outward unit normal vector. By
introducing a novel surface energy matrix Zk(n) which
depends on the Cahn-Hoffman ξ-vector and a stabilizing
function k(n), we first reformulate the equation into a con-
servative form, and derive a new symmetrized variational
formulation for anisotropic surface diffusion with weakly
or strongly anisotropic surface energies. Then, a semi-
discretization in space for the variational formulation is
proposed, and its area conservation and energy dissipa-
tion properties are proved. The semi-discretization is fur-
ther discretized in time by an implicit structural-preserving
scheme (SP-PFEM) which can rigorously preserves the en-
closed area in the fully-discrete level. Furthermore, we
prove that the SP-PFEM is unconditionally energy-stable
for almost any anisotropic surface energy γ(n) under a sim-
ple and mild condition on γ(n). For several commonly-
used anisotropic surface energies, we construct Zk(n) ex-
plicitly.
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Data-Driven Solver Selection for Sparse Linear Ma-
trices at Scale

Sparse linear systems sit at the core of many computational
problems, and their solution strongly correlates to overall
execution time. However, with the constant increase of
the number of linear solver and preconditioner implemen-
tations available across a plethora of numerical libraries,
choosing the most efficient combination for a given problem
(in terms of time-to-solution) is a challenging task. Indeed,
even selecting a numerically stable combination may seem
to be an unsurmountable endeavor, especially for a novice
user. This is particularly evident when observing perfor-
mance at scale, where the HPC system architecture and
even the number of cores used can make a drastic differ-
ence. In this work, we compare previous machine learning
approaches to the solver-preconditioner selection problem
and develop a performance model for a selection of Krylov
solver implementations and preconditioners in the PETSc
framework over the SuiteSparse matrix collection. We then
use the developed model to address the selection of an op-
timal solver for a given input matrix, showing that the
current approach performs better than the black-box ap-
proach on a broad range of systems.
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Gauss’ Law Preserving Methods for the Multi-
Fluid Plasma Model

Multi-fluid plasma models are useful for representing a
broad range of physics. These models use a fluid repre-
sentation for electrons as well as other charged and neutral
species. The models also include the full set of Maxwell’s
equations. A numerical method for these models is pre-
sented which satisfies Gauss’ law. A compatible exact
sequence spatial discretization is used. A nodal discon-
tinuous Galerkin (H-Grad) basis is used to discretize the
fluids, and a Raviart-Thomas (H-Div) basis and Nédélec
(H-Curl) basis are used to discretize Maxwell’s equations.
Temporally this method is discretized with an implicit-
explicit (IMEX) Runge Kutta scheme. This time integra-
tion method allows implicit evolution of fast time scales
in a stable manner, while also efficiently explicitly solving
slower time scales. This discretization is shown to implic-
itly satisfy Gauss’ law. However, if the fluid representation
is modified in a non-charge density preserving manner, e.g.
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slope limiting, then a correction to the electric field is re-
quired to preserve Gauss’ law. Two such corrections are
presented and compared in this study. The first is a global
Poisson solve, similar to the Boris(1970) correction used in
particle in cell (PIC) algorithms. The second is local ele-
mentwise Poisson solve, which takes advantage of the DG
discretization. SNL is managed and operated by NTESS
under DOE NNSA contract DE-NA0003525.
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Full Waveform Inversion Using Fourier Neural Op-
erators and An Adversarial Regularization Net-
work

We propose a workflow to solve Full Waveform Inversion
problems with regularization to detect defects in concrete
structures. An actuator creates an ultrasound wave that
travels through the structure and changes it speed when
hitting defects inside it. Then, a sensor array on the
outside of the structure observes the waves propagating
back. From these measurements, the internal defects in
the structure can be inferred. Traditionally, optimization
techniques in combination with classical numerical meth-
ods are used to solve this inverse scattering problem. Wave
propagation in the domain of interest is simulated in high
resolution several times for different proposed defects. Sig-
nificant savings in computational resources can be real-
ized with a suitable surrogate for the traditional numerical
solver. Here, we train Fourier Neural Operators to map ac-
tuator data to the wave inside the structure at certain time
points. Inspired by work in computer vision for computer
tomography in medicine, we also train a regularizer term
for the outer inverse problem, using an Adversarial Reg-
ularization Network. Compared to the standard inverse
problem solution with a numerical solver and classical reg-
ularization, our approach can resolve defects with higher
on-line efficiency and much higher fidelity.
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Reconstructing Unobserved Cardiac Excitations
from Experimental Recordings using Data Assimi-
lation

In typical cardiac experiments, optical mapping is used to
measure spatial and temporal dynamics of excitation across
the surface(s) of the heart. The reconstruction of excita-
tion patterns through the unobserved depth of the tissue is

essential to realizing the potential of computational mod-
els in cardiac medicine. We have interpolated experimental
recordings of cardiac excitation on the epicardium and en-
docardium surfaces of a slice of cardiac tissue, which are
then treated as observations in an local ensemble trans-
form Kalman Filter (LETKF) scheme with observations
having a prescribed uncertainty. We demonstrate that by
including explicit information about the stimulation pro-
tocol we can improve the accuracy of the ensemble recon-
struction and improve the the reliability of the assimilation
over time. Additionally, we find that adapting uncertainty
estimates based on the phenomenological features of the
excitation waves can lead to improvements in the recon-
struction.
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Material Changes As Fictitious Heat Sources in In-
verse Heat Transfer Problems

Often, in inverse heat transfer problems, we seek an esti-
mate of some localized changes in material properties, in
zones of the domain that are not directly observable. If
we assume to do experiments with infrared thermographic
data as measurements on the boundary, a nonlinear inverse
problem arises. A commonly used method is to define a
quadratic cost function involving the prediction error of
temperatures at the boundary, obtained by a conveniently
parameterized PDE model, and to use some regularized
nonlinear optimization method. We show that the gradi-
ent of the prediction error, often used in the literature,
is problematic, while fictitious source term estimation be-
haves much better. Moreover, by exploiting the well-known
maximum principle, we derive an algorithm to detect and
quantify hidden material changes. To show the effective-
ness of this approach, we present some results in two case
studies: the hidden corrosion estimation problem, arising
in nondestructive testing of metal structures, and the esti-
mation of leavening in bread making processes.
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SIAGE/Supercomputing Initiatives: Raising
Awareness of HPC Opportunities and Impact
Growing the HPC Community

The SIAM Activity Group on Supercomputing (SIAG/SC,
https://siag-sc.org) provides a forum for computational
mathematicians, computer scientists, computer architects,
and computational scientists to exchange ideas on mathe-
matical algorithms and computer architecture needed for
high-performance computer systems. SIAG/SC promotes
the exchange of ideas by focusing on the interplay of an-



