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IP1

Mathematics in the Age of AI: Discovery, Verifica-
tion, and the Future of Proof

Mathematics is entering a period of unusual promise and
unease. Large language models, formal proof assistants,
and AI-assisted reasoning suggest new modes of discovery,
while raising concerns about rigor, attribution, and the
future role of mathematicians. Through my own transi-
tion from number theorist to Founding Mathematician at
Axiom Math, I will describe the emerging landscape of AI-
assisted mathematics and offer examples of how these tools
can support and augment research. I will also discuss what
this shift may mean for mathematical practice, collabora-
tion, and the ways new ideas are checked and communi-
cated.

Ken Ono
Axiom Math and University of Virginia
ken.ono691@virginia.edu

IP2

Sampling on Graphs

Is it possible to compute the average value of a function on
a graph by knowing the function values at a small set of
vertices? If so, how small can this subset be and how does
one find it? What sorts of functions can we average? In
this talk I will introduce Graphical Designs which allow us
to answer these questions. The story draws on a range of
mathematics from analysis to geometry to discrete math.
When the graph has special structure, its designs become
highly structured, connecting them to well-known and clas-
sical objects in mathematics and computer science. For
instance, Graphical Designs in graphs of hypercubes are
orthogonal arrays which are related to linear codes. Joint
work with Catherine Babecki, Zawad Chowdhury and Ste-
fan Steinerberger

Rekha Thomas
University of Washington
rrthomas@uw.edu

IP3

Unintended Consequences of Artificial Intelligence
in Financial Markets

Artificial intelligence (AI) is increasingly used in financial
markets. AI-based systems can process large amounts of
data and act quickly, leading to the expectation that mar-
kets will become more competitive and more informative.
However, AI can also create new and unexpected risks that
affect market fairness and financial stability. Collusion.
Algorithms may learn to coordinate their actions, even if
they are not programmed to cooperate. Collusion delivers
outcomes that are not competitive, which lead to higher
profits at the expense of others. Market manipulation and
spoofing. AI trading algorithms can learn to manipulate
prices. For example, they may place orders in electronic
exchanges (e.g., Nasdaq, LSE) with no intention of trad-
ing; instead, the objective is to influence how other traders
behave. This can distort prices and undermine fair market
functioning. Market making and reduced competition. In
exchanges, when multiple AI algorithms interact, they may
learn to behave in ways that resemble cooperation. This
reduces competition, allowing them to earn higher profits
at the expense of others. Competition and blocking new
entrants. AI algorithms can learn to coordinate and deter
new competitors from entering the market. Bubbles. AI

agents can participate in speculative bubbles and exploit
the bounded rationality of human traders. They are more
likely to join a bubble if they infer that they are early in
its formation.

Alvaro Cartea
University of Oxford
alvaro.cartea@gmail.com

IP4

Mathematical Modeling and Optimization for Ver-
tical Farming: From Engineered Substrates to Dy-
namic Microclimate Control

Vertical farming is often advertised as sustainable, yet key
decisions, such as substrate choice and climate control, are
still guided by heuristics. This lecture shows how mathe-
matical modeling and optimization can replace trial-and-
error with predictive, scalable design tools. Two comple-
mentary frameworks are presented, illustrating how multi-
physics simulation and PDE-constrained optimization en-
able quantitatively grounded, sustainability-oriented de-
sign of controlled-environment agriculture. The first ad-
dresses soilless cultivation by designing innovative porous
growing media as periodic lattice scaffolds. Their macro-
scopic mechanical support and permeability properties
are governed by the micro-geometry, computed through
coupled elasticity-flow topology optimization procedures.
Thus, a 3D inverse-homogenization, density-based SIMP
formulation, enhanced with anisotropic mesh adaptation,
yields robust, manufacturable architectures, exported as
STL lattices for root-growth simulations and 3D-printed
prototypes. The second framework moves beyond static
climate recipes by modeling the growth chamber as a
co-evolving plantmicroclimate system. Coupled 3D CFD
and crop growth/transpiration update canopy resistances
and source terms over time; after validation, surrogate-
based multi-objective optimization yields growth-stage-
dependent set-points and air-supply designs that boost
biomass while lowering energy under canopy microclimate
constraints.

Simona Perotto
MOX - Modeling and Scientific Computing
Dipartimento di Matematica, Politecnico di Milano
simona.perotto@polimi.it

IP5

From Polynomials to Nonlinear Special Functions

Special functions are like the number π, found everywhere
but hard to describe because they are transcendental. In
this talk, I will provide an overview beginning with the
questions of Kepler and Newton and leading to the con-
struction of special functions now central in mathematics.
As far back as 1893, Felix Klein said It is well known that
the central problem of the whole of modern mathemat-
ics is the study of the transcendental functions defined by
differential equations. The most interesting transcendental
functions of modern times are the ones defined by nonlin-
ear difference equations, but many remain enigmatic. At
the end of the talk, I hope to briefly describe recent re-
sults on discrete versions of the Riemann-Hilbert method
for solving such difference equations.

Nalini Joshi
University of Sydney
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nalini.joshi@sydney.edu.au

IP6

Cutting Through the Noise: Denoising and Data
Completion Using Low-Rank Tensor Optimization

Experimental data is noisy, whether this data is collected
from an exploration seismic experiment (length scale of
km) or from an electron microscope (nm). Low resolu-
tion data can result from limited xray photon dosage to
prevent sample damage or environmental factors such as
trucks driving over nearby roadways or limited aperture
recording equipment in a seismic experiment. Recovering
the underlying image from noisy or incomplete data is a
fundamental math problem. Additionally, when noisy data
is used to train AI/ML models, this corruption can lead
to incorrect predictions. Traditional denoising and data
completion techniques include basic ideas such as interpo-
lation and regularization. Recently the focus has shifted to
AI/ML for deblurring/denoising. In this presentation I will
discuss advances in both the application and use of some
denoising ideas. One such tool exploits the redundancy in
related images by storing them in a higher-order tensor.
This redundancy implies the tensor is naturally low-rank.
Noise and missing data increase the rank of the tensor,
so low-rank tensor minimization can help to remove this
corruption. Hybrid methods that combine mathematics
with AI/ML show additional promise over each individual
method. I will also discuss a number of different appli-
cation problems ranging from time-lapse seismology to im-
proving data quality in state-of-the-art electron microscopy
images collected using the world’s fastest cameras.

Sue Minkoff
Brookhaven National Labs
sminkoff@bnl.gov

IP7

Discontinuous Solutions for Partial Differential
Equations in Fluid Mechanics

The compressible Euler equation can lead to the emergence
of shock discontinuities in finite time, notably observed be-
hind supersonic planes. A very natural way to justify these
singularities involves studying solutions as inviscid limits
of Navier-Stokes solutions with evanescent viscosities. The
mathematical study of this problem is however very dif-
ficult because of the destabilization effects of the viscosi-
ties. Bianchini and Bressan proved the inviscid limit to
small BV solutions using the so-called artificial viscosities
in 2004. However, until very recently, achieving this limit
with physical viscosities remained an open question. In
this presentation, we will provide the basic ideas of clas-
sical mathematical theories to compressible fluid mechan-
ics and introduce the recent method of a-contraction with
shifts. This method is employed to describe the physical
inviscid limit in the context of the barotropic Euler equa-
tion, and to solve the Bianchini and Bressan conjecture in
this special case. This is a joint work with Geng Chen and
Moon-Jin Kang.

Alexis F. Vasseur
University of Texas at Austin
vasseur@math.utexas.edu

IP8

Scalable Methods for Large-Scale Bayesian Inverse

Problems Under Model Uncertainty

Mathematical models are fundamental tools in the sci-
ences, enabling researchers to simulate, analyze, and pre-
dict the behavior of complex systems. In practice, how-
ever, these models often depend on uncertain inputs or
parameters due to the inability to measure them (e.g.,
phenomenological parameters), limitations in observations
(data), and measurement noise. In addition, modeling er-
rors arise from simplifying assumptions and idealizations
that may not fully capture real-world behavior, due to
additional unknown parameters or sources of uncertainty,
and/or from replacing the accurate model with a surro-
gate model. When such models are used for prediction
and decision-making, it becomes imperative to improve
both the accuracy of the input parameters and account for
model errors. Inferring unknown parameters from obser-
vational data leads to a severely ill-posed inverse problem
that is challenging to solve. Bayesian inversion combined
with optimal experimental design facilitates the integra-
tion of data with models to quantify and reduce uncertain-
ties in predictions. The algorithmic developments in this
context face key challenges, including high-dimensional pa-
rameter spaces, expensive model evaluations, and model
uncertainty additional to the uncertainty in inversion pa-
rameters. In this talk, we focus on scalable methods for
inverse problems governed by differential equationbased
models that exploit problem structure and are robust to
model uncertainty.

Noemi Petra
University of California, Merced
npetra@ucmerced.edu

IP9

Is It Noise, Or Is It Superconvergence?

Noise is everywhere. In datasets, signal communication,
images, audio, etc. Noise appears in different forms as
random disturbances, or according to a probability density
function. Noise can hinder effective data analysis, appli-
cation of AI techniques, or diagnosing of illnesses. Noise
can be a nuisance. An alternative perspective is to view
noise through the lens of numerical approximations. In
this context, the most common types of noise are Gibbs
oscillations (from a Fourier approximation to a discontin-
uous function) or from aliasing (where the sampling rate
is too low). However, for piecewise polynomial approxima-
tions, noise is embedded in the errors. For these approx-
imations, the notion of superconvergence exists, in which,
at special points, the convergence rate is faster than that
predicted through Taylor series expansion. The property
of superconvergence allows for extracting extra accuracy
through convolutional filtering. This can enable a reduc-
tion in the amount of data necessary to gain meaningful
insights. Moreover, for temporal evolution equations, the
filtering can often be performed at the final time. In this
presentation, we explore the relationship between noise and
superconvergence in piecewise polynomial approximations
as well as the potential to unlock more information from
datasets.

Jennifer K. Ryan
KTH Royal Institute of Technology
jryan@kth.se

IP10

Nonlinear Algebra Meets Tensors in Quantum In-
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formation

Tensors represent quantum states, the core of quantum in-
formation (QI). Entanglement is the resource that drives
the capabilities of quantum algorithms and the capacities
of quantum channels. Two key problems guide our work:
classify and separate distinct entanglement types and de-
termine the states that have the most entanglement. Singu-
lar value decomposition (SVD) governs entanglement clas-
sification in the bipartite situation, and higher order singu-
lar value decomposition (HOSVD) plays a similar role for
generic multi-partite states. In recent work [SIAGA 2025]
with Ian Tan (Charles U., Prague) we extend HOSVD [De
Lathauwer et al., SIMAX 2000] and provide algorithms for
separating entanglement types for generic multi-qubit sys-
tems, generalizing work of Kraus [Phys Rev Let 2010] and
others. Classical invariant theory tells us that polynomial
tensor invariants vanish on separable states, so the states
that maximize invariants can be considered maximally en-
tangled. Constrained optimization is the right tool to find
these critical states, however, since tensor spaces grow ex-
ponentially, one also needs a toolkit that scales similarly.
In another recent work [J. Physics A 2025] with Tan, we
combine Vinberg theory for dimension reduction and ho-
motopy continuation, which scales favorably with paral-
lel computing, to solve this optimization problem. This
method finds, in certain situations, all previously known
entanglement maximizers.

Luke Oeding
Auburn University
oeding@auburn.edu

SP1

SIAM Industry Prize Lecture: Topological Data
Analysis for Machine Learning-Based Network In-
trusion Detection

Many cyberattacks persist in networks undetected for ex-
tended periods of time, while exploiting the security and
privacy of large volumes of packet data. Intrusion detec-
tion systems (IDS) exist as a security mechanism to au-
tonomously monitor network traffic for unauthorized activ-
ities of various types (e.g., distributed denial of service, pol-
icy violations). Machine learning-based IDS can enhance
network resilience, by scanning networks for anomalous ac-
tivities or unknown cyberattacks for which there are no
signatures. However, these types of IDS are susceptible to
errors (e.g., false positive and negative rates). In this talk,
I explore how topological data analysis (TDA) approaches
combined with machine learning algorithms can deepen our
understanding of patterns in network traffic. To this end, I
show how topological measures (e.g., persistence diagrams,
Betti numbers) from TDA can support data preprocessing
for anomaly and machine learning-based IDS, providing
methods for feature extraction, and thereby improving IDS
effectiveness.

Nandi Leslie
Raytheon Technologies
nandi.o.leslie@raytheon.com

SP2

W. T. and Idalia Reid Prize Lecture: Rattlebacks,
Spinning Tops, and Snakeboards: The Mathemat-
ics of Nonholonomic Mechanics and Control

Mechanical systems can exhibit all sorts of unexpected and
fascinating dynamical behavior. Examples of such systems

include the rattleback top or Celtic stone, the Chaplygin
sleigh or shopping cart, the snakeboard (a variation of the
skateboard), falling cats, and ice skaters. In this talk I
will describe some of the mathematics behind such sys-
tems. I will also discuss their important role in control
theory. The mathematics includes Lagrangian and Hamil-
tonian mechanics, variational (or non-variational) princi-
ples, nonholonomic mechanics, and nonlinear control the-
ory. Lagrangian and Hamiltonian systems are foundational
in mechanics. Nonholonomic systems, which are systems
with velocity constraints, are generalizations of such sys-
tems, and the theory of nonholonomic mechanics is key to
understanding many of the examples mentioned here. Non-
holonomic systems are not variational, and their analysis
leads to interesting generalizations of some of the basic the-
orems in mechanics. For example, Noether’s theorem re-
lating symmetries to conservation laws needs to be general-
ized to a theorem involving a momentum equation. Phase
space volume need not be conserved even in the absence of
external dissipation or forces. I will show that the theory
of nonholonomic systems is also closely related to nonlinear
control theory. I will show also how these systems are used
in engineering and control applications including the con-
trol of wheeled vehicles, satellite control and stabilization,
and legged robot locomotion. Finally, I will also describe
some of the challenges involved in learning the dynamics
of such systems from data.

Anthony M. Bloch
University of Michigan
Department of Mathematics
abloch@umich.edu

SP3

AWM-SIAM Sonia Kovalevsky Lecture: Spectral
Problems in Inverse Scattering

Inverse scattering is a central theme in applied mathemat-
ics, with rich mathematical structure and a wide range
of applications. The problem is inherently nonlinear and
ill-posed, giving rise to fundamental challenges in unique-
ness, stability, and algorithmic reconstruction. A paradigm
shift in this area has emerged through the study of the
relative scattering operator, which maps incoming to out-
going waves. This framework yields mathematically jus-
tified and computationally efficient reconstruction meth-
ods that exploit properties of the linear scattering opera-
tor to recover nonlinear information about the scattering
object. In the frequency domain, this approach leads to
interior eigenvalue problems posed on the support of the
scatterer. These eigenvalues correspond to parameter val-
ues for which there exist nontrivial incident waves that
generate no scattered field and are determined solely from
scattering data. A prominent example for the inhomoge-
neous media is the transmission eigenvalue problem, a non-
self-adjoint spectral problem with a perplexing mathemati-
cal structure. This presentation surveys the significance of
such spectral problems in uniqueness and reconstruction
and highlights many open theoretical and computational
questions.

Fioralba Cakoni
Rutgers University
Department of Mathematics
fc292@math.rutgers.edu

SP4

John Von Neumann Prize: Epidemics, Erdos num-
bers, and the Internet: Graphs and Networks in



2026 SIAM Annual Meeting (AN26)	                                                    54 AN26 Abstracts

the Real World

There is a long tradition of the study of graphs and net-
works in mathematics and adjacent fields, but recent years
have witnessed a major shift with the new availability of
large-scale data on real-world networked systems, including
computer networks, information networks, social networks,
and biological networks. Many of these, it turns out, have
surprising structural properties that are both important for
their function and inspire new theories of network topology,
formation, and behavior. This talk will give an introduc-
tion to this area of study, its methods and models, and
discuss some of the intriguing mathematical questions that
arise.

Mark Newman
Department of Physics, University of Michigan
Santa Fe Institute
mejn@umich.edu

SP5

Julian Cole Lectureship: A Nonlinear Plancherel
Theorem, Dispersive Equations and the Inverse
Problem of Caldern

We consider a nonlinear Fourier transform in two dimen-
sions for which a proof of the Plancherel theorem had been
a long-standing open problem. The first part of the talk
will explain the background, main ideas and novel har-
monic analysis bounds involved in the solution of this prob-
lem. The second part of the talk will describe the role of
this transform in our solution of two other challenging open
problems: global well-posedness in the mass critical case
for the defocusing DaveyStewartson II and the modified
Novikov-Veselov systems. These are integrable nonlinear
dispersive partial differential equations emerging through
asymptotic expansions of the incompressible Euler equa-
tions in distinct physical regimes. In the third part of the
talk, we will show how the same nonlinear Fourier trans-
form yields a constructive solution of the Caldern inverse
boundary value problem for a class of unbounded conduc-
tivities. All these results are from collaborations with Peter
Perry, Idan Regev and Daniel Tataru.

Adrian Nachman
University of Toronto
nachman@math.toronto.edu

SP6

AMS Invited Address: Computer-Assisted Proofs
of 3D Euler Singularity and Nonuniqueness of Ler-
ayHopf Solutions for the Unforced 3D Navier-
Stokes Equations

Whether the 3D incompressible Euler equations can de-
velop a finite-time singularity from smooth initial data re-
mains one of the central open problems in nonlinear PDEs.
In this talk, I will present recent joint work with Dr. Jia-
jie Chen, in which we rigorously prove finite-time blowup
for the 2D Boussinesq equations and the 3D axisymmet-
ric Euler equations with smooth initial data and smooth
boundary. Our approach uses a dynamically rescaled for-
mulation that reduces singularity formation to the long-
time stability of an approximate self-similar blowup pro-
file. A key difficulty is proving the linear stability of a
numerically constructed profile. To address this, we de-
compose the solution operator into a leading-order part,
which admits sharp stability estimates, and a finite-rank
perturbation, which is controlled by a computer-assisted

proof. I will also discuss recent joint work with Yixuan
Wang and Changhe Yang on nonuniqueness of LerayHopf
solutions to the unforced 3D incompressible NavierStokes
equations. In this setting, the viscous term introduces sev-
eral new ingredients but also greatly simplifies the analysis:
standard H1 estimates suffice, without the singular weights
needed in the inviscid case. A central step is to establish
the existence of a self-similar LerayHopf solution and then
prove the existence of a second solution by analyzing the
stability of the linearized operator around this profile and
showing that it admits an unstable mode. These results
highlight the fruitful interplay among analysis, computa-
tion, and rigorous validation in nonlinear PDEs.

Thomas Hou
Applied and Computational Mathematics
California Institute of Technology
hou@cms.caltech.edu

SP7

I.E. Block Community Lecture: Modeling for Life
with a Little Help from Our Friends

Modeling human biology is complex. We are composed of
around 31013 human cells and similar numbers of bacterial
cells and viral particles that all interact and form hierar-
chies of functional structures. Cells form tissues, that form
organs, that organize into organ complexes, that make up
individuals, that make up populations. Different biologi-
cal entities share similarities, but some features are species
specific or even specific for an individual. In biomedical
research and drug discovery different model systems are
used to try to understand human biology, traditionally hu-
man cell lines and animal models. But a cell line is a sim-
plified model and for example a mouse model, although
sharing some biological features of a human model, have
properties that are specific to mice. Over the last years
new models have taken stage, like complex human ex-vivo
systems, sometimes patient-derived; in silico mathematical
models; and a growing pool of high resolution multimodal
human data from real life settings. Integrative and holis-
tic analyses, using all available models, hold the potential
to transform biomedicine, drug discovery and ultimately
health care. Mathematical and computational modeling,
leveraging the Human-Machine Partnership for multidisci-
plinary and collaborative data exploration, will propel the
transformation and will give us a new understanding of
Life.

Magnus Fontes
Roche
magnus.fontes@roche.com

SP8

Learning with AI: A Framework for Students, In-
structors, and Universities

Join Mac Hyman (former SIAM president) for an overview
of Learning with AI: A Framework for Students, Instruc-
tors, and Universities, a forthcoming SIAM book on teach-
ing and learning in a world where AI tools are part of ordi-
nary academic life. Topics will include the conflict students
face between earning grades, demonstrating understand-
ing, and being honest about AI use; approaches to verify
that learning is internalized; and practical frameworks for
assignment design, grading, and assessment in AI-aware
courses. This session is relevant for faculty, administra-
tors, students, and anyone interested in how mathematical
and scientific reasoning is changing in the AI era. Atten-
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dees will have the chance to share feedback to help shape
the book before publication and review a draft at the SIAM
bookstore.

Mac Hyman
Tulane University
mhyman@tulane.edu

SP9

Siam Publications Update AI, SIALS, and Acces-
sibility

Join Tamara G. Kolda, SIAM Vice President for Publica-
tions, Kivmars Bowling, SIAM Publications Director, and
Jonathan Rubin, SIAM Journal on Life Sciences (SIALS)
Editor-in-Chief, for an update on new developments across
journals, books, and proceedings. Topics will include AI
and research integrity; the recently launched SIALS; and
the new Joint Math Society Author Guidelines on Acces-
sibility. This session is relevant for anyone who engages
with SIAM Publications, whether as a reader, author, ed-
itor and/or instructor. Attendees will have the chance to
ask questions as well as share feedback and ideas regarding
the SIAM Publications program.

Tamara G. Kolda
MathSci.ai, U.S.
tammy.kolda@mathsci.ai

JP1

Joint Plenary Speaker with 2026 SIAM Conference
on the Life Sciences: When More Isnt Better: A
Lesson from Rethinking Scale in Single-Cell Foun-
dation Models

The success of transformer-based foundation models on
natural language and images has motivated their use in
single-cell transcriptomics. In this talk, we will assess how
pre-training dataset size and diversity affect the perfor-
mance of single-cell foundation models. Using a corpus
of 22.2 million cells, we pre-trained 400 models and evalu-
ated over 6,400 experiments. Our results show that current
methods tend to plateau in performance with pre-training
datasets that are only a fraction of the size, challenging
the assumption that ever-larger datasets are required for
optimal generalization. This will lead us to the second half
of the talk where we evaluate training data composition on
model performance. Focusing on human hematopoiesis, we
train and analyze deep generative models with a variety of
training datasets, including cells from adult and developing
tissues, disease states, and perturbation atlases. Here, we
observe that (1) deep generative models generalize poorly
to unseen cell types and (2) addition of malignant or per-
turbed cells to healthy corpora does not consistently im-
prove modeling of novel states. These findings highlight
the nuanced roles of dataset size and heterogeneity, sug-
gesting that strategic curation, rather than indiscriminate
scaling, is key for optimizing single-cell foundation models.

Lorin Crawford
Brown university
lcrawford@microsoft.com

JP2

Joint Plenary with SIAM Conference on Mathe-
matics of Planet Earth: Grid to Grid: A Vision for
Coupling Earth Systems Models to Energy Net-

works

Producing accurate, actionable Earth system forecasts that
include information relevant about impacts upon the wa-
ter cycle, energy infrastructure, and other related and in-
terconnected targets is as important as ever. However,
the Earth and its component system models are complex,
multiscale, and interconnected, especially at the regional
and local spatial and time scales where smart coupling to
equally complex and multimodal Energy models is needed.
This talk presents a vision and strategy to apply more pow-
erful and flexible models to diagnose and predict a diverse
suite of impactful events. This is especially important as we
welcome learning-based models in Earth and energy system
prediction. The community requires coordinated and spe-
cialized interactions of model and experimental output that
are designed to be used by multiple infrastructure model
types, spatial and time scales, data structures and volumes,
software, security protocols, and scientific cultures. This
talk presents considerations in planning, executing, and
optimizing multidomain coupling, workflows and commu-
nication strategies along with several illustrative examples.
The role of verification and validation to quantify the ef-
fects of algorithmic and statistical choices in improving and
coupling models is also discussed. The expansion of best
practices, community benchmarks, key stakeholder needs
will enable multifaceted, actionable, and flexible forecasts
that will save lives, mitigate damage, and lead us to a more
prosperous future.

Katherine J. Evans
Oak Ridge National Laboratory
evanskj@ornl.gov

JP3

Joint Plenary with SIAM Conference on Applied
Mathematics Education: Ooh, Ooh, Ooh What a
Little Course Can Do: Personal and Institutional
Transformation Through 1-credit ADAPT Courses

To meet the needs of rapid technological changes and a
data-driven world, we need to rethink education. Atten-
tion spans are short. People learn best by doing things
they care about. Those of us who can be flexible learn-
ers and willing to evolve our work practices will be best
equipped to help our students do the same. We are tired
in so many ways, but we cannot give up. As applied mathe-
maticians, mathematical and statistical modelers and data
and AI practitioners, we are well-positioned to lead. My
education-related experiences in K-12, industry, higher ed-
ucation, non-profit, and government led me to become the
inaugural Executive Director of the NC State University
Data Science and AI Academy, which is celebrating its 5th
birthday right around the time of the 2026 SIAM Annual
Meeting. In this short time, the academy has developed in-
terdisciplinary capacity to engage data and AI across the 12
colleges of the largest public university in North Carolina,
reaching students in over 175 programs of study, build-
ing data and AI literacy and fluency for students, faculty,
staff, and community partners. The key to this success
has been a common pedagogical approach: the All-Campus
(or perhaps all-learner) Data Science and AI Project-Based
Teaching and Learning Model. I look forward to sharing
how this approach has infused data science and AI across
our campus and beyond.

Rachel Levy
North Carolina State University, U.S.
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rlevy@ncsu.edu

CP1

A Priori and A Posteriori Error Analysis of a
Nitsche Method for the StokesPoissonBoltzmann
Equations with Mixed Boundary Conditions

We study the StokesPoissonBoltzmann equations with
mixed Dirichlet and Navier boundary conditions. The sys-
tem consists of the incompressible Stokes equations cou-
pled with a nonlinear PoissonBoltzmann equation through
electrostatic forcing and convective transport effects. To
handle the mixed boundary conditions in a unified frame-
work, we employ Nitsches method for their weak impo-
sition within a conforming finite element setting. We de-
rive a consistent and stable discrete formulation and estab-
lish well-posedness of the resulting problem. By carefully
choosing the penalty parameters, the bilinear form is shown
to be coercive and continuous. A priori error estimates are
proved in the natural energy norms, yielding optimal-order
convergence under suitable regularity assumptions. Fur-
thermore, we develop residual-based a posteriori error es-
timators that incorporate element residuals, inter-element
jump terms, and boundary contributions arising from the
Nitsche formulation. The estimators are shown to be re-
liable and locally efficient, providing a rigorous basis for
adaptive mesh refinement. Numerical experiments confirm
the theoretical results and demonstrate the robustness and
accuracy of the proposed method for the StokesPoisson-
Boltzmann system.

Ayush Agrawal, Aparna Bansal, Dwijendra Naraian
Pandey
Indian Institute of Technology Roorkee
ayush a@ma.iitr.ac.in, a bansal@ma.iitr.ac.in,
dwij@ma.iitr.ac.in

CP1

Design of High-Order Fractional-Step RungeKutta
Methods with Low-Order Subintegrators

When employing operator splitting methods, like the Li-
eTrotter method and the second-order Strang method, the
substeps are often integrated using standard RungeKutta
(RK) methods or variations thereof. Recently, Spiteri and
Wei introduced a formalism for writing the composition of
RK methods within a fractional-step method as a larger
RK method, herein referred to as an FSRK method and
representable as an additive RungeKutta (ARK) method.
This formalism allows the sophisticated tools developed
for the analysis of RK methods to be applied to FSRK
methods as well, enabling a deeper understanding and im-
provement of their stability and accuracy properties. In
general, the order of an FSRK method is limited by the
minimum of the local order of accuracy of the substep
integrators and that of the underlying operator splitting
method. It is therefore natural to ask whether, through
a careful choice of substep integrators, error cancellation
can be deliberately introduced so that the overall order of
the FSRK method exceeds the order of some of its compo-
nent parts. We show that it is indeed possible to construct
FSRK methods whose overall order of accuracy is higher
than that of the individual substep integrators. We present
new families of such methods and endow them with desir-
able properties such as L-stability, strong stability preser-
vation, and symplecticity. Numerical experiments are also
provided to illustrate the behavior of the newly constructed

methods.

Gabriel A. Barrios
King Abdullah University of Science and Technology
gabriel.barrios@kaust.edu.sa

David I. Ketcheson
CEMSE Division
King Abdullah University of Science & Technology
david.ketcheson@kaust.edu.sa

CP1

Weighted Upwinding in a Vector Kinetic Lattice
Boltzmann Framework for Hyperbolic Systems

The Vector Kinetic Lattice Boltzmann (VKLB) framework
discretizes a Boltzmann-type equation and recovers macro-
scopic hyperbolic systems via discrete moments and tai-
lored equilibrium distribution functions. These methods
have been shown to effectively capture shocks, discontinu-
ities, and unresolved steep gradients. This presentation
describes a weighted upwinded VKLB technique for equi-
librium distributions constructed with a flux decomposi-
tion suitable for general hyperbolic systems. We identify
instabilities that can arise in a full upwinded VKLB tech-
nique in regions where eigenvalues of the flux decompo-
sition transition through zero. [LeVeque, Finite Volume
Methods for Hyperbolic Problems, Cambridge University
Press, 2002]. To mitigate these instabilities, we propose a
weighted upwinding VKLB scheme that weights eigenvec-
tors of corresponding eigenvalues, allowing for a smooth
transition between an upwinding and centered flux VKLB
framework. We evaluate this proposed method on chal-
lenging prototype problems from the shallow water, Euler,
and ideal magnetohydrodynamics (MHD) systems. Initial
results show improved stability in transonic and discon-
tinuous flows, comparable or improved error norms, and
sharper shock resolution, demonstrating the robustness of
the weighted upwinding method on complex hyperbolic
problems.

Michael W. Brown
The University of New Mexico
ranger21@unm.edu

John Shadid
Sandia National Laboratories
Albuquerque, NM
jnshadi@sandia.gov

Jehanzeb H. Chaudhry
University of New Mexico
jehanzeb@unm.edu

CP1

A Parallel, Pseudo-Fast Marching Method

The Fast Marching Method has long been the gold stan-
dard for solutions to the Eikonal equation and has been
widely used in the level-set community to perform reinitial-
ization. The method itself is an inherently serial process
to ensure consistency of the solution. Modifications to the
original algorithm for parallel architectures such as Fast
Iterative Method or domain decomposition methods po-
tentially require that points are updated multiple times as
information from other domains propagates. In this work
we propose a Pseudo-Fast Marching Method that can be
trivially onto parallel architectures. The key innovation is
the relaxation of the strict up-winding requirement of the
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Fast Marching Method, allowing for points to be updated
out-of-order as compared to the original method. A novel
discretization of the Eikonal equation is also introduced, re-
sulting in a higher order of convergence when the method
is applied to the reinialization of a level-set field.

David Salac, Amirhossein Fashamiha
University at Buffalo
davidsal@buffalo.edu, afashami@buffalo.edu

CP1

Convergence of a Residual-Based Adaptive Finite
Element Scheme for Dynamic Phase-Field Fracture

Phase-field models of dynamic fracture lead to a complex
coupled system involving a hyperbolic equation for elasto-
dynamics and a parabolic (or elliptic) variational inequal-
ity for the damage evolution. The multiscale nature of
crack propagationwhere the process zone is orders of mag-
nitude smaller than the structural domainrenders uniform
mesh refinement computationally prohibitive. In this talk,
we present a convergent adaptive finite element method
(AFEM) for the AmbrosioTortorelli approximation of dy-
namic brittle fracture. We formulate the irreversibility of
crack growth as a strict variational inequality constraint
within a staggered time-stepping scheme. A key contri-
bution of this work is the derivation of a residual-based a
posteriori error estimator that reliably drives local mesh
refinement near the propagating crack tip. We provide a
rigorous analysis showing that the sequence of discrete so-
lutions generated by our adaptive algorithm converges to a
critical point of the dynamic energy functional. Numerical
benchmarks on 2D geometries confirm that the method ef-
ficiently resolves crack branching and instability phenom-
ena with optimal degrees of freedom. This work is sup-
ported by the National Science Foundation under Grant
No. 2316905.

Mallikarjunaiah S. Muddamallappa
Texas A&M University - Corpus Christi
Texas A&M University - Corpus Christi
m.muddamallappa@tamucc.edu

CP1

A Hybrid Isogeometric and Finite Element
Method: Nurbs-Enhanced Finite Element Method
for Hexahedral Meshes (nefem-Hex)

In this talk, we introduce a NURBS-enhanced finite ele-
ment method that integrates the NURBS-based boundary
representation of a geometric domain into a standard finite
element framework for hexahedral meshes. We decompose
an open, bounded, convex three-dimensional domain with a
NURBS boundary into two parts, define NURBS-enhanced
finite elements over the boundary layer, and use piecewise-
linear Lagrange finite elements in the interior region. We
introduce a special quadrature rule and a stable interpo-
lation operator for the NURBS-enhanced elements. We
discuss how the h-refinement in finite element analysis and
the knot insertion in isogeometric analysis can be utilized
in the refinement of the NURBS-enhanced elements. To
illustrate an application of our methodology, we utilize a
generic weak formulation of a second-order linear elliptic
boundary value problem and derive a priori error estimates
in theH1 norm. In addition, we use the Poisson problem as
a model problem and provide numerical results that sup-
port the theoretical results. The proposed methodology
combines the efficiency of finite element analysis with the
geometric precision of NURBS, and may enable more ac-

curate and efficient simulations over complex geometries.