450 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 449

alytical methods, numerical analysis, and efficient compu-
tation. This poster provides an overview of new SIAG/SC
initiatives that aim to raise awareness of opportunities and
impact in high-performance computing (HPC) and grow
the HPC community. A focus is the new Supercomput-
ing Spotlights webinar series, featuring short presentations
that highlight the impact and successes of HPC through-
out our world. Presentations, emphasizing achievements
and opportunities in HPC, are intended for the broad in-
ternational community, especially students and newcomers
to the field. We welcome your ideas and contributions Join
us! SIAG/SC Officers 2022-23: Lois Curfman McInnes
(chair), Hatem Ltaief (vice chair), Michael Bader (program
director), Rio Yokota (secretary)
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PP1

Matlab Implementation of the Finite Element
Method in Electro-Viscoelasticity

In this work, we describe a numerical method for 2D non-
smooth contact problems with Tresca friction. First, we
study the antiplane frictional contact models for electro-
viscoelastic materials. The material is assumed to be
electro-vuiscoelastic and the friction is modeled with
Tresca’s law and the foundation is assumed to be elec-
trically conductive. First we establish the existence of a
unique weak solution for the model. Moreover, the Proof
is based on arguments of evolutionary inequalities. Com-
parison is made with results obtained using a finite element
program, MATLAB. Selected numerical examples of appli-
cation of the algorithm are presented here.
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PP1

Challenges and Chances of Task Parallelism on
Gpus

The algorithms behind many scientific applications do not
provide sufficient data-parallelism to exploit the massive
hardware parallelism of current CPUs and GPUs. The
task-parallel programming paradigm has been introduced
to enable the full use of the degree of concurrency that
these algorithms provide. While task-parallelism benefits
applications on CPUs, the concept is deemed unsuitable
for GPUs since they are not designed for synchronization-
heavy software. The latter gets especially challenging for
fine-grained task-parallelism. We present an execution
model for fine-grained task parallelism on GPUs. The
poster provides a quantitative analysis of current archi-
tecture trends in CPUs and GPUs and outlines their in-
fluence on programming models. Further, it describes pro-
gramming model features that facilitate task parallelism on
GPUs. Based thereon, it outlines a mapping between CPU
and GPU features by means of their concurrent processing
capabilities. The poster describes a CUDA-based execu-
tion model with persistent threading that enables queue-
based task scheduling on GPUs. In addition, it outlines
diverse performance optimizations for the proposed task
queues. Further, an overview of the task-parallel program-
ming library Eventify and its porting to GPUs via the
proposed execution model is presented. Concluding, we
evaluate this approach by comparison to a data-parallel
OpenACC implementation with a fast multipole method
for molecular dynamics as use case.
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PP1

Kernel-Based Approximation of Koopman Gener-
ator for Coarse-Grained Stochastic Dynamical Sys-
tems

Much attention has been paid to dimensionality reduction
and model discovery for complex systems. An extension
of Extended Dynamic Mode Decomposition (EDMD) has
been introduced in [Klus et al., Physica D (2020)] to ap-
proximate the Koopman generator for system identifica-
tion. However, the selection of basis functions upon which
the generator is approximated is not an easy task. By
taking advantage of kernel methods introduced in [Klus et
al., Entropy (2020)], we develop a kernel-based data-driven
method to approximate the Koompan generator of specifi-
cally nondeterministic dynamical systems via Galerkin pro-
jection in reproducing kernel Hilbert spaces. The method
allows us to identify a stochastic differential equation gov-
erning the coarse-grained model of a high-dimensional sys-
tem. Dominant dynamics and metastabilities of the system
in the reduced-order space can be obtained by the eigen-
decomposition of Galerkin approximation of the projected
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generator. We numerically analyze the method using toy
models governed by overdamped Langevin dynamics.
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PP1

Open-Source Tool for Gas Composition Tracking in
Pipeline Networks

Utilizing hydrogen in energy sources constitutes a key
strategy towards the transition to renewable energies. En-
ergy surplus from solar and wind sources can produce green
hydrogen which is proportionally induced in existing nat-
ural gas pipelines for transport. This however requires re-
liable monitoring and control of gas mixtures at the entry
nodes of the gas network and a detailed study of its trans-
port. A multi-scale simulation of gas networks, that can
predict the dynamics of gas mixture composition can effec-
tively aid operational and predictive maintenance. With
this aim, a scalable model is utilized to compute the flow
of gas mixtures along a pipeline network. The network
flow model is framed into a system of equations and finite-
element discretization is utilized to solve them. The flow
solution is coupled with species transport to track differ-
ent components of the gas along the network. An open-
source software is developed to study the non-linear aspects
of flow and composition for practical scenarios of pipeline
networks involving discontinuous supply and demand. The
tool serves to gain insights in system response for different
conditions to enable dynamic control of hydrogen compo-
sition within pipeline networks.
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Towards the Smarter Tuning of Molecular Dynam-
ics Simulations

The large computational cost of pairwise force calculations
within Molecular Dynamics requires the use of specialist
algorithms, such as Linked Cells or Verlet Lists, as well
as efficient ways of parallelising such algorithms. There
is, however, no ’silver bullet’ best algorithm for all simula-
tions, and the best algorithm can change over the course of
a simulation. AutoPas is a node-level particle simulation
library that aims to dynamically select the most optimal
algorithm, vectorisation strategy, and shared memory par-
allelism for a given metric, such as time for force calculation
[F. Gratl et al, N ways to simulate short-range particle sys-
tems: Automated algorithm selection with the node-level
library AutoPas, 2022]. In multi-node HPC systems, each
node has their own AutoPas container, making it’s own
tuning decisions. Practically, this autotuning requires tri-
alling algorithms during the course of the simulation, how-

ever trialling slow algorithms can provide significant over-
head, and so smart tuning strategies must be developed
that can select optimal, or close to optimal, performance,
with minimal overhead. In this poster, we will discuss how
statistical techniques such as Bayesian Optimisation, Gaus-
sian Process Models, and Reinforcement Learning can be
adapted into smart tuning strategies within AutoPas. To
support our claims, we present results using our smart tun-
ing strategies applied to the field of Molecular Dynamics.
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Modelling and Simulating Integrated Energy Net-
works

To slow down the global warming process due to the emis-
sion of greenhouse gases, one can replace fossil fuel us-
age with renewable energy, hydrogen gas and cogenera-
tion units within the current energy networks that provide
electricity, gas and heat. The replacement of fossil fuel
is currently ongoing and is also known as energy transi-
tion. The implementation of these components introduces
interaction between different energy networks. To imple-
ment these components efficiently, a mathematical model is
required that can incorporate these interactions and com-
pute the optimal load flow of the integrated energy net-
work. Numerical and modelling challenges arise even for
medium sized integrated energy networks with more than
103 unknowns and equations. The main goal is to scale
this to large sized integrated energy networks, such as the
Dutch energy network. Solvability and scalability are two
main challenges that one faces when modelling and simu-
lating integrated energy networks, specifically for coupling
between electricity, gas and heat networks. In this poster
presentation, these challenges will be explained. Moreover,
one will gain insight on how to tackle these challenges.
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Multilevel Basis Reduction

In the last two decades, model order reduction has been
established as an important tool for the solution of high-
dimensional parametrized partial differential equations,
particularly in the many-query contexts of optimization,
control, uncertainty quantification, and inverse problems.
However, even with the development and success of new
methods that exploit machine learning tools, the problem
of offline sampling — in which data from observations or
simulations are used to train the surrogate model — re-
mains. Most methods still rely on a random sampling
of the parameter space, which typically necessitates large
amounts of training data especially in the case of high-
dimensional parameter spaces. In this work we exploit the
dependence on the variance of the solution and explore the



452 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 451

use of variance reduction and multi-level techniques to re-
duce the number or expensive training samples required to
train a reduced basis model. We test our proposed method
on a high-dimensional PDE.
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Point Data in the Differentiable Code Generation
System, Firedrake

Firedrake is a code generation system which enables
straightforward, scalable and differentiable model develop-
ment using finite element methods. We present new ca-
pabilities which allow the evaluation, manipulation, and
assimilation of equation systems which contain point data
i.e. sets of values which which are defined at particular
points in space. Point data turn up regularly when find-
ing the value of a field at a particular point or when as-
similating point measurement data into a model. We will
discuss the necessary data structures, operators and code
generation pathways, as well as exciting new Domain Spe-
cific Language (DSL) language features. Our work is com-
patible with the Automatic Differentiation (AD) system
dolfin-adjoint/pyadjoint which can straightforwardly gen-
erate code for a models discrete-adjoint and perform sec-
ond derivative calculations. We are therefore able to solve
PDE constrained optimisation problems involving point
data and demonstrate the advantages of this over alterna-
tive approaches with a straightforward data assimilation
example.
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PP1

Negative Binomial Optimization for Novel Struc-
tural Variant Detection

Structural variants (SVs) – such as insertions, deletions,
and duplications of an individuals genome –represent an
important class of genetic mutations which have been as-
sociated with both genetic diseases (e.g. cancer) and pro-
motion of genetic diversity. Common approaches to detect

SVs in an unknown genome require sequencing fragments
of the genome, comparing them to a high-quality reference
genome, and predicting SVs based on identified discordant
fragments. However, inferring SVs from sequencing data
has proven to be a challenging mathematical and compu-
tational problem because true SVs are rare and prone to
low-coverage noise. We developed a computational method
which seeks to improve existing SV detection methods in
three ways: First, we generalize previous work by imple-
menting an optimization approach consisting of a negative
binomial log-likelihood objective function. Second, we use
a block-coordinate descent approach to simultaneously pre-
dict if an SV is homozygous (SV is on two chromosomes)
or heterozygous (SV is on one chromosome) given genomic
data of related individuals. Third, we model a biologically
realistic scenario where variants in the child are either in-
herited and therefore must be present in the parentor novel.
We present results on simulated data, which demonstrate
improvements in predicting SVs and uncovering true SVs
from false positives.
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Statistical Modeling of Covid-19 Outbreak

In epidemiology, statistical modelling helps to understand
the mechanisms that influence the spread of infectious dis-
eases, and it suggests prevention and control strategies. It
can be used to comprehend how a virus spreads across a
large region or country hence, this work is devoted to large
scale analysis and application of different statistical tools
such as machine learning and deep learning to model the
COVID-19 pandemics so as to predict and fore- cast the
evolution of the disease at the population level. COVID-
19 cases prediction models are currently divided into three
categories: theoretical models, single artificial intelligence
models, and decomposition integration models. The ma-
jority of statistical methods are used in the case study of
COVID-19 to make prediction of the pandemic evolution
at different phases. We present in this work some useful
quantitative statistical tools for analysing epidemiological
data. The current study demonstrated the ability of ma-
chine learning models and deep learning to accurately iden-
tify major components of viral disease such as COVID-19
and several determinants by retro-predicting the spread of
the disease.
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Enhanced Parametric Level Set Methods for Track-
ing Evolving Objects

We consider the time series reconstruction of piecewise
constant objects using a new parametric level-set method
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called PaLEnTIR (Parametric level-sets enhanced to im-
prove reconstruction). PaLEnTIR is a significantly en-
hanced PaLS model relative to the current state-of-the-art
which requires only a single level-set function to recover
a scene with piecewise constant objects possessing multi-
ple unknown contrasts. We first demonstrate the ability
of PaLEnTIR to recover static images in 2D and 3D. We
then show how to incorporate time into our PaLEnTIR
image model, and demonstrate the ability of the resulting
time-varying PaLENTIR to recover and track the change
of shape and position of objects over time.

Ege Ozsar
Tufts University
ege.ozsar@tufts.edu

Misha E. Kilmer
Mathematics Department
Tufts University
misha.kilmer@tufts.edu

Eric Miller
Department of Electrical and Computer Engineering
Tufts University
eric.miller@tufts.edu

PP1

An Efficient Hardware-Aware Matrix-Free Imple-
mentation for the Finite-Element Discretized Op-
erator Action on Multi-Component Vectors

The finite-element (FE) discretization of a partial differ-
ential equation usually involves construction of a FE dis-
cretized operator and computing its action on trial FE
discretized fields for the solution of a linear system of
equations or eigenvalue problems and is traditionally com-
puted using global sparse-vector multiplication modules.
However, recent hardware-aware algorithms for evaluating
such matrix-vector multiplications suggest that on-the-fly
matrix-vector products without building and storing the
cell-level dense matrices reduce both arithmetic complexity
and memory footprint and are referred to as matrix-free ap-
proaches. These approaches exploit the tensor-structured
nature of the FE polynomial basis for evaluating the under-
lying integrals and the current state-of-the-art matrix-free
implementations deal with the action of FE discretized ma-
trix on a single vector. These are neither optimal nor read-
ily applicable for matrix-multivector products involving
large number of vectors. We discuss a computationally ef-
ficient and scalable matrix-free implementation procedure
to compute the FE discretized matrix-multivector prod-
ucts on both multi-node CPU and GPU architectures. The
performance of the proposed implementation procedure is
thoroughly assessed on representative FE discretized prob-
lems corresponding to the Poisson, Helmholtz equations
with multiple forcing vectors and the solution of the Kohn-
Sham DFT eigenvalue problem arising in quantum mod-
elling of materials.
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Finite Element Method for P-Laplace and Infinity
Laplace Equations on Surfaces

We seek to construct convergent numerical methods for the
p-Laplace and infinity Laplace equations posed on surfaces.
On the plane, finite element methods have been shown to
converge for non-smooth viscosity solutions where finite
difference schemes fail to succeed. We implement a surface
finite element method. In the limit as p → ∞, the problem
becomes ill-conditioned and so requires careful treatment.
We present results for the Dirichlet problem on smooth
surfaces lying in R2 and R3 and outline image processing
applications.
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Evaluating Differences Between #BlackLivesMat-
ter and #AllLivesMatter: Discourse and Interpre-
tations