Duygu Sap
University of Pittsburgh
duygu.sap@warwick.ac.uk

CP2

Mathematical Modeling of Tertiary Lymphoid
Structure Development and Stage Progression in
Chronic Kidney Disease

Tertiary lymphoid structures (TLSs) are inducible ectopic
lymphoid structures that emerge under chronic inflamma-
tory conditions, including in the kidneys of patients with
autoimmune diseases, and are closely associated with poor
renal outcomes. Recent studies have classified TLS devel-
opment into three stages correlated with chronic kidney
disease severity. However, the mechanisms governing TLS
initiation and stage transitions in the kidney remain un-
clear. To address this, we developed an interdisciplinary
approach combining mathematical modeling with in vivo
experimental data from a mouse model of kidney injury
to capture immune cell interactions during TLS forma-
tion. We constructed a mathematical model that tracks the
dynamics of injured proximal tubular cells, lymphocytes,
proinflammatory fibroblasts, follicular dendritic cells, and
other key cell types. Using this model, we found that T
cell recruitment appears to be mediated by distinct mech-
anisms at different stages of TLS development: primarily
initiated by signals from injured tissue in the early phase,
and later sustained by components within the developing
TLS structure itself during advanced stages. Furthermore,
our in silico experiments using sensitivity analysis revealed
stage-specific key regulators that may serve as potential
therapeutic targets. Our findings offer new insights into
TLS development and provide a theoretical framework for
future experimental and clinical investigations.

Jinghao Chen
Institute for the Advanced Study of Human Biology
Kyoto University
chen.jinghao.3n@kyoto-u.ac.jp

Takahisa Yoshikawa
Department of Nephrology, Graduate School of Medicine
Kyoto University
yoshikawat@kuhp.kyoto-u.ac.jp

Naoya Toriu, Steffen Plunder, Motoko Yanagita, Sungrim
Seirin-Lee
Institute for the Advanced Study of Human Biology
Kyoto University
ntoriu@kuhp.kyoto-u.ac.jp, plunder.steffen.2a@kyoto-
u.ac.jp, motoy@kuhp.kyoto-u.ac.jp, lee.seirin.2c@kyoto-
u.ac.jp

CP2

A Delayed, Stochastic Model of Prion Diseases
with Interconnectome Protein Transport

Prion diseases are rapidly fatal neurodegenerative disorders
characterized by the misfolding of the endogenous Cellu-
lar Prion Protein (PrPC) into a toxic variant known as
Scrapie Prion Protein (PrPSc). These toxic proteins spread
throughout the brain, converting PrPC into more PrPSc.
In this presentation, we build a model starting with het-
erodimer protein kinetics and incorporate three key biolog-
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ical elements: (i) stochasticity, to account for randomness
and uncertainty in prion clearance; (ii) the Unfolded Pro-
tein Response (UPR), a cellular defense mechanism that
halts protein translation after a delay; and (iii) the ca-
pacity for toxic proteins to spread between different brain
connectomes. Through an asymptotic limit, we establish a
nonlinear, delayed, stochastic ordinary differential system
that tracks the concentration of PrPSc within one or multi-
ple brain regions. We demonstrate the global existence and
positivity of solutions and explore qualitative outcomes, in-
cluding conditions for disease persistence or extinction, as
well as the emergence of Hopf bifurcations.

Michael R. Lindstrom
The University of Texas Rio Grande Valley”.
mike.lindstrom@utrgv.edu

Gangadhara Boregowda, Omar Sharif, Daniel Gutierrez
III
The University of Texas Rio Grande Valley
gangadhara.boregowda@utrgv.edu,
omar.sharif01@utrgv.edu, daniel.gutierreziii01@utrgv.edu
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The University of Dallas
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Tamer Oraby
University of Texas Rio Grande Valley
tamer.oraby@utrgv.edu

Laurent Pujo-Menjouet
University Claude Benard Lyon 1
pujo@math.univ-lyon1.fr

CP2

Adaptive Cancer Therapy Modeling

The evolutionary and ecological dynamics of tumors un-
der immune responses and therapeutic interventions pose
major challenges to long-term treatment success. A ma-
jor problem in cancer treatment is the emergence of re-
sistance. Although treatment may initially achieve short-
term disease control, resistant cancer cell subpopulations
often arise leading to relapse with more aggressive and
treatment-resistant forms of the disease. Here, we develop
and analyze mathematical models describing the interac-
tions among effector immune cells, effector-sensitive tu-
mor cells, and effector-resistant tumor cells under distinct
immune-evasion strategies. The models incorporate ecolog-
ical and evolutionary processes, including competition and
cooperation between resistant and sensitive tumor subpop-
ulations. We identify threshold conditions governing tumor
persistence, elimination, and phenotype dominance under
varying therapeutic intensities. These findings provide a
theoretical framework for designing targeted and combina-
tion therapies and offer insights into strategies for mitigat-
ing the treatment resistance.

Nazanin Naghdalizadeh Mokari, Bryce Morskye
Florida State University
nn23g@fsu.edu, bmorsky@fsu.edu

CP2

A Mathematical Model of Chemotherapy-Induced
Cancer Cell Senescence

Damage caused by chemotherapy administered to a tu-

mour cell can result in different outcomes, the most com-
mon being recovery or cell death. A lesser-studied outcome
is treatment-induced senescence. Senescence is a state in
which cells stop replicating but do not die; rather, they
release signals called senescent-associated secretory pheno-
type (SASP) which encourage the rapid growth of cells in
the area. To combat senescent cells, researchers are cur-
rently developing senolytics (anti-senescent drugs). Here
we ask the question: when should senolytics be introduced
to achieve the best patient outcome? To answer this, we
present a mathematical model of the tumour microenvi-
ronment with considerations for the chemo-induced senes-
cent cancer cell population and the immune system. In this
model, we introduce a probabilistic chance that a senescent
cell can resume replicating. We find that giving a senolytic
to fast-growing tumours during primary treatment will, at
best, have little effect on the tumour’s lethality, and at
worst, increase it. This is because clearing senescent cells
from the system with a senolytic also removes the boost
to anti-tumour immune effectors the SASP provides. The
hotter the tumour, i.e. the greater the immune response,
the more detrimental a senolytic can be. However, for
slower-growing tumours or tumours that have been essen-
tially cleared of proliferating cells, introducing a senolytic
reduces the risk of relapse, suggesting a strong use case.

Amelia Williams
Toronto Metropolitan University
Department of Applied Mathematics
amelia.t.williams@torontomu.ca

Kathleen P. Wilkie
Toronto Metropolitan University
kpwilkie@torontomu.ca

CP2

A Reaction-Advection-Diffusion Model for
Alzheimer’s Disease with Differential Suscep-
tibility

Alzheimers disease is characterized by the accumulation
and spread of amyloid-β (Aβ) aggregates. We present a
reaction-advection-diffusion PDE model that describes the
spatiotemporal dynamics of Aβ and its impact on neuronal
health. Monomer dynamics incorporate production, age-
dependent clearance, aggregation, diffusion, and advective
transport. We account for fibrils accumulating through
Aβ aggregation. Differential susceptibility is incorporated
to reflect region-specific vulnerability, allowing comparison
of progression patterns across distinct brain regions.

Joel Williams
The University of Texas Rio Grande Valley
joel.williams01@utrgv.edu

CP3

A Bayesian Framework for Symmetry Inference in
Chaotic Attractors

When data emerge as trajectories of dynamical systems,
symmetries encode structural properties of the dynamics
that enable model reduction, principled comparison across
conditions, and detection of regime changes. While re-
cent optimal transport methods provide practical tools
for data-driven symmetry detection in this setting, they
rely on deterministic thresholds and lack uncertainty quan-
tification, limiting robustness to noise and ability to re-
solve hierarchical symmetry structures. We present a
Bayesian framework that formulates symmetry detection



10	 2026 SIAM Annual Meeting (AN26)AN26 Abstracts 9

as probabilistic model selection over a lattice of candi-
date subgroups, using a Gibbs posterior constructed from
Wasserstein distances between observed data and group-
transformed copies. We establish three theoretical guaran-
tees: (i) a Bayesian Occam’s razor favoring minimal sym-
metry consistent with data, (ii) conjugation equivariance
ensuring frame-independence, and (iii) stability bounds
under perturbations for robustness to noise. Posterior in-
ference is performed via Metropolis-Hastings sampling and
numerical experiments on equivariant dynamical systems
and synthetic point clouds demonstrate accurate symmetry
recovery under high noise and small sample sizes. An ap-
plication to human gait dynamics reveals symmetry degra-
dation induced by mechanical constraints, demonstrating
the framework’s utility for statistical inference in biome-
chanical and dynamical systems.

Ziad G. Ghanem, Hyunwoong Chang
The University of Texas at Dallas
ziad.ghanem@utdallas.edu, hwchang@utdallas.edu

Preskella Mrad
University of Texas at Dallas
preskella.mrad@utdallas.edu

CP3

Unusual Stability Domains in Families of Free-
Parameter Multistep Methods

A stability domain, also known as a region of absolute sta-
bility, is a plot in the complex plane showing for which val-
ues of z = λh a particular numerical method will give stable
results when implemented with stepsize h for the linearized
ODE y = λy. Typically a stability domain either contains
no area (e.g., a portion of the imaginary axis) or consists of
one connected region. All boundaries of stability domains
for stable methods go through the origin vertically. In this
talk, I discuss a novel brute force method for generating
a stability domain and compare it to the more traditional
root locus method for generating stability domains. With
this new method, we have been able to observe some atyp-
ical stability domains for multistep methods, to include
stability domains with two disconnected pieces and stabil-
ity domains that do not go through the origin. In this
talk, we present our investigation of several different fam-
ilies of free-parameter multistep methods with intriguing
stability domains for some values of the free parameters.
We show our full analysis of general one-step and two-step
predictor-corrector methods with one and two free param-
eters respectively; we also demonstrate some unusual be-
havior in stability domains of some non-predictor-corrector
methods.

Michelle Ghrist
Gonzaga University
ghrist@gonzaga.edu

Zoe Erpelding
Optum
zerpelding@zagmail.gonzaga.edu

Lucas Brandt
University of Notre Dame
lbandt2@nd.edu

CP3

Multi-Symplectic Modeling and Neural Surrogate
Analysis of Modulational Instability in Hirota-

Type Systems

Modulational instability and soliton dynamics are key phe-
nomena in nonlinear dispersive wave systems and appear
in reduced models of plasma wave interactions relevant to
high-temperature fusion environments, including magnetic
confinement devices such as ITER. Hirota-type nonlinear
wave equations provide a unified framework encompass-
ing the nonlinear Schrdinger and complex modified Ko-
rtewegde Vries equations, capturing essential dispersive
and nonlinear effects. We study modulational instabil-
ity for a generalized class of Hirota-type systems using a
structure-preserving multi-symplectic finite difference for-
mulation that enables stable long-time simulations while
preserving the Hamiltonian structure. Linear stability
analysis yields classical modulational instability conditions
under generalized dispersion relations, which are verified
numerically. To facilitate the exploration of parameter
regimes in nonlinear plasma wave models, we incorporate a
neural surrogate that learns smooth relationships between
dispersion-based features, numerical invariants, and insta-
bility growth trends obtained from multi-symplectic simu-
lations. The surrogate is used as an auxiliary tool to assist
numerical investigation and provide indicative trends, re-
ducing reliance on exhaustive computations.

Gajendra Sen
Jai Narain Vyas University, Jodhpur, Rajasthan
gjs28696@gmail.com

Amit Punia
Jai Narain Vyas University Jodhpur
amitpunia.maths@gmail.com

Ram Dayal Pankaj
Jai Narain Vyas University, Jodhpur, Rajasthan
rdp1977@gmail.com

CP4

From STLS to Projection-Based Dictionary Selec-
tion in Sparse Regression for System Identification

Sparse regression methods for nonlinear dynamical sys-
tems, including SINDy, are widely used to infer govern-
ing equations directly from time series data. Sequential
Threshold Least Squares (STLS) is an algorithm for solv-
ing the ℓ0 sparse least squares problem, and its performance
depends strongly on the choice of dictionary and threshold-
ing strategy. In this work, we revisit STLS and introduce a
score guided dictionary selection approach, where for each
candidate subset of dictionary terms a score is defined as
the discrepancy between the orthogonal projections of the
regression target onto the full dictionary and onto the sub-
space spanned by the selected terms. We begin with an
analysis of the dictionary selection mechanism in STLS
and compare it with the proposed score guided strategy.
We then present numerical experiments on ordinary and
partial differential equations illustrating how score guided
dictionary selection improves accuracy and interpretability
in system identification.

Hangjun Cho
The Ohio State University
cho.1363@osu.edu
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fabio.amaral@unesp.br



2026 SIAM Annual Meeting (AN26)	                                                    1110 AN26 Abstracts

Andrei A. Klishin
University of Hawai?i at Manoa
aklishin@hawaii.edu

Cassio Oishi
Universidade Estadual Paulista Jûlio de Mesquita Filho
Departamento de Matemática e Computação
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CP4

Rational Approximation Using Greedy Continued
Fractions

Rational functions are typically more efficient for approx-
imation than polynomials, particularly for functions with
singularities on or near the domain. Interpolation by a ra-
tional function in the form of a continued fraction (CF) was
introduced by Thiele in 1909. Application of his formula,
however, was limited by numerical instability until 2024,
when Salazar Celis showed that a greedy node selection al-
gorithm produces stable results. It has an O(n3) complex-
ity, compared to O(n4) for the popular AAA method for
rational interpolation, and requires only simple arithmetic,
making it easy to use with extended precision. We present
some refinements of Salazar Celis’ CF idea and its imple-
mentation in open-source software for Julia and Python.

Tobin Driscoll
University of Delaware
Mathematical Sciences
driscoll@udel.edu

Yuxing Zhou
Mathematical Sciences
University of Delaware
zhouyx@udel.edu

CP4

New Algorithms to Solve Non-Linear Least Square
Problems

Non-linearity often leads to slow or unstable convergence
in iterative solvers for nonlinear least-squares problems. In
this work, we introduce a family of accelerated algorithms
that leverage a periodically restarted variant of the Gen-
eralized Minimum Residual (GMRES) method to address
these challenges. The restarting strategy keeps the com-
putational cost under control and makes the method more
reliable when dealing with nonlinear problems. To further
improve efficiency, our approach integrates sketching and
subspace-projection mechanisms, enabling substantial re-
ductions in computational cost while maintaining high so-
lution accuracy. We derive an explicit perturbation bound
that quantifies how inaccuracies in the reduced subspace
influence the stability of the computed solution. Exten-
sive numerical experiments confirm that the resulting al-
gorithms deliver accurate reconstructions with markedly
improved computational performance compared to classi-
cal gradient-based techniques.

Asma Farooq
University of Trieste, Italy

asmafarooq.qau@gmail.com

CP4

Fractional Relaxation with Time-Varying Memory:
Kernel Approximation and Numerical Simulation

Many dynamical systems exhibit relaxation behavior with
memory effects that evolve over time, as occurs in materi-
als whose internal response gradually changes. In this talk,
fractional relaxation models will be considered in which
time-dependent memory is represented through convolu-
tion kernels defined in the Laplace domain. Since the as-
sociated time-domain kernels are generally not available
in closed form, explicit approximations will be presented,
obtained through asymptotic expansions in the Laplace do-
main and achieving quadratic accuracy in the modulation
amplitude. These approximations will be combined with
numerical inverse Laplace transform techniques to com-
pute solutions of scalar and coupled linear relaxation sys-
tems. Numerical results will illustrate how different tem-
poral memory profiles influence decay rates and transient
behavior, and how classical fractional relaxation is recov-
ered as the modulation diminishes.

Khaled Furati
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CP5

Maximum Likelihood Estimator of Markov Pro-
cesses with Censored Data for the LotkaVolterra
Predatorprey Model and Beyond

In this paper, we study estimation of the infinitesimal gen-
erator Q of a finite-state continuous-time Markov jump
process X(t) when only the endpoints X(0) and X(T )
are observed. Under this extreme censoring, the classical
MLE fails to exist. We introduce a regularized likelihood
functional and prove the existence of a maximizer. The
method is illustrated for BirthDeath processes (including
LotkaVolterra predatorprey dynamics) and for taxi move-
ment data in Manhattan. To enforce locality in the di-
rected graph structure, we impose sparsity by restricting
Q to transitions supported on the vertexedge complex, en-
coded via the graph Dirac operator. Using the regularized
estimator, we reconstruct unobserved trajectories through
a Doob h-transform and embed this within an expecta-
tionmaximization framework. Numerical examples demon-
strate recovery of hidden distributions and scalability to
larger sparse graphs.

Dipanwita Bose
University of Houston
dbose2@cougarnet.uh.edu

CP5

Learning Dynamics of the Influencer’s Game in Re-
source Landscapes

This work develops a mathematical framework for influ-
encer games, a class of games in which players compete for
spatially distributed resources through relative influence.
Interactions are mediated by influence kernels that model
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spatial decay of control, capturing settings from species
home-range competition to social media engagement. We
establish foundational equilibrium results for this class of
games. Existence of Nash equilibria follows from Renys
theorem for compact, quasi-concave games, and unique-
ness of the symmetric Nash equilibrium is shown for sym-
metric log-concave influencer games. Stability conditions
are derived via Jacobian analysis exploiting the systems
block-symmetric structure. In one-dimensional games with
Gaussian influence kernels, we obtain closed-form results
showing that the symmetric equilibrium coincides with the
mean of the resource distribution. Stability is governed by
a threshold relating the kernel reach parameter σ to the re-
source variance. Crossing this threshold yields rich dynam-
ics, including bifurcations, limit cycles, and multiple equi-
libria as the number of players grows or influence becomes
more localized. These results extend to higher-dimensional
strategy spaces and alternative kernel families, including
multivariate Gaussian and Dirichlet distributions, provid-
ing a unified framework for spatial competition driven by
relative influence.

Mark Lovett
University of Pennsylvania
mark.s.lovett981@gmail.com
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Dartmouth College
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CP5

Finite-Domain Persistence for An Integro-
Difference Equation with Strong Allee Effects and
Overcompensation

Integro-difference equations (IDEs) are discrete-time,
continuous-space population models that accommodate a
wider range of growth and dispersal behaviors than reac-
tiondiffusion formulations. The finite-domain problem for
IDEs concerns persistence when favorable habitat is spa-
tially limited. For monotone growth or overcompensatory
growth without an Allee effect, this problem is well under-
stood. In contrast, results are much more limited when
strong Allee effects are combined with overcompensation.
In this work, we establish the existence of equilibria via
the associated ODE in the case of Laplace dispersal and
show that these equilibria can be linearly stable in certain
parameter regimes. We further extend the analysis numer-
ically to other dispersal kernels and investigate bifurcations
with respect to domain size.
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GARRETT.OTTO@CORTLAND.EDU

Bingtuan Li
Department of Mathematics
University of Louisville
bing.li@louisville.edu

CP5

Stochastic Stability and Control of Competitive
Exclusion in a Managed PredatorPrey System

We analyze a three-species predatorprey competitive sys-
tem in which one predator is competitively dominant, lead-
ing under classical dynamics to exclusion of the weaker
species. We introduce state-dependent management con-
trolsincluding asymmetric subsidy to the weaker preda-

tor, shared subsidy with leakage to the dominant predator,
and active suppression of the dominant predatorand show
that varying intervention parameters can induce regime
shifts between exclusion and coexistence, with regions of
bistability and tristability organized by saddle manifolds.
To incorporate implementation uncertainty, we model the
maximum deliverable subsidy as a stochastic, piecewise-
constant process, thereby coupling ecological dynamics
with fluctuating control capacity. In the stochastic regime,
the system exhibits metastability and noise-driven tran-
sitions between long-lived states. Policy performance is
explored using distribution-based metrics, including high-
percentile population levels and the probability of falling
below critical viability thresholds, allowing us to investi-
gate how management interacts with stochastic forcing to
influence basin structure and transition dynamics.

Susmita Sadhu
Georgia College and State University
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CP5

Network-Based Stochastic Modeling of Prion Dis-
ease Progression on the Mouse Brain Connectome

Neurodegenerative diseases (NDs) are characterized by the
progressive spread of toxic protein species throughout the
brain. In NDs, the normal cellular prion protein ,pro-
duced primarily by neurons, misfolds into the pathogenic
scrapie isoform. Misfolded prion proteins propagate be-
tween anatomically connected brain regions, inducing cel-
lular stress and progressive neurodegeneration. Although
extracellular mechanisms of prion conversion have been
extensively studied, how local misfolding dynamics inter-
act with brain-wide anatomical connectivity to shape dis-
ease progression remains poorly understood. In this work,
we develop a stochastic network-based model that cou-
ples extracellular prion conversion dynamics with interre-
gional transport over the mesoscale structural connectome
of the mouse brain. Brain connectivity is informed by the
Allen Mouse Brain Connectivity Atlas reported by Oh et
al.(2014) providing a weighted, directed representation of
axonal projections between anatomical regions. At each
brain region, the model describes nonlinear interactions be-
tween healthy and misfolded prion protein concentrations,
with time-delayed feedback representing unfolded protein
response (UPR)-mediated regulation of protein produc-
tion. Analysis of the resulting delayed stochastic network
system identifies parameter regimes associated with prion
clearance, persistence, and connectivity-driven propaga-
tion, offering quantitative insight into network-mediated
prion disease progression.

Omar Sharif
The University of Texas Rio Grande Valley
omar.sharif01@utrgv.edu

CP6

A Scalable Variational Quantum Framework for
ReactionDiffusion Systems with Extrapolated Ex-
ponential Time Differencing.

Variational quantum algorithms offer a promising
paradigm for the simulation of time-dependent partial
differential equations on near-term quantum devices.
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Here, we propose a variational quantum approach for
solving reactiondiffusion systems based on an extrapolated
exponential time differencing scheme, which admits
natural extensions to higher-order time-stepping formu-
lations. Each time step is formulated as a variational
optimization problem, enabling quantum-assisted implicit
time integration in one-, two-, and three-dimensional
domains. As spatial resolution increases, the required
qubit counts for global formulations grow rapidly and
limit trainability. To address this challenge, we introduce
local operator decomposition strategy that replaces a
single high-dimensional optimization with a sequence
of lower-dimensional variational quantum subprob-
lems. Through statevector simulations in one-, two-,
and three-dimensional settings, we demonstrate stable
time evolution and consistent numerical accuracy. The
framework extends to multi-component reactiondiffusion
systems and provides a decomposition-based formulation
for quantum-assisted simulation of nonlinear evolution
equations.

Yuan Chen, Abdul Khaliq
Middle Tennessee State University
yc3y@mtmail.mtsu.edu, abdul.khaliq@mtsu.edu

CP6

Numerics-Informed Neural Networks for Parabolic
Partial Differential Equations

We study Numerics-Informed Neural Networks (NINNs)
for solving parabolic partial differential equations, com-
bining classical finite difference discretization with neu-
ral network–based time-stepping. The NINN formula-
tion studied here embeds a fixed 5-point Laplacian stencil
within a lightweight U-Net that learns step-to-step updates
by minimizing discrete residuals. Dirichlet boundary con-
ditions are enforced exactly through boundary lifting, elim-
inating penalty weight tuning and ensuring exact bound-
ary satisfaction. We apply NINNs with backward Euler
time discretization to the 2D heat equation and provide
a systematic convergence analysis for parabolic NINNs.
Numerical experiments across nineteen manufactured so-
lutions demonstrate improved pre-asymptotic convergence
behavior, ranging from second-order to superconvergent
rates (up to 11th order) depending on solution smooth-
ness, with polynomial and trigonometric cases achieving
the strongest performance. In the most favorable cases and
at fine resolutions, NINNs can achieve up to 66× lower L2

error than standard finite differences. We establish dis-
crete error bounds linking residual minimization to solu-
tion accuracy and show that partial training schedules can
retain accuracy while reducing computational cost. This
work bridges numerical analysis and machine learning by
preserving the structure and interpretability of finite differ-
ence methods while using neural networks to learn solution-
dependent corrections.

George Chumbipuma
Rice University
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CP6

On the Qualitative Study of An Abstract Fractional
Functional Differential Equation Via the Ψ-Hilfer

Derivative

We investigate the existence, uniqueness, Ulam-Hyers and
generalized Ulam-Hyers stability of the fractional func-
tional differential equation: HDα,β;Ψ

0 (u(t) + g(t, u(t))) =
Au(t) + f(t, u(t)), t ∈ [0, T ], with initial condition

I1−γ;Ψ

0+
u(0) = u0,where

HDα,β;Ψ is the Ψ-Hilfer operator.
We first establish a variation of constants formula, and then
use the Banach fixed point principle and the Krasnoselskii’s
fixed point theorem to achieve our existence and unique-
ness results. We also explore the stability of this equation
under some appropriate conditions. Our results general-
ize some recent ones on the subject. We finally give an
example to illustrate our main result.

Lubna Kadhim
Morgan State University
lubna.kadhim@morgan.edu

CP6

Finite Element Eigenfunction Networks for PDEs
on Complex Geometries

Neural operators learn mappings between infinite-
dimensional function spaces, but their performance of-
ten deteriorates on complex geometries due to geometry-
agnostic representations. We propose the Finite Ele-
ment Eigenfunction Network (FEENet), a hybrid frame-
work grounded in the eigenfunction theory of elliptic op-
erators. For a fixed domain Ω, FEENet computes a
geometry-adapted basis by solving Lψk = λkψk with ho-
mogeneous boundary conditions using the finite element
method. PDE solutions are represented in this basis, and
learning reduces to predicting the associated spectral coef-
ficients. Experiments on Poisson, heat, and biharmonic
equations over irregular two- and three-dimensional do-
mains demonstrate relative errors one to two orders of
magnitude smaller than standard neural operator base-
lines, with fewer parameters and reduced training time. By
embedding an analytic spectral scaling layer λ−s

k , a single
trained FEENet model generalizes zero-shot to the spectral
fractional Laplacian (−∆)su = f at arbitrary fractional or-
ders s ∈ (0, 1) without retraining—a capability unavailable
to purely data-driven approaches. The framework further
enables resolution-independent inference, and is robust to
coarse meshes used in the offline eigenbasis computation.
We envision that FEENet motivates further work in the
broad space at the intersection of classical numerical anal-
ysis and modern machine learning.

Shiyuan Li, Hossein Salahshoor
Department of Civil and Environmental Engineering
Duke University
shiyuan.li@duke.edu, hossein.salahshoor@duke.edu

CP6

A Natural Primal-Dual Gradient Method for Ad-
versarial Neural Network Training on Solving Par-
tial Differential Equations

We propose a scalable deep learningbased algorithm for
solving PDEs that integrates preconditioned gradient
methods with adversarial training. By multiplying the
PDE with a test function, we reformulate the problem
as an infsup saddle-point problem and apply the Primal-
Dual Hybrid Gradient algorithm. To enhance efficiency
and stability, we introduce appropriate preconditioning op-
erators into the proximal steps of the PDHG algorithm,
yielding a natural gradient ascentdescent scheme for up-
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dating neural network parameters. The resulting natural
gradients are evaluated efficiently using the Krylov sub-
space method (MINRES) involving iterative matrixvector
products. Convergence guarantees are established for time-
continuous algorithms when applied to linear equations,
particularly elliptic PDEs in divergence form. We vali-
date the method on a wide range of linear and nonlinear
PDEs with dimensions ranging from 1 to 50. Numerical
results demonstrate that our approach achieves more sta-
ble convergence and higher accuracy than several widely
adopted deep learningbased approaches, particularly in
high-dimensional settings.

Shu Liu
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CP7

What We Still Cannot Formalize About Learning
Systems

Modern learning systems achieve remarkable performance
when objectives are clearly defined and measurable. Learn-
ing, in this context, is primarily driven by statistical opti-
mization over large datasets. However, current formalisms
still lack a clear treatment of memory as an active com-
ponent tied to decision justification over time. Memory
is generally modeled as storage or state, but rarely as an
explicit, interpretable object that accumulates and contex-
tualizes past errors. This talk does not refer to error as in-
stantaneous loss – this is well-formalized. Instead, it points
to error as a persistent, contextual signal that shapes future
decisions and their justification over time. This distinction
remains largely implicit in existing frameworks. The goal is
not to propose a new model, but to highlight a conceptual
gap that appears across many learning formalisms: the
absence of memory as a first-class object tied to respon-
sibility, explanation, and temporal coherence. This talk
deliberately stays upstream of formalization, but speaks to
communities working on dynamical systems, online learn-
ing, control theory, and temporal reasoning. The aim is to
clarify what needs to be formalized before choosing how.

Ivan Berlocher
Independent Researcher
Seoul, South Korea
ivan.berlocher@gmail.com

CP7

Toward Robotic Consciousness

This talk is speculation about what robot consciousness
might be like as an extension of human consciousness. Hu-
man consciousness can be significantly described by the 48-
element binary octahedron group and its related subgroups
or near subgroups. For example basic robotic motions can
be defined by 4-dimensional quaternions of the 24-elements
of the symmetric group S4. The more complicated 48-
element group can add colors and sounds. Extending to 96
elements in 8-dimensional-space can add metallics such as
silver and gold as it may be supposed it will be important

for robots to distinguis

Dennis G. Collins
Math Dept.
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CP7

Machine Learning Methods for Pricing Financial
Derivatives

Stochastic differential equation (SDE) models form the
foundation of modern option pricing and hedging. Tra-
ditional SDE-based models rely on parametric specifica-
tions of drift and volatility, which can limit their ability
to capture complex market dynamics observed in prac-
tice. In this talk, we study a machine-learning-based ap-
proach in which the drift and volatility functions of an
SDE are represented by neural networks and calibrated di-
rectly to option market data. We focus on the empirical
performance of neural SDE models when applied to real
option surfaces, with particular emphasis on single-stock
options. Model calibration is performed using stochastic
gradient-based optimization combined with Monte Carlo
simulation of the underlying asset dynamics. We evaluate
pricing accuracy both in-sample and out-of-sample across
strikes, maturities, and calendar time, and compare the
neural SDE approach against standard benchmarks includ-
ing BlackScholes, local volatility, and stochastic volatility
models. Beyond static pricing accuracy, we examine the
stability of the learned models under repeated recalibra-
tion, which is important for practical deployment. Numer-
ical results show that neural SDE models achieve improved
out-of-sample pricing performance while maintaining sta-
ble behavior over time. These results illustrate how ma-
chine learning can be combined with classical stochastic
modeling to construct flexible pricing frameworks for fi-
nancial derivatives.

Lei Fan
University of Illinois Urbana-Champaign
leifan2@illinois.edu
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CP7

Diffusion-Based Representation Learning of
Chaotic Attractors in Nonlinear Pdes

Recent work by Finn et al., Representation Learning with
Unconditional Denoising Diffusion Models for Dynamical
Systems (2024), shows that unconditional denoising diffu-
sion models can learn useful representations of chaotic at-
tractors in low-dimensional ODE systems from state sam-
ples alone. Motivated by this result, this project investi-
gates how these ideas extend to chaotic dissipative PDEs,
where the state is high-dimensional and spatially struc-
tured. As a primary testbed, we consider the Kuramoto-
Sivashinsky equation, a canonical nonlinear PDE exhibit-
ing spatiotemporal chaos. The aim is to train uncondi-
tional diffusion models to generate long-time PDE states
on physical grids, treating the model as a learner of at-
tractor structure and state statistics rather than as a fore-
caster. This approach avoids spectral truncation and keeps
the learned representation tied to the underlying spatial
dynamics. Ongoing work focuses on: (i) identifying archi-
tectural and training choices that enable diffusion models



2026 SIAM Annual Meeting (AN26)	                                                    1514 AN26 Abstracts

to represent chaotic PDE state distributions; (ii) evalu-
ating generated samples using distributional metrics com-
puted in learned low-dimensional feature spaces to address
the curse of dimensionality; and (iii) exploring how learned
representations may be reused for downstream tasks such
as surrogate modeling. The broader goal is to clarify the
role of diffusion models as representation learners for non-
linear PDE-driven dynamical systems.