Viral hashtags often emerge on Twitter to discuss social
and political topics. In response, others regularly surface
to express divergent stances. Among the most widespread
and influential of this phenomenon is the case of #Black-
LivesMatter and #AllLivesMatter. Although neither hash-
tag is formally associated with any particular identity, both
the content of the tweets and the hashtag attached can
serve as nuanced communicative tags, marking tweets with
contextual information possessing varying implicatures for
different audiences. To address variation between the two
hashtags, we sought to (1) qualitatively record variations
in discourses corresponding to each respective hashtag, and
(2) correlate differences with resulting interpretations. We
constructed our dataset by scraping #BlackLivesMatter
and #AllLivesMatter tweets from 2020, then performed
analysis with word embeddings to understand qualitative
differences present between the two hashtags. We addition-
ally created, employed, and collected survey data to deter-
mine interpretations of the two hashtags as signals. We
then identified correlations between evaluations of stim-
uli (tweets), characteristics of tweets, and evaluator demo-
graphics. We find that the two hashtags differ greatly in
terms of diversity of conversation, yet possess notable con-
sistency in topics. Additionally, the political orientation of
participants proved to be the most significant predictor of
evaluations.

Maia Powell
University of California Merced
mpowell2@ucmerced.edu

Arnold D. Kim
Applied Mathematics Department
University of California, Merced
adkim@ucmerced.edu

Paul Smaldino
University of California, Merced
Cognitive and Information Sciences Department



454 SIAM Conference on Computational Science and Engineering (CSE23)CSE23 Abstracts 453

psmaldino@ucmerced.edu

PP1

Large Scale Randomized Iterative Least Squares

Solving the least squares problem is fundamental to many
typical predictive techniques of today, such as 4D-Var and
GLMs. Unfortunately, our increasing desire for more accu-
rate predictions requires that we use finer grids and more
data, which increases the computational difficulty of solv-
ing these problems. This increase arises from the high cost
of moving memory at a large scale. Using Krylov meth-
ods or Incremental QR ameliorates the issues arising from
these memory costs when the matrix has either a high row
or column dimension. Unfortunately, these methods fail to
be acceptable solutions when the system has both a high
row and column dimension. In this case, Iterative Ran-
dom Sketching (IRS) appears to be a good solution because
of its ability to leverage random sketching to approximate
large systems with low-dimensional ones. However, for IRS
to work efficiently, its progress must be cheaply tracked and
stopped. This presentation will outline a technique for es-
timating and stopping the progress of such Iterative Ran-
dom Sketching methods. It will establish theoretically and
experimentally that our method is able to track progress
with high accuracy and stop progress with a low failure
rate. Using this progress tracking method, we will finish
the presentation by showing how IRS is able to facilitate
solving both 4D-Var and GLM problems of about 0.76 TB
in size using only 100 MB of memory in scenarios where
state-of-the-art methods fail.
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Sparse Machine-Learning Proxy Models for
Geothermal Reservoir Simulation

Uncertainty quantification of highly-parameterised subsur-
face reservoir models over multiple geological realisations
can be computationally prohibitive. The use of a low-
fidelity subsurface proxy model has been shown to max-
imise use of information inherently contained in high-
dimensional data, while significantly reducing computa-
tional demands necessary for accurate statistical evalua-
tion. However, a principal concern in proxy model appli-
cations is loss of physical and geological realism within the
reduced-order model, subsequently compromising our un-
derstanding of reservoir dynamics and resulting in loss of
model prediction power. This work explores the frame-
work of Machine Learning (ML)-based subsurface proxy
models for prediction of reservoir production performance.
The Sparse Identification of Nonlinear Dynamics (SINDy)
algorithm [Brunton et al., 2016] is used for discovery of
parsimonious physical models from spatiotemporal data.
Previous work on SINDy illustrates a SINDy autoencoder
method [Champion et al., 2019] for discovery of nonlin-
ear reduced coordinates along with associated nonlinear
governing equations for dynamics in a joint optimization.
We investigate the possibility of extending the SINDy au-
toencoder method to establish a parsimonious ML-based
subsurface proxy model. For these applications, synthetic
training data is generated using the multi-physics Delft Ad-

vanced Research Terra Simulator (DARTS) framework.
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Efficient and Scalable Finite-Element Based Com-
putational Methodologies for Large-Scale Ab-Initio
Modelling of Energy Storage Materials

The predictive capability offered by ab-initio quantum me-
chanical modelling of materials opens a gateway to under-
stand the underpinning mechanisms that govern the effi-
ciency and safety of energy storage materials. This de-
mands large-scale density functional theory simulations be-
yond the current high-throughput calculations routinely
done by employing plane-wave or atomic-orbital based
approaches which are restrictive in terms of the nature
of boundary conditions one can employ or the accuracy
achieved. To this end, the recently proposed finite-element-
based methods for DFT (DFT-FE) provide an HPC-centric
framework that overcomes these limitations. We first dis-
cuss an efficient, scalable computational methodology that
leverages this DFT-FE framework for extracting chemi-
cal bonding information of large-scale material systems us-
ing a projected Hamiltonian population analysis approach.
This has implications in screening for alloying elements to
enhance energy storage properties. Subsequently, we dis-
cuss the real-space formulation and efficient finite-element-
based implementation strategy to incorporate projector
augmented wave (PAW) formalism in the DFT-FE frame-
work on hybrid CPU-GPU architectures. This FE-based
PAW framework allows us to reduce the degrees of free-
dom required to achieve the required chemical accuracy,
thereby enabling much large length scales and longer time
scales crucial for addressing complex problems in the de-
sign of energy storage devices.
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pyMOR - Model Order Reduction with Python

pyMOR (https://pymor.org) is a free and open source
model reduction software library for the Python program-
ming language. Originally created with the application of
Reduced Basis methods to large-scale problems in mind
[Ohlberger, Rave et al., 2014], it has been designed from
the ground up for seamless integration with external PDE
solvers by expressing all algorithms in terms of opera-
tions on VectorArray, Operator and Model interface classes
[Milk, Rave et al., 2016]. Since its inception in 2012, py-
MOR has grown significantly beyond its original scope and
now offers a wide selection of both Reduced Basis and
system-theoretic algorithms. Developers from both fields
[Balicki, Mlinaric et al., 2019], [Mlinaric, Rave et al., 2021]
drive the continuing evolution of the library as an open
source project. Recent additions include data-driven algo-
rithms such as Dynamic Mode Decomposition or neural-
network based approaches, structure-preserving methods
as well as randomized numerical linear algebra algorithms.
With this poster we will give an overview on pyMOR’s de-
sign and features. We will also discuss our current and
future development goals.
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Narrowband Transmit Beam Pattern in Medical
Ultrasound: a Stochastic Approach to Delays Op-
timization

Medical Ultrasound is the most widespread real-time non-
invasive diagnostic tool: it exploits the ability of human
tissue to reflect ultrasound signals to reconstruct images
of the organs or quantify physical and physiological pa-
rameters. The performance of those different modalities
is greatly affected by the transmit Beam pattern (TBP),
whose shape and intensity depends on several parameters
such as transmit pulse shape, central frequency, focal depth

and so on. TBP optimization is an important task in some
advanced applications, which work with narrow band sig-
nals. In this work we present a model for narrowband beam
patterns in time frequency domain and propose an opti-
mization method to overcome typical limitations of stan-
dard Beam Patterns, like non-uniform beam width over
depth, presence of significant side lobes and quick energy
drop out after the focal dept. We propose to no longer fix
a single focal depth determining a whole-time delay curve
but to consider each transmit delay as a free variable. The
optimization problem is formulated as a Least Square prob-
lem by considering a prescribed TBP. Since the obtained
problem is non-convex we tackle its solution using Parti-
cle Swarm Optimization. The obtained results have been
compared with a set of standard TBP, showing an overall
improvement of desired features, thus demonstrating the
effectiveness of the proposed approach. Moreover, to al-
low a quantitative evaluation, we introduce a novel set of
metrics.
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Training Large-Scale Neural Networks with a New-
ton Conjugate Gradient Method

Training deep neural networks consumes tremendous com-
putational resources - be it for brute-force hyperparameter
search (1) or optimizer search (2). Our approach is (1)
to enhance this by a second-order optimization methods
with fewer hyperparameters for large-scale neural networks
and (2) to perform a survey of the performance optimiz-
ers for specific tasks to suggest users the best one for their
problem. We introduce a novel second-order optimization
method that requires the effect of the Hessian on a vec-
tor only and avoids the huge cost of explicitly setting up
the Hessian for large-scale networks. The Newton equation
is solved by a conjugate gradient method (with regulariza-
tion and cheap preconditioning). We compare the proposed
second-order method with two state-of-the-art optimizers
on six representative neural network problems, including
regression, bayesian neural networks and very deep net-
works from computer vision, variational autoencoders or
transformers with ¿20M weights. We efficiently parallelized
the optimizers with Horovod and applied it to a 8 GPU
NVIDIA A100 (DGX-1) machine with ¿60% parallel effi-
ciency.
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Low-Rank Methods for Iga with Multiple Patches

Isogeometric analysis is an important tool in the discretiza-
tion of PDEs on complex domains. In this poster, we illus-
trate that low-rank techniques based on tensor decomposi-
tions can be applied when the domain consists of multiple
patches. For this, we utilize the tensor train format in
combination with the Block-AMEN iterative solver. We
further show that this methodology can also be used when
a PDE-constrained optimization problem has to be solved.
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Effects of Prey Capture on the Swimming and
Feeding Performance of Choanoflagellates

Choanoflagellates, eukaryotic predators of bacteria in
aquatic ecosystems, are used as a model system to study
the evolution of animals from protozoan ancestors. The
choanoflagellate, Salpingoeca rosetta, has a complex life
cycle that includes unicellular and multicellular stages, pro-
vides a model system to study the consequences of different
cell morphologies, being free-swimming vs. sessile, or be-
ing a single cell vs. a multicellular colony. A unicellular
S. rosetta has an ovoid cell body and a single flagellum
surrounded by a collar of microvilli. The cell swims by
waving its flagellum, creating a water current that brings
bacteria to the collar of prey-capturing microvilli. One
measure of the performance of a suspension-feeding organ-
ism is the volume of fluid that it can move into its collar
during a beat cycle. The inward flux of fluid acts as a
proxy for the rate of bacterial capture. While this is a
good measure of uptake of dissolved nutrients, it is only
an approximate measure of prey capture. Here we use a
regularized Stokeslet framework to model the hydrodynam-
ics of a unicellular choanoflagellate, the captured bacterial
prey of non-zero volume, and their effect on swimming per-
formance and clearance rate. We compare the model pre-
dictions with high-speed microvideography. Moreover, we
will discuss current model assumptions, and future model
improvements that, together with coordinated lab exper-
iments, will help us probe this intriguing biophysical sys-
tem.
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Adaptive Discontinuous Galerkin Methods for 2D
Unsteady Convection-Diffusion Problems on Mov-
ing Mesh

We propose and analyse a semi-Lagrangian method for the
convection-diffusion equation. An a posteriori error esti-
mation for interior penalty discontinuous Galerkin semi-
discretization of the nonstationary problem is derived to
link together the principles of semi-Lagrangian method and
adaptive mesh refinement. These error criteria give an ex-
plicit expression of their dependence on each parameter of
the simulation. They are finally tested through tailored
test cases.
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The Pseudo-Spectrum of the Parareal Parallel-in-
Time Iteration

Parareal is one of the most widely studied parallel-in-time
algorithms. For linear problems, it can be written and an-
alyzed as a stationary linear iteration. Its iteration matrix
is nil-potent, owing to the well-known fact that Parareal
always converges after a finite number of iterations. There-
fore, the spectral radius is always zero and thus not use-
ful to assess whether Parareal converges monotonically and
quickly enough to provide parallel speedup. The poster will
instead look at the pseudo-spectrum of the iteration ma-
trix and explore if it provides useful information about how
Parareal convergence. In particular, we will analyze if the
pseudo spectral-radius can predict the non-mononotonic
convergence behavior that Parareal can show when applied
to problems with imaginary eigenvalues or hyperbolic par-
tial differential equations.
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Scalable I/O for Firedrake and PETSc

One important aspect of scientific and engineering sim-
ulations is scalable input/output of solutions. In this
work we enhanced HDF5 input/output capabilities of Fire-
drake [Florian Rathgeber and David A. Ham and Lawrence
Mitchell and Michael Lange and Fabio Luporini and An-
drew T. T. McRae and Gheorghe-Teodor Bercea and Gra-
hamR. Markall and Paul H. J. Kelly, Firedrake: automat-
ing the finite element method by composing abstractions.
ACM Trans. Math. Softw., Vol.43, pp. 24:124:27, 2016]
and PETSc to allow for saving/loading finite element so-
lutions in association with the mesh of the computational
domain efficiently in parallel. Particularly, our new imple-
mentation allows for using different number of MPI pro-
cesses for saving and for loading. Transparent interfaces
for mesh extrusion and timestepping problems are also pro-
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vided.