Arnab Roy
University of Delaware
Department of Mathematical Sciences
arnabroy@udel.edu

CP7

Inference Asymmetry and Counterfactual Failure
Modes in Generative Language Models

Large generative language models are trained to approxi-
mate conditional distributions of the form p(y | x) by maxi-
mizing expected log-likelihood under observed data. While
effective for forward prediction, this objective induces a
structural asymmetry in inference: the model is optimized
to affirm consequents given antecedents, but is not penal-
ized for invalid inversions, negations, or counterfactual con-
ditionals that lie outside the support of the training distri-
bution. We formalize this asymmetry by distinguishing for-
ward inference operators from counterfactual evaluation,
showing that likelihood-based objectives implicitly collapse
these modes. Using a minimal probabilistic construction,
we demonstrate that common logical failure modes—such
as affirmation under denied antecedents or unsupported
causal reversals—are unavoidable under standard autore-
gressive training. We then introduce a dual-inference for-
mulation in which likelihood maximization is augmented
by explicit counter-evidence constraints that suppress in-
feasible conditional mappings. This decomposition clari-
fies the mathematical origin of counterfactual failures in
generative models and suggests principled directions for
inference-aware training objectives.

Peter Walker
Naval Medical Research Center
pete.walker@intelligenesisllc.com

CP8

Entropy Stable Closures Derived from the Boltz-
mann Equation Via the Variational Multiscale
Method

In this presentation, we discuss using the Variational Multi-
scale Method[1] as a framework for systematically deriving
a closed system of conservation equations for rarefied gas
dynamics from the Boltzmann equation. The framework is
general enough to subsume the Chapman-Enskog expan-
sion[2] while opening doors to new possibilities. It also
incorporates an analysis of the evolution of the entropy of
a resulting system of conservation equations in a natural
way. Results related to closures derived through the frame-
work that extend the Navier-Stokes-Fourier equations be-
yond the continuum flow regime will also be presented.
References [1] T.J.R. Hughes, G.R. Feijo, L. Mazzei, J.B.
Quincy, The variational multiscale methoda paradigm for
computational mechanics, Computer Methods in Applied
Mechanics and Engineering 166(1-2), pp. 3-24, 1998. [2]S.
Chapman, T.G. Cowling, The Mathematical Theory of
Non-Uniform Gases, 3rd Edition, Cambridge Mathemat-

ical Library, 1991.
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CP8

A Dominant Balance Series Solution to the
Rayleigh Collapse

For the classic Rayleigh Collapse problem for a single
spherical vacuum in an infinite fluid, the exact analytic so-
lution to the nonlinear ordinary differential equation that
governs the bubble radius during the collapse is first ob-
tained via a very slowly converging direct power series, and
this includes a derivation of the formula of the series coef-
ficients in general. Two different asymptotically motivated
factorizations are both considered including one previously
discussed in the literature, and in both cases, this leads to
an acceleration of the convergence of the series. To achieve
machine precision, it is shown that the prior methods re-
quire an impractical number of terms varying from just
over 80.9 million to just over 1.09×1037 series terms. Next,
a dominant balance series solution, which is an exact ana-
lytic series solution as a function of a gauge variable that
removes the singular behavior, was found as well, and a
comparison of the estimated numerical errors of the dif-
ferent solution methods was considered. The error analy-
sis shows that the dominant balance series achieves opti-
mum computational efficiency by reaching machine preci-
sion with only 35 series terms. Other issues are considered
too such as an alternative gauge variable series and apply-
ing the dominant balance series method to a two-bubble
model extension. Finally, singularities in complex plane
domains are discussed in the context of the radius of con-
vergence for a given series method.

Daniel P. Hobbs, Anthony Harkin, Nathaniel S. Barlow,
Steven Weinstein
Rochester Institute of Technology
dph2386@rit.edu, harkin@rit.edu, nsbsma@rit.edu,
sjweme@rit.edu

CP8

A Domain Hemivariational Inequality for 2D and
3D convective Brinkman-Forchheimer extended
Darcy equations

This paper studies hemivariational inequality problems
associated with the non-stationary two- and three-
dimensional convective Brinkman-Forchheimer extended
Darcy (CBFeD) equations, which model the flow of vis-
cous incompressible fluids through saturated porous media
in bounded domains. These equations can be viewed as
generalized Navier-Stokes equations that incorporate both
damping and pumping effects. For all admissible values
of the absorption exponent r ≥ 1 and effective viscos-
ity µ > 0, the existence of weak solutions to the non-
stationary 2D and 3D CBFeD equations with hemivaria-
tional inequalities is established by means of a regularized
Galerkin approximation scheme based on the regulariza-
tion of the Clarke subdifferential. A notable contribution
of this work is that the obtained existence results also ap-
ply to the three-dimensional non-stationary Navier-Stokes
equations. In addition, for r ≥ 1 in 2D and r ≥ 3 in 3D,
with the additional condition 2βµ > 1 when r = 3, the
solution is proven to be unique.

Jyoti Jyoti, Manil T. Mohan, Sagar Gautam
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CP8

Mckean-Vlasov Equations for Particle Systems
with Dynamic Edges

Classical Mckean-Vlasov theory concerns high-dimensional
particle systems for which the effect of one particle on
another is instantaneous. However in many applications,
particularly neuroscience, the effect of one particle on an-
other is not instantaneous but delayed. For biophysically-
accurate neuroscientific models, for each j → k one can
introduce an additional stochastic process that describes
the propagation of the signal from j to k. This process is
also noisy, since the vesicle opening / closing in the synap-
tic cleft is random. In this talk I determine a self-consistent
autonomous SDE that describe the high-dimensional limit
of such neural networks. In doing this, we generalize the
classical Mckean-Vlasov Theory to networks with dynam-
ics edges. The results are replied to a one-dimensional
ring model of the visual cortex in the mammalian brain.
The network is random and sparse, with the probability
of a connection depending on the positions of the neu-
rons. Through introducing excitatory and inhibitory neu-
rons with different synaptic timescales, we determine Tur-
ing and Hopf Bifurcations that are induced by the delayed
interactions.

James Maclaurin
New Jersey Institute of Technology
maclauri@njit.edu

CP8

Consequences of Pressure Elimination for Fluid-
Structure Interaction Models

In this talk we present applications of our new technique for
eliminating and recovering the pressure for a fluid-structure
interaction model that is valid in general bounded Lipschitz
domains, without additional geometric conditions such as
convexity of wedge angles. The specific fluid-structure in-
teraction (FSI) that we consider is a well-known model of
coupled Stokes flow with linear elasticity. The coupling
between these two distinct PDE dynamics occurs across
a boundary interface, with each of the components evolv-
ing on its own distinct geometry, and with the boundary
interface being Lipschitz. We consider both linear and non-
linear versions of this FSI system (i.e., Stokes and Navier-
Stokes flow), where the new pressure elimination technique
leads to a proof of well-posedness of the continuous PDE
in the explicit semigroup sense, that now holds in general
geometries. For the nonlinear case with Navier-Stokes flow
and associated boundary nonlinearities, we adopt an ap-
proximating nonlinear semigroup formulation of a certain
truncated problem. We illustrate some other consequences
of our pressure-elimination technique, such as numerical
approximations, where it provides FEM convergence esti-
mates over polygonal domains. We illustrate the advan-
tages of our method in a FEM for solutions of the static
PDE where the approximating fluid subspace does not re-
quire the divergence-free condition.

Yuhao Mu
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CP8

Symmetric and Asymmetric Floating Drops

A drop of liquid rests on a supporting bath of a different
liquid, and the entire configuration is contained in a ver-
tical tube. Symmetric and asymmetric configurations are
numerically computed, and the resulting potential energies
are compared. We present a variety of parameter studies
that show examples where the symmetric configuration has
lower energy, and also where it does not.

Ray Treinen, Mason Mault
Texas State University
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CP9

Investigating the Location and Service Efficiency of
Charlotte Fire Stations Using Optimal Transport

This project examines how effectively Charlottes fire sta-
tions serve the citys population and emergency needs. Us-
ing recent data on fire station locations and incident re-
ports from 2021 to 2025, we looked for trends in coverage
and developed a measure of service efficiency. Our analy-
sis uses modern mathematical tools, the optimal transport
and shuffled regression, to compare station locations with
patterns of demand, helping to highlight where resources
are well-placed and where improvements could be consid-
ered. The results show that this approach can uncover
insights not easily seen with traditional methods, offering
valuable information for urban planning and emergency re-
sponse.

Addison U. Amadi
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CP9

A Gradient-Based Optimization Scheme for PDE-
Constrained Inverse Problems with Disconnected
Box Constraints

We propose a gradient-based optimization scheme for
large-scale PDE-constrained inverse problems with discon-
nected box constraints on the parameter space. Each pa-
rameter component is restricted to a finite union of inter-
vals, resulting in a separable admissible set. Such con-
straints arise naturally in inverse problems such as full
waveform inversion, where physical parameters are known
a priori to lie within distinct admissible ranges. We refor-
mulate the constrained optimization problem into a regu-
larized form and construct a sequence of approximate prob-
lems. Under mild assumptions, we establish an asymptotic
convergence result showing that solutions of the approxi-
mate problems converge to a solution of the original prob-
lem. Motivated by this result, we develop a heuristic se-
quential optimization scheme that solves the approximate
problems successively. Each subproblem can be efficiently
solved using a proximal gradient method. Numerical ex-
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periments on synthetic examples and full waveform inver-
sion demonstrate the practical effectiveness of the proposed
approach.

Da Li
China University of Geosciences (Beijing)
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CP9

PDE-Constrained Optimisation for Multiphysics
Problems with Gridap.jl

Many problems in science and engineering involve de-
termining unknown parameters that affect system be-
haviour through physical laws, and are naturally formu-
lated as PDE-constrained optimisation problems. Even
with gradient-based methods, PDE-constrained optimisa-
tion remains challenging for multiphysics problems, owing
to the computational cost of repeated large scale simu-
lations and the complexities of developing problem spe-
cific code, especially for computation of the gradient. In
many existing approaches, gradients are derived analyti-
cally, which is often challenging for multiphysics problems,
or rely on finite-differencing when derivatives become com-
plicated. To address these challenges, we develop a PDE-
constrained optimisation framework designed to support
multiphysics problems with minimal problem-specific ef-
fort and with efficiency and scalability as core design ob-
jectives. The framework is built on the Julia finite-element
library Gridap.jl [Badia and Verdugo, Gridap: An exten-
sible Finite Element toolbox in Julia, 2020]. In alignment
with the design principles of Gridap.jl, we provide a syntax
to specify arbitrary state equations and objective functions
that is near one-to-one with the mathematical notation and
implement automatic differentiation tools to eliminate the
requirement for user defined gradients. We demonstrate
the approach on representative multiphysics problems.
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CP9

Fast Relax-and-Round Unit Commitment with
Sub-hourly Mechanical and Ramp Constraints

We propose a novel computational method for unit com-
mitment (UC), which does not require linearized approx-
imation and provides several orders of magnitude perfor-
mance improvement over current state-of-the-art. The per-
formance improvement is achieved by introducing a heuris-
tic tailored for UC problems. The method can be imple-
mented using existing continuous optimization solvers and
adapted for different applications. UC is a mixed integer
program which typically requires solvers whose computa-
tion time scales exponentially in the number of generators
(the problem size). If forced to converge more quickly, the
quality of results deteriorates. Our solver’s runtime scales
sub-quadratically while maintaining the quality of the solu-
tion perfectly. We expect that the capability demonstrated
in this paper will be critical to address emerging power

systems challenges with more volatile large loads, such as
data centers, and generation that is composed of larger
number of smaller units, including significant behind-the-
meter generation. We first use our formulation to solve a
single period UC with fast ramping generators and com-
pare the results to a mixed integer solver. The mixed-
integer solver is very slow and scales poorly, so we omit it
in the next steps. We then test our new solver in a multi
period problem with constraints that can require genera-
tors to run, or disallow them from running. Finally, we add
ramping constraints which limit a generator’s production
power based on its previous production power and genera-
tion state. Our method maintains accuracy perfectly and
can solve UC with almost 15,000 generators in less than a
minute.

Shaked Regev, Eve Tsybina, Slaven Peles
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CP10

Bayesian Inference for a Seaird Model: A Retro-
spective Analysis of Covid-19 Infection and Mor-
tality in U.S. States

We present a retrospective study of COVID 19 transmis-
sion and mortality patterns across the US using a flexible
SEAIRD compartmental modeling framework. The model
distinguishes between symptomatic and asymptomatic in-
fections and allows key processes such as transmission, re-
porting, and mortality to vary over time, reflecting changes
in mobility, public behavior, testing capacity, and clin-
ical response during the pandemic. State level mobility
data and testing information are directly incorporated to
connect observed social activity and surveillance intensity
with epidemic dynamics. Model parameters are estimated
within a Bayesian hierarchical framework, allowing uncer-
tainty to be quantified while borrowing strength across
states. This approach provides state specific estimates of
infection trajectories, effective reproduction numbers, and
reporting dynamics. To further understand heterogene-
ity across regions, we apply robust clustering methods to
group states with similar epidemic characteristics. The re-
sults reveal substantial variation in transmission intensity
and outcomes across the country, emphasizing the impor-
tance of adaptive, region specific public health strategies.
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John Carroll University
pbanerjee@jcu.edu

Anirban Mondal
Case Western Reserve University
axm912@case.edu

CP10

Role of Relapse and Multiple Time Delays in Shap-
ing Nipah Virus Epidemic Dynamics: a Mathemat-
ical Modeling Study

Nipah virus (NiV) is a sporadic but highly lethal zoonotic
pathogen with high case fatality rates. Prolonged incu-
bation, documented relapse, and delayed-onset encephali-
tis following apparent recovery suggest that NiV dynam-
ics are shaped by complex temporal processes. However,
the mechanistic contributions of these processes to epi-
demic persistence remain poorly understood. We develop
a delay differential equation model for NiV transmission
that explicitly incorporates these mechanisms. We com-
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pute the basic reproduction number (R0) characterize equi-
libria, and analyze their stability including delay-induced
Hopf bifurcations. We show that relapse sustains an en-
demic equilibrium when R0 < 1, reflecting a relapse-driven
shift in the effective persistence threshold rather than a
backward bifurcation. We fit the model to NiV incidence
data from Bangladesh (2001-2024). Scenario analyses show
that relapse and encephalitis-related delays affect post-
peak dynamics, whereas incubation delay modulates the
timing and magnitude of the outbreak peak. We also in-
troduce a relapse-driven replenishment fraction to quan-
tify relapse contributions to infectious-state replenishment,
demonstrating its increasing importance after the primary
outbreak peak. Our study identifies relapse as a key mech-
anism for epidemic persistence and underscores the impor-
tance of incorporating relapse and time delays into epi-
demiological models.
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CP10

Qualitative Analysis of a Caputo Fractional-Order
System Arising from Within-Host Virus Dynamics

We investigate a class of autonomous fractional-order
nonlinear dynamical systems motivated by an in-host
HIV infection model incorporating three structural mech-
anisms: logistic proliferation of healthy target cells, two
transmission pathways–virus-to-cell infection and cell-to-
cell transmission through virological synapses–and Caputo
fractional-order derivatives accounting for memory effects.
A threshold parameter, formulated as the basic reproduc-
tion number R0, is derived and shown to govern the global
dynamics. Specifically, the infection-free equilibrium is
globally asymptotically stable when R0 < 1, whereas uni-
form persistence is established when R0 > 1. The local
stability of the endemic equilibrium is further examined,
and parameter regimes associated with a transition from
steady-state convergence to oscillatory dynamics are iden-
tified. Due to intrinsic properties of autonomous fractional-
order systems, exact periodic solutions and classical Hopf
bifurcations are not expected. Instead, the observed oscil-
latory behavior corresponds to Hopf-type instability man-
ifested through long-lasting transient or quasi-periodic dy-
namics. Although the fractional order does not modify the
threshold structure determined by R0, it significantly influ-
ences convergence rates and qualitative asymptotic behav-
ior, highlighting fundamental dynamical distinctions be-

tween integer-order and fractional-order systems.
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CP10

Stochastic Modeling of Viral Release Strategies
with Innate, Cellular, and Adaptive Immunity

Stochastic immune responses can critically reshape the fate
of viral infections, yet their interaction with viral release
strategies such as budding and bursting remains poorly
quantified. Building on a previously developed frame-
work for viral dynamics without immunity, we extend a
basic viruscell model with four cell compartments to in-
clude innate, cellular, and adaptive immune components,
both individually and in combination, for viruses that ei-
ther burst or bud from infected cells. Each immune con-
figuration is formulated as a reaction network and anal-
ysed at the stochastic level using diffusion-type approxima-
tions, including jumpdiffusion SDEs for bursting and mod-
ified EulerMaruyama schemes for budding. We estimate
virus and cell extinction probabilities, conditional mean
extinction times, and regime structure (recovery, chronic
infection, recoveryreinfection, and host cell death) as func-
tions of burst size and immune parameters. The results
show that innate, cellular, and adaptive responses each ex-
pand the parameter region where viral extinction is likely,
with combined immune mechanisms acting synergistically
to shorten infection duration and isolate trajectories from
host-death states, while preserving qualitative differences
between budding and bursting strategies.

Rahnuma Islam
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CP10

Forecasting West Nile Virus (wnv) in the South-
west Desert Using Mathematical and Statistical
Modeling Approach

West Nile Virus (WNV) diseases present a significant pub-
lic health challenge, with effective prevention requiring ac-
curate forecasting of mosquito populations and associated
disease prevalence. Using a 10-year time series of weekly
mosquito abundance and WNV prevalence data collected
in Maricopa County, we investigated how local climate vari-
ations influence mosquito population dynamics and dis-
ease transmission. We developed a mechanistic model of
WNV dynamics driven by daily temperature and precipita-
tion to predict mosquito populations and WNV prevalence.
To achieve this, we applied the Ensemble Kalman Filter
(EnKF) method to estimate model parameters. We fore-
casted these time-varying parameters on a two-week basis,
incorporating precipitation and temperature as covariates.
These forecasts were used as inputs for a mechanistic ordi-
nary differential equation (ODE) model, which predicted
mosquito abundance and WNV prevalence while captur-
ing associated uncertainties. Our iterative framework was
applied over a 46-week period, successfully capturing sea-
sonal variations in mosquito populations and WNV preva-
lence throughout the datasets. Our findings underscore the
importance of integrating climate data with adaptive filter-
ing techniques to address forecasting challenges and enable
effective responses to emerging or re-emerging mosquito-
borne pathogens, which, driven by human behavior and
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environmental changes, may potentially escalate to pan-
demic levels.

Kayode Oshinubi
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CP11

Time-Varying Risk-Premium PCA for Asset Pric-
ing

We ask a simple question: why do different assets earn dif-
ferent returns? Factor models argue that a small set of
systematic forces explains the cross-section and that as-
sets earn more when they load on risks that command
premia. But exposures change as firms, industries, and
economic conditions evolve. Time-Varying Risk-Premium
PCA (TVRPPCA) addresses this by extracting factors dis-
ciplined by risk premia while allowing exposures to drift
smoothly through time. Our result is a scalable, eco-
nomically grounded representation of how characteristics
map into priced risk and how that mapping evolves. Em-
pirically, TVRPPCA delivers stable and improved pricing
of average returns, directly targeting the core motive of
expected-return differences.

Olamide Ayodele, Paul Laux
University of Delaware
oayodele@udel.edu, laux@udel.edu

CP11

On the Valuation of European Asian Option

European Asian options depend on time averages of the un-
derlying asset price, leading to path-dependent payoffs that
generally preclude closed-form valuation. In this paper, we
develop two distinct analytic approximation methods for
pricing European Asian options under a continuous-time
diffusion framework. The first approach employs a sys-
tematic reduction technique that leverages the closed-form
solution of the geometric-average Asian option, while the
second is based on an alternative analytic approximation
for the time-integrated diffusion process. Both methods ex-
ploit structural properties of stochastic integrals to obtain
tractable pricing formulas without resorting to full Monte
Carlo simulation. We assess the accuracy and efficiency
of the proposed approximations through systematic com-
parisons with Monte Carlo benchmarks across a range of
maturities, volatilities, and moneyness levels. Numerical
results demonstrate that both methods provide accurate
and computationally efficient approximations.

Joe Chou
Georgia State University
Georgia State University
jchou4@gsu.edu

CP11

The Cross Section of Stock Price Adjustments to
Signal and Its Signaling Feedback to Stock Returns

This paper develops a methodology to estimate hetero-
geneous effect of a macroeconomic signal to the cross-
section of stock prices. To establish causal interpretation
among noisy signals, I first build an estimation framework
guided by the theoretical asset pricing model of Pastor and
Veronesi (2012), then combine it with a modified synthetic
control (SC) approach from machine learning literature.

Empirical analysis supports the new framework well as the
estimated speeds of price adjustments predict returns in
the cross-section of equities up to 48 months horizon. The
proposed framework thus provides a novel understanding
of price discovery mechanisms at the individual stock level.

Julie Dong
McMaster University
dongz35@mcmaster.ca

CP11

Threshold Structure in Stochastic Impulse Control
with Fixed Costs

We investigate a stochastic impulse control problem with
fixed intervention costs. The objective is to characterize
the structure of optimal policies. The problem is formu-
lated via a quasi-variational inequality arising from the dy-
namic programming principle. We establish existence of
an optimal intervention strategy and show that the opti-
mal policy is characterized by a pair of threshold levels
defining continuation and intervention regions. Necessary
optimality conditions are derived to identify the optimal
trigger and post-intervention levels. The analysis provides
a complete structural characterization of optimal impulse
control policies with fixed costs and contributes to the the-
ory of stochastic impulse control.

Temitope C. Iroko
University of Wisconsin-Milwaukee
tciroko@uwm.edu

CP11

A Geometric Instability Diagnostic for Compact-
Interior Short-Maturity Heston Pricing Near the
Variance Boundary

We present a geometry-based instability diagnostic for the
Heston diffusion near the degenerate variance boundary
v → 0. On the interior v > 0, the principal symbol
induces the Riemannian metric g = a−1. The scalar
curvature and curvature-gradient invariant are explicit:
R(v) = −σ2

v/v and Jg(v) = ∥∇gR∥g = σ3
vv

−3/2. Although
ρ enters the metric tensor and geodesic distance, it cancels
from R and Jg, so the blow-up law is ρ-invariant. With
λloc(v) = σv/(2

√
v), this gives the exact interior identity

Jg(v) = 8λloc(v)
3. Using short-time heat-kernel/Varadhan

asymptotics, we construct a geodesic parametrix proxy
Cgeo for a fixed mollified payoff and benchmark it against
a finite-difference PDE price CPDE. On compact inte-
rior analysis sets K ⊂ {v0 ≥ ϵK}, with x0 near logS0,
the normalized theorem-facing diagnostic and compact-set
log-price envelope remain small at short maturities and
show near first-order scaling in T over the reported fit win-
dow. This provides conservative evidence for a geometry-
informed short-time trust region, not a global boundary
pricing theorem. Reliability maps and sensitivity diagnos-
tics are reported as supplementary checks.

David Ramirez, Zachary DaSilva
Independent Researcher
dram71201@gmail.com, zachdasilva9@gmail.com

CP11

A Scientific Machine Learning Approach to Liquid-
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ity Optimization Via Pinn-Based PDE Solvers

Decentralized exchanges create new quantitative problems
where stochastic dynamics, optimization, and market mi-
crostructure interact in fully algorithmic settings. In
Uniswap v3, concentrated liquidity lets providers allocate
capital over chosen price ranges, creating a trade-off be-
tween higher fees and inactive liquidity risk. We study the
range-selection problem as a PDE-constrained optimiza-
tion task. The market state follows stochastic differential
equations, while the expected utility of a liquidity position
is represented, through the FeynmanKac formula, by the
solution of a backward parabolic PDE. To approximate this
value function efficiently, we use Physics-Informed Neu-
ral Networks (PINNs), embedding the differential operator
and boundary conditions into the loss function to obtain a
mesh-free surrogate solver. This shifts most computation
to an offline training stage, allowing fast online pricing and
real-time optimization. Numerical tests under BlackSc-
holes and Heston models show accurate approximations
and competitive results versus standard liquidity strate-
gies, highlighting the value of SciML for stochastic control
in modern financial markets. Acknowledgments: This work
is partially supported by the project: FLINT - Prog. n.:
F/380134/01-03/X77 - MIMIT This work is partially sup-
ported by the project: TUAI: Towards an Understanding
of Artificial Intelligence via a transparent, open and ex-
plainable perspective, Marie Curie Doctoral Network, ID:
101168344

Vincenzo Vocca, Salvatore Cuomo
University of Naples Federico II
vincenzo.vocca@unina.it, salvatore.cuomo@unina.it

Federico Gatta
Scuola Normale Superiore
federico.gatta@sns.it

CP12

Analytical and Numerical Modeling of Diffusion-
Controlled Wax Growth in Pipelines

Wax deposition is a major flow assurance challenge in crude
oil pipelines, where solid wax crystals form and grow on
the pipe wall, reducing flow capacity and increasing opera-
tional risk. This work presents an analytical and numerical
study of diffusion-controlled wax growth inside pipelines,
with emphasis on the dominant role of molecular diffu-
sion during the early and intermediate stages of deposi-
tion. The problem is formulated as a coupled diffusion-
growth system. The wax concentration in the fluid phase
satisfies a convectiondiffusion equation, while the deposit
thickness evolves through a Stefan-type moving boundary
condition. By exploiting the small radial length scale and
the dominance of diffusive transport near the pipe wall, an
asymptotic reduction is derived, leading to a simplified an-
alytical description of the growth rate. The reduced model
is solved analytically for limiting cases and numerically for
general parameter regimes. The results reveal clear scaling
laws linking wax layer growth to the diffusion coefficient,
flow conditions, and concentration gradients. Comparisons
between analytical predictions and numerical simulations
show excellent agreement and provide physical insight into
the mechanisms governing wax accumulation. The pro-
posed framework provides a rigorous and efficient approach
for predicting wax deposition in pipelines and can be ex-
tended to account for thermal and shear-induced effects.

Awatif Alhowaity
University of Jeddah

asalhowaity@uj.edu.sa

CP12

A New Stabilized Finite Element Approach for
Fluid Flow

This work studies a new time relaxation model that incor-
porates stabilization terms into the time dependent Navier-
Stokes equations to address oscillations and effects from
small scales in fluid flows. To resolve these small scales,
we implement spatial filtering and approximate deconvo-
lution operators. This model acts as a sequel to a Dunca
and Neda (2014) model by omitting fluctuation on the test
function in the stabilization term, which previously made
the model impossible to be implemented in the Crank-
Nicolson algorithm. We explore numerical stability, con-
vergence, and computational simulations.

Ali Balooch
University of Nevada, Las Vegas
ali.balooch@unlv.edu

Adrian Argus Dunca
University Politechnica of Bucharest, Romania.
argus dunca@yahoo.com

Monika Neda
University of Nevada Las Vegas
monika.neda@unlv.edu

Ani Irimia
University Politechnica of Bucharest, Romania.
ani elena.irimia@upb.ro

CP12

A Numerical Study of Singularity Formation in An
Euler Model of Shallow Water Wave Propagation:
the Case of An Illposed Boussinesq Equation

We numerically study the issue of finite-time existence of
solutions associated with the initial value problem of an
ill-posed Boussinesq equation subject to small-amplitude
sinusoidal initial disturbances over a 2π periodic domain.
A spectral method in combination with the fourth-order
RungeKutta method is used to perform numerical exper-
iments using several time steps, several precision arith-
metic and filters with several cut-off levels. The calcu-
lations indicate that the solution blows up in a very short
time tc at x = 3π/2, independent of the parameter e. It
also appears that the profile of the solution at the loca-
tion of the singularity is parabolic, of the form ?(x, t; ϵ) =
?0(t; ϵ)+ c1(t; ϵ)(x−3π/2)2 as the singularity forms, where
tc 1/ϵp, p 0.28. The functions ?0(t; ϵ) and c1(t; ϵ) are de-
termined numerically and discussed. From numerical cal-
culations, we find that c1(t; ϵ) ∼ (tc − t)−δ(ϵ) as t → tc
where ϵ-dependent δ is the rate of singularity formation.
We obtain the following estimates for δ : δ = 2.46 for
ϵ = 0.10 and δ = 2.67 for ϵ = 0.025. Reference: A Nu-
merical Study of Singularity Formation in an Euler model
of shallow water wave propagation: The case of Illposed
Boussinesq Equation, R. Soc. Open Sci. 13: 251726, 2026;
https://doi.org/10.1098/rsos.251726

Prabir Daripa
Texas A&M University
Department of Mathematics
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daripa@tamu.edu

CP12

Quantum-Classical Hybrid Algorithms for Darcy
Flow Based on Weak Galerkin Finite Element
Methods

While quantum computing is intended to address com-
putational bottlenecks in large-scale tasks, e.g., simula-
tions of Darcy flow in highly anisotropic and heteroge-
nous media, preservation of physical properties, e.g., lo-
cal mass conservation, should not be overlooked. This
talk presents our preliminary results on development of
quantum-classical hybrid algorithms for Darcy flow based
on the weak Galerkin finite element methods. We will
present numerical results on noisy intermediate-scale quan-
tum (NISQ) computers (utilizing Qiskit libraries).

Jiangguo Liu
Colorado State University
liu@math.colostate.edu

CP12

Explicit Adaptive Dispersive Water Wave Model-
ing with Hyperbolic Systems

The shallow water equations are widely used to model free-
surface flows in geophysical hazard assessment. However,
their non-dispersive character limits their ability to accu-
rately capture shorter-wavelength phenomena, which can
lead to imprecise predictions of coastal run-up. In con-
trast, dispersive wave models account for dispersion effects
but typically do not permit shock formation, an important
mechanism for representing physical wave breaking. More-
over, these models often involve high-order spatial deriva-
tives, mixed spacetime terms, or elliptic constraints with-
out explicit temporal evolution, which complicates the de-
velopment of efficient large-scale numerical solvers due to
the need for implicit operator inversions. Recent advances
in hyperbolic reformulations of dispersive wave models of-
fer an alternative framework that preserves dispersive ef-
fects while enabling shock-capturing techniques. In this
work, we develop a hybrid numerical solver that dynami-
cally transitions between hyperbolic approximations of the
SerreGreenNaghdi equations and the shallow water equa-
tions, depending on the flow regime. The explicit structure
of the discretization naturally supports patch-based adap-
tive mesh refinement, allowing efficient resolution of solu-
tion features across a wide range of spatial scales. The pro-
posed methodology is validated through comparisons with
benchmark laboratory experiments and idealized tsunami
simulations

Carlos Muñoz
King Abdullah University of Science and Technology
(KAUST)
carlos.munozmoncayo@kaust.edu.sa

David I. Ketcheson
CEMSE Division
King Abdullah University of Science & Technology
david.ketcheson@kaust.edu.sa

CP12

Data-Driven Mesh Motion for Multiphysics Ale
Methods

In problems of high energy-density physics, such as iner-

tial confinement fusion, radiation energy and momentum
densities can strongly influence the fluid dynamics. To ac-
curately model the energy exchange between radiation and
the fluid, it is necessary to solve the equations of radiation
hydrodynamics. Traditional methods typically use either
a purely Eulerian approach or an arbitrary LagrangianEu-
lerian (ALE) approach, which involves a Lagrange+remap
phase to maintain mesh regularity. In this work, we pro-
pose a new Direct-ALE method that utilizes the Eulerian
fluid description while allowing the mesh to move arbitrar-
ily. Historically, the mesh velocity has been determined
using hand-tuned monitor functions that aim to capture
features such as shocks by identifying regions of steep gra-
dients and high curvature. However, their performance
depends on heuristic, problem-specific tuning of monitor
functions coefficients. We explore a data driven approach
to guide mesh placement based on local solution features,
thereby replacing the need for hand tuning. This approach
enables the incorporation of AI/ML techniques to deter-
mine optimal mesh distributions without modifying the
underlying hydrodynamic or radiation solvers, thus pre-
serving solver fidelity. We demonstrate the effectiveness
of the Direct-ALE method using a set of hydrodynamic,
radiative transfer, and radiation hydrodynamics problems.

Dylan Weatherred, Hyeongkae Park
Los Alamos National Laboratory
dweatherred@lanl.gov, hkpark@lanl.gov

CP13

From Chain Kinetics to Printability: A Transient
Network Model for Bioink Rheology

The rheological behavior of bioinks plays a central role in
extrusion-based bioprinting, governing both print fidelity
and the mechanical environment experienced by embed-
ded cells, yet many commonly used constitutive models
rely on empirical fits that obscure underlying molecular
mechanisms and limit predictive capability. In this talk,
we present a physically grounded transient network model
that links polymer chain attachmentdetachment kinetics to
small-amplitude oscillatory shear (SAOS) moduli. By re-
solving chain populations across a continuous spectrum of
detachment rates, the model naturally captures the power-
law scaling of storage and loss moduli observed in algi-
nate and carboxymethyl cellulose hydrogels over exper-
imentally relevant frequency ranges. Unlike multimode
Maxwell or fractional viscoelastic models, each relaxation
mode in our framework has a direct kinetic interpretation,
allowing molecular processes to be connected to macro-
scopic rheological response. The model fits SAOS data
with high fidelity, accurately reproducing both storage and
loss moduli while yielding physically interpretable parame-
ters such as chain stiffness, characteristic relaxation times,
and reattachment rates. These results provide a founda-
tion for predictive bioink design, enabling rational formu-
lation strategies that link molecular network dynamics to
flow behavior and cell-scale mechanical environments in
bioprinting applications.

Michael Cromer, Larry Villasmil, Ahasan Habib
Rochester Institute of Technology
mec2sma@rit.edu, luvmet@rit.edu, mahmet@rit.edu

CP13

RHR-NMF: A Framework for Multi-Dimensional
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Immune Discovery

Modern biological datasets contain high-dimensional fea-
ture sets across several axessuch as genes, cells, experimen-
tal stimuli, etc. While these datasets capture complex bio-
logical interactions, standard matrix factorization methods
often flatten multi-dimensional data, discarding the inher-
ent coupled relationships across the axes. Furthermore,
we show that traditional tensor methods like CANDE-
COMP/PARAFAC (CP) decomposition frequently split
biological patterns into redundant, overlapping compo-
nents. This loss of structural integrity obscures inter-
pretable relationships and limits the discovery of biolog-
ical modules. Here we introduce Row-Hierarchical Reg-
ularized NMF (RHR-NMF), a tensor-aware framework,
which preserves multi-dimensional structure by perform-
ing a two-stage decomposition that conserves modules in
separate components. By applying RHR-NMF to the Im-
mune Dictionarya single-cell atlas of mouse lymph node
responses that captures gene expression across 17 immune
cell types in response to 86 cytokines we reveal that
immune responses are are composed of hierarchical sub-
modules, where each cell-type response is associated with
unique combinations of gene and cytokine modules. Prac-
tically, RHR-NMF enables researchers to prioritize bio-
logically meaningful sub-modules, providing a systematic
framework for identifying latent immune programs in high-
dimensional biological datasets.

Jian Xing
Yale University
jian.xing@yale.edu

Anna Konstorum
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Tufts University
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Yale University School of Medicine
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CP13

AI, Machine Learning, and Medical Statistics

AI and classical statistics each offer distinct strengths for
medical data analysis. This presentation surveys princi-
pled ways to combine them: using LLMs for unstructured
clinical text and risk prediction, integrating ML models
with statistical inference for calibrated effect estimates,
and hybrid pipelines that preserve interpretability while
leveraging representational power. Through worked exam-
ples, we show complementary workflows where AI handles
complex feature extraction and statistics provides formal
uncertainty quantification and causal checks. Pedagogical
insights and practical recommendations for clinical deploy-
ment are provided.

Fatiha Zemar
University of Tunis El Manar
zemarfatiha0@gmail.com

Alia Benkahla
University of Tunis El Manar
Institut Pasteur Tunis

alia.benkahla@outlook.com

CP14

Average Kernel Sizes - Computable Sharp Accu-
racy Bounds for Inverse Problems

The reconstruction of an unknown quantity from measure-
ments is a mathematical problem relevant in applied sci-
ences, e.g. in medical imaging or astronomy. This is of-
ten an ill-posed inverse problem. To tackle such problems,
there exist a myriad of methods to design approximate in-
verse maps, ranging from optimization-based approaches,
e.g. compressed sensing, over Bayesian approaches, to
data-driven techniques e.g. deep learning. For stable ap-
proximate inverse maps, there are accuracy limits that are
larger than zero for ill-posed inverse problems, due to the
accuracy-stability tradeoff [Gottschling et al., SIAM Re-
view, 67.1 (2025)] and [Colbrook et al., PNAS, 119.12
(2022)]. The variety of methods for solving such problems
begs for a unifying approach to help scientists choose ap-
proximate inverse maps that obtain this optimum. There
do not exist computable accuracy bounds to this optimum.
We provide computable sharp accuracy bounds to the re-
construction error of solution methods to inverse problems.
The bounds are method-independent and depend on the
dataset, forward model of the inverse problem, and noise
model. We provide an algorithmic framework and an ac-
companying software library to compute these accuracy
bounds. We demonstrate the validity of the algorithms on
two inverse problems: fluorescence localization microscopy
and super-resolution of multi-spectral satellite data. Com-
puting the accuracy bounds for a problem before solving
it, enables optimizing datasets.

Nina Gottschling
Oak Ridge National Laboratory, CCSD
gottschlinnm@ornl.gov

CP14

Computational Methods for Electrical Impedance
Tomography

Electrical Impedance Tomography (EIT) is a portable, in-
expensive, noninvasive imaging system that does not use
ionizing radiation. Due to these properties, EIT has been
of great interest for many different medical applications. In
practice, electrodes are attached to a patient’s body where
current is applied, and the resulting voltage is measured
to reconstruct internal electrical properties. However, the
EIT inverse problem is severely ill-posed due to the limited
number of measurements from the partial boundary data,
and aggressive changes in the electrical properties inside
the body cause regularization difficulties. In this work, we
will compare both traditional and machine learning meth-
ods, to improve image reconstructions for full array and
reduced array electrode models. These methods will be
compared using both simulated data and test data col-
lected in a lab, with anomalies placed in varying locations.

Jacob Roarty
Arizona State University
jroarty@asu.edu

CP14

Chemistry Reduction and Acceleration Based on
Neural Network Surrogate

Reducing pollutant emissions, mitigating climate impact
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and improving the overall ecological footprint of the space
sector is becoming a major concern for European manu-
facturers. Current industrial efforts, particularly for liquid
propulsion using LOx/hydrocarbon-based fuel, face a ma-
jor tradeoff: these fuels give an operational advantage for
manufacturers over LH2. However, they lead to the forma-
tion of hydrocarbon-rich byproducts and soot. Since soot
particles have a much higher radiative forcing potential
than CO2 and H2O when released in upper atmosphere,
their prediction is crucial for assessing the environmental
impact of the launch phase, and more broadly the whole
life cycle of a launcher. The present work proposes an in-
novative data-driven reduction method based on replacing
chemical source terms integration in CFD solvers by neural
networks. The proposed approach involves training a net-
work on data generated from a detailed mechanism. The
training database stores the full thermochemical state of
the system at each timestep at time t and t + dt. The re-
duction method consists in applying a transformation to
the database to group multiple chemical species into a fic-
titious one. Thus, the chemistry network is trained to cap-
ture the temporal evolution of the reduced thermochemical
state. The proposed method was tested and validated on
autoignition simulations in pseudo zero-dimensional reac-
tors where it accurately reproduced soot precursor evolu-
tion.

Baptiste Romain
ONERA
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CP14

Generalized Eigenvalues of a Third Order Quater-
nion Tensor and Multilinear Discriminant Analysis
Under Qt-Product

This work investigates a structured approach to multi-
modal dimensionality reduction using quaternion tensor
algebra. Our study focuses on extending the multilinear
discriminant analysis (MLDA) to the quaternion domain,
following a systematic logical progression. First, we estab-
lish a theoretical foundation by defining the generalized
eigenvalue problem for quaternion tensors within the Qt-
product framework. We provide a spectral characterization
of these operators, focusing on the specific algebraic prop-
erties induced by the non-commutative nature of quater-
nions. Building upon this theoretical basis, we develop the
Quaternion Multilinear Discriminant Analysis model based
on Qt-product. By encoding multiple correlated modalities
into the components of a single quaternion tensor, we de-
fine quaternion-valued within-class and between-class scat-
ter operators. This formulation seeks to preserve intrinsic
cross-modal interactions through the Qt-product structure,
which are often neglected in real-valued tensor methods.
Finally, we explore the potential application of this frame-
work in multimodal classification tasks. Our preliminary
analysis investigates the feasibility of solving the resulting
optimization problem and evaluates how this unified repre-
sentation facilitates more compact feature extraction. This
study aims to provide a theoretical stepping stone for ad-

vancing discriminant analysis in high-dimensional, multi-
source data settings.

Jie Tian
University of Nevada, Reno
jtian@unr.edu

CP14

Channel Crosstalk Induced by Detection-Array
Symmetry in Orbital Angular Momentum Multi-
plexing Systems

Orbital angular momentum (OAM) multiplexing can in-
crease the throughput of line-of-sight millimeter-wave
links, but practical receivers sample incoming fields with
sparse antenna arrays, inducing two-dimensional aliasing
and inter-mode crosstalk. We study how the point-group
symmetry of sampling locations influences the observed
LaguerreGaussian (LG) modal content. Using a group-
theoretic classification of arrays (cyclic point groups with
vertical mirror planes, Cnv) and first-order degenerate per-
turbation theory, we predict that sampling-induced distor-
tions lead to modes of the same irreducible representation
coupling most strongly. We validate the model via coherent
field sampling of an approximate first-order LG beam (with
a carrier frequency near 84.75 GHz) over a cross-section
that is perpendicular to the propagation axis. The beam
is generated using a spiral phase plate, and the receiver
array is synthesized by rastering a phase-coherent detec-
tor over the transverse detection plane. For different sam-
pling geometries (including C2v, C3v, C4v, and C6v) and
multiple sampling densities, modal decompositions confirm
that symmetry-induced crosstalk decreases with sampling
density and indicate that the influence of overall pattern
symmetry can dominate that of lattice symmetry. These
results provide guidance for OAM receiver design by en-
abling symmetry- and mode-selection choices that reduce
crosstalk and improve link margin.

Ryan C. Toonen, Adam Fallon
NASA Glenn Research Center
ryan.toonen@nasa.gov, adam.fallon@nasa.gov

CP15

Aligned by Design: How Cross-System Math
Alignment Can Improve Students Pathways from
High School to College

Too often, discussions about mathematics education focus
on constraints rather than possibilities. This session invites
higher education mathematics educators to imagine whats
possible by exploring insights from Aligned by Design, a
new report from Just Equations. Building on research and
interviews with K12 and higher education leaders across
five states, the report identifies promising strategies for
aligning math policies and pathways to support equitable
student success. Participants will examine how collabo-
ration across systemsthrough course co-design, transpar-
ent expectations, readiness courses, dual enrollment, and
aligned admissionscan strengthen students transitions from
high school to college. The session treats alignment not as
a technical reform but as equity infrastructure: coherent
expectations reduce barriers that disproportionately affect
students from under-resourced schools. By making math-
ematics relevant, empowering, and connected to students
real-world decision-making, educators can expand oppor-
tunity and foster persistence. Attendees will leave with
practical strategies and policy insights to advance cross-
system partnerships that make math more meaningful and
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accessible for all learners.

Shakiyya Bland
Just Equations
shakiyya@justequations.org

CP15

Collaborative Use of Interactive Applets in
Trigonometry Learning

This study examines the effects of collaborative learning
using interactive applets on students ability to find ex-
act values of trigonometric functions for angles in differ-
ent quadrants and to solve contextual problems involv-
ing trigonometric functions. Prior research has highlighted
student difficulties in identifying exact trigonometric values
beyond the first quadrant and in applying identities such
as sum-and-difference and double-angle formulas. These
challenges often limit students success in application-based
tasks. To address these challenges, the study evaluates the
instructional effectiveness of incorporating interactive ap-
plets within a structured, pair-based collaborative learning
environment. One group of students participated in collab-
orative classroom activities using interactive applets, while
a comparison group received traditional instruction with-
out the use of interactive applets. Students written re-
sponses on classroom exams were analyzed to assess their
ability to determine exact values of trigonometric functions
across different quadrants and to solve contextual prob-
lems involving trigonometric functions. The findings indi-
cate that students who participated in collaborative activi-
ties with interactive applets demonstrated greater improve-
ment than those receiving traditional instruction. The re-
sults suggest that collaborative use of interactive applets
can effectively strengthen students understanding and ap-
plication of trigonometry.

Mustafa Demir
Uiversity of Detroit Mercy
demirmf@udmercy.edu

CP15

Inverse Problems in a Linear Algebra Course

In this talk, I will introduce how to incorporate an inverse
eigenvalue problem in linear algebra and how it could lead
to undergraduate research projects.

Anastasiia Minenkova
University of Hartford
minenkova@hartford.edu

CP15

Explain the Truth of the Pythagorean Theorem
in Two-Dimensional Space Through Various Proof
Methods

The Pythagorean Theorem, which comes from ancient
Greece, is one of the most important rules in geometry,
and later it is also used in many areas like architecture,
engineering and computer graphics. The theorem explains
that if you take a right triangle, then the square of the
two legs added together will be the same as the square of
the hypotenuse, written as a + b = c. The theorem also
inspired Pythagoras’ Tree Fractal, a self-similar geometric
structure formed by recursively adding squares to the legs
of a right triangle. Plenty of research has been conducted
on this theorem; however, these studies are limited to Eu-
clidean geometry, lacking a visual exploration of fractal

structures in hyperbolic geometry. This makes it abstract
and over-theoretical for middle school students in China.
This paper, for the first time, employs a visualization-based
approach using GeoGebra, a common mathematical soft-
ware in middle school, to construct a simplified Pythagoras
tree in the Poincar disk model, examining the difference
between curved branches and Euclidean tree straight-line
branching. The results show very clearly that in hyper-
bolic geometry, the negative curvature changes the fractal
structure and also the angle shapes. Because of this spe-
cial curvature, the straight line in Euclidean geometry is no
longer straight, but it becomes an arc, so the whole fractal
looks very different in structure and in appearance from
the Euclidean one.

Jiamu Xiang
Xicheng Academy Beijing China
xiaoxiaoevelyn@outlook.com

CP16

A Unified Framework for Estimating Both Con-
stant and Time-Varying Parameters in Epidemio-
logical Systems

Parameter estimation in dynamical systems is typically for-
mulated under the assumption that model parameters are
either constant or time-varying , with most existing meth-
ods designed to handle only one of these cases. In this
work, we present a unified parameter estimation frame-
work that enables the recovery of both constant and time-
varying parameters within a single methodology, and us-
ing partial observations given by functions of the state
variables. The approach is formulated as a data assimi-
lationbased optimization framework, allowing parameters
to be estimated locally in time while reconstructing their
evolution over the full observation horizon. The method
is first demonstrated on a SusceptibleInfectedSusceptible
(SIS) system with a time-dependent transmission rate. It is
then applied to a SusceptibleInfectedVaccinatedRecovered-
Deceased (SIVRD) influenza model using CDC incidence
data, illustrating its applicability to real-world epidemio-
logical settings. The results demonstrate stable parame-
ter reconstructions that are robust to observational noise,
highlighting the effectiveness of the proposed framework
for inverse problems in nonlinear dynamical systems.

Muhammad Jalil Ahmad
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CP16

Edge & HPC Systems for Rapid, Privacy-
Preserving Clinical Genomics

We describe an integrated edge HPC workflow tailored for
clinical genomics in resource-constrained healthcare set-
tings. The edge tier performs compressed-index alignment,
lightweight variant calling, and Sci-LLM-based prioritiza-
tion while keeping raw reads local; enriched variant sum-
maries are then optionally sent to HPC for deeper anno-
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tation and population-level analyses. We present latency,
energy, and privacy benchmarks from a field pilot and dis-
cuss system tradeoffs (model complexity vs. on-device la-
tency) and governance for clinical use. The pipeline em-
phasizes pragmatic constraints: limited connectivity, regu-
latory considerations, and quality-of-care timelines.
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CP16

Analysis of the Nowak Model for Prion Production
with the Unfolded Protein Response

Prion diseases are neurodegenerative disorders character-
ized by the dynamical spread of toxic proteins through-
out the brain. In this talk, we develop a mathematical
model that accounts for the interaction, aggregation, and
degradation of proteins, while also incorporating a cellular
defense mechanism that introduces a time delay affecting
protein translation. This formulation leads to a system of
nonlinear delayed differential equations, a generalization of
the Nowak model for prion production. Our first objective
is to establish the existence of positive and bounded solu-
tions to the model. Subsequently, we analyze the asymp-
totic behaviour of the system by deriving conditions on the
parameters that govern its dynamics. Additionally, we de-
rive conditions on the time delay under which the system
exhibits a Hopf bifurcation.
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CP16

Microbial Dynamics in a Plug-Flow Reactor with a
Variable Dilution Rate Induced by Biofilm Growth

Bioclogging — typically driven by microbial overgrowth
— plays a key role in a wide range of pathological and en-
gineered settings where blockage develops inside confined
channels. Motivated by this common geometry, we study
clogging dynamics in plug-flow reactors (PFRs) by cou-
pling spatial transport with wall-associated growth. We
propose a modeling framework that captures microbial col-
onization and surface accumulation under volume (cross-
sectional) constraints, thereby linking biofilm buildup to
effective dilution. Using this framework, we characterize
dynamical regimes and long-term persistence of microbial
populations. Our analysis provides mechanistic insight into
how channel narrowing reshapes reactor performance and
clarifies mechanisms that drive clogging and biofouling.
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CP16

Learning Reaction Rates from Product Formation-
Time Data in Multiscale Stochastic Reaction Net-

works.

We study parameter inference in multiscale stochastic re-
action networks when only product formation times are
observed. Classical inference methods require full state
trajectories and therefore cannot be applied in this set-
ting. Using scaling limits and stochastic averaging, we re-
duce high-dimensional MichaelisMenten systems to effec-
tive one-dimensional dynamics. A weakly interacting par-
ticle system construction and propagation of chaos yield
asymptotically independent event times and a tractable
likelihood. This framework enables both frequentist and
Bayesian estimation directly from event-time data, con-
necting multiscale stochastic analysis with statistical infer-
ence.
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CP17

Memory-Driven First Passage Time Analysis of
Deformable Fiber Transport in Perforated Media

Transport of deformable fibers in heterogeneous porous
media often exhibits long-time correlations that cannot
be captured by classical Markovian diffusion models. We
formulate an upscaled description based on a Continu-
ous Time Random Walk framework with non-exponential
waiting-time distributions, leading to a FokkerPlanck
equation with temporal memory. Applying a Laplace
transform reduces the governing equation to a modi-
fied Helmholtz problem in a perforated domain with a
frequency-dependent parameter determined by the mem-
ory kernel. Semi-analytical solutions are constructed using
FourierBessel expansions and matrix systems derived via
Grafs addition theorem. From these solutions, first passage
time and mean first passage time statistics are obtained ex-
plicitly, revealing how memory kernels control delay, local-
ization, and anomalous scaling. In the exponential limit,
the model recovers classical diffusion, providing a unified
framework for both Markovian and non-Markovian trans-
port.
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CP17

Statistical Inference for Fractional Brownian
Bridges Via Independence Transformations

Fractional Brownian bridges are Gaussian processes with
boundary constraints and long-range dependence, which
complicates statistical inference. We introduce a transfor-
mation that converts dependent-bridge observations into
independent variables, thereby removing dependence on
the unobservable terminal value. This representation en-
ables the use of classical inference methods and reveals an
exponential family structure with sufficient and complete
statistics. As a consequence, optimal estimators, including
uniformly minimum variance unbiased estimators, can be
constructed. These results provide a new theoretical and
statistical framework for inference in fractional Brownian
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bridge models with Hurst parameter H=1/2.
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CP17

Data-Driven Rate Recovery and Sensitivity Analy-
sis for Discrete Stochastic Chemical Reaction Sys-
tems

Identifying governing parameters of discrete stochastic re-
action networks from trajectory data is a core challenge in
computational science, since direct inversion of the chem-
ical master equation is typically intractable. We present
a data-driven mass-action framework based on extended
dynamic mode decomposition. From stochastic simulation
algorithm trajectories, we construct snapshot pairs in an
observable dictionary matched to mass-action propensities,
estimate a finite-dimensional Koopman operator, recover a
continuous-time generator through a matrix logarithm, and
extract reaction rates algebraically from the species rows
of the recovered generator. The observable-space dynamics
are represented as d

dt
⟨ψ(x)⟩ = A⟨ψ(x)⟩, which avoids as-

sembly of the full probability-space operator. To quantify
robustness, we perform Fréchet-derivative sensitivity anal-
ysis of the logarithm map. Using a block-matrix identity,
we compute D log(K)[E] efficiently without eigendecompo-
sition and obtain first-order error propagation formulas for
individual reaction channels. This yields a condition metric
κ that identifies when spectral clustering amplifies rate un-
certainty, especially in oscillatory regimes. Experiments on
Lotka-Volterra, Michaelis-Menten, and Brusselator mod-
els show accurate rate recovery together with interpretable
sensitivity trends.
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CP17

Harmonic-Measure Distribution Functions in Var-
ious Geometries

Consider releasing a Brownian particle from a basepoint
z0 in a planar domain Ω. What is the chance, denoted
hΩ,z0(r), that the particles first exit from Ω occurs within
a fixed distance r > 0 of z0? The function hΩ,z0(r) :
[0,∞) → [0, 1] is called the harmonic-measure distribu-
tion function, or h-function, of Ω with respect to z0. It
can also be formulated in terms of a Dirichlet problem on
Ω with suitable boundary values. For simply connected
domains Ω, the theory of h-functions is now quite well-
developed, and in particular the h-function can often be
explicitly computed, making use of the Riemann mapping
theorem. However, until recently, for multiply connected
domains the theory of h-functions has been almost entirely
out of reach. In this talk, it will be shown how to con-
struct explicit formulae for h-functions of symmetric mul-
tiply connected slit domains whose boundaries consist of
an even number of colinear slits, and how these formulae
can be generalized to compute h-functions for multiply con-
nected slit domains on a spherical surface. Special function
theory and conformal mapping are judiciously combined to
this end.
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CP17

The Stress Dependent Random Walk

Our stress levels change constantly and our behavior with
it. It is plausible that market participants should behave
the same. We propose to order daily returns by stress levels
rather than chronological. A log-normal random walk with
parameters that are functions of market stress naturally ac-
counts for volatility clustering and fat-tailed return distri-
butions. Fitting this model to a stock and a bond index we
find no evidence of significant misspecification even though
the model has no adjustable parameters. This model can
be interpreted as a stochastic volatility model without la-
tent variables. We obtain a closed-form expression for the
Value at Risk (VaR) that accommodates returns of any
magnitude and discuss several other applications.
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CP17

Sanctions As Perturbations of Entropic Optimal
Transport: Explicit Sensitivity and Diversion Cer-
tificates

We study entropic-regularized optimal transport: for full-
support a ∈ ∆m, b ∈ ∆n and cost C ∈ Rm×n, minimize
⟨C,P ⟩ + ε

∑
i,j Pij(logPij − 1) over P ≥ 0 with P1 = a,

PT1 = b. The unique optimizer P = Pε(C) satisfies Pij =
exp((αi + βj − Cij)/ε). We show C → Pε(C) is Fréchet
differentiable on the quotient by row/column gauges and
derive an explicit sensitivity map. For a perturbation H,
fix gauge bTδβ = 0 and solve Diag(a)δα+Pδβ = (P⊙H)1,
PTδα + Diag(b)δβ = (P ⊙ H)T1 with P = Pε(C). Then
DPε(C)[H] = ε−1P ⊙ (δα1T + 1δβT − H). This yields
first-order counterfactuals for targeted sanctions H = λEij

and a Lipschitz bound ∥Pε(C +H) − Pε(C)∥1 ≤ κ∥H∥∞,
where κ is controlled by the smallest nonzero eigenvalue
of the Schur complement Diag(a)−P Diag(b)−1PT on 1⊥.
The same implicit-function argument extends to convex
penalties modeling soft capacities or bans, yielding influ-
ence functions for diversion (primal) and incidence (dual
potentials), fast to evaluate.
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CP18

Physics-Informed Neural Networks for Inverse Pa-
rameter Estimation in the Gray-Scott Reaction-
Diffusion System

We address the inverse problem of estimating the feed rate
F and kill rate K from observed concentration fields in
the 2D Gray-Scott system. Two physics-informed neural
network (PINN) strategies are compared: (i) a pure time-
dependent PINN that treats F and K as learnable param-
eters via automatic differentiation, and (ii) a parametric
CNN encoder mapping fields to parameter estimates. Both
are benchmarked against data-driven baselines (CNN and
Bi-LSTM). The pure PINN achieves sub-2% relative er-
rors across diverse Turing patterns, outperforming base-
lines, while the parametric encoder attains competitive
accuracy with inference speedups above three orders of
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magnitude. The proposed training strategy - combining
data-only warmup, gradual PDE ramp-up, and separate
optimizers -is essential for robust convergence. Results
show that embedding the PDE structure as a soft con-
straint provides an inductive bias that compensates for
data scarcity, establishing PINNs as an effective framework
for inverse parameter identification in reaction-diffusion
systems. This work is partially supported by the project:
FLINT - Prog. n.: F/380134/01-03/X77 - MIMIT This
work is partially supported by the project: TUAI: Towards
an Understanding of Artificial Intelligence via a transpar-
ent, open and explainable perspective, Marie Curie Doc-
toral Network, ID: 101168344
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CP18

Model Synthesis and Identifiability Analysis of Stiff
Chemical Reaction Systems with Invaert Networks.

The computational cost of integrating stiff chemical reac-
tion systems motivates neural network-based acceleration.
Complementary to this, is the task of amortized inference,
estimating reaction rate parameters from full or partial
concentration data without the need to retrain the network.
Structural non-identifiability, i.e., multiple parameter sets
producing nearly identical concentration profiles make this
task especially challenging. Our work demonstrates the ef-
fectiveness of InVAErt networks, a data-driven framework,
in providing a unified apparatus for forward emulation,
density estimation and inverse parameter recovery for stiff
dynamical systems, where the problem is formulated un-
der uniformly distributed priors, and validated using estab-
lished benchmarks such as the ROBER and POLLU sys-
tems. To ensure robust performance across transient and
slow-varying regimes, we implement a solution-adapted re-
sampling approach during data generation. The frame-
work employs data-driven emulators based on ResNet and
LSTM architectures, and a conditional VAE-based encoder
decoder setup for model inversion. This approach circum-
vents the need for repeated numerical integration, while
simultaneously providing almost instantaneous parameter
retrieval without retraining.
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CP18

Dynamic-Time-Warping-Based Trajectory Clus-
tering Analysis Identifies High-Risk and Previously
Overlooked Chronic Kidney Disease Patients

Background: Many chronic kidney disease (CKD) patients

remain undiagnosed, and their characteristics are unclear.
Conventional analyses have difficulty capturing their clini-
cal courses. This study aimed to identify overlooked CKD
groups at high risk of dialysis or death. Methods: We
applied a newly developed AI algorithm—time-series K-
means with dynamic time warping—to classify 3,129 pa-
tients using 34 time-series variables, including background,
laboratory data, and medications. Barycenter transition
analysis was used to visualize group trajectories. Results:
The mean age and eGFR were 62.0 years and 50.6 mL/min.
Seven clinically interpretable groups were identified. One
group had low urinary protein, no hypertension, and no
clear CKD cause; although considered low risk and not
specifically treated, their outcomes were worse than those
of treated hypertensive patients (hazard ratio 2.82; 95% CI
1.58–5.09; p < 0.0001). While groups initially showed dis-
tinct courses, their trajectories gradually converged into a
final common pathway. Conclusion: AI-based trajectory
clustering revealed a previously overlooked CKD group
with poor outcomes despite benign initial findings. This
approach is useful for detecting unmet clinical needs in
large datasets.
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CP18

Geometric Structure and Loss Landscape of Relu
Networks on Sequentially Linearly Separable Data

In this project, we investigate the geometric structure of
deep ReLU neural networks trained on sequentially linearly
separable (SLS) data, building upon the frameworks devel-
oped in [Munoz Ewald, Explicit ReLU Classifiers for Non-
Separable Data, 2025]. We generate synthetic datasets de-
signed to be SLS using explicit hyperplanes and cone con-
structions. A feedforward ReLU network is then trained
via stochastic gradient descent to classify these datasets.
After training, we extract the cumulative weight matrices
and bias vectors across layers to recover the linear maps
implemented by the network. Using these parameters,
we construct truncation maps and their polyhedral cones,
compute each cones base point and edge vectors, and vi-
sualize how the data is transformed layer by layer through
PCA projections. Through this pipeline, we show that
cone-like structures emerge during training and that they
visualize learned decision geometry. Subsequently, we con-
struct explicit weights and biases implementing separating
hyperplanes of the synthetic data, yielding zero-loss global
minima. We then perturb these parameters, run gradient
descent from these perturbed initializations, and analyze
how training converges to study the local loss landscape
around these minima. Finally, we construct suboptimal
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local minima by selectively disabling truncation maps to
study their stability and energy efficiency as replacement
initializations through local perturbation-based loss land-
scape analysis.
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CP18

Computing the Basis Functions for Multiscale
Problems Using Physical Informed Neural Network

The major problem in multiscale simulations is to obtain
an accurate description of a flow behavior, in spite of the
intrinsic heterogeneity of the medium. Numerical solu-
tion of these equations requires a very fine computational
mesh, something that is infeasible to consider even with
our modern supercomputers. To overcome this problem,
one uses asymptotic analysis as a tool to produce homoge-
nized equation that approximate the solutions of the origi-
nal equation. This procedure of replacing the original sys-
tems is called homogenization. In this context, computing
the cell-problems and the related basis functions for first-
order approximation can be computationally demanding by
traditional means and many efforts in the literature have
been dedicated to minimize this cost. In this talk, I will
present a way to compute using Machine Learning (ML),
where the data used to start the training of the network
is generated by an analytical approximation of the cell-
problem (in L2(Ω)), then the final solution (in H1(Ω)) is
produced when the underlying physics into ML is intro-
duced and the minimization of the error between the data
and the original PDE, through Physics Informed Neural
Network (PINN) is achieved. I will present results show-
ing how this approach compares to standards numerical
approaches and with the ML for solving the cell-problem
without this proposed initialization data.
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CP18

Hypernetwork-Based Approach for Grid-
Independent Functional Data Clustering

Clustering functional data is sensitive to discretization:
most methods implicitly operate on sampled grids, caus-
ing cluster assignments to depend on resolution and pre-
processing. This is problematic for scientific applications,
where each observation represents functions and discretiza-
tion approximates an underlying infinite-dimensional ob-
ject. We propose a resolution-independent framework that
maps functions to a fixed-dimensional representation. Our
auto-encoding architecture encapsulates the information of
each function into a compact representation — a key re-
quirement in computational and engineering applications
where data is scarce. The encoder is a hypernetwork
that maps observations of a function at arbitrary reso-
lution to the weight-space of an implicit neural repre-
sentation (INR), which serves as the decoder. As INRs
are well-known for accurately representing individual func-
tions with very few parameters, this design yields low-

dimensional representations that are decoupled from the
sampling grid, while the hypernetwork learns to map pre-
viously unseen functions to the weights of an INR ca-
pable of approximating them. Clustering is performed
in this latent space, allowing direct application of exist-
ing finite-dimensional clustering algorithms. Through syn-
thetic and real-world examples in high-dimensional set-
tings, we demonstrate that our approach achieves com-
petitive clustering performance while uniquely exhibiting
robustness to change in sampling resolution.
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CP19

Mathematical Modeling of Complex Systems with
Applications to Fisheries

This study aims to deepen the understanding and opti-
mize fishing activity in Morocco by holistically integrating
biological and economic aspects. On the biological front,
we examine the rivalry between three marine species: Sar-
dine, Mackerel, and Tuna, and the need to preserve the
balance of their biomass. On the economic side, we focus
on maximizing fishermens profits. We develop a biological
equilibrium model for fishermen operating in the Atlantic
region, where the three species coexist. These competing
species exhibit their natural growth represented by logis-
tic curves. We propose a mathematical model that takes
into account the density and competition between species
to explain population dynamics. Integrating human inter-
vention adds a realistic dimension to our modeling. Fisher-
men specifically target all three species, thereby influencing
population dynamics based on their fishing activities. This
approach allows us to explore the effects of human-nature
interaction on the biological equilibrium of sardine equilib-
rium of sardine, mackerel, and tuna populations
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CP19

Machine LearningEnhanced Reduced Order Mod-
eling for Fast Parametric Simulation of Seismic
Wave Propagation

High-fidelity numerical simulation of parameter-dependent
wave equations is a central problem in scientific comput-
ing, as repeated large-scale solves are highly expensive
for many-query and real-time settings. Building on re-
cent advances in Proper Orthogonal Decomposition (POD)
and machine-learning-assisted reduced order modeling, this
project aims to develop efficient reduced-order and data-
driven methodologies for the fast and accurate approxi-
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mation of parametric seismic wave propagation. The fo-
cus will be on the construction of low-dimensional reduced
spaces and on the integration of machine learning tech-
niques to learn the parametric dependence and time evo-
lution of the reduced systems, enabling rapid prediction at
previously unseen parameter values. The proposed meth-
ods will be validated against high-fidelity finite-element
discretizations of the seismic wave equations, viewed as
a challenging benchmark for large-scale, time-dependent
parametric PDEs. This work results in the development of
robust ROMML methodologies for the efficient and accu-
rate approximation of parametric seismic wave propagation
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CP19