Koki Sagiyama
Imperial College London
k.sagiyama@imperial.ac.uk
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A Finite-Element-Solver for Coupled Domains in
Rust

The Finite-Element-method (FEM) is one of the most used
numerical techniques to solve partial differential equations
(PDEs). Over the last decades, many FEM-solvers have
been published, free software as well as proprietary. How-
ever, most of them are written in ’classical’ languages
like C/C++, Fortran or Julia, and some of them with a
Python-interface. FEniCS, deal.ii, Gridap.jl and Comsol
come to mind, to list a few. Rust, however, is a language
primarily designed as a system programming language and
is rarely used in scientific computing. However, in our opin-
ion, features like the borrow-checker, built-in support for
parallelization and its type system make it also an excellent
choice for involved scientific software. Furthermore, solv-
ing coupled problems with multiple domains (which may
or may not have different dimensions) is not straight for-
ward to implement efficiently with most other solvers to
the author’s knowledge. Our project serves as a proof of
concept regarding scientific software written in Rust, and
additionally provides a nice way to solve coupled problems.
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Unbiased Stochastic Optimization for Gaussian
Processes on Finite Dimensional RKHS

Gaussian Processes (GPs), while being a powerful proba-
bilistic framework which has been applied to a wide range
of learning applications, scales poorly, especially when it
comes to optimizing the marginal likelihood, one of the
key advantages of GPs over kernel methods. As a conse-
quence, approximations are required for any modern ap-
plication which involves Gaussian Processes on big data.
Arguably in big data regimes it is important to optimize
the marginal likelihood with algorithms that are based
on stochastic mini-batches, and this is especially true in
so-called Deep Gaussian Processes, in which the covari-
ance function is based on a deep neural network. Current

methods for stochastic inference of GPs are based on ap-
proximations (e.g., computing biased stochastic gradients,
or stochastic variational inference), and as such are not
guaranteed to converge to a stationary point of the true
marginal likelihood. In this work, we propose an algorithm
for exact stochastic inference of GPs with kernels that in-
duce a RKHS of moderate dimension which is a common
case in deep kernels. We show experimentally that our
method can be also useful for in the infinite case by using
random features for kernel approximation.
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Jax-Based Grey-Box Modelling Framework for
Building Energy Models

Grey-box modelling has many advantages over white- and
black-box modelling and is therefore widely applied in the
field of building energy management. However, it still re-
quires significant expert knowledge for creating the model.
In this research work, we set up a JAX-based [Schoenholz
et. al., Jax] grey-box modelling framework. The usage of
JAX comes with just-in-time compilation, automatic dif-
ferentiation, and a rapidly growing ecosystem in the area
of machine learning. This enables the usage of exact gra-
dients and Hessians for optimization. Furthermore, it can
be leveraged for hybrid modelling approaches, that is, an
unknown component in a grey-box model is described by
a learned model, e.g., a neural network. This idea orig-
inates from the solver in the loop paper [Kiwon UM et
al., Solver-in-the-loop], with the difference that we want
to learn a modelling error due to missing physics and not
due to discretization. The potential of the framework is
shown on a single-zone building model, where the thermal
dynamics can be described with a linear state space model,
however, the loads and the energy consumption can be non-
linear. To minimize the modelling effort while keeping in-
terpretability, we combine RC-Models [Yanfei Li, Grey-box
modeling and application for building energy simulations]
with machine learning, where the latter is used to provide
corrections to the unknown physics. This sets the ground
for a future highly generic system identification framework.
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Distributed-Memory Algorithms for Tucker Tensor
Completion

Using Tucker decomposition to predict the missing entries
of a tensor is considered as a more suited method as com-
pared to CP decomposition. However, there hasn’t been
any work that compares the scalability and accuracy of
these algorithms for distributed-memory Tucker comple-
tion. We extend our software infrastructure for tensor
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completion which enables easy implementation of Tucker
completion algorithms, including Riemannian Tucker com-
pletion, and analyze their performance over large synthetic
and real-world datasets on distributed-memory architec-
ture.
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Preconditioning Phase Field Equations for Solar
Cells

Phase field models play a big role in computational science
and engineering as a tool to describe processes from ma-
terials science to imaging. We here discuss the numerical
solution of a system of partial differential equations aris-
ing from modeling the morphology formation of an organic
solar cell. In particular, we discuss a preconditioning strat-
egy aimed at resolving the large scale linear systems via a
block Schur-complement preconditioner.
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Nonlinear Inversion Using Data-Driven Re-
duced Order Models Applied to the Helmholtz
Impedance Boundary Value Problem

Recently, reduced order model (ROM) techniques have re-
ceived attention and have been applied to Dirichlet and
Neumann inverse boundary value problems. With this
poster, we give an introduction to the ROM inversion
method applied to the Helmholtz impedance problem. We
also discuss the limitations of this approach due to the na-
ture of the governing boundary condition. Additionally,
we propose a non-linear optimization method and a data-
assimilation method to solve the inverse scattering problem
based on the ROM approach.
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An Exploration of Optimal Tensor Contraction
Strategies for Vector Inner Product in Tensor-
Train Format

Tensor decompositions are proving to be a powerful tool
widely used in many high-dimensional problems in quan-
tum computing, machine learning, and scientific comput-
ing, as they prevent the inherent exponential data size, also
called “the curse of dimensionality”, arising in these prob-
lems. Tensor decompositions reduce the data size to a poly-
nomial in the problem’s dimensionality, and enable carry-
ing out tensor operations in this compressed form. In this
study, we explore effective computational strategies for the
inner product of two vectors in tensor-train format, widely
arising in the solution of high-dimensional systems. This

operation involves a series of tensor contractions whose or-
der plays a significant role in the overall computational
cost. Though optimizing this order is an NP-hard problem
for a general tensor network, we investigate ordering algo-
rithms specific to the network topology manifesting in the
inner product of two vectors in tensor-train format. We
present various contraction strategies together with their
experimental evaluation on tensor-train objects of various
sizes and dimensions.
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Fast Optimization of Viscosities for Frequency-
Weighted Damping of Second-Order Systems

We consider frequency-weighted damping optimization for
vibrating systems described by a second-order differential
equation. The goal is to determine viscosity values such
that eigenvalues are kept away from certain undesirable
areas on the imaginary axis. We present two complemen-
tary techniques. First, we propose new frameworks using
nonsmooth constrained optimization problems, whose so-
lutions both damp undesirable frequency bands and main-
tain stability of the system. These frameworks also allow
us to weight which frequency bands are the most important
to damp. Second, we also propose a fast new eigensolver
for the structured quadratic eigenvalue problems that ap-
pear in such vibrating systems. In order to be efficient, our
new eigensolver exploits special properties of diagonal-plus-
rank-one complex symmetric matrices, which we leverage
by showing how each quadratic eigenvalue problem can be
transformed into a short sequence of such linear eigenvalue
problems. The result is an eigensolver that is substantially
faster than existing techniques. By combining this new
solver with our new optimization frameworks, we obtain
our overall algorithm for fast computation of optimal vis-
cosities. The efficiency and performance of our new meth-
ods are verified and illustrated on several numerical exam-
ples.
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An Efficient Numerical Method for the Maxey-
Riley Equation