Bayesian Emulators on Planet Formation Condi-
tion

Exploring the full parameter space of planet formation
conditions and processes is computationally impractical as
each simulation can take weeks to complete, and the pa-
rameter space remains vast. In this work, we propose a
framework to infer planet formation conditions while re-
ducing computational costs. Our approach accounts for in-
trinsic variations in conditions and the stochastic nature of
outcomes within a given set of conditions. We employ sta-
tistical emulators to model the relationship between planet
formation parameters - such as solid normalization, radial
distribution of solids, and gas disk depletion - and key ob-
servables, including period ratio, transit multiplicity, tran-
sit ratio, and hill spacing. Since these observables are in-
herently stochastic and represented by probability distri-
butions, we first map the stochastic outputs to a reduced-
dimensional space. We then use Gaussian processes (GP)
to model the relationships within this reduced space. Once
the emulators are trained on existing simulation data, we
apply a Bayesian modular approach to infer the underly-
ing parameters. Fast GP predictions within the likelihood
ensure computationally feasible inference.
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CP19

A Spatio-Temporal Cp Decomposition Analysis of
New England Region in the Us

Spatio temporal data consist of measurement for one or
more raster fields such as weather, traffic volume, crime
rate, or disease incidents. Advances in modern technol-
ogy have increased the number of available information for
this type of data hence the rise of multidimensional data.
We will be using the NCAR Climate Data Gateway web-
site which provides data discovery and access services for
global and regional climate model data. The daily values of
total precipitation (prec), maximum (tmax), and minimum
(tmin) temperature are combined to create a multidimen-
sional data called tensor (a multidimensional array). In
this talk, I will present our method using a spatio temporal
principal component analysis to initialize CP decomposi-
tion component. We take full advantage of the spatial and
temporal structure of the data in the initialization step for
cp component analysis. The performance of our method
is tested via comparison with most popular initialization
methods. We also run a clustering analysis to further show
the performance of our analysis.
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CP20

Topological Photonics: A Methematical Perspec-
tive

In the field of light matter interactions, current technolo-
gies allow the design of optical media (photonic lattices,
photonic crystals, metamaterials) so that novel states of
light are created. As such, topological photonics refers to
features of such states of light that are characterized by
a topological (quantized) property, leading to for example
robust propagation properties. This talk will introduce the
audience to the field as well as highlight current develop-
ments.
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CP20

Interpretable Network Structure Using Topological
Data Analysis

Topological Data Analysis (TDA) is an emerging tool in
the field of network analysis. Our groups previous work
has applied persistent homology, a TDA method, to neural,
quantum, and machine learning data with a focus on Betti
numbers and birthdeath diagrams to characterize higher-
order organization in network systems. However, other
TDA approaches such as Mapper [Madukpe, Ugoala, and
Zulkepli, A Comprehensive Review of the Mapper Algo-
rithm] and sheaf cohomology [Curry, Sheaves, Cosheaves
and Applications] have the potential to provide additional
insight into the structure of data in network models. In
this work, we applied Mapper to analyze neural, machine
learning, and quantum network data to discover underly-
ing structural relations in the data. Through mathematical
analysis and application, we determine how Mapper lens
functions reveal interpretable topological structures - such
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as cycles, voids, and hubs - and their relation to network
dynamics and organization across neural, machine learn-
ing, and quantum systems.
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CP20

Topology Optimization for Iso-Complaint 3D
Printable Prosthetic Foot

Prosthetics are assistive devices designed to replace missing
limbs and restore mobility and functionality to amputated
individuals. The mechanical performance of a prosthetic
foot must satisfy strength, durability, and compliance re-
quirements while remaining lightweight and comfortable
for the patient. In this work, we present a computational
framework to streamline the topology design of prosthetic
feet. We begin by constructing a reference domain de-
rived from the patients anatomical scan. Boundary con-
ditions are then applied in accordance with relevant ISO
standards, scaled to the patients body weight, to accu-
rately represent physiological loading scenarios. Material
properties are defined to initiate the 2D topology opti-
mization procedure. The optimization is then performed
by iteratively updating the material density distribution
within the design domain to achieve minimal compliance
with constraints on material volume fraction. Then design
is post-processed using spline-based smoothing algorithms
to eliminate rough boundaries for maximum compatibility
with 3D printing and reduced stress. The entire framework
is implemented using open-source computational tools, in-
cluding FEniTop and DOLFINx, which provide robust fi-
nite element analysis and optimization capabilities. The
results demonstrate that the proposed automated frame-
work enables rapid, reliable, and consistent prosthetic foot
designs, offering a scalable approach for patient-specific
prosthetic development.
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CP20

Discrepancy Minimization and Mean Curvature
Flow

The level-set formulation of motion by mean curvature is
a degenerate parabolic partial differential equation, known
as the mean curvature flow (MCF) equation. We show
that when the initial hypersurface is the hypercube in Rm,
the solution of the MCF equation can be characterized as
the value function of an existing combinatorial discrepancy
problem, the so-called online Komlos problem. More pre-
cisely, we specify a sequence of discrete-time online Komlos
problems whose value functions converge in the continuous-
time limit to the solution of the MCF equation. This is
another instance of a mean curvature flow arising from a
two-person game, following Kohn, Serfaty (CPAM 2006).
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CP21

Eigenvalue Bound Preservation: Numerical Exper-
iments on the 2D Q-Tensor Flow

We study the evolution of nematic liquid crystals in two
dimensions using the Q-tensor model, a continuum frame-
work that describes the orientational order of rod-like
molecules via symmetric, traceless matrices. Focusing on
the Landau-de Gennes energy and its associated gradient
flow, we consider a reduced two-dimensional formulation
in which the Q-tensor is fully described by two scalar func-
tions. This reduction simplifies the system to a nonlin-
ear, coupled PDE for the scalars, while preserving essential
physical features. A key question is whether the eigenval-
ues of the Q-tensor remain within the physically admissible
range under this flow. Building on a theoretical result that
establishes eigenvalue preservation for smooth solutions, we
perform numerical simulations to verify this behavior. Our
results confirm the robustness of the eigenvalue constraint
across various initial configurations, providing computa-
tional support for the physical consistency of the model.

Marcel C. Deguzman
Old Dominion University
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CP21

Stability and Dispersion Analysis of Spectral Finite
Element Methods for Linear Dispersive Metamate-
rials

Electromagnetic metamaterials are artificial media de-
signed to control wave propagation in ways not observed
in natural materials. Their behavior is often modeled us-
ing dispersive constitutive laws, such as the Drude and
Lorentz models, which lead to frequency-dependent ma-
terial parameters. Reliable numerical simulation of these
media requires methods that can accurately predict wave
speeds while remaining stable over long time intervals. In
this talk, we present a study of the dispersion and stabil-
ity analysis of time-dependent Maxwells equations in linear
dispersive metamaterials using a high-order mass-lumped
finite element method. The dispersive effects are incorpo-
rated through auxiliary differential equation formulations.
From the semi-discrete system, we derive the numerical dis-
persion relation and compare it with the continuous model
to understand phase errors and anisotropy. We further
investigate the stability of the method using a von Neu-
mann analysis and determine the conditions under which
spurious modes may appear. Numerical results verify the
theoretical predictions for anisotropy, demonstrate the ex-
pected convergence rates of the dispersion error, and illus-
trate the stability behavior of the method. These findings
provide insight into the performance of high-order meth-
ods for simulating wave propagation in complex electro-
magnetic materials.
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CP21

Asymptotic Analysis of Switching Diffusion Pro-
cesses with Periodic Coefficients

We study homogenization for a class of switching diffusion
processes (also called diffusion-transmutation processes)
whose drift and diffusion coefficients, and jump intensi-
ties are smooth, spatially periodic functions; we assume
full coupling between the continuous and discrete compo-
nents of the state. Assuming uniform ellipticity of the diffu-
sion matrices and irreducibility of the matrix of switching
intensities, we explore the large-scale long-time behavior
of the process under a diffusive scaling. Our main result
characterizes the limiting fluctuations of the rescaled con-
tinuous component about a constant velocity drift by an
effective Brownian motion with explicitly computable co-
variance matrix. The main quantitative finding is the com-
putation of an extra contribution to the limiting diffusivity
stemming from the switching.

Chetan D. Pahlajani
Department of Mathematics
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CP21

A Higher Order Polytopal Method for Contact Me-
chanics with Tresca Friction

In this work, we design and analyze a Discrete de Rham
(DDR) scheme for a contact mechanics problem involv-
ing fractures along which a model of Tresca friction is
considered. Our approach is based on a mixed formula-
tion involving a displacement field and a Lagrange multi-
plier, enforcing the contact conditions, representing trac-
tions at fractures. The approximation space for the dis-
placement is made of vectors values attached to each ver-
tex, edge, face, and element, while the Lagrange multi-
plier space is approximated by piecewise constant vectors
on each fracture face. The displacement degrees of free-
dom allow reconstruct piecewise quadratic approximations
of this field. We prove a discrete Korn inequality that ac-
count for the fractures, as well as an inf-sup condition (in a

non-standard H−1/2-norm) between the discrete Lagrange
multiplier space and the discrete displacement space. We
provide an in-depth error analysis of the scheme and show
that, contrary to usual low-order nodal-based schemes, our
method is robust in the quasi-incompressible limit for the
primal variable (displacement). An extensive set of nu-
merical experiments confirms the theoretical analysis and
demonstrate the practical accuracy and robustness of the
scheme.

Ritesh Ritesh
Indian Institute of Technology
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CP21

Steady Vibration Problems in the Coupled The-
ory of Thermoporoelasticity under Moore-Gibson-
Thompson Heat Conduction

In the present work, the linear theory of Moore-Gibson-
Thompson thermoporoelasticity is considered, and the 3D
basic boundary value problems (BVPs) of steady vibra-
tions of this theory are investigated. Namely, the funda-
mental solution of the governing system of steady vibra-
tion equations is constructed explicitly. Green’s formu-
las are obtained and the uniqueness theorems for classi-
cal solutions of the BVPs are proved. The BVPs are re-
duced to the always solvable singular integral equations for
which Noether’s theorems are valid. The existence theo-
rems for classical solutions of the BVPs of steady vibra-
tions are proved by using the boundary integral equations
method and the modern theory of the singular integral
equations. Acknowledgements: This work was supported
by Shota Rustaveli National Science Foundation of Georgia
(SRNSFG) [Grant # FR-23-4905].
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CP22

Multi-Fidelity Particle Flow Filter

This work proposes a new Multi-Fidelity Particle Flow Fil-
ter (MF-PFF) based on a linear control variate framework
and multilevel Monte Carlo methods. Conventional parti-
cle filters often suffer from weight collapse and degeneracy
in high-dimensional spaces. Particle flow filters address
this by smoothly transporting prior particles toward the
posterior distribution using a homotopy-based advection-
diffusion law, thereby avoiding the need for resampling.
We explore, in this study, a two-fidelity data assimilation
framework utilizing both stochastic (Gromov) and deter-
ministic (Exact) flows, applied to the Korteweg-De Vries
(KdV) and Quasi-Geostrophic (QG) test problems. To re-
duce computational cost, we augment a small ensemble of
expensive full-order model runs with a large ensemble of
inexpensive reduced-order surrogates, constructed via in-
trusive Galerkin projection. These surrogates act as con-
trol variates to enhance the statistical estimate of the full-
order posterior. Numerical experiments demonstrate that
the proposed MF-PFF achieves accuracy comparable to
high-fidelity simulations while significantly reducing com-
putational expense.

Abhinab Bhattacharjee
Virginia Tech
abhinab93@vt.edu

Andrey A. Popov
University of Hawai’i at Manoa, U.S.
apopov@hawaii.edu

Amit Subrahmanya
Argonne National Lab
famitnagesh@anl.gov

Adrian Sandu
Virginia Tech
Blacksburg, Virginia



32	 2026 SIAM Annual Meeting (AN26)AN26 Abstracts 31

asandu7@vt.edu

CP22

Data Assimilation for Chemical Reaction Networks
and Population Models

Chemical Reaction Networks (CRNs) modeling biochemi-
cal and industrial processes may exhibit complex nonlinear
dynamics, including multi-stability, oscillations and chaos,
making the real-time estimation of unmeasured species
concentrations a significant challenge. Our work presents
a linear algebraic framework for the design of observers for
CRNs that guarantee exponential convergence of the ob-
server error for a certain class of CRNs. This class includes
systems that are oscillatory or even chaotic. Moreover, our
method is applicable not only to CRNs, but other popula-
tion models that appear in epidemiology and ecology which
share a common structure with CRNs. Our observer design
process relies on identifying a so-called critical stoichiomet-
ric subspace and introducing an associated decomposition
of the state space into the direct sum of certain subspaces.
We provide a sufficient condition for the exponential stabil-
ity of the error dynamics, which reduces the complex non-
linear estimation problem to the verification of the Hurwitz
property of a derived system submatrix. We also provide
an analysis of the performance of our observer when the
observations are assumed to be corrupted by noise. The
efficacy of this observer is explicitly demonstrated through
its application to some real world CRN examples. These
examples highlight the capability of this proposed observer
to robustly reconstruct hidden trajectories even in chaotic
cases.
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CP22

Second-Order Flows for Variational Minimization
Via the Sav-E Approach

Second-order flows represent an emerging paradigm for
non-convex variational minimization, characterized by
damped hyperbolic partial differential equations. In this
work, we develop a novel scalar auxiliary variable method
(SAV-E) tailored for this class of flows, yielding a scheme
that is linear and unconditionally energy-stable. We rigor-
ously prove the unconditional energy stability in terms of
a modified energy. Furthermore, we conduct an in-depth
analysis of the subsequential convergence to a stationary
point. We identify a critical theoretical bottleneck regard-
ing the uniform boundedness of the numerical solution in
the infinite-dimensional setting, which poses a significant
challenge for establishing strong convergence without addi-
tional assumptions. Extensive numerical experiments vali-
date the unconditional stability and demonstrate the supe-
rior robustness and efficiency of the proposed method com-
pared to state-of-the-art baselines, showcasing its practical
convergence despite the identified theoretical open ques-
tions.
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CP22

Structure-aware Coefficient Estimation in Polyno-
mial Chaos Methods

In uncertainty quantification, polynomial chaos is a non-
sampling technique that can be used to approximate the so-
lution of a partial differential equation (PDE) with stochas-
tic parameters. The PDE solution is expressed as a count-
ably infinite polynomial expansion that is truncated via an
M bound for the sake of approximation. The approach
is then to derive a resulting system of deterministic (of-
ten coupled) PDEs, called an M system, with Galerkin
projection and solve the M system for the expansion coef-
ficients with standard numeric techniques. One challenge
in this approach is that there is no flexibility around choos-
ing which expansion coefficients in an M system are more
advantageous to estimate accurately. In this talk, we exam-
ine common structural features of M systems that emerge
when solving stochastic PDEs with polynomial chaos. We
then consider how to design an algorithm that can take
advantage of this shared structure to judiciously prioritize
the expansion coefficients whose estimates have greater in-
fluence on the final solution.

Laura A. Lyman
Stanford University
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CP22

Worst-Case Optimal Fourier Multipliers for
Bounded Frequency Extrapolation

Recovering fine-scale image details from coarse measure-
ments is a classical problem in image processing, closely
related to deconvolution and super-resolution. A common
formulation views this task as frequency extrapolation: es-
timating high-frequency components of a Fourier trans-
form from known low-frequency data. When the target
high-frequency region is unbounded, the problem becomes
severely ill-posed. One way to mitigate this difficulty is
to restrict extrapolation to a bounded high-frequency re-
gion. Under this restriction, the problem can be simplified,
focusing on the design of a convolution filter, or Fourier
multiplier, that minimizes an approximation error metric
over a known class of images. In this talk, we show that,
under suitable conditions, a worst-caseoptimal multiplier
exists for the entire class and that all such optimal mul-
tipliers share a common canonical structure. For finite
image collections, we further show that the set of worst-
caseoptimal multipliers can be parameterized by a positive
definite matrix, which leads to a practical fixed-point it-
eration for computing an optimal multiplier. Numerical
experiments illustrate the effectiveness of the proposed ap-
proach.

Diego Castelli, Carlos Sing-Long
Pontificia Universidad Catolica de Chile
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MS1

Computationally Efficient Techniques for Bayesian
UQ on Parametric Image Reconstruction

Quantifying uncertainty in the solution to imaging inverse
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problems remains a significant computational challenge. In
the cases where target objects are assumed to be piecewise
constant (such as tumor boundaries in medical imaging)
and measured data are limited and noisy, traditional pixel-
level inversion methods may not be feasible. This work ex-
plores novel approaches to efficient uncertainty quantifica-
tion in this setting by introducing parametric image repre-
sentations that incorporate hierarchical Bayesian inference
techniques. Numerical results demonstrate the effective-
ness of our approach in UQ for image reconstruction on
several computed examples.
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MS1

Efficient Low Rank Nodal DG Methods Acceler-
ated Via Sketching-Based Summation of Tucker
Tensors

In this talk, we present advances in a hybrid computa-
tional method combining Nodal Discontinuous Galerkin
(NDG) discretization with low-rank tensor approximations
for solving the BGK kinetic equation. Our approach ad-
dresses the curse of dimensionality inherent in kinetic sim-
ulations by employing nodal DG for physical space vari-
ables and low-rank Tucker tensor decomposition with ac-
celerated sketching-based summation for velocity space dis-
cretization. This combination reduces computational costs
and memory requirements while maintaining accuracy. We
demonstrate the method’s performance through numerical
experiments, highlighting both its advantages and current
limitations of our solver.
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MS1

Learning Locally Mass Conservative Solutions of
Darcy Flows

Due to the popularity of AI, there is an increased interest
in applying machine learning algorithms to model physical
phenomena in science and engineering. However, purely
data driven methods fail to capture accurate solutions for
problems that rely on physical conservation laws; these
problems are characterized by coupled and nonlinear par-
tial differential equations. The field of scientific machine
learning (SciML) addresses the drawbacks of purely data
driven machine learning by constraining the learned solu-
tion to physical laws. In this talk, we formulate a SciML
method that learns a finite-dimensional representation of
the true solution of the PDE. Our numerics informed neu-
ral network (NINN) method is mesh aware and utilizes
knowledge from classical numerical methods for PDEs.
Small convolutional neural networks are trained in an un-
supervised manner to predict solutions of PDEs that lie
in the space of discontinuous piecewise polynomials. The
loss function is inspired from the discontinuous Galerkin
method. We show convergence of the NINN method as
the mesh size tends to zero under the assumption of a
controlled optimization error. Various numerical examples
confirm the theoretical error bounds.

Beatrice Riviere
Rice University
Houston, Texas, USA
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MS1

Structure-Preserving Reduced-Order Modeling for
Advection Dominant Equation Via Optimal Trans-
port

Efficient simulation of parameterized differential equa-
tions is critical for optimal design, control, and inver-
sion in science and engineering. Many queries for high-
fidelity solutions are computationally expensive, necessi-
tating reduced-order modeling to construct efficient sur-
rogate solvers. This work focuses on advection dominant
equation such as a time-dependent Fokker-Planck equa-
tion and its model reduction strategy. We leverage opti-
mal transport to transform the original solution space into
the Wasserstein tangent space to address the convection-
dominant feature, and apply skeleton decomposition to se-
lect basis directly from the feature matrix so that it pre-
serves the optimal transport structure in the tangent space.
Because of the intrinsic structure of their solutions, the
model requires the design of structure-preserving (e.g., pos-
itivity) reduction strategies.
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MS2

Rank Geometry for Real 2 × 2 × 2 Tensors: Singu-
larities, Best Low-Rank Approximations, and Vi-
sualization

Even small, real valued tensors of size 2×2×2 are sufficient
to demonstrate interesting phenomena like rank-jumping
sequences and ill-posed low-rank approximation problems,
which do not plague matrices of any size. We highlight and
review the geometric and algebraic complexities that dis-
tinguish tensors from matrices, showing how tensors violate
many well-known matrix properties. For example: matri-
ces have a single typical rank, but 2× 2× 2 tensors can be
rank 2 or 3 with positive probability; matrices always have
a best rank-r approximation, but no rank-3 tensor of size
2 × 2 × 2 has a best rank-2 approximation. We unify the
analysis of the matrix and tensor cases using tools from
algebraic geometry and optimization, in some cases pro-
viding new direct proofs which better leverage geometric
intuition. Many seemingly counterintuitive facts are shown
to arise from the geometry of the singular locus of the hy-
perdeterminant, a connection we make clear. Throughout
we confirm and build geometric intuition using new inter-
active visualizations for sets of fixed and bounded rank.
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MS2

Morse Inequalities for Stratified Semi-Algebraic
Sets and Applications

We extend the classic Morse inequalities to polynomial
Morse functions on Whitney stratified semi-algebraic sub-
sets of Rn.

Ali Mohammad Nezhad
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MS2

Stiefel Optimization Is Np-Hard

We show that linearly constrained linear optimization over
a Stiefel or Grassmann manifold is NP-hard in general.
We show that the same is true for unconstrained quadratic
optimization over a Stiefel manifold. We will show that
unless P = NP, these optimization problems over a Stiefel
manifold do not have FPTAS. As an aside we extend our re-
sults to flag manifolds. Combined with earlier findings, this
shows that manifold optimization is a difficult endeavor

even the simplest problems like LP and unconstrained QP
are already NP-hard on the most common manifolds.

Tianyun Tang
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MS2

Lagrange Multiplier Expressions and Tightness in
Matrix Polynomial Optimization

Matrix polynomial optimization (MPO) arises in control,
quantum information, and signal processing, but is com-
putationally challenging due to noncommutativity and the
size of semidefinite relaxations. In this talk, we study first-
order optimality conditions for MPO and derive explicit
formulas for the associated Lagrange multiplier matrices
under standard nondegeneracy assumptions. Using these
expressions, we develop a strengthened MomentSOS hier-
archy. We show that this hierarchy is tight in the sense
that it achieves finite convergence under general conditions,
thereby closing the gap between relaxation and global op-
timality. We also present practical criteria for detecting
tightness and extracting optimizers, supported by numer-
ical experiments demonstrating significant efficiency gains
over standard SOS methods.
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MS3

Boundaries of logarithmic Voronoi Cells Can be
Transcendental

Logarithmic Voronoi cells partition the probability simplex
according to which point of a statistical model best ex-
plains the data in the maximum-likelihood sense. I will
present two examples showing that, even for very simple
algebraic statistical models, these cells need not have alge-
braic boundaries. The examples are one-dimensional mod-
els in the probability simplex: a union of two lines and a
cuspidal curve.
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MS3

Identifiability of Level-2 Phylogenetic Networks
Under the Jukes-Cantor Model

In statistical evolutionary biology a common research ques-
tion is whether we can infer past evolutionary events from
observable genetic data. Usually this means fitting a tree-
based probability model to our data which describes some
set of evolutionary events. These models can tell us how
species evolved together and how long ago they split off
from common ancestors. Phylogenetic networks extend
tree-based models to allow for hybridization, horizontal
gene transfer (the movement of DNA between organisms
that dont share a parent-offspring relationship) and other
non-treelike processes. However, the space of such models
is huge, and in many cases different topologies can give the
same probabilities of observing our data, making the true
model unidentifiable. We prove generic identifiability for a
class of networks under the Jukes-Cantor model using tools
from computational algebraic geometry and combinatorics.
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In this talk I will show how the network topology is recover-
able with any number of leaves, so long as we only allow up
to two hybrid events per biconnected component, and we
dont allow three-cycles or hybrid events that lead directly
into another hybrid event. These results clarify when it is
possible to reconstruct complex evolutionary histories from
genetic data.
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MS3

Identifiability of Species Relationships from Quin-
tet Concordance Factors

Phylogenomics attempts to infer evolutionary relationships
between taxa, depicted as a tree or a network, from se-
quence data for many genes. The Multispecies Coalescent
Model describing how gene trees arise from the species net-
work, provides a framework for studying what network fea-
tures can be inferred from summaries of unrooted topolog-
ical gene trees. Identifiability of level-1 network features
from quartet concordance factors has been well-studied,
giving a theoretical basis for practical inference methods,
despite the non-identifiability of network roots and 2-cycles
from them. Since quintet concordance factors identify the
root location of a species tree by [Allman2011] we began a
preliminary investigation of quintet CFs in a network set-
ting. We give several distinguishability results, indicating
that quintet CFs indeed contain information on 2-cycles
and network rooting. We also develop software to calcu-
late concordance factors symbolically.
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MS3

Finding Input-Output Equations for Linear Com-
partmental Models with Prescribed Orders

Linear compartmental models are linear systems of ODEs
that are determined by a graphical structure G. A common
question that arises when performing parameter estimation
is whether the parameters in our model can be recovered
uniquely from perfect input-output data (i.e. data from
variables we can measure). One way to assess this is by
studying the coefficients of input-output equations, which
are usually obtained via differential elimination. In this
talk, we discuss a linear algebra-based algorithm that al-
lows us to compute ”nice” sets of input-output equations
that have prescribed orders for the derivatives that appear
in the equations.
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MS4

Learning Pseudo-Differential Operators

Pseudo-differential operators (PDOs) are a broad and fun-
damental class of operators in analysis and partial dif-
ferential equations, with wide-ranging connections to in-
verse problems. In this talk, I will present recent work on
learning elliptic PDOs from noisy data. Within a wavelet-
Galerkin framework, we formulate this task as a struc-
tured infinite-dimensional regression problem with multi-
scale sparsity. Building on this structure, we propose a
sparse, data- and computation-efficient estimator, which
leverages a novel matrix compression scheme tailored to
the learning task and a nested-support strategy to balance
approximation and estimation errors. In addition to es-
tablishing convergence rates for the estimator, time per-
mitting, I will also discuss how the learned operator can
be used to construct an efficient and stable Galerkin solver
whose numerical error matches its statistical accuracy.
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MS4

GAIA: Geometry-Adaptive Operator Learning for
Forward and Inverse Problems

Operator learning for partial differential equations (PDEs)
on arbitrary geometries builds fast neural surrogates for
large-scale simulation. Although recent geometry-adaptive
neural operators have made substantial progress, they are
mainly designed for forward problems in which inputs and
outputs share the same spatial domain. This limits their
applicability for boundary value problems (BVPs) and in-
verse problems, where inputs and outputs may live on dif-
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ferent domains. We introduce the Geometry-Adaptive In-
tegral Autoencoder (GAIA), an operator learning model
that encodes the domain boundary and the interior field
distribution into geometry tokens, and conditions integral
transform layers on these tokens via cross-attention, al-
lowing the kernel to adapt locally to geometric features.
This yields a single architecture for forward (including
BVPs) and inverse problems on arbitrary domains in one
pass, without retraining, iterative optimization, or graph
construction. We evaluate GAIA on seven 2D and 3D
benchmarks, four of which are new or substantially ex-
tended benchmarks for inverse problems and BVP: electri-
cal impedance tomography, optical tomography, 3D Darcy
flow on varying geometries, and a modified setting of Pois-
son BVP on mechanical components benchmark (MCB).
GAIA sets new state-of-the-art results on every inverse and
BVP task, reducing median relative L2 error by 64% on air-
foil flow reconstruction and 27% on EIT relative to the next
best amortized method, and outperforming all baselines on
every shape category of MCB. On other forward problems,
GAIA is competitive with specialized solvers while main-
taining stable accuracy across point resolutions on which
transformer-based baselines degrade.
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MS4

Reduced Order Model for Inverse Problems in Ki-
netic Models

Kinetic equations are high-dimensional and often involve
nonlinear collision operators. As a result, numerical solvers
are computationally expensive, especially when computing
the steady-state solutions, which typically require many it-
erations for an iterative scheme to converge. This challenge
becomes even more pronounced when repeated solver calls
are needed, such as in inverse problems or parameter esti-
mation. In this talk, I will present a reduced-order mod-
eling framework that reformulates the kinetic equation as
a low-dimensional constrained optimization problem. This
approach significantly accelerates the computation while
maintaining accuracy and preserving key physical prop-
erties of the solution. The framework is further applied
to inverse problems for recovering parameters in the colli-
sion operator. I will demonstrate the performance of the
method through numerical examples based on the kinetic
BGK equation and the Boltzmann equation.
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MS5

Phase Retrieval under One-Bit Quantization

We study the sample complexity and develop efficient algo-
rithms for 1-bit phase retrieval, i.e., the recovery of a signal
x ∈ Rn from m phaseless bits {sign(|a⊤

i x| − τ)}mi=1 with
standard Gaussian ai. By investigating a phaseless ver-
sion of random hyperplane tessellation, we show that (con-
strained) hamming distance minimization uniformly recov-
ers all unstructured signals with Euclidean norm bounded
away from zero and infinity to the error O( n

m
log(m

n
)), and

O( k
m

log(mn
k2 )) when restricting to k-sparse signals. We

also develop efficient and near-optimal algorithms for 1-
bit (sparse) phase retrieval. Specifically, we prove that
(thresholded) gradient descent with respect to the one-
sided ℓ1-loss, when initialized via spectral methods, con-
verges linearly and attains the near-optimal reconstruction
error, with sample complexity O(n) for unstructured sig-
nals and O(k2 log(n) log2(m

k
)) for k-sparse signals. Our

proof is based upon the observation that a certain local ap-
proximate invertibility condition is respected by Gaussian
measurements. Our results establish the major findings of
(memoryless) 1-bit compressed sensing in a phaseless set-
ting.

Junren Chen
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MS5

On Dynamical Sampling of 3D Tensor Signals

We consider a dynamical sampling problem for three-
dimensional tensor signals, where an unknown initial ten-
sor evolves under a fixed tensor operator defined via the
t-product and is observed through partial measurements
over time. We establish necessary and sufficient conditions
for exact recovery and derive stability bounds ensuring ro-
bustness to noise. Numerical simulations validate the the-
oretical results and illustrate the effects of spatial and tem-
poral sampling on reconstruction performance.

Seok-Young Chung
Michigan State University
sychung@msu.edu

MS5

Learn to Evolve: Self-Supervised Neural JKO Op-
erator for Wasserstein Gradient Flow

The Jordan-Kinderlehrer-Otto (JKO) scheme provides a
stable variational framework for computing Wasserstein
gradient flows, but its practical use is often limited by
the high computational cost of repeatedly solving the JKO
subproblems. We propose a self-supervised approach for
learning a JKO solution operator without requiring nu-
merical solutions of any JKO trajectories. The learned op-
erator maps an input density directly to the minimizer of
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the corresponding JKO subproblem, and can be iteratively
applied to efficiently generate the gradient-flow evolution.
A key challenge is that only a number of initial densities
are typically available for training. To address this, we
introduce a Learn-to-Evolve algorithm that jointly learns
the JKO operator and its induced trajectories by alternat-
ing between trajectory generation and operator updates.
As training progresses, the generated data increasingly ap-
proximates true JKO trajectories. Meanwhile, this Learn-
to-Evolve strategy serves as a natural form of data aug-
mentation, significantly enhancing the generalization abil-
ity of the learned operator. Numerical experiments demon-
strate the accuracy, stability, and robustness of the pro-
posed method across various choices of energies and initial
conditions.
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MS5

Randomized Subspace Embeddings for Tensor
Data with Applications

The emergence of big data has led to a need for versatile
tools to represent higher-order data with multiple aspects
and high dimensionality. Data in the form of multidimen-
sional arrays, known as tensors, arise in a variety of ap-
plications such as physics, neuroimaging, biometrics and
hyperspectral imaging. In this talk, a brief review of ten-
sor concepts and a common tensor decomposition, CPD,
as a natural extension of SVD to multidimensional data,
are presented. A modewise Johnson-Lindenstrauss (JL)
approach is discussed for compressing tensors. Theoreti-
cal guarantees for the norm and inner product approxima-
tion errors as well as theoretical bounds on the embedding
dimension are presented for data with low CP rank, and
the corresponding effects of assumptions on basis coherence
are addressed. Experiments are performed on synthesized,
neuroimaging, and Hamiltonian data using various choices
of embedding matrices. Two applications of the modewise
JL method are discussed. (i) Approximate solutions to
least squares problems as a computationally efficient way
of fitting tensor decompositions, and (ii) Many-Body Per-
turbation Theory problems involving energy calculations
where the mode sizes of tensors can grow exponentially,
rendering the direct calculation of perturbative correction
terms challenging.

Ali Zare
Duke University
ali.zare@duke.edu

MS6

A Two-Fold Randomization Framework for Im-

pulse Control Problems

We propose and analyze a randomization scheme for a gen-
eral class of impulse control problems. The solution to this
randomized problem is characterized as the fixed point of
a compound operator which consists of a regularized non-
local operator and a regularized stopping operator. This
approach allows us to derive a semi-linear Hamilton-Jacobi-
Bellman (HJB) equation. Through an equivalent random-
ization scheme with a Poisson compound measure, we es-
tablish a verification theorem that implies the uniqueness
of the solution. Via an iterative approach, we prove the
existence of the solution. The existence–and–uniqueness
result ensures the randomized problem is well-defined. We
then demonstrate that our randomized impulse control
problem converges to its classical counterpart as the ran-
domization parameter λλλ vanishes. This convergence, com-
bined with the value function’s C2,α

loc regularity, confirms our
framework provides a robust approximation and a founda-
tion for developing learning algorithms. Under this frame-
work, we propose an offline reinforcement learning (RL)
algorithm. Its policy improvement step is naturally de-
rived from the iterative approach from the existence proof,
which enjoys a geometric convergence rate. We numeri-
cally demonstrate the effectiveness of our algorithm using
a widely-studied example. The results show that our RL
algorithm can learn the randomized solution, which accu-
rately approximates its classical counterpart. A sensitiv-
ity analysis with respect to the volatility parameter σ in
the state process effectively demonstrates the exploration–
exploitation tradeoff.
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MS6

Market Factor Structure and Relative Arbitrage:
A PDE Approach via Eigenvalue Bounds

We present a new formulation of the relative arbitrage
problem from stochastic portfolio theory that identifies a
time horizon beyond which arbitrage relative to the market
exists in all sufficiently volatile markets. We interpret suf-
ficiently volatile as a lower bound on an ordered eigenvalue
of the instantaneous covariation matrixa quantity central
to the empirical factor structure of large markets. Through
stochastic optimal control, we characterize the time hori-
zon as the unique viscosity solution of a fully nonlinear
partial differential equation. Finally, we discuss the im-
plications of these eigenvalue bounds for factor models in
high-dimensional systems.
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MS6

Exponential Stability of Stochastic Filters Without
Global Mixing

One of the most important properties of a stochastic filter
is its stability: i.e., the property that the distance between
two filters started from different initial distributions (i.e.,
different priors) vanishes as the time horizon increases (i.e.,
as we collect more observations). In many classical mod-
els, the filter enjoys exponential stability: i.e., the afore-
mentioned distance decays exponentially fast. All previ-
ously established proofs of such exponential stability ei-
ther rely on (a version of) global mixing property of the
signal, or work only in special/restrictive classes of mod-
els. In particular, the exponential stability has remained
an open question for general partially observed diffusion
models (observed continuously or at discrete times) set up
in unbounded domains (e.g., in Rd). In this talk, I will
describe a new method for proving the exponential stabil-
ity of stochastic filters, which does not require the global
mixing property and which succeeds for general diffusion
models in unbounded domains, provided that the signal
is ergodic and has a non-degenerate diffusion component.
This approach is based on a combination of techniques from
the ergodic theory of Markov processes and the martingale
theory, as well as coupling methods for McKean-Vlasov
equations (since the evolution of a filter is governed by one
of such equations). Joint work with D. Noelck.

Sergey Nadtochiy, Daniel Noelck
Illinois Institute of Technology
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MS6

Analytical Approach to Continuous-Time Causal
Optimal Transport

We study causal optimal transport problems with Marko-
vian costs and prescribed Markovian marginals. We show
that the associated value function solves a fully nonlinear
parabolic partial differential equation (PDE), for which we
establish a comparison principle and, consequently, unique-
ness of its viscosity solution. This PDE characterization
allows us to identify the value with that of a constrained
version of the control problem for the KushnerStratonovich
equation. We further derive a third, equivalent formula-
tion as an optimal control problem with a state constraint,
which is particularly useful, as it leads to implementable
numerical schemes for causal optimal transport. This is
joint work with Julio Backhoff-Veraguas, Erhan Bayrak-
tar, and Ibrahim Ekren.
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MS7

Product Formulas for Basic Hypergeometric Series
by Evaluations of Askey-Wilson Polynomials

Ismail and Wilson derived a generating function for Askey–
Wilson polynomials which is given by a product of q-Gauss
(Heine) nonterminating basic hypergeometric functions.
We provide a generalization of that generating function
which contains an extra parameter. A special case gives a
closed form summation formula for a quadruple basic hy-
pergeometric sum. We further present two new terminat-
ing balanced 4ϕ3 summations that give rise to quadratic
special values for Askey–Wilson polynomials. We also
present three new terminating 2-balanced 4ϕ3 summations
and two new terminating 3-balanced 4ϕ3 summations. Us-
ing the Ismail–Wilson generating function combined with
explicit summations for terminating balanced basic hyper-
geometric 4ϕ3 series, we compute new basic hypergeometric
product transformations for nonterminating basic hyperge-
ometric series and provide corresponding integral represen-
tations.
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MS7

Exponentially-Improved Asymptotics for q-
Difference Equations

Divergent power series in which the coefficients grow like
a factorial arise in the asymptotic analysis of differential
or difference equations. Surprisingly, in the q-world the
growth of the nth coefficient is much stronger, growing typ-
ically like q−n(n−1)/2, in which q ∈ (0, 1) is fixed. To make
sense of these formal series, we have to introduce alterna-
tive Borel and Laplace transforms. In this talk, I describe
joint work with Adri Olde Daalhuis, where we considered
exponentially-improved asymptotics for the basic hyperge-
ometric function 2ϕ0 and for solutions of the q-difference
first Painlev equation qPI.
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MS7

From the Riemann Hypothesis to Bose-Einstein
Condensation: Mathematical and Physical Appli-
cations of the Riemann Zeta Function

Although most of us are familiar with the still unproved
conjecture about the non-trivial zeros of the Riemann zeta
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function lying on a specific critical line, the zeta functions
important physical applications, especially connections to
problems in quantum field theory, are less well-known by
those outside the field. This talk, which will provide a
broader view of the functions applications, is motivated
by a desire to receive feedback on strengthening and ex-
panding the mathematical and physical application sec-
tions in the NIST Digital Library of Mathematical Func-
tions (DLMF). The intent is also to expand the number
of chapters with sidebars linking to notes on mathemati-
cal and physical applications, as seen on the title page of
DLMF, Chapter 9 Airy and Related Functions.

Bonita V. Saunders
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MS7

Eigenvalue Equations for Sieved Polynomials or
Proving Askey Right Again

The sieved Jacobi polynomials have been introduced by
Askey. These can be obtained from conveniently taking
q to be a root of unity in the Askey–Wilson polynomials.
The question of determining if they are eigenfunctions of
some operator has been lingering for a long time. Askey
impressed on us his conviction that it had an affirmative
answer. It is shown that he was right and that this operator
is of Dunkl type with cyclic reflections corresponding to the
powers of q.

Luc Vinet
Centre de recherches mathématiques (CRM) / IVADO
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MS8

Generalized Dek-Type Orthogonal Polynomials

It is well known that for a family of orthogonal polynomials
with respect to a measure , one can multiply the measure
by a polynomial to obtain a new sequence of orthogonal
polynomials via the Christoffel transformation. However,
in some nonstandard situations, the Christoffel transforma-
tion cannot be directly applied. One of such situations is
when the family of polynomials is a sequence of exceptional
orthogonal polynomials. It has already been shown how to
modify the Christoffel transformation so it can be applied
to one of the first known examples of exceptional orthogo-
nal polynomials introduced by Dubov, Eleonskii, and Ku-
lagin, thus, we extend this transformation to a larger class
of non-classically orthogonal polynomials. We then explore
properties of these polynomials and show their similarities
with biothogonal polynomials and exceptional orthogonal
polynomials.

Rachel Bailey
Bentley University
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MS8

Ramanujan’s Mock Theta Functions: a Unifying

Theory and New Results

Asymptotic analysis, and in particular resurgence theory,
has enabled us to develop a unified framework for Ramanu-
jan’s mock theta functions (Mfs) and, in principle, to ex-
tend their computation to arbitrary order, well beyond the
order 13 investigated by Zagier, Chen, and others. We
show that there is a unique continuation through the natu-
ral boundary |q| = 1, with preservation of the relations they
satisfy. This continuation singles out a distinguished Mf
vector in each group (for example, in the third-order case,
the pair (f, ω) crosses the boundary correctly, whereas for
the remaining ones the relations break down). Such “priv-
ileged” vectors had been observed empirically by Zagier,
Chen, and collaborators, but without a structural frame-
work valid uniformly across orders. Up to order 10 all se-
lections agree. At order 11 the continuation selects Zagier’s
choice but not Chen’s, while at order 13 the situation is re-
versed. Fully rigorous proofs are established up to order 5,
and a complete treatment for higher orders is in progress.
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MS8

Parabolic Cylinder Functions Revisited Using
Borel-Laplace Techniques

We gather and extend classical results for parabolic cylin-
der functions, namely solutions of the Weber differential
equations, using a systematic approach by Borel–Laplace
methods. We revisit the definition and construction of the
standard solutions U, V of the Weber differential equation

w′(z)−
(
z2

4
+ a

)
w(z) = 0

and provide representations by Laplace integrals extended
to include all values of the complex parameter a; we find
an integral integral representation for the function V ; none
was previously available. For the Weber equation in the
form

u′(x) +

(
x2

4
− a

)
u(x) = 0,

we define a new fundamental system E± which is analytic
in a ∈ C, based on asymptotic behavior; they appropriately
extend and modify the classical solutions E,E∗ of the real
Weber equation to the complex domain. The techniques
used are general and we include details and motivations for
the approach. Work in collaboration with Giorgos Mavro-
giannis.
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MS8

Asymptotic Evidence for Ferromagnetism in Non-
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abelian Spin Models

Acknowledgments: Based on joint work with A. Abdesse-
lam (University of Virginia) and G. Uraltsev (University of
Arkansas). Just over a century ago, the now-famous Ising
model emerged as a powerful and mathematically rigorous
emulation of ferromagnets and their phase transitions. The
Ising model, which consists of a large lattice of coupled ±1-
valued spins, is the simplest example of a spin model. In
the latter, the spins may be valued in some other compact
space (such as a circle, sphere, flag manifold, etc), and the
symmetry group of that space plays a definitive role in the
analysis of the model. In fact, only a few spin models (such
as the Ising model and the XY model) are fully understood
in the thermodynamic limit, and those examples all have
abelian symmetry groups. Crucially, the existence of the
thermodynamic limit for a spin model is contingent on a
Griffiths-Kelly-Sherman (GKS) inequality, whose proof re-
mains elusive in the non-abelian cases. In this talk we
will describe our recent work on general spin models with
arbitrary (compact Lie, not necessarily abelian) symme-
try groups. Specifically, we will present a new asymptotic
formula that, thanks to a remarkable property of Kirch-
hoff polynomials, supports Abdesselams conjecture that
the GKS inequalities are satisfied by a surprisingly wide
class of spin models.
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MS9

Mathematical Analysis of Many-Body Quantum
Simulation with Coulomb Potentials

Efficient simulation of many-body quantum dynamics is
central to advances in physics, chemistry, and quantum
computing. A fundamental question is whether the simu-
lation cost can scale polynomially with system size in the
presence of realistic interactions. In this talk, we focus on
many-body quantum systems with Coulomb interactions,
which play a central role in electronic and molecular dy-
namics. We prove that first-order Trotterization for such
unbounded Hamiltonians admits a polynomial dependence
on the number of particles in the continuum limit, with
a convergence rate of order 1/4in contrast to prior Trot-
ter analyses for bounded operators, which diverge in this
limit. The result holds for all initial wavefunctions in the
domain of the Hamiltonian. This 1/4-order rate is opti-
mal, as previous work shows that it can be saturated by
the ground state of the hydrogen atom. Moreover, higher-
order Trotter formulas do not improve the worst-case scal-
ing. We also discuss additional regularity conditions on the
initial state under which the original Trotter convergence
rate can be recovered. The main analytical challenges arise
from the many-body structure and the singular nature of
the Coulomb potential.

Di Fang
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MS9

A Static Quantum Embedding Scheme Based on
Coupled Cluster Theory

We provide a systematic evaluation of the sample-based
quantum diagonalization (SQD) method for electronic
structure based on the W4-11 thermochemistry dataset,

comprising 124 total atomization, 83 bond dissociation,
20 isomerization, 505 heavy-atom transfer, and 13 nu-
cleophilic substitution processes, covering diverse bonding
situations and reaction mechanisms. This is the largest
study assessing the accuracy and precision of a quantum-
hybrid algorithm on a digital quantum device across a va-
riety of molecular systems and chemical reactions, using
16.85 hours on the superconducting quantum processor
ibm rensselaer and 724.22 node hours on the supercom-
puter AiMOS. To ensure a fair comparison, our study em-
ploys commensurate resource allocation for both classical
and quantum simulations. Although SQD exhibits large
statistical deviations from ground-state reference energies,
energy extrapolations yield CCSD-level accuracy. While
bond-breaking reactions show a systematic improvement as
computational resources increase, nucleophilic substitution
or heavy atom transfer reactions do not. The limitations
quantified in this manuscript indicate opportunities for im-
provement in SQD-based algorithms. This work provides
a benchmark and community resource for exploring new
quantum algorithms and devices, supported by an online
benchmark challenge and an open-source Python library
for direct comparison.
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MS9

Fault-Tolerant Block Encoding for Second-
Quantized Hamiltonians

Block encoding is a central technique used in quantum
simulation to provide information about physical systems
of interest. We would like to begin with recent develop-
ments in block encoding for quantum many-body system
Hamiltonians, as well as block encoding of expansions. We
will then discuss a key subroutine of block encoding, state
preparation, and its recent progress. Finally, we would like
to discuss current developments in fault-tolerant block en-
coding.
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MS9

A Quantum-Classical Neural Network for Long-
Term Time Series Forecasting

Quantum machine learning (QML) is a promising direc-
tion for exploring practical quantum advantage. One of the
main components of QML, quantum kernels, is believed to
provide rich representations of classical data by embedding
it into high-dimensional Hilbert spaces. However, not ev-
ery dataset is expected to benefit from quantum kernels, as
shown by Huang et al. in Power of data in quantum ma-
chine learning where the authors proposed a kernel testing
framework for classification tasks. In this work, we adapt
their method to assess the potential advantage of quantum
kernels on regression tasks, with a focus on multivariate
time series forecasting. With the results from prescreening,
we then implement two hardware-efficient hybrid quantum-
classical machine learning models. The first model uses a
data-reuploading circuit to construct a quantum feature
map for datasets with strong autoregressive structure. For
datasets that require nontrivial cross-feature correlations,
we replace the self-attention mechanism in TimeXer, one of
the state-of-the-art models for time series forecasting, with
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quantum counterparts. Our results show good agreement
between the prescreening and model evaluations, suggest-
ing that quantum kernel analysis can help identify datasets
where quantum components are more likely to be useful.
They also demonstrate the feasibility of hybrid machine
learning models for multivariate time series problems.

Hanjing Xu
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MS10

Co-Designing Performance-Portable Solvers for
Multiscale Materials Modeling

Multiscale modeling of structural materials seeks to estab-
lish quantitative links between microstructure (e.g., precip-
itates, interfaces, defects) and macroscopic mechanical per-
formance. For materials design and deployment, thousands
of simulations must be performed across microstructural
states and loading conditions, while resolving fine-scale fea-
tures that govern failure and rare events. Traditional ap-
proaches combine efficient solvers with semi-analytical or
data-driven homogenization to reduce computational cost.
Although effective, these approximations introduce infor-
mation loss, limit experimental validation, and increase
predictive uncertainty. To overcome these limitations,
a DOE SciDAC collaboration between Nuclear Energy
and Advanced Scientific Computing is developing next-
generation FFT-based micromechanical solvers designed
for performance portability and scalability. We present the
current state of algorithms and implementations, identify
key bottlenecks in large-scale FFT-based mechanics codes,
and introduce a new architecture that separates mathe-
matical specification from hardware-specific optimization.
Leveraging SPIRAL to generate platform-tuned kernels,
the framework enables efficient execution on distributed-
memory systems and multi-GPU architectures. This work
demonstrates how close collaboration between domain sci-
entists and computing experts enables modernization of
high-value materials codes, balancing portability, perfor-
mance, and scientific fidelity for next-generation multiscale
simulations.
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MS10

Need For Speed: FFT-Based Material Science Ker-
nels

A number of partial differential equations (PDEs) used in
material science applications related to nuclear engineering
(molten salt simulation or plasma simulation) can be effi-
ciently done via (pseudo-)spectral solvers that center on the
fast Fourier transform. However, efficiently solving these
problems requires “across-the-stack’ understanding of the
problem, its symmetries and degrees of freedom, and how
to map them to modern hardware, including AI/ML accel-
erators without FP64 support. In this talk we discuss the
“across-the-stack’ challenges and how we bring together a
team of researchers from the various abstraction layers to
convene a community interested in advancing the state-of-
the-art. The talk serves as setup for the minisymposium
and update on recent advances in the FFTX/SpectralPack

work.
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MS10

Tiles, Bricks, and Layouts to Reduce Data Move-
ment in Structured Grid Computations

Data movement is the dominant execution and energy cost
across the application workloads in data centers and su-
percomputers. Programming at the tile level has become
a popular strategy for optimizing data movement for both
deep learning and general structured grids, using Triton,
cuTile, bricks, and fine-grained data blocks. Expressing
hierarchical data and thread layouts, mostly designed with
matrix processors in mind, facilitates automatic code gen-
eration that further raises the level of abstraction in such
code. In this talk, we will describe prior work on Brick-
Lib supporting fine-grained data blocks and active research
on HashBrick for sparse structured grids. We will connect
these concepts with emerging hardware features and future
demands on programming systems to reduce data move-
ment in optimizing structured grids.
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MS10

Semantics Lifting for Performance Portability

Modernizing legacy scientific application code for emerg-
ing architectures requires both performance portability and
maintaining correctness as implementations evolve across
platforms and optimization layers. Many high-value sci-
entific kernels encode complex numerical behavior and
domain-specific assumptions that become difficult to re-
cover once expressed in low-level optimized implementa-
tions. As a result, modernization efforts often risk obscur-
ing algorithmic intent and introducing subtle correctness
issues. This talk presents a stepwise semantics lifting ap-
proach for recovering high-level structure from legacy sci-
entific kernels. Using an extended SPIRAL framework, the
method combines symbolic execution and theorem prov-
ing to statically derive high-level semantics from low-level
implementations. The resulting lifting process provides a
structured path for verifying correctness while extracting
algorithmic structure that can guide transformations and
retargeting across architectures.

Naifeng Zhang
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MS11

Time-Evolving Subspaces with Dynamical Matrix
and Tensor Low-Rank Approximations for Fluid
Flows

Dynamical low-rank approximation based on time-
dependent bases (TDB) is an emerging dimension reduc-
tion and reduced-order modeling framework that enables
solving high-dimensional dynamical systems on manifolds
of low-rank matrices and tensors. Recent applications of
TDB underscore its potential in addressing a wide spec-
trum of fluid mechanics challenges, ranging from flow sta-
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bility analysis and uncertainty propagation in unsteady
flows to simulations of turbulent flows and combustion. A
defining characteristic of TDB is that the subspaces evolve
with the flow, capturing highly transient dynamics while
achieving a significant reduction in dimension. Another
distinguishing feature is the ability to derive the evolution
equations for TDB directly from the model, bypassing the
need for data generation. In this talk, we cover several ex-
ample applications of TDB for unsteady flows, including
new developments based on adaptive interpolation meth-
ods for cost-effective solution of TDBevolution equations.
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MS11

Transient Growth and Nonlinear Breakdown of Op-
timal Wavelet-Based Resolvent Modes in Turbu-
lent Channel Flow

Transient amplification plays a central role in wall-bounded
turbulence, yet most resolvent analyses rely on Fourier
modes that obscure time-local dynamics. Here, I present a
time-localised resolvent framework that directly captures
transient growth events in turbulent flow. Using a win-
dowed, wavelet-based formulation of the resolvent oper-
ator (Ballouz et al., J. Fluid Mech., 2024), we compute
principal forcing modes that are localized in time and op-
timally amplified by the linearised NavierStokes equations.
These modes are injected into a turbulent minimal flow
unit to examine how transient linear amplification inter-
acts with nonlinear turbulence. For the dominant spatial
wavenumbers, the optimal forcing takes the form of stream-
wise rolls that generate streaks exhibiting transient growth
and decay. At early times and near the wall, the turbulent
response closely follows the predicted resolvent response
mode. However, nonlinear interactions limit growth and
induce premature decay, with stronger forcing leading to
faster energy dissipation. Despite this, the principal forc-
ing mode amplifies near-wall streaks far more effectively
than random forcing or suboptimal modes. By quantifying
nonlinear energy transfer during breakdown, we show that
energy is consistently redirected into spanwise-oscillatory
secondary structures, revealing a robust pathway through
which transiently amplified streaks are reabsorbed into the
turbulence.
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MS11

Gradient-Based Model Reduction for Transient
Nonlinear Dynamics

Reduced-order models (ROMs) can fail when they group
together full-order states that produce different outputs.
Any choice of reduced variables induces fibers — sets of
full-order states indistinguishable in the reduced coordi-
nates and therefore treated as identical by the ROM. Iden-
tifying appropriate fibers is essential for modeling tran-
sient dynamics near, but not confined to, low-dimensional
manifolds. These fibers are difficult to identify using data-

driven methods, especially when dynamically important
directions exhibit small variance due to fast dynamics or
nonnormal sensitivity. Instead, gradients of future outputs
with respect to the current state, computed using auto-
matic differentiation or adjoint equations, reveal directions
relevant for prediction. Motivated by this observation, we
introduce Covariance Balancing Reduction using Adjoint
Snapshots (CoBRAS), a class of methods uniting balanced
truncation and active subspaces, to identify reduced-order
modeling variables and oblique projections that minimize
output variance along the resulting fibers. We describe
applications of CoBRAS to forecasting, extreme event pre-
diction, and extensions to reduced-order optimal control,
with demonstrations on several challenging spatiotemporal
partial differential equations.
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MS11

Parametric Analysis of Locally Optimal Subspaces
on the Grassmann Manifold for Fluid Flow Model-
ing and Prediction

The dynamics of fluid flows are described by partial dif-
ferential equations, including NavierStokes equations, im-
plying that the trajectory of a fluid-flow state evolves in a
very high-dimensional space. On the other hand, we have
long expected that the dominant behavior of fluid flows can
be captured by a significantly lower-dimensional subspace.
Modal analysis has revealed that the dominant modes can
be extracted from a large-scale dataset obtained by high-
fidelity numerical simulations or experiments, motivating
the development of reduced-order models (ROMs). A ma-
jor challenge of ROMs is that they often fail to reproduce
flow fields at parameter values (e.g. Reynolds number)
different from those used for extracting dominant modes
because the extracted modes are valid only at the flow pa-
rameter associated with the training data. In this study, we
consider a parametric mode representation on the Grass-
mann manifold where the subspace at a specific parameter
is treated as an element of the manifold. The representa-
tion of the subspace variation as a curve on the Grassmann
manifold provides not only a framework for parametric
ROMs but also a geometric perspective for analyzing the
relationship between flow dynamics at different parameter
values and the variation of dominant flow features during
transient processes. We discuss the sensitivity of the sub-
space with respect to flow parameters and the applicability
of the parametric ROM based on the Grassmann manifold.
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Tohoku University
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MS12

Well-Posedness and Transmission Eigenvalues for
Penetrable Biharmonic Scattering

We study biharmonic wave scattering by a penetrable ob-
stacle in an infinite two-dimensional KirchhoffLove plate,
assuming the plate thickness is small relative to the inci-



2026 SIAM Annual Meeting (AN26)	                                                    4342 AN26 Abstracts

dent wavelength. In the frequency domain, the problem is
governed by the biharmonic wave equation. Using an oper-
ator factorization approach, the direct scattering problem
is reformulated as a coupled boundary value problem for
the Helmholtz and modified Helmholtz equations, leading
to well-posedness and reciprocity results. We further an-
alyze the associated transmission eigenvalue problem for
biharmonic scattering, proving the existence and discrete-
ness of transmission eigenvalues and establishing the mono-
tonicity of the first transmission eigenvalue with respect to
the refractive index. Numerical experiments illustrate and
validate the theoretical findings.

Rafael Ceja Ayala
Arizona State University
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MS12

Low-Rank Generalized Tensor-on-Tensor Regres-
sion and Applications

We introduce the Generalized Tensor-on-Tensor Regres-
sion model (GToTR), a novel modeling framework that
extends the Generalized Linear Model (GLM) and Tensor-
on-Tensor Regression (ToTR) for regression problems in-
volving tensor data, i.e., multidimensional arrays. As
with GLMs, GToTR allow a linear model to relate ex-
pected responses to covariates via a link function, provid-
ing flexibility in solving problems beyond typical identity
link/Gaussian-response regression. Similarly, as in ToTR,
GToTRs allow for tensor covariates and responses by lever-
aging their tensor structure that is often discarded when
the data is vectorized and modeled entry-wise using scalar-
response GLMs. GToTR combines both approaches, thus
making parameter inference possible in situations where a
large sample size would otherwise be necessary for a well-
posed inference problem. Instead, we impose low-rank ten-
sor structure on the GToTR parameter tensor, thus requir-
ing fewer samples, and leading to a well-posed inference
problem. Here, we extend GLM and ToTR to GToTR, in-
troduce an algorithmic framework for solving the GToTR
inference problem when the Canonical Polyadic (CP) low-
rank structure is imposed on the GToTR parameter tensor,
and illustrate multiple uses of GToTRs on simulated and
real-world application data.

Daniel M. Dunlavy, Carlos Llosa, Richard B. Lehoucq,
Tian Ma
Sandia National Laboratories
dmdunla@sandia.gov, cjllosa@sandia.gov, rble-
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MS12

A Proximal Point Galerkin Method for Mani-
fold Constrained Optimization: Application to the
Isometry Constraint

Following the seminal work of Friesecke–James–Muller,
certain nonlinear plate models can be recast as energy min-
imization problems under an isometry constraint (the first
fundamental form of the surface has to be the identity ma-
trix). Bartels and subsequent authors have proposed to
approximate the minimizers of such constrained problems
by using a gradient flow with a tangent space update, which
creates two issues. First, a preprocessing step is needed in
order to satisfy the boundary conditions and produce an
initial guess “close enough” to being an isometry. Second,
each step of the gradient flow gives an update that a little
bit further away from being an isometry. In this paper, we

propose a different approach based on the Proximal Point
algorithm as they have recently been used for convex con-
straints by Keith et al. This method leverages available
knowledge about the Stiefel manifold and Riemannian ge-
ometry in order to have a much more efficient method.
First, no preprocessing step is needed, which saves a lot
of computational time. Second, we show that at each step
of our computation, the method produces an update that
is exactly an isometry at the barycentre of each cell. Fi-
nally, we demonstrate on several standard numerical exam-
ples that the method requires less iterations and provides a
much smaller isometry defect when compared to previous
methods.
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MS12

Nuclear Security: The Intersection of Diagnostics
and Analysis

The Department of Energy employs scientists, mathemati-
cians, and engineers to work on problems ranging from
renewable energy resources to global climate change. How-
ever, unbeknownst to many people is the fact that the De-
partment of Energy is also the nations overseer of our nu-
clear weapons program, nuclear non-proliferation, nuclear
emergency response, and nuclear power for the U.S. Navy.
In this presentation, some of the scientific research inter-
ests of the Department of Energy will be highlighted, with
a focus on measurement diagnostics and analysis for sub-
critical experiments in support of the Stockpile Steward-
ship Program at the Nevada National Security Site: the
nations premier explosives laboratory.
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Nevada National Security Sites
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MS14

New Frontiers of Bayesian Inverse Problem

Data science techniques like dictionary learning and matrix
factorizations are computationally efficient alternatives to
machine learning and neural network-based approaches for
taking advantage of prior and model-based information in
problems with forward models too complex to be used in
traditional optimization settings. Furthermore, hierarchi-
cal Bayesian methods can be very effective for promoting,
e.g., sparsity of the dictionary representation, to incor-
porate desired properties in dictionaries, or for designing
factorization techniques with factor matrices with desired
characteristics. The effectiveness of combining data science
and hierarchical Bayesian models will be illustrated with
computed examples.

Daniela Calvetti
Case Western Reserve Univ
Department of Mathematics, Applied Mathematics and
Statistic



44	 2026 SIAM Annual Meeting (AN26)AN26 Abstracts 43

dxc57@case.edu

Erkki Somersalo
Case Western Reserve University
ejs49@case.edu

MS14

Variational Sequential Optimal Experimental De-
sign

We present variational sequential optimal experimental de-
sign (vsOED), a framework for constructing optimal fi-
nite sequences of experiments under a Bayesian decision-
theoretic formulation with information-based utilities. The
method introduces a one-point reward representation com-
bined with variational posterior approximations, yielding
a tractable lower bound on the expected information gain.
To solve for the optimal design policy, we develop numeri-
cal algorithms based on an actor-critic architecture, includ-
ing explicit derivations of policy and variational gradients
for joint optimization of the design strategy and poste-
rior approximation. Flexible density representations such
as Gaussian mixtures and normalizing flows enable accu-
rate posterior approximation. The framework naturally ac-
commodates nuisance parameters, implicit likelihoods, and
multiple competing models, and it supports different design
objectives, including parameter estimation, model discrim-
ination, and goal-oriented prediction, as well as weighted
combinations of these criteria. We illustrate vsOED on
a range of test problems, demonstrating improved sample
efficiency relative to existing sequential design strategies.
This is joint work with Wanggang Shen and Jiayuan Dong.
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MS14

Recent Advances in Optimal Experimental Design

Modern advances in scientific machine learning have had
significant impact on the development of optimal exper-
imental design (OED). This talk surveys recent progress
in the field of OED, at the interface of Bayesian inverse
problems and uncertainty quantification. We will highlight
the key theoretical and computational advances as well as
emerging challenges in the field.

Ruhui Jin, Ruhui Jin
Johns Hopkins University
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MS15

Mixed Precision Algorithms for Imaging and In-
verse Problems

In recent years a substantial amount of work has been
done on developing mixed-precision algorithms for linear
systems, methods that can exploit capabilities of modern
GPU architectures. However, very little work has been
done for ill-conditioned problems that arise from large-scale
inverse problems. Special considerations, which normally
do not arise when solving well-conditioned problems, such
as incorporating regularization into the developed meth-
ods, need to be considered. In this talk we consider the
use of low-precision, regularized preconditioners in Krylov

subspace methods.
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MS15

A Unified Perspective on Microlocal Artifacts in
Limited Data Tomography and Inverse Problems

We use microlocal analysis to provide a unified frame-
work for understanding how and why artifacts arise in fil-
tered backprojection-type reconstruction methods for lim-
ited data tomography. We assume the forward operator,
F , is a Fourier integral operator. Our results are valid for a
broad range of tomography problems, including X-ray CT,
sonar, radar, seismic imaging, and Compton tomography.
We provide a paradigm that depends on the properties of
F and its canonical relation to describe each type of mi-
crolocal artifact that can appear. We will provide sample
reconstructions illustrating our results.
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MS15

Spotlight Inversion, a Projection Method for
Model Reduction in Imaging

It is a common situation in imaging applications that the
imaging data depend on parameters of secondary interest
which may have a strong effect on the reconstruction of the
image of interest. As an example, in local tomography, the
image of primary interest may be a small region of inter-
est, or spotlight, while the attenuation data depend on the
absorption coefficient in the whole imaging region. In this
talk, a purely linear algebraic approach for filtering out the
nuisance parameters is represented, and its connections to
Bayesian image analysis are discussed. Of particular in-
terest is also the connection to a more general question of
modeling errors in the forward map that often propagate as
significant artifacts in the reconstructed image. Computed
examples include X-ray tomography and non-linear elec-
trical impedance tomography (EIT). The talk is based on
collaborative work with Daniela Calvetti, Nuutti Hyvnen,
and Ville Kolehmainen.
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MS16

Fractional Mean Field Games of Controls

Mean field games model competition in a large population
of rational agents. In this setting, each individual mini-
mizes a cost based on the probability distribution of player
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states. A mean field game of controls is a particular class
where the cost for each agent depends not only on the dis-
tribution of states, but also of optimal strategies. In this
talk I will focus on a mean field game of controls with a
nonlocal diffusion, which models a game where the state
of players can jump. By deriving a priori estimates on so-
lutions and applying them with the Leray-Schauder fixed
point theorem, I will establish existence of solutions to the
system.
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Baylor University
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MS16

Modelling Crime Response to Deterrence: Exis-
tence of Solutions, Optimal Policies, and Fairness

In this talk, we will discuss a recent work investigating how
rational agents decide whether or not to commit a crime in
response to potential punishment, and the social ramifica-
tions of the punishment details. The agents’ decisions are
based on a utility calculation, influenced by a judge who
sets a society-wide threshold corresponding to the likeli-
hood of an individual being found guilty and a legislator
who sets a society-wide punishment level. We study how
the overall crime rate is influenced by the judges thresh-
old and the legislators punishment level, propose an ob-
jective function for the judge and legislator to minimise,
and study the optimal threshold and punishment levels for
this objective. We then consider the case in which the
overall society is subdivided into multiple social ”groups”
with varying characteristics, introducing a constraint on
fairness in treatment between the groups. We study how
an optimal threshold and punishment level might be cho-
sen under this fairness constraint, what ramifications the
constraints have on outcomes for individuals, and under
what circumstances the constrained optimum agrees with
the unconstrained optimum.
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MS16

Economic Agglomeration and Spatial Solow Mod-
els with Labor Migration

Solow models with spatial features such as labor migration
and wealth distribution provide a natural mathematical
framework for studying economic agglomeration – the un-
even geographic concentration of economic activity driven
by mobility, interaction, and local production. In this talk,
I present recent advances in spatial Solow models where
agglomeration appears as spatially concentrated patterns.
Using tools from bifurcation theory and perturbation anal-
ysis, we show how migration intensity, wealth mobility, and
the structure of the production function determine the on-
set and shape of these patterns. These results offer a math-
ematical explanation of how local economic interactions
can lead to large-scale concentration.