The Maxey-Riley Equation (MRE) models the motion of
a finite-sized, spherical particle moving in a fluid. Ap-
plications using the MRE are, for example, the study of
the spread of Coronavirus particles in a room, the forma-
tion of clouds and the so-called marine snow. The MRE is
a second-order, implicit integro-differential equation with
a singular kernel at initial time. For over 35 years, re-
searchers used approximations and numerical schemes with
high storage requirements or ignored the integral term, al-
though its impact can be relevant. A major break-through
was reached in 2019, when Prasath et al. mapped the
MRE to a time-dependent Robin-type boundary condition
of the 1D Heat equation, thus removing the requirement
to store the full history. They provided an implicit integral
form of the solution by using the so-called Fokas method
that could be later solved with numerical scheme and a
nonlinear solver. While Prasath et al.s method can de-
liver numerical solutions of very high accuracy, the need to
evaluate nested integrals makes it computationally costly
and it becomes impractical for computing trajectories of
a large number of particles. In the poster, we present a
finite differences approach that it is not only storage effi-
cient but also much faster. We will compare our approach
to both Prasath et al.s method as well as a to the numerical
schemes developed by A. Daitche in 2013 for direct inte-
gration of the original Maxey-Riley equation with integral
term.
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Mathematical Modelling for All-Solid-State Bat-
teries

Polycrystalline solid-state electrolyte (PSSE) such as
LLZO plays an essential role in augmenting electro-chemo-
structuro-mechanical stability of the next-generation bat-
teries at cell-level, as well as in diminishing flammability
and leakage at product-level. However, such PSSE exhibits
microscopic grain boundaries, which tempts imperfectly
dendrites and consequently crack propagation. System-
atically investigating misorientation and patterns of grain
within LLZO gives rise to mechanical and electrochemical
properties of the PSSE. Approach: By setting Lam coef-
ficients within structural tensors spatially dependent, the
infinitesimal-strain elastic deformation partial differential
equation (PDE) helps to solve the misorientation grainy
problem of PSSE. Starting point is the linear momentum

PDE used in stress analysis:

∂tu
(s)+∇·

(
Cfalocation(λ,μ,dR

Gi,i=1,...,N ,dE ;x)∇u(s)
)
+ρb = f,

(4)
where dR

Gi
is the local grain direction i, N number of ob-

servable grains, dE globally uniform electric potential, and
λ,μ the two Lam constants characterizing solid properties.
Furthermore, coupled problem is taken into consideration.
Finally, Griffith criterion can be computed directly based
on strain energy, used for dendrite nucleation.
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Monolithic Algebraic Multigrid Preconditioning of
the Stokes Equations

Advanced discretizations and complex meshes are becom-
ing increasingly commonplace in a range of coupled physics
and engineering applications, from weather prediction to
fluid flow to graph problems. These discretizations also
place increased demands on the underlying solvers, focus-
ing on key properties of the PDE models - e.g., underlying
conservation laws. While algebraic multigrid methods ef-
fectively tackle some PDEs and some discretizations on un-
structured meshes, the presence of higher-order basis func-
tions and multiple coupled unknowns makes the algebraic
coarsening a challenging endeavor. This talk will highlight
several new monolithic algebraic multigrid precondition-
ing approaches targeting high-order and non-standard dis-
cretizations of Stokes flow problems on structured and un-
structured meshes. We will demonstrate how the robust
monolithic AMG preconditioners can be constructed to
precondition higher-order Taylor-Hood and Scott-Vogelius
discretizations.
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Matrix-Free Hyperparameter Optimization for
Gaussian Processes

Gaussian processes (GPs) are a crucial tool in machine
learning and their use across different areas of science and
engineering has increased given their ability to quantify
the uncertainty in the model. The covariance matrices of
GPs arise from kernel functions, which are crucial in many
learning tasks and the matrices are typically dense and
large-scale. Depending on their dimension even comput-
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ing all their entries is challenging and the cost of matrix-
vector products scales quadratically with the dimension, if
no customized methods are applied. We present a matrix-
free approach that exploits the computational power of
the non-equispaced fast Fourier transform (NFFT) and
is of linear complexity for fixed accuracy. With this, we
cannot only speed up matrix-vector multiplications with
the covariance matrix but also take care of the deriva-
tives needed for the gradient method avoiding Hadamard
products of the Euclidean distance matrix and the ker-
nel matrix. This arises when differentiating kernels as the
squared-exponential kernel with respect to the length-scale
parameter in the denominator of the exponential expres-
sion. Our method introduces a derivative kernel which is
then well suited for multiplying with the Hadamard prod-
uct. By applying our NFFT-based fast summation tech-
nique, fitting the kernel and the derivative kernel will allow
for fast tuning of the hyperparameters.
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Moving Mesh Virtual Element Methods

The use of polygonal discretization techniques for solving
partial differential equations equations (PDEs) has been
gaining substantial traction in recent years primarily due to
the improved flexibility in representing complex geometries
and the computational ease with which a polygonal mesh
can be refined and agglomerated. The literature is rich
with works that generalise h- and p-adaptive algorithms to
polygonal meshes but only recently has there been interest
in developing polygonal moving mesh methods, sometimes
referred to as r-adaptivity. Developing moving polygonal
mesh methods raises additional challenges beyond stan-
dard finite element approaches on simplicial meshes. Such
challenges include the construction of mappings between
moving polygonal elements, the time-dependent nature of
discrete spaces, and the robustness of the method. In
this poster, we present a Velocity-based Moving Mesh Vir-
tual Element Method for non-linear diffusion free boundary
problems. Here, polygonal meshes can be exploited to rep-
resent moving boundaries and interfaces with a minimal
number of degrees of freedom and to produce efficient lo-
cal mesh refinement when a change in mesh connectivity is
required. Empirical results are presented for the method
using the two-dimensional porous medium equation as a
benchmark problem. Extensions of the method are then
presented that exploit the mesh generality to tackle more
geometrically complex problems, such as contact problems.
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Stable Nodal Projection Method on Octree Grids

We present a novel projection solver for the incompressible
Navier-Stokes equations with arbitrary boundaries, where
all variables are collocated at the nodes of non-graded oc-
tree grids. Both the viscosity and projection steps are
discretized using supra-convergent finite difference approx-
imations with sharp boundary treatments. The resulting
projection operator is stable, as our analysis demonstrates.
We verify the stability of our method on uniform Carte-
sian grids both analytically and numerically, as well as
provide a framework for proving the stability on adaptive
grids. On adaptive grids, we verify that the operator is
stable for highly non-graded grids and arbitrary bound-
ary conditions. We further demonstrate the accuracy and
capabilities of our solver with several canonical two- and
three-dimensional simulations of incompressible fluid flows.
Overall, our method is second-order accurate, allows for
dynamic grid adaptivity with arbitrary geometries, and re-
duces the overhead in code development through data col-
location.
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Accelerating Randomized Algorithms for Massive-
Scale Zeroth-Order Optimization

Rapid advances in computing, sensing, and other data-
generating mechanisms are spawning new classes of chal-
lenging optimization problems across computational sci-
ence and engineering. We address problems where an ob-
jective function is available only by querying a zeroth-order
oracle. In contrast to gradient-based algorithms, algo-
rithms for such derivative-free problems have necessarily
focused on dozens or fewer decision variables. We outline
practical randomized strategies for solving problems with
hundreds to thousands of decision variables while still pre-
serving theoretical guarantees in idealized cases.