Qi Wang
Howard University
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MS17

Performance Comparison of Weak Form and Clas-
sical Methods for ODE System Inference

Parameter inference and state estimation for dynami-
cal systems governed by Ordinary Differential Equations
(ODE) remains a fundamental problem of interest across
scientific and engineering disciplines. The performance of
any given method for inference can depend strongly on
the underlying problem characteristics, including system
stiffness, measurement noise, and data sparsity. We com-
pare weak form scientific machine learning methods against
other traditional and modern approaches across a suite of
canonical dynamical systems. By evaluating these methods
under varying conditions of stiffness, noise, and sampling
density, we provide practical guidance on method selection
for real-world applications.

Jackson Krebsbach, David M. Bortz, David M. Bortz,
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University of Colorado Boulder
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MS17

Occupation Kernel Hilbert Spaces for Learning
Nonlinear Systems

This talk gives a theoretical framework for a new Hilbert
space of functions, the so called occupation kernel Hilbert
space (OKHS), that operates on collections of signals
rather than real or complex numbers. To support this
new definition, an explicit class of OKHSs is given through
the consideration of a reproducing kernel Hilbert space
(RKHS). This space enables the definition of nonlocal op-
erators, such as fractional order Liouville operators, as well
as spectral decomposition methods for corresponding frac-
tional order dynamical systems. In this manuscript, a frac-
tional order DMD routine is presented, and the details of
the finite rank representations are given. Significantly, de-
spite the added theoretical content through the OKHS for-
mulation, the resultant computations only differ slightly
from that of occupation kernel DMD methods for integer
order systems posed over RKHSs.
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MS17

A Statistical Weak Form Approach to Parameter
Estimation and Inference

The Weak-form Estimation of Non-linear Dynamics
(WENDy) framework is a recently developed approach
for parameter estimation of systems of ordinary differen-
tial equations (ODEs). Prior work demonstrated WENDy
to be robust, computationally efficient, and accurate. In
2025, we extended our algorithm to accommodate ODEs
that are nonlinear-in-parameters and to more general noise
distributions. In 2026, we developed new techniques that
make our estimators consistent. Furthermore, we devel-
oped a Bayesian framework tofacilitate the use of priors for
the parameters. This work includes automatically defining
so-called objective priors.Bayesian WENDy (BENDy) isa
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much-needed extension to the existingweak form parame-
ter estimation and inference algorithms.
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MS17

Streaming Compression of Scientific Data Through
Surrogate Modeling

The production of scientific data, either via simulation or
experiments, is undergoing a stage of exponential growth,
which makes data compression important and often nec-
essary for storing and utilizing large scientific data sets.
As opposed to classical offline compression algorithms
that perform compression on a readily available data set,
streaming compression algorithms compress data online
while the data generated from simulation or experiments
is still flowing through the system. This feature makes
streaming compression algorithms well suited for scientific
data compression, where storing the full data set offline is
often infeasible. In this talk, we will discuss a new stream-
ing compression algorithm, streaming weak-SINDy, which
takes advantage of the underlying data characteristics dur-
ing compression. Time permitting, we will also explore
other weak-form approaches to the streaming compression
problem.

Benjamin Russo
Riverside Research
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MS18

Truncated Kernel Windowed Fourier Projection:
A Fast Algorithm for the 3D Free-Space Wave
Equation

We present a spectrally accurate fast algorithm for evalu-
ating the solution to the scalar wave equation in free space
driven by a large collection of point sources in a bounded
domain. With M sources temporally discretized by Nt

time steps of size ∆t, a naive potential evaluation at M
targets on the same time grid requires O(M2Nt) work.
Our scheme requires O((M + N3 logN)Nt) work, where
N scales as O(1/∆t), i.e., the maximum signal frequency.
This is achieved by using the recently-proposed windowed
Fourier projection (WFP) method to split the potential
into a local part, evaluated directly, plus a smooth history
part approximated by an N3-point equispaced discretiza-
tion of the Fourier transform, where each Fourier coeffi-

cient obeys a simple recursion relation. The growing os-
cillations in the spectral representation (which would be
present with a naive use of the Fourier transform) are con-
trolled by spatially truncating the hyperbolic Green’s func-
tion itself. Thus, the method avoids the need for absorbing
boundary conditions. We demonstrate the performance of
our algorithm with up to a million sources and targets at
6-digit accuracy. We believe it can serve as a key compo-
nent in addressing time-domain wave equation scattering
problems.
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MS18

Adaptive Mesh and Algorithm Refinement: A Case
Study

Traditionally, Adaptive Mesh Refinement (AMR) has been
used as a technique to adapt the resolution of a simulation
within a domain while solving the same equations at dif-
ferent levels of refinement. More recent work has extended
the concept of AMR to allow different representations of
the physics at different levels. As an example, we consider
the dynamics of random walkers under the influence of an
external potential, which can be described by a stochastic
partial differential equation (SPDE) known as the Dean-
Kawasaki equation. However, the SPDE description breaks
down when the local number density is sufficiently small.
We can construct a hybrid algorithm that solves the SPDE
when the number density is large but dynamically switches
to a particle description when the number density is small.
In this talk we will describe the algorithm with a focus on
the coupling between the different models using traditional
AMR methodology and present some numerical examples
illustrating the behavior of the algorithm.
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MS18

On Corrections for Mixed Precision Runge-Kutta
Methods

Performing computations in low precision can yield
speedups of 4x or greater, though this often comes at the
cost of reduced accuracy. To address this tradeoff, we an-
alyze mixed precision additive Runge Kutta (MP ARK)
methods. These methods reduce the computational bur-
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den of expensive implicit stages by utilizing cheaper, low
precision arithmetic. The explicit stages are then executed
using high precision, which provides a necessary correction
to the implicit stages and helps recover overall accuracy.
While additional explicit corrections in high precision may
be used to improve the accuracy even further, they can
have an impact on numerical stability. We propose various
stable correction strategies and present numerical experi-
ments to validate our findings.
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MS18

Validation of a Grid-free Framework for Numeri-
cally Simulating Flow Through Permeable Bound-
aries

Intravenous drug delivery, migrating cells, and wastewa-
ter filtration all rely on the dynamics of partial fluid pas-
sage through a permeable membrane at the microscopic
scale. We describe a grid-free approach that uses regular-
ized forces and regularized source/sink pairs to model per-
meability. We present model validation and convergence
analysis for flow through permeable membranes in various
scenarios, including channel flow in two and three dimen-
sions and permeable spheres under tension. Recent work
focuses on calibration of numerical parameters and vali-
dation of the framework using the exact solution for flow
through permeable infinite channels.
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MS20

Structural Identifiability in Gaussian Graphical
Models

Gaussian graphical models are a key area of research in
Algebraic Statistics where the dependence structure be-
tween jointly normal random variables is determined by a
graph. In this talk, I will present the problem of struc-
tural identifiability in Gaussian DAG models. I will show
how imposing symmetry conditions on the model param-
eters can guarantee identifiability. Building on prior work
by Peters and Bhlmann and by Wu and Drton, we estab-
lish structural identifiability under homogeneous structural
coefficients, as well as for a broader class of models with
partially homogeneous structural coefficients called BPEC-
DAGs. In the end, I will present an analogue of the GES
algorithm for learning BPEC-DAGs and evaluate its per-
formance on real datasets.
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MS20

Causal Discovery Under Mean Independence and
Linearity

Causal discovery methods such as LiNGAM identify causal
structure from observational data by assuming mutually in-
dependent disturbances. This assumption is fragile: shared
volatility, common scale effects, or other forms of depen-
dence can cause the methods to recover the wrong causal
order, even with infinite data. We introduce the Lin-
ear Mean-Independent Acyclic Model (LiMIAM), which
replaces full independence with weaker one-sided mean-
independence restrictions on the disturbances. Under
finite-order consequences of these restrictions, source nodes
are generically identifiable, and hence a compatible causal
order can be recovered recursively. Our proof is construc-
tive and leads to DirectLiMIAM, a sequential residual-
based algorithm for causal discovery under dependent
noise. In simulations with mean-independent but depen-
dent disturbances, DirectLiMIAM outperforms LiNGAM
methods. A large-scale empirical application to the oil
market highlights the implausibility of the independence
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assumption and the ability of DirectLiMIAM to recover
a realistic causal ordering, from policy to production and
prices to inflation.
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MS20

Identifiability and Dimension of Polynomial Neural
Networks

Modern AI systems are often built around trained neural
network models. Mathematically, these define highly over-
parameterized families of functions. A central question in
understanding such models is identifiability: when does
a models observable inputoutput behavior uniquely deter-
mine its parameters, up to inherent symmetries? This talk
presents several identifiability results for polynomial neu-
ral networks. Parts of this talk are joint work with Bella
Finkel, Chenxi Wu and Thomas Yahl, as well as Kevin
Dao.
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MS20

Algebraic Identifiability in Independent Compo-
nent Analysis Mixture Models

We discuss Independent Component Analysis mixture mod-
els, which are non-parametric extensions of the celebrated
family of Gaussian mixtures. We show when the mixing co-
efficients, linear transformations, and source moments (up
to order d) can be recovered, up to a finite class, from the
moments of the observed distribution. In particular, when
the mixing coefficients are known, the maximum number
of mixture components one can hope for while retaining
algebraic identifiability is asymptotic to cnd−2 for some
positive constant c. For d ≥ 3, we prove algebraic iden-
tifiability for up to Γd mixture components, where Γd is
asymptotic to cnd−2 when d = 3 and d ≥ 5, and Γd is
asymptotic to 1

2
cnd−2 when d = 4.
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MS21

Using Spectral Structure of the Forward Problem

to Regularize and Accelerate the Inverse Problem

In this work, we show an effective strategy for solving in-
verse problems when the corresponding (linear) forward
map from unknowns to measurements has a spectral gap.
This spectral structure typically implies a well-defined sig-
nal space defined by the underlying physics or measure-
ment data. The key point is to analyze the structure and
estimate the dimension of the signal space from the for-
ward model. Then, one can invert the corresponding lin-
earized problem efficiently in the signal space using ran-
dom algorithms. This means that one can implement New-
ton’s methods efficiently for the original nonlinear inverse
problem with physics or measurement based regulariza-
tion. This strategy can improve stability, accelerate con-
vergence, and reduce computational cost significantly com-
pared to first order methods, such as gradient decent or
adjoint methods. Inverse scattering problems will be used
to demonstrate our strategy.
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MS21

Bayesian Inference for Latent Gaussian Models
Governed by PDEs

Latent Gaussian Models describe a wide range of prob-
lems in which an observed variable depends on an unknown
parameter with a Gaussian prior and on some additional
hyperparameters. Bayesian inference methods have been
developed that marginalize out the dependence on the hy-
perparameters in a fast and accurate way when the de-
pendence of the data on the parameter is governed by a
simple operator. PDE governed inverse problems pose ad-
ditional challenges, since existing methods do not account
for problems for which evaluating the forward model is the
most computationally expensive step. In this talk we will
present a method for marginalizing hyperparameters effi-
ciently for linear PDE governed problems using low-rank
approximation of the prior-to-posterior precision update.
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MS21

Parametric Hyperbolic Conservation Laws: A Uni-
fied Framework for Conservation, Entropy Stabil-
ity, and Hyperbolicity

In this talk, we will discuss a parametric hyperbolic con-
servation law (SymCLaw) for learning hyperbolic systems
directly from data while ensuring conservation, entropy
stability, and hyperbolicity by design. Unlike existing ap-
proaches that typically enforce only conservation or rely on
prior knowledge of the governing equations, our method
parameterizes the flux functions in a form that guaran-
tees real eigenvalues and complete eigenvectors of the flux
Jacobian, thereby preserving hyperbolicity. At the same
time, we embed entropy-stable design principles by jointly
learning a convex entropy function and its associated flux
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potential, ensuring entropy dissipation and the selection
of physically admissible weak solutions. A corresponding
entropy-stable numerical flux scheme provides compatibil-
ity with standard discretizations, allowing seamless inte-
gration into classical solvers. We will present numerical
experiments on a range of benchmark problems to demon-
strate the accuracy, stability, and physical consistency of
the proposed framework.

Lizuo Liu
Dartmouth College
lizuo.liu@dartmouth.edu

Lu Zhang
Rice University
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Dartmouth College
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Anne.E.Gelb@Dartmouth.edu

MS21

Inverse Problem of Photoacoustic Imaging with
Multi-Photon Absorption

We study forward and inverse problems for a semilinear
radiative transport model where the absorption coefficient
depends on the angular average of the transport solution.
Our first result is the well-posedness theory for the trans-
port model with general boundary data, which significantly
improves previous theories for small boundary data. For
the inverse problem of reconstructing the nonlinear absorp-
tion coefficient from internal data, we develop stability re-
sults for the reconstructions and unify an L1 stability the-
ory for both the diffusion and transport regimes by intro-
ducing a weighted norm that penalizes the contribution
from the boundary region. The problems studied here are
motivated by applications such as photoacoustic imaging
of multi-photon absorption of heterogeneous media.

Yimin Zhong
Auburn University
yzz0225@auburn.edu

MS22

Quantitative Propagation of Chaos and Universal-
ity for Asymmetric Langevin Spin Glass Dynamics

We obtain quantitative estimates on quenched propagation
of chaos for Langevin spin glass dynamics with i.i.d. disor-
der. Prior work in the case of Gaussian disorder established
the qualitative convergence of the law of a single spin to
a deterministic McKean-Vlasov limit. We prove conver-
gence rates in expected Wasserstein distance and quanti-
tative concentration rates for Lipschitz observables under
the assumption that the disorder satisfies the T2 inequal-
ity. The proof uses a coupling argument, together with
techniques from concentration of measure, filtering theory,
and Malliavin calculus

Manuel Arnese, Kevin Hu
Columbia University
ma4339@columbia.edu, kjh2189@columbia.edu

MS22

Asymptotic Behavior of the Intermediate Order
Statistics of Large Mean-Field Systems and Sta-

tistical Estimations

We study the asymptotic behavior of the intermediate or-
der statistics of a system ofN real-valued diffusive particles
with mean-field interaction in the drift. Our focus is on the
intermediate order statistics with ranks k(N), 2k(N), and
4k(N) for k(N) → +∞ with k(N)/N → 0 as N → +∞.
We show that under reasonable assumptions, the N → +∞
weak limit of the appropriately normalized intermediate or-
der statistics is the same for both the interacting particles
and for N independent copies of a solution to the corre-
sponding McKean-Vlasov equation (propagation of chaos).
This asymptotic behavior enables us to show weak consis-
tency and asymptotic normality of the Pickands estimator
with interacting particles. This allows us to estimate the
extreme value index when we only observe the system of
interacting particles.

Nikolaos Kolliopoulos
University of Michigan
nkolliop@umich.edu

Evan Holly
Cornell University
egh67@cornell.edu.

MS22

Universal Basic Income in a Financial Equilibrium

Universal basic income (UBI) is a tax scheme that uni-
formly redistributes aggregate income amongst the entire
population of an economy. In this talk, I will discuss the ex-
istence of an equilibrium in a model that implements UBI.
The economic agents choose the proportion of their time to
work and earn wages that can be used towards consump-
tion and investment in a financial market with a traded
stock and annuity. A proportion of the earned wages is
uniformly distributed amongst all agents, leading to inter-
connectedness of the agents decision problems, which are
already dependent on one another through the financial
market. The decision problems are further entangled by
Nash perceptions of labor; the agents respond to the labor
choices of others and act upon their perceived income in
their decision problems. The effects of a UBI policy are an-
alyzed with respect tolabor market participation, the stock
market, and welfare

Kim Weston
Rutgers University
kimberly.weston@gmail.com

MS23

Cycle Index Polynomials and Graph Zeta Func-
tions in Quantum Information Theory

Cycle index polynomials of the symmetric group arise nat-
urally in quantum information theory whenever one stud-
ies properties of a density matrix through its moments.
In my work, these polynomials appear as the exact ana-
lytical form of acceptance probabilities for quantum sepa-
rability and mixedness tests, providing a direct connection
between symmetric group combinatorics and entanglement
detection. I will explain how this structure extends further
through the introduction of a graph zeta function asso-
ciated to a density matrix, whose coefficients generate the
corresponding cycle index polynomials and encode spectral
invariants of the state. This perspective provides a unify-
ing framework linking moment-based entanglement crite-
ria, separability tests associated with the PPT condition,
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and recent symmetry-based approaches to quantum error
correction. The talk will focus on the mathematical role of
symmetric functions, Newton identities, and determinant-
based generating functions, illustrating how tools from al-
gebraic combinatorics and special function theory natu-
rally organize quantum information quantities. The goal
is to highlight a recurring mathematical theme: cycle in-
dex polynomials and zeta-function constructions provide
a common language for describing entanglement, spectral
structure, and symmetry in quantum systems.

Zachary P. Bradshaw
QodeX Quantum
zak@qodexquantum.ai

MS23

Transition Asymptotics for the Real Solutions of
the Sinh-Gordon Painlev III

We consider solutions of the sinh-Gordon Painlev III equa-
tion

uxx +
1

x
ux = sinhu

that are real on (0,∞). They are parametrized by the

monodromy parameter p ∈ C, |p| > 1, and an additional
real parameter sR when p = ∞. We describe the transition
between singular solutions (|p| < ∞) and smooth solutions
(p = ∞), as x → +∞ and p → ∞ given that 2ℑ(p) = −sR.
This talk is based on joint work with Maxim Yattselev.

Kenta Miyahara
Department of Mathematical Sciences
Indiana University Indianapolis
kemiya@iu.edu

MS23

On Hypergeometric-type Solutions of Linear Dif-
ferential Equations

A key feature of many classical linear differential equa-
tions is that their series solutions’ coefficients are gener-
ated by two-term recurrence relations, which ensures their
solvability and allows for closed-form expressions. What
structural properties should such differential equations pos-
sess? Which other differential equations exhibit these char-
acteristics? What are closed-form solutions to these ‘other’
equations? In this talk, we address these questions and fur-
ther investigate the structural features of linear differential
equations whose series solutions admit three-term recur-
rence relations. This analysis provides some insights into,
for example, the quasi-exact solvability of linear differen-
tial equations. The question of exploring similar charac-
teristics of second-order linear difference equations is also
addressed.

Nasser Saad
School of Mathematical and Computational Sciences
University of Prince Edward Island
nsaad@upei.ca

MS24

Orthogonal Polynomials, Matrix Models, and Map
Enumeration

The interplay between combinatorics of maps, matrix mod-
els, and orthogonal polynomials has an almost 50 year his-
tory. The main link is that the free energy (log of the

partition function) has an asymptotic expansion whose co-
efficients acts as generating functions for the number of
maps of a given genus (with prescribed degree sequence).
By studying critical phenomena (i.e., studying the places
where this asymptotic expansion breaks down), one can
probe the large-vertex asymptotics of these graphs, and ob-
tain results along the lines of Bender, Gao, and Richmond
(2008), which characterize these asymptotics in terms of
a special Painlevé I transcendent. An important general-
ization of the unitary invariant ensembles is the 2-matrix
model, which arose in the physics literature in the mid-
80s. The combinatorial interest in this model arises from
the fact that the free energy of this model now enumerates
2-colored maps, in a certain sense. This links this model
to the study of the Ising model on random maps. In this
talk, I will try to explain the connection of the 2-matrix
model to problems in combinatorics of 2-colored maps. I
will also present some preliminary results (joint work with
Maurice Duits and Seung-Yeop Lee) on a special critical
phenomena in the 2-matrix model, which physically corre-
sponds to the Ising phase transition on random maps, and
gives rise to a special higher-order Painlevé transcendent.

Nathan Hayford

Royal Institute of Technology (KTH)
nhayford@kth.se

MS24

Asymptotic Analysis of Some Multiple Orthogonal
Polynomials Arising in the Six-vertex Model

I will discuss the analysis of some mixed-type multiple or-
thogonal polynomials arising in applications. These poly-
nomials have the following property which may be of inde-
pendent interest: the odd part of the polynomial times a
weight satisfies its own orthogonality condition.

Karl Liechty
DePaul University
Department of Mathematical Sciences
kliechty@depaul.edu

MS24

Q-Deformation of the Marchenko-Pastur Law

This talk explores the rich interplay between q-orthogonal
polynomials and combinatorics. Our primary goal is to
compute the asymptotic distribution of the roots of q-
Laguerre orthogonal polynomials. A key feature of this
model is that the density of states undergoes a phase tran-
sition governed by a parameter λ. Below a critical thresh-
old λc, the density of states is supported on a compact
interval within (0, 1). Above this threshold, a saturated
region emerges where the density of states matches the up-
per constraint 1

λx
. We compute this density across both

regimes, utilising two complementary approaches:

1. The Moment Method: We explicitly calculate the mo-
ments of the limiting density by introducing the novel
concept of Laguerre histories.

2. Large Deviation Principle (LDP): We establish that
the sequence of empirical measures satisfies an LDP,
explicitly characterise the underlying rate function,
and compute its minimiser.

Guido Mazzuca
Tulane University
gmazzuca@tulane.edu
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MS25

Recent Developments and Applications of a Quan-
tum Algorithm for Nonlinear Partial Differential
Equations

We review recent work done with collaborators related to
a quantum algorithm for solving nonlinear partial differ-
ential equations (QPDE). We briefly describe the QPDE
algorithm, highlighting its hybrid classical-quantum na-
ture. We then discuss quantum circuits that implement
the three quantum oracles appearing in the QPDE al-
gorithm so that it is now fully specified using quantum
circuits. We also discuss a recent version of the QPDE
algorithm that implements an implicit time development
scheme which is needed for applications in radiation hy-
drodynamics. Finally we present two recent applications
of the QPDE algorithm: (1) single and multi-soliton so-
lutions of the Korteweg-deVries PDE in 1, 2, and 3 spa-
tial dimensions; and (2) incorporating finite volume, high
accuracy, shock stabilization methods into Euler equation
solutions with and without shocks.

Frank Gaitan
Lawrence Livermore National Laboratory
gaitan5@llnl.gov

MS25

Time-parallel Multiple-Shooting for Optimal Con-
trol of Quantum Dynamics

Optimal control of quantum systems is a central task in
quantum computing, where carefully shaped control pulses
steer qubits to implement desired operations. Mathemati-
cally, this leads to nonlinear optimal control problems con-
strained by time-dependent Schrdinger dynamics. Even
for systems of only a few qubits, simulations involve long
time horizons and stiff dynamics, making conventional se-
quential optimization slow and computationally costly. I
will present a time-parallel multiple-shooting approach for
quantum control based on multiple-shooting. By partition-
ing the time horizon into shorter segments, the method
enables independent propagations to be computed con-
currently while enforcing consistency through matching
conditions. I will show how this approach reduces time-
to-solution, its scalability on high-performance computing
platforms, and its potential to enable the design of faster
and more accurate multi-qubit operations.

Stefanie Guenther
Lawrence Livermore National Laboratory
guenther5@llnl.gov

MS25

Quantum Stochastic Collocation - A Provably Con-
vergent Summation-by-parts Quantum Algorithm
for Uncertainty Quantification

We present a quantum algorithm for uncertainty quantifi-
cation leveraging stochastic collocation (SC), where time
integration of the semi-discrete form is accomplished using

the linear combination of Hamiltonian simulations (LCHS)
approach. The resulting algorithm enables the solution
of parameterized random partial differential equations by
encoding the collocation nodes and weights directly into
quantum evolution operators. The spatial discretization is
constructed using summation-by-parts (SBP) operators to
approximate spatial derivatives, and simultaneous approx-
imation terms (SATs) to weakly impose boundary con-
ditions and inter-element coupling. The combination of
SBP-SAT results in provably stable semi-discrete forms.
Practical implementation of the LCHS algorithm requires
approximating the matrix exponential; here we consider
the Chebyshev expansion method and first prove that cou-
pling this time integrator with the SBP-SAT semi discrete
form results in a convergent fully discrete algorithm. Next,
we prove that we can leverage these components to con-
struct a convergent LCHS algorithm. We present an im-
plementation of our algorithm as an explicit quantum cir-
cuit and provide rigorous complexity estimates. To verify
the proposed approach, we classically simulate the quan-
tum algorithm to perform convergence studies and ana-
lyze the impact of our approximations on the numerical
error. This work establishes a pathway for performing un-
certainty quantification on fault tolerant quantum comput-
ers with asymptotic speedup when compared to classical
approaches.

Gaia Noseworthy
University of Waterloo, Canada
gaia.noseworthy@uwaterloo.ca

MS25

Practical Block Encodings of Matrix Polynomials
That Can Also Be Trivially Controlled

Quantum circuits naturally implement unitary operations
on input quantum states. However, non-unitary opera-
tions can also be implemented through block encodings,
where additional ancilla qubits are introduced and later
measured. While block encoding has a number of well-
established theoretical applications, its practical imple-
mentation has been prohibitively expensive for current
quantum hardware. In this paper, we present practical and
explicit block encoding circuits implementing matrix poly-
nomial transformations of a target matrix. With standard
approaches, block-encoding a degree-d matrix polynomial
requires a circuit depth scaling as d times the depth for
block-encoding the original matrix alone. By leveraging
the recently introduced Fast One-Qubit Controlled Select
LCU (FOQCS-LCU) framework, we show that the addi-
tional circuit-depth overhead required for encoding matrix
polynomials can be reduced to scale linearly in d with no
dependence on system size or the cost of block encoding
the original matrix. Moreover, we demonstrate that the
FOQCS-LCU circuits and their associated matrix poly-
nomial transformations can be controlled with negligible
overhead, enabling efficient applications such as Hadamard
tests. Finally, we provide explicit circuits for representa-
tive spin models, together with detailed non-asymptotic
gate counts and circuit depths.

Roel Van Beeumen
Lawrence Berkeley National Laboratory
rvanbeeumen@lbl.gov

MS26

FFTX and GX A Case Study in Performance
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Portability in a Fusion Application Code

GX is a GPU-native code for modeling gyrokinetic tur-
bulence in tokamaks and other fusion reactors. As a
part of its spectral discretization, a convolution using Fast
Fourier Transforms (FFTs) is an important part of GXs
algorithmic and performance footprint. While GX devel-
opers have depended on vendor library FFTs for perfor-
mance, this presents portability challenges which strain the
already-stretched resources available to a scientific com-
munity code, while also providing potentially sub-optimal
performance relative to a fully customized integrated al-
gorithm. The FFTX framework provides a set of mathe-
matical abstractions that allow it to function as a domain-
specific language (DSL) for FFTs and spectral discretiza-
tions more broadly, while using a code-generation capabil-
ity provided by Spiral to support performance portability
and tuning. We present a case study of the use of FFTX
as a mathematically-informed DSL to implement the entire
convolution operation in GX as a single integrated algo-
rithm, enabling improved throughput and portability rel-
ative to vendor-library implementations, with consequent
increases in developer productivity through the automation
of performance portability and tuning. We present results
which demonstrate the effectiveness of our approach, and
discuss lessons learned which may be useful in the broader
context of scientific computing applications.

Peter McCorquodale, Dan Martin
Lawrence Berkeley National Laboratory
PWMcCorquodale@lbl.gov, dfmartin@lbl.gov

MS26

MathDx: NVIDIA Device Extension Libraries

The MathDx package is a comprehensive collection of
NVIDIA device extension libraries that empower CUDA
developers to run advanced mathematical operations di-
rectly inside their GPU kernels, leveraging kernel fusion
for maximum efficiency and flexibility. These libraries are
crafted to work seamlessly together, providing a unified so-
lution for high-performance computations, data processing,
and random number generation all without unnecessary
host-device data transfers. MathDx delivers performance
portability across hardware generations, abstracting low-
level GPU architecture details so developers can focus on
algorithms rather than hardware-specific tuning.

Sanil Rao
CMU
sanilr@nvidia.com

MS26

Performance-Portable Abstractions in Julia and
Python

The “two-language problem’ remains a challenge for post-
exascale computing era: high productivity languages like
Python and Julia traditionally sacrifice performance com-
pared to C++, Fortran, and low-level models such as
Kokkos or OpenMP. This talk highlights emerging solu-
tions that narrow this gap. We present two frameworks for
heterogeneous architectures:

� Mojit: A Python abstraction built on the Mojo
ecosystem.

� JACC JuliaforACCelerators: A unified interface for
executing Julia kernels across diverse hardware back-
ends.

Our evaluation shows that while hand-tuned C++ or For-
tran still holds a slight edge, the gap is increasingly neg-
ligible for many scientific workloads. JACC and Mojit
deliver strong productivity-to-performance ratios, offering
practical alternatives to traditional low-level approaches.
By adopting these portable abstractions, developers can
maintain expressivity while operating near peak hardware
performance.

Keita Teranishi
Oak Ridge National Laboratory
teranishik@ornl.gov

MS27

Limit Cycle Induced Phase Autoencoder for Syn-
chronization Dynamics in Transient Flows

Understanding the phase dynamics of high dimensional
fluid flows is crucial for flow control and synchronization.
We present a physics informed phase autoencoder that
maps complex flow fields to a low dimensional latent space
governed by the normal form of the Stuart-Landau equa-
tion. Unlike approaches that assume linear latent evolu-
tion, our architecture constrains trajectories to a super-
critical Hopf bifurcation, explicitly learning the topological
parameters of the limit cycle. This structure allows us to
extract the asymptotic phase and Phase Sensitivity Func-
tion (PSF) directly from the data via both automatic differ-
entiation and analytical derivations from the learned ODE
parameters, bypassing computationally expensive adjoint
solvers. We validate this method on the vortex shedding
dynamics of flow over a backward-facing step. The model
accurately captures the limit cycle and the phase dynamics
of the flow while also maintaining the ability to accurately
reconstruct the spatial data. These results demonstrate a
robust, data-driven framework for characterizing synchro-
nization properties in transient fluid flows.
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MS27

Transient Causal Modal Analysis of Aerodynamic
Flows with Information-Theoretic Convolutional
Learning

Aerodynamicists have aimed to capture dominating fea-
tures of flow fields to understand complex unsteady flow
and aerodynamic phenomena. Indeed, our eyeballs have
persistently sought the causal relationship between vorti-
cal structures and aerodynamic forces. To grasp such an
aerodynamic causal relationship in an interpretable man-
ner, we propose information-theoretic convolutional learn-
ing that provides a time-varying modal structure causally
related to the future aerodynamic response. The current
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convolutional neural network-based approach provides spa-
tially continuous modes, which has been challenging to
achieve with conventional techniques. Furthermore, a low-
order submanifold representing informative vortical struc-
tures and the aerodynamic coefficient is identified. The
proposed technique is applied to a range of aerodynamic
flow examples, including extreme vortex-gust airfoil inter-
action, experimental measurements of transverse jet-wing
interaction, and a turbulent separated wake. We reveal the
causal relationship between vortical structures and the lift
dynamics relying only on flow data and information met-
rics. This work may contribute not only to a deeper un-
derstanding of unsteady aerodynamics but also to offering
causal insights into modeling and controlling fluid flows.
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MS27

Optimal perturbations in extreme gust-airfoil en-
counters

Small vehicles flying in extreme environments can en-
counter large gusts, leading to massive lift fluctuations and
flow separation. Flight in these conditions is challenging
as the gust ratio (a ratio of the gust to flight velocity)
approaches O(1). Unfortunately, there are few studies at
high gust ratios. Here, we bridge this gap by investigat-
ing the stability of gust encounters around NACA0012 air-
foils. Stability is typically investigated by considering the
asymptotic behavior of the equations linearized about a
steady flow. We can not take this approach due to the un-
steady nature of gust-airfoil encounters. Instead, we study
the transient growth of perturbations about the gust-airfoil
encounters using nonmodal stability analysis. In this anal-
ysis, we consider the transient growth of three-dimensional
perturbations to two-dimensional laminar flows. We per-
form a spanwise Fourier decomposition and compute opti-
mal perturbations (i.e., the largest growing perturbations)
at each wavenumber. Low-wavenumber perturbations to
gust-airfoil encounters grow orders of magnitude larger
than perturbations to an airfoil or a gust alone (at Reynolds
numbers greater than 300). This dramatic increase in per-
turbation size occurs due to strong amplification in the
vortex dipole that appears after the gust impinges on the
leading-edge of the airfoil surface. Finally, we add the op-
timal perturbation to the nonlinear simulation, which dra-
matically decreases the lift fluctuations.

Alec Linot
University of Massachusetts Amherst
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MS27

Cluster-Based Latent Control of Unsteady Fluid
Flows

We present a data-driven framework for low-order analy-
sis and control of transient fluid flows. A variational au-
toencoder (VAE) is used to learn a low-dimensional, in-
terpretable manifold that captures nonlinear transient dy-
namics in high-dimensional flow fields. Unsupervised clus-
tering in the latent space identifies dynamically meaningful
anchor states corresponding to coherent flow regimes. The
control objective is formulated as steering the system from
arbitrary initial conditions to a prescribed target cluster
state. Discrete control actions are associated with transi-
tions between clusters, and Bayesian optimization deter-
mines energetically efficient control sequences that drive
the system toward the desired state. Demonstrations on
canonical flows, including low Reynolds number cylinder
and airfoil wake configurations, show that the framework
reliably reaches specified cluster states while minimizing
actuation energy. Preliminary results on aeroelastic flows
suggest that steering toward stable clusters can modulate
transient instability growth.

Aditya Nair
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MS28

Numerical Methods for High-Frequency Waves and
Eikonal Equations in Forward and Inverse Prob-
lems

High-frequency waves arise in seismic imaging, optics, and
tomography, where strong oscillations and multiscale be-
havior create significant computational challenges. In this
talk, I will begin with a brief introduction to the mathemat-
ical foundations of high-frequency wave propagation, geo-
metric optics, and eikonal equations. I will then present re-
cent advances in numerical methods for forward wave equa-
tions, including Hadamard integrators for efficient time-
and frequency-domain propagation, as well as computa-
tional approaches for eikonal problems on complex geome-
tries. Finally, I will discuss how these developments con-
nect naturally to inverse problems and wave-based imag-
ing.

Shingyu Leung
Hong Kong University of Science and Technology
masyleung@ust.hk

MS28

Butterfly Algorithms for Compressing Tensors in
High-frequency Wave Problems

Butterfly algorithms, in their original matrix forms, have
been successful in handling large-scale integral and differ-
ential operators for solve high-frequency wave equations.
For example, the discretization of Green’s function on a nd

spatial grid leads to an operator matrix of size nd × nd,
which can be compressed and manipulated by butterfly



54	 2026 SIAM Annual Meeting (AN26)AN26 Abstracts 53

algorithms in O(nd log n) complexity. That said, matrix
algorithms do not fully exploit the redundancy in degree
of freedoms in the higher-dimensional space and tensor al-
gorithms can be considered. In this talk, I will discuss
our recent work in P. M. Kielstra et al., Multiscale Model.
Simul., 2025, which can be considered as the extension
of butterfly algorithms from matrix to tensor. The ten-
sor butterfly algorithm relies on Tucker decomposition of
judiciously selected subtensors and nested construction of
the factor matrices in each Tucker decomposition. It can
achieve O(nd) complexity with significantly smaller pref-
actors than matrix butterfly algorithms. In contrast, other
existing tensor algorithms such as hierarchical Tucker, CP,
Tensor-train will lead to superlinear complexities. This is
a joint work with P Michael Kielstra, Tianyi Shi, Hengrui
Luo, and Jianliang Qian.

Yang Liu
Lawrence Berkeley National Laboratory
liuyangzhuan@lbl.gov

MS28

Approximately Kinematic Waveform Inversion
Methods

High-frequency asymptotics of waves connects kinematic
(transit time) and dynamic (waveform) aspects of wave
propagation. Inverse problems for both aspects of wave
propagation are important in seismology and other scien-
tific fields in which waves play a central role. The common-
est formulations of kinematic and dynamic inverse wave
problems, via nonlinear least squares and variants, appear
unrelated and exhibit quite different numerical behaviour.
In particular, mean square transit time error has a priori
nothing to do with data frequency content, whereas mean
square waveform error depends strongly on frequency, so
that low-to-high frequency continuation has become a rou-
tine element of practical waveform inversion algorithms.
However, other objective functions for dynamic inversion
do measure travel-time error in the high frequency limit -
that is, they are approximately kinematic. For example,
Adaptive Waveform Inversion (AWI), produces an objec-
tive function asymptotic to the mean-square transit time
error, in some circumstances. In other circumstances (mul-
tiple ray paths) this relation fails, and the AWI objective
appears to be as strongly frequency dependent as mean
square waveform error. A formulation based on synthetic
antenna data, on the other hand, is asymptotic to a non-
standard kinematic objective (so is approximately kine-
matic) even when multiple wavefronts, related to multiple
ray paths, appear in the data.

William Symes
Rice University
symes@caam.rice.edu

MS28

High Order Absolutely Convergent Fast Sweep-
ing Methods with Multi-resolution WENO Local
Solvers for Eikonal and Factored Eikonal Equations

In this paper we develop high order fast sweeping meth-
ods with multi-resolution WENO local solvers for solving
Eikonal equations, an important class of static Hamilton-
Jacobi equations. Based on such kind of multi-resolution
WENO local solvers with unequal-sized sub-stencils, itera-
tion residues of the designed high order fast sweeping meth-
ods can settle down to round-off errors and achieve the
absolute convergence. In order to obtain high order accu-

racy for problems with singular source-point, we apply the
factored Eikonal approach developed in the literature and
solve the resulting factored Eikonal equations by the new
high order WENO fast sweeping methods. Extensive nu-
merical experiments are performed to show the accuracy,
computational efficiency, and advantages of the new high
order fast sweeping schemes for solving static Hamilton-
Jacobi equations.
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MS29

Neuroscience Models for Neuromorphic Comput-
ing

Mathematical modeling of neuroscience data has been in-
strumental in advancing our understanding of how funda-
mental aspects of brain function, including neural dynam-
ics and animal behavior, emerge from the biophysical prop-
erties of individual neurons. In this talk, I will explore how
such models are being used not only to deepen neuroscience
understanding but also to guide the development of neu-
romorphic emulations of key biological computations. His-
torically, neuromorphic computing has been motivated by
the relatively low power requirements of biological brains.
By abstracting detailed biological data into compact de-
scriptions of biological computation, mathematical neu-
roscience models play a crucial role in achieving energy-
efficient large-scale computations.

Frances Chance
Sandia National Laboratories
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MS29

Pattern Formation in a Non-Reciprocal Cahn-
Hilliard Equation

We consider a non-reciprocally coupled Cahn-Hilliard
(NRCH) equation recently proposed by Brauns and
Marchetti in 2024 as a minimal model for mass-conserving
non-reciprocal dynamics. Focusing on the sharp interface
limit, we derive a Mullins-Sekerka type reduction which
describes the time evolution of the interface between two
different states. In contrast to gradient dynamics, like the
classical Cahn-Hilliard equation, the NRCH can exhibit
rich dynamic solutions such as traveling wave-trains and
with straight or undulating interfaces. We illustrate how
the sharp interface asymptotics can be used to provide de-
tailed descriptions of these solutions as well as their linear
stability.
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MS29

Mathematical Modeling for Insects and Vector-
Borne Diseases

Mosquito populations are highly dependent on environ-
mental factors such as temperature and precipitation, but
the relationships between these populations and their en-
vironment vary by species and location. We developed
a mathematical and statistical modeling framework for
mosquito population dynamics that enables us to under-
stand the conditions which lead to historical mosquito
population dynamics. This data-driven and process-based
mathematical model for mosquito populations is a hy-
bridization of an integral projection model and a partial
differential equations model, which allows us to capture
the detailed mosquito lifecycle behavior while retaining
the ability for fast computation. Our model results ef-
fectively capture seasonal population dynamics for Culex
mosquitoes in Toronto, Canada and San Diego, California,
USA two distinct geographical locations. We also explore
extensions of this model to other insect pests affecting live-
stock and crops.

Carrie A. Manore
Los Alamos National Laboratory
cmanore@lanl.gov

MS30

A Doubly Stochastic Model of Government Inter-
ventions to Preserve Ecosystems Services in the
Context of Large-scale Industrial Agriculture

Deforestation, driven by industrial agriculture and cat-
tle farming, has significantly impacted communities and
ecosystems across the globe. In this paper, we develop a
discrete-time Markov model to evaluate the effectiveness of
market-based interventions, such as Payment for Ecosys-
tem Services (PES) and taxes, in addressing forest loss
within the context of large-scale agriculture. Specifically,
we focus on how commodity price variability influences de-
forestation decisions. To model these price fluctuations, we
represent agricultural prices as Geometric Brownian Mo-
tion (GBM). By linking commodity price dynamics to land
use transitions, our model aims to provide insight into how
financial mechanisms can slow or stop deforestation. We
find that the structure of the implemented policies have a
large effect even if the total dollar amount across different
structures were to remain constant. Therefore, decision
makers should carefully choose the structure of their poli-
cies depending on their objectives with regards to poverty
alleviation, deforestation prevention, and reforestation in-
centives.

Karma Brame
Howard University
karma.brame@bison.howard.edu

Wendy Calderon
Stony Brook University
wccalderon1@gmail.com

Kaylee Clarke
Mount Holyoke College
kayleeclarke2004@gmail.com

Natalia Negrete

University of La Verne
natalia.negrete@laverne.edu

MS30

Alternatives to the Laplacian for Scalable Spectral
Clustering with Group Fairness Constraints

Recent research has focused on mitigating algorithmic bias
in clustering by incorporating fairness constraints into al-
gorithmic design. Among these, group fairness (balance)
ensures that each protected group is proportionally repre-
sented within every cluster. However, incorporating bal-
ance as a metric of fairness into spectral clustering algo-
rithms has led to computational times that can be im-
proved. Our work was able to enhance the efficiency of
spectral clustering algorithms by reformulating the con-
strained optimization problem using a new formulation
derived from the Lagrangian method and the Sherman-
Morrison-Woodbury (SMW) identity, resulting in the Fair-
SMW algorithm. Fair-SMW employs three alternatives to
the Laplacian matrix achieving clustering solutions with
comparable balance to existing algorithms while offering
improved runtime performance. Achieving an improve-
ment in computation time that is twice as fast as the
state-of-the-art, and also flexible enough to achieve twice
as much balance.

Leonardo Cambisaca
Colgate University
leocambisaca183@gmail.com

Malcolm Dickens
University of Maryland, Baltimore County
madickens69@gmail.com

MS30

Spectral Fusion for Identifying Early State Exclu-
sion in Symmetric Quantum Spin Chains

Perfect state transfer (PST) in one-dimensional quantum
spin chains provides a natural setting in which quantum in-
formation transport can be analyzed using spectral meth-
ods. In the single-excitation subspace, the dynamics of a
chain with nearest-neighbor interactions are governed by a
Jacobi matrix, allowing questions of state transfer to be for-
mulated in terms of eigenvalue distributions and sym- me-
try properties of eigenvectors. In this work, we investigate
the phenomenon of early state exclusion (ESE), whereby
the overlap of the time-evolved state with the initial state
vanishes at a time strictly earlier than the first occurrence
of per- fect state transfer. Building on earlier construc-
tions of Hamiltonians exhibiting PST with and without
ESE, we provide explicit Jacobi matrix realizations for ar-
bitrary odd-length chains and establish general conditions
under which ESE occurs or does not occur. We propose the
process of spectral fusion (SF) to build infinite families of
such Hamiltonians. These results broaden the known class
of spin chains displaying early state exclusion and further
clarify the role of spectral structure of the Hamiltonians.

Mia Escobar
University of Washington, Tacoma
mescob3@uw.edu
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Brown University
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MS30

Guerrero Presentation TBA

To Come

Chloe Guerrero
Emory University
ckg3463@gmail.com

MS31

Edge-Promoting Sequential Bayesian Experimen-
tal Design

This work considers sequential edge-promoting Bayesian
optimal experimental design for X-ray imaging. The pro-
cess of computing a total variation type reconstruction for
the absorption inside the imaged body via lagged diffusiv-
ity iteration is interpreted in the Bayesian framework. As-
suming a Gaussian additive noise model, this leads to an
approximate Gaussian posterior with a covariance struc-
ture that contains information on the location of edges
in the posterior mean. The next projection geometry is
then chosen through A- or D-optimal Bayesian experimen-
tal design, which corresponds to minimizing the trace or
the determinant of the updated posterior covariance that
accounts for the new projection. The method is tested via
numerical experiments based on simulated measurements.

Nuutti Hyvönen
Aalto Univeristy
nuutti.hyvonen@aalto.fi

MS31

Optimal Kernel Learning for Gaussian Process
Models with High-Dimensional Input

Gaussian process (GP) regression is a popular surrogate
modeling tool for computer simulations in engineering and
scientific domains. However, it often struggles with high
computational costs and low prediction accuracy when the
simulation involves too many input variables. For some
simulation models, the outputs may only be significantly
influenced by a small subset of the input variables, re-
ferred to as the “active variables’. We propose an optimal
kernel learning approach to identify these active variables,
thereby overcoming GP model limitations and enhancing
system understanding. Our method approximates the orig-
inal GP model’s covariance function through a convex com-
bination of kernel functions, each utilizing low-dimensional
subsets of input variables. Inspired by the Fedorov-Wynn
algorithm from optimal design literature, we develop an
optimal kernel learning algorithm to determine this ap-
proximation. We incorporate the effect heredity principle,
a concept borrowed from the field of “design and analysis
of experiments’, to ensure sparsity in active variable se-
lection. Through several examples, we demonstrate that
the proposed method outperforms alternative approaches
in correctly identifying active input variables and improv-
ing prediction accuracy. It is an effective solution for in-
terpreting the surrogate GP regression and simplifying the
complex underlying system.

Lulu Kang
University of Massachusetts Amherst

lulukang@umass.edu

MS32

Diffeomorphic Image Registration: Variational and
Deep Learning Approaches

In this talk, we study the problem of enforcing diffeo-
morphic constraints in image registration, with the aim
of providing rigorous guarantees of diffeomorphism for de-
formation fields predicted by deep learning models. We
begin by reviewing classical variational formulations, in
which diffeomorphic mappings are ensured through ana-
lytically well-posed constraints on velocity fields or trans-
formation parameterizations. We then analyze the fun-
damental difficulties that arise when such constraints are
transferred to data-driven models, highlighting the gap be-
tween constraint-satisfying training objectives and the po-
tential loss of diffeomorphic structure at prediction time.
To address this issue, we propose a novel transformation
framework that enforces diffeomorphism at the mathemat-
ical level, independent of network approximation errors.
This framework naturally integrates with generative diffu-
sion equations, enabling stable training in the small-data
regime. We conclude by providing comparative results that
demonstrate the effectiveness of the proposed approach in
delivering provable diffeomorphic guarantees relative to ex-
isting variational and learning-based methods.

Ke Chen
University of Strathclyde
k.chen@strath.ac.uk

MS32

Optical Fourier Transform-Based Preconditioning
for Large-Scale Inverse Problems

FFT-based preconditioners are well established for large-
scale inverse problems, where they are used to efficiently
approximate inverse operators. Optical Fourier transforms,
the analog counterpart to digital Fourier transforms, ex-
ploit light propagation through optical systems and offer
the potential for greater throughput and energy efficiency
than conventional FFT implementations. However, prac-
tical optical systems are inherently imperfect and intro-
duce a variety of physical perturbations and measurement
errors. As a result, optical Fourier transforms can only
provide approximations to their digital counterparts, and
the implications of these inexact transforms for iterative
solvers remain largely unexplored. This work investigates
the use of optical Fourier transforms as replacements for
digital FFTs within preconditioners for regularized least-
squares problems. We simulate optical Fourier transforms
by incorporating optical imperfections and examine how
these errors affect preconditioner quality and convergence
behavior.

Chelsea Drum
Emory University
cndrum@emory.edu

James G. Nagy
Emory University
Department of Math and Computer Science
jnagy@emory.edu

MS32

Hyperspectral Band Selection Via Matrix and Ten-
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sor Low Rankness

Hyperspectral band selection is crucial for reducing data di-
mensionality while preserving essential information. How-
ever, many existing methods face challenges such as high
memory usage and difficulty maintaining inherent spatial-
spectral relationships. In this talk, we present band se-
lection approaches that integrate graph regularization or
3D total variation with matrix/tensor low-rank model-
ing. Using the Alternating Direction Method of Multipliers
(ADMM), we develop efficient algorithms that apply ma-
trix/tensor CUR decompositions to enhance computational
efficiency. Experiments on benchmark datasets show that
our methods outperform state-of-the-art alternatives.

Jing Qin
University of Kentucky
jing.qin@uky.edu

MS32

Enhanced Diffusion-Based Image Super-Resolution
with Perceptual Loss

Diffusion-based image super-resolution (SR) generates
high-resolution (HR) image by starting from noise and de-
noising step by step, guided by a low-resolution (LR) input.
It has wide applications in medical imaging, remote sens-
ing, and other settings where higher resolution is needed.
Most diffusion-based SR methods are trained mainly with
pixel-wise reconstruction losses. However, pixel-wise losses
do not always match human perception, so diffusion-based
SR can miss perceptually important details such as sharp
edges and realistic textures. In this work, we enhance
diffusion-based SR by adding a perceptual loss. We use
a pretrained VGG network as a feature extractor and de-
fine the perceptual loss as the difference between VGG fea-
tures of the ground-truth HR image and the reconstructed
image. Compared to pixel-only loss, this feature-based
loss improves edge sharpness, texture quality, and leads
to faster convergence. The method can be incorporated
into existing diffusion SR frameworks with small changes.
Visual results and quantitative evaluation against repre-
sentative pixel-only loss baselines support the effectiveness
of our approach. This is joint work with Min Wang (Uni-
versity of Houston), Jing Qin (University of Kentucky),
Max Van Fleet (UNC Chapel Hill), Weihong Guo (Case
Western Reserve University), Ying Liang (Duke Univer-
sity), Yifei Lou (UNC Chapel Hill), Pavithra Venkatacha-
lapathy (Texas Tech University).

Chuxiangbo Wang
University of North Carolina at Chapel Hill
chuxianw@unc.edu

MS33

Spatial Pattern Formation and the Evolution of Co-
operative Behavior

Social dilemmas featuring tension between the individual
incentive to cheat and a collective goal to maintain coop-
erative behavior arise across a range of natural and social
systems, from the origins of multicellular life to the sus-
tainable manage of shared natural resources. Evolutionary
game theory provides a helpful analytical framework for de-
scribing this conflict between individual and collective in-
terests, exploring mechanisms that can help the emergence
of cooperative behaviors. In this talk, we discuss several
PDE models for evolutionary games featuring diffusion of
individuals and directed motion towards either increasing

payoff or improved environmental quality. We show that
biased motion of cooperators can promote the formation of
spatial patterns featuring regions with greater population
density and increased average payoffs and environmental
quality in regions in which cooperators have aggregated.
However, by measuring the average payoff of the popula-
tion or the average level of environmental quality across
the population, we see that these pattern-forming mecha-
nisms can actually decrease the overall success of the pop-
ulation, relative to the equilibrium outcome in the absence
of spatial motion. This suggests that payoff-driven and
environmental-driven motion can produce a kind of spa-
tial social dilemma, in which biased motions towards more
beneficial regions can produce emergent patterns featuring
a worse overall environment for the population.

Daniel Cooney
University of Illinois Urbana-Champaign
dbcoone2@illinois.edu

MS33

Multiscale Modeling and Simulation of Urban
Crime Dynamics

We present a multiscale framework for modeling and simu-
lation of urban crime dynamics that integrates agent-based
models with continuum partial differential equation (PDE)
descriptions obtained through mean-field limits. The base-
line system captures the coupled evolution of environmen-
tal attractiveness and criminal density, reproducing the
emergence and persistence of crime hotspots through non-
linear feedback mechanisms. We further extend the mod-
eling framework to incorporate additional response and
interaction mechanisms that influence criminal activity
across spatial and temporal scales. Using both agent-based
and PDE simulations, we investigate how these mecha-
nisms affect hotspot formation, stability, and spatial re-
distribution in heterogeneous urban environments. The
framework supports realistic geometries and spatial vari-
ability, including simulations on the city of Chicago. To-
gether, these results demonstrate how integrated multiscale
modeling and simulation provide a flexible computational
platform for studying complex urban crime dynamics and
for enabling future data-driven calibration and predictive
analysis.

Baoli Hao
Illinois Institute of Technology
bhao2@hawk.iit.edu

MS33

Stochastic Control Methods for Optimization

In this talk, we investigate a stochastic control framework
for global optimization over both finite-dimensional Eu-
clidean spaces and the Wasserstein space of probability
measures. In the Euclidean setting, the original minimiza-
tion problem is approximated by a family of regularized
stochastic control problems; using dynamic programming,
we analyze the associated Hamilton–Jacobi–Bellman equa-
tions and obtain tractable representations via the Cole–
Hopf transform and the Feynman–Kac formula. For opti-
mization over probability measures, we formulate a regular-
ized mean-field control problem characterized by a master
equation, and further approximate it by controlled -particle
systems. We establish that, as the regularization parame-
ter tends to zero (and as the particle number tends to in-
finity for the optimization over probability measures), the
value of the control problem converges to the global min-
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imum of the original objective. Building on the resulting
probabilistic representations, Monte Carlo-based numeri-
cal schemes are proposed and numerical experiments are
reported to illustrate the practical perspective.

Jinniao Qiu
University of Calgary, Canada
jinniao.qiu@ucalgary.ca

MS34

Bias, Coverage, and Pre-Smoothing in the
WENDy-IRLS Algorithm

The Weak-form Estimation of Nonlinear Dynamics
(WENDy) method is a recently proposed class of param-
eter estimation algorithms that exhibit notable noise ro-
bustness and computational efficiency. We first examine
the bias and coverage properties of the WENDy-IRLS al-
gorithm across five benchmark systems Logistic, Lotka-
Volterra, FitzHugh-Nagumo, Hindmarsh-Rose, and a Pro-
tein Transduction Benchmark under four noise distribu-
tions and noise levels well beyond those previously tested.
This analysis reveals systematic estimator bias that mo-
tivates the second part of this work: improving WENDy
estimator bias through pre-smoothing. Focusing on the
Logistic, Lotka-Volterra, and FitzHugh-Nagumo systems,
we investigate how smoothing window size and data res-
olution affect parameter error under varying noise levels,
with and without padding. We further extend WENDy-
IRLS’s existing covariance correction framework to the pre-
smoothing and investigate its effect on parameter error.

Abhi Chawla, David M. Bortz, David M. Bortz, Vanja
Dukic
University of Colorado Boulder
abhi.chawla@colorado.edu, dmbortz@colorado.edu, dm-
bortz@colorado.edu, vanja.dukic@colorado.edu

MS34

Data Assimilation for Weak SINDy Surrogate
Models

We construct weak SINDy surrogate models to compress
streaming scientific data and explore the utility of addi-
tional sparsely sampled data for reconstructing streaming
scientific data. We use continuous data assimilation as a
tool to combine information from the weak SINDy sur-
rogate model and sparsely sampled data in the data re-
construction process. We investigate the relation between
weak SINDy surrogates and data sampling strategies and
discuss how the choice of sampling strategies leads to dif-
ferent compression performance.

Paul Laiu
Oak Ridge National Laboratory
laiump@ornl.gov

MS34

Data-Driven MPC via WSINDy for Plasma, Drone
Control, and Chaotic Systems

In science and engineering, strong nonlinearities, noise, and
computational constraints often challenge traditional con-
trol approaches. Thanks to recent advances in data-driven
system identification methods, which have been shown as
powerful techniques that provide fast, interpretable, par-
simonious models, many model predictive control (MPC)
applications have flourished. In this work, we present the
WSINDy with actuation inputs (WSINDYc) within a MPC

framework, which enables a more robust identification of
the equations of motion, particularly when data is under
high noise levels, compared to baseline methods. As a
result, it leads to more efficient control. We assess the
capabilities of the WSINDY-MPC framework in different
dynamical systems, including fusion data, drone tracking,
and the Lorenz system. The results show that the proposed
framework achieves superior performance in different met-
rics, such as noise presence, prediction horizon, and state
tracking error.

Cristian López
University of Colorado Boulder
cristian.lopezruano@colorado.edu
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MS34

Ensemble Wsindy for Data Driven Discovery of
Governing Equations from Laser-Based Full-Field
Measurements

This talk covers recent work that leverages laser vibrome-
try and the weak form of the sparse identification of non-
linear dynamics (WSINDy) for partial differential equa-
tions(PDEs) to learn macroscale governing equations from
full-field experimental data. In the experiments, two beam-
like specimens, one aluminum and one particulate compos-
ite, are subjected to shear wave excitation in the low fre-
quency regime and the response is measured in the form of
particle velocity on the specimen surface. The WSINDy for
PDEs algorithm is applied to the resulting spatio-temporal
data to discover the effective dynamics of the specimens
from a family of potential PDEs. The discovered PDEs
are of the recognizable Euler-Bernoulli beam model form,
from which the Young’s modulus is recovered for both ma-
terials. An ensemble version of the WSINDy algorithm is
also used, which provides estimates of the uncertainty in
the PDE coefficients and resulting Young’s moduli. Fi-
nally, the discovered PDEs are solved with a finite element
code to compare against the experimental data with rea-
sonable accuracy. Using full-field experimental data and
WSINDy together is a powerful non-destructive approach
for learning unknown governing equations and gaining in-
sights about mechanical systems in the dynamic regime.

Abigail Schmid
University of Colorado Boulder
Los Alamos National Laboratory
aschmid.cu@gmail.com

Alireza Doostan
Department of Aerospace Engineering Sciences
University of Colorado, Boulder
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Fatemeh Pourahmadian
University of Colorado Boulder
fatemeh.pourahmadian@colorado.edu

MS36

Recovering Parameters on Exceptional Sets

The field of numerical algebraic geometry consists of algo-
rithms for numerically solving systems of polynomial equa-
tions. When the system is exact, such as having integer or
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rational coefficients, the solution set is well-defined. When
solving parameterized polynomial systems with parame-
ter values that are not exact due to imprecision in mea-
surement or prior computations, the structure of the so-
lution set can change. This talk will describe methods
to robustly recover nearby parameters corresponding to
the desired structure for solutions at infinity, positive di-
mensional components, multiplicity, and irreducible com-
ponents. These methods will be demonstrated through il-
lustrative examples and problems arising from the kine-
matics of mechanisms and robots.

Emma Cobian
Rose-Hulman Institute of Technology
cobian@rose-hulman.edu

MS36

Lagrangian Dual Sections

This talk discusses joint work with Venkat Chan-
drasekaran, Jose Israel Rodriguez, and Kevin Shu, where
we initiate the study of Lagrangian dual sections. This the-
ory gives rise to sufficient conditions for the ”hidden con-
vexity” of certain nonconvex optimization problems. No-
table examples include spectral inverse problems and cer-
tain unbalanced Procrustes problems. As an additional
bonus, when the constraint set is a compact Riemannian
manifold, the Lagrangian formulation allows us to solve
these problems using a numerical continuation algorithm
based on Riemannian gradient descent.

Timothy Duff
University of Missouri
USA
tduff@missouri.edu

MS36

Computing Complements of Real Hypersurfaces
using Pseudo-Witness sets

Many hypersurfaces in algebraic geometry, such as the dis-
criminants of a parametrized polynomial system, arise as a
projection of another variety. The existing methods of com-
puting the real complements of these hypersurfaces use the
defining equation of the projection. Accessing this equa-
tion is often computationally prohibitive. In this talk, we
describe a method to compute the chambers of the real
complement of a hypersurface given by the projection of
a variety, by using pseudowitness sets. We conclude by
demonstrating the efficiency of our method on several in-
teresting examples.
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Germany
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Western University
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MS36

Equilibrium Configurations in the Planar n-Vortex
Problem Using Numerical Algebraic Geometry

The n-vortex problem, a classical topic linking fluid dynam-
ics and celestial mechanics, examines the motion and equi-
librium of point vortices in an ideal fluid. This project fo-
cuses on relative equilibria where vortices rotate uniformly
while preserving their configuration. Previous work has
been done to find all possible configurations for n ¿= 4.
To confirm and expand these results, homotopy continua-
tion methods within numerical algebraic geometry can be
applied to these nonlinear systems. This talk will give ex-
amples for the 3- and 4-vortex cases, as well as new results.
This is joint work with Gareth Roberts and Nicholas Ce-
sario.

Margaret H. Regan
College of the Holy Cross
Worcester, MA USA
reganmar@gvsu.edu

MS37

Finding Equilibria of Small Networks of Linear
Springs

We use tools from nonlinear algebra to study the equilib-
ria of small linear spring networks. We describe two con-
structions for a system of polynomials from a given spring
network. We use the techniques of homotopy continuation,
monodromy, and parameter homotopy (a.k.a. cheater ho-
motopy) to solve these systems of polynomials and com-
pute the equilibria of all rigid linear spring networks with
5 nodes or fewer.
We describe a method of implementing parameter homo-
topy that arises naturally from the physical structure of
the system. We give precise total degree bounds for gen-
eral planar spring networks on the maximum number of
solutions and compare the computation efficiency of each
of these techniques against a baseline of Newton’s method
for spring networks of various sizes.

Ethan W. Clayton, Luke Oeding
Auburn University
ewc0025@auburn.edu, oeding@auburn.edu
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MS37

Integrating Plasticity into Bioinspired Neural Net-
works Leads to Interpretable and Safe Learning
Systems

The core approach underlying recent advances in artifi-
cial intelligence is training black-box models called artifi-
cial neural networks (ANNs). Using nonlinear activation
functions, large ANNs can approximate complex functions.
However, biological neurons can do something more. The
XOR operation, which can only be achieved by a two-layer
ANN, can be performed in a single biological neuron. Cap-
turing key features of neural computation may lead to more
powerful ANN models. We have previously shown that
Synthetic Nervous Systems (SNSs), a bioinspired ANN, can
be used to design sparse networks. However, the design re-
lied mainly on analytical methods, limiting its application.
In this study, we aim to incorporate plasticity into SNSs,
enabling them to perform learning tasks. We have dis-
cretized the SNS equations and expressed the dynamics as
recurrent neural networks. We then modelled SNSs in ma-
chine learning libraries so that they can be trained using
supervised and reinforcement learning algorithms. To show
the advantages of using SNSs in learning and control, we
trained SNS policies for robotic manipulation tasks. Com-
bined with bio-inspired architecture and network pruning,
we can train highly interpretable SNS controllers in simu-
lation and transfer them to real robots with little tuning.
Moreover, we showed that SNS dynamics can alleviate the
impact of sensory noise. These results suggest that SNSs
with plasticity are a strong candidate for interpretable, safe
machine learning.

Yanjun Li, Rodger Quinn
Case Western Reserve University
yxl2259@case.edu, rdq@case.edu

MS37

Constructing Continuous Manifold Dynamics in
Spiking Neural Networks

Low-dimensional manifolds embedded in high-dimensional
neural dynamics provide a unifying framework for under-
standing computation in biological and artificial neural sys-
tems. We present a class of spiking neural networks that
enables the systematic construction of continuous mani-
folds supporting heteroclinic channels, limit cycles, and
discrete state transitions within a single dynamical archi-
tecture. These systems can be designed to realize targeted
flows on manifolds, bridging attractor networks, winner-
take-all circuits, and state-machine-like dynamics in a com-
mon mathematical framework. We demonstrate this ap-
proach in the context of motor control by constructing a
network that generates traveling waves of activity resem-
bling those observed in spinal locomotor circuits. When
coupled to a biomechanical simulation of rat hindlimb lo-
comotion, the resulting dynamics produce stable, coordi-
nated gait patterns and support smooth modulation of
speed and phase relationships. The same underlying archi-
tecture admits reduced descriptions that recover classical
half-center oscillator behavior as a limiting case, clarifying
the relationship between continuous and discrete models
of rhythmic control. Finally, we discuss implementation on
neuromorphic hardware, where spiking realizations of these
networks enable low-power simulation of high-dimensional
systems of coupled differential equations. This framework

connects dynamical systems theory, neural modeling, and
neuromorphic computation, providing constructive tools
for designing neural circuits with prescribed manifold dy-
namics and scalable hardware realizations.

William Nourse, Clayton Jackson, Rodger Quinn
Case Western Reserve University
nourse@case.edu, clayton.jackson@case.edu ¡clay-
ton.jackson@case.edu, rdq@case.edu

MS37

An Overview of Recent Advances in Collaborative
Navigation

The equations that govern the measurement models in col-
laborative multi-vehicle navigation can have multiple lo-
cal maxima for the likelihood of vehicle states (i.e. posi-
tions and orientations). It is generally desirable to find the
best global solution, but it may also be necessary to track
multiple hypotheses. This work explores the challenges
associated with multi-vehicle state estimation by compar-
ing traditional nonlinear optimization approaches based on
Newtons method to nonlinear algebraic approaches based
on homotopy continuation and monodromy. The effects of
various state representations will also be discussed.

Adam Rutkowski
AFRL
adam.rutkowski@us.af.mil

MS38

Recent Advances in the Stability and Uniqueness
of Solutions to Systems of Conservation Laws

In this talk, we will discuss recent developments in the
stability and uniqueness of solutions to 2× 2 conservation
laws in 1-d. We will begin with a Hölder-L2 estimate of
the form

||u(·, τ)− v(·, τ)||L2 < K||u(·, 0)− v(·, 0)||1/2
L2 ,

where v is a small-BV solution and u is a bounded entropic
solution that has a regularity weaker than BV. Two classes
of weak solutions that possess this regularity property are
the small L∞ solutions constructed by Glimm and Lax and
Hölder continuous solutions constructed by convex