Stefan Wild
Argonne National Laboratory
LANS, Mathematics and Computer Science
wild@lbl.gov

Kwassi Joseph Dzahini
Argonne National Laboratory
kdzahini@anl.gov



SIAM Conference on Computational Science and Engineering (CSE23)                                                    461460 CSE23 Abstracts

Xiaoqian Liu
University of Texas MD Anderson Cancer Center
xiaoqian.liu1025@gmail.com

PP1

Computing p-Harmonic Descent Directions and
Their Limits for Shape Optimization

Shape optimization constrained to partial differential equa-
tions is a vivid field of research with high relevance for in-
dustrial grade applications. Recent development suggests
that using a p-harmonic approach to determine descent di-
rections is superior to classical Hilbert space methods, but
features the solution of a vector-valued p-Laplace problem
with a boundary force in each iteration. We present nu-
merical results in a fluid dynamic setting based on the ex-
tension of an algorithm for scalar Dirichlet problems. The
approach does not require an iteration over the order p
and thus enables the efficient computation of higher-order
descent directions. A general requirement on the trans-
formations of the computational domain is to keep it of
Lipschitz type. While solutions for finite p yield approx-
imations in W 1,p, analytically only descent directions in
W 1,∞ are admissible. However, this is challenging since
the limit of the p-Laplace problem features in general non-
unique solutions, in particular arising from a change of sign
in the force term required to fulfill geometric constraints in
shape optimization. Therefore, we make progress towards
an algorithm for computing admissible descent directions,
that are the limit of the corresponding p-harmonic descent
directions. The resulting deformations then still preserve
the quality of the underlying mesh, which is crucial for
applications.
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Deep Learning with Gaussian Processes

By integrating Gaussian processes (GPs) with deep neu-
ral networks (NNs), three types of deep models are dis-
cussed and compared for multivariate function approxima-
tion in this work. The first model is referred to as an
NN-equivalent GP (Lee et al., 2017), formulated based on
the fact that a prior of a Bayesian NN can be equivalent to
GPs under certain assumptions. An NN-induced kernel is
hence defined as the GP covariance. Deep kernel learning
(Wilson et al., 2016) is considered a second model, which
embeds a deep NN architecture into the kernel of a GP and
thus improves the GP’s nonlinear expressive power. The
third is termed a deep GP model (Damianou & Lawrence,
2013), in which GPs are adopted instead of NN layers to re-
duce computational complexity, and variational inference is
utilized to approximate the posterior distribution of model
outputs. Numerical experiments are conducted on three
benchmark problems with increased input dimensionality,
and the test accuracy and KullbackLeibler divergence are

compared among the three models employing the same NN
topology and GP kernel. It has been discovered that the
deep kernel learning model provides superior performance.
In addition, we summarize the differences among the ex-
amined models and provide an explanation of why the deep
kernel learning model produces preferred results.
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A Linearly Implicit Global Energy Preserving
Reduced-Order Model for Cubic Hamiltonian Sys-
tems

We present a linearly implicit multi-symplectic model re-
duction technique for multi-symplectic PDEs with cubic
invariants. The proposed approach preserves the global
energy of the reduced-order models. Thus, it is suitable
for the long-time integration of reduced-order Hamilto-
nian systems. The proposed method is tested on the wave
equation, Kortewegde Vries equation and Camassa-Holm
equation. The numerical results verify that preserving the
multi-symplectic structure of PDEs in the reduced-order
models yields stable reduced-order models.
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Droplets Evaporation on Chemically Patterned
Surfaces

The evaporation of fluids on the different patterned sur-
faces is omnipresent in nature. A comprehensive study
of the evaporation process coupling with the wetting ef-
fect through modeling will give us a complete understand-
ing of the underlying mechanisms and help us construct
a digital twin, enabling us to control the whole system.
The poster is divided into two parts. Firstly, based on
the idea of minimum surface, a theoretical model is estab-
lished to describe the three-dimensional droplet shape with
straight edges and sharp corners on a polygon-patterned
substrate in quasi-equilibrium state. This kind of setup
is widely used in droplet sampling for high-throughput
screening of live cells and chemical reactions. We relate
the volume of the shaped-droplet to its height, aiming to
address the challenge of measuring the volume of evapo-
ration droplets with usual experimental techniques. The
proposed model is compared with phase-field simulation
and experiments. Secondly, a Cahn-Hilliard phase field
model is utilized to describe the diffusion dominated evap-
oration process of multi droplets. Through this model, we
investigate the effect of the key parameters including the
humidity, volume, droplet position/distance/numbers, liq-
uid type/concentration etc. on the evaporation process.
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Our aim is to identify an optimal condition for cultur-
ing cells and sample preparation on Droplet Microarray
(DMA) through the digital twin system.
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Topology-Based Comparison of Population Activi-
ties in General Neural Networks

Real-world data are often encoded in high-dimensional rep-
resentations. Moreover, it is often unclear which coordi-
nates and metrics can be meaningfully justified. Topolog-
ical properties are well-suited for characterizing the struc-
ture of such high-dimensional data: they are generalized
to high-dimensional surfaces, and they are invariant under
different coordinates and robust to the choice of metrics.
The proposed approach is motivated by emerging open
problems in neuroscience to analyze the high-dimensional
collective activity of a population of neurons in response
to specific stimuli (neural population response). A crucial
gap in related works is that they have not considered how
these neural population responses can be appropriately
compared, which is key to understanding neural represen-
tations. We develop an approach based on persistent ho-
mology and p-Wasserstein distance to quantitatively com-
pare between neural population responses arising from ar-
tificial and biological neural networks. This approach fur-
ther allows one to perform statistical inference on a distri-
bution of topological signatures for the respective neural
population responses. We demonstrate the approach on
a variety of neural population data from experiments in
different regions of the brain and from numerical simula-
tions in different artificial neural networks. This approach
thus provides a scalable way to compare the topology of
population activities across general neural networks.
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PP1

Multi-Objective Adaptive Mesh Refinement Using
Reinforcement Learning

The accuracy and efficiency of finite element methods de-
pend immensely on the choice of mesh. However, choosing
a mesh that appropriately balances accuracy with com-
putational efficiency is an ongoing challenge. We propose
an algorithm for learning a single, multi-purpose adaptive
mesh refinement (AMR) policy that produces a family of
Pareto optimal solutions. In particular, we adapt a generic
multi-objective Pareto front learning algorithm to the con-
text of reinforcement learning for AMR. We demonstrate
that this approach is considerably faster than training in-
dividual policies for several different target errors. Our
approach is targeted at hp refinement techniques for ellip-

tic PDEs but has extensions to a much broader class of
finite element problems.
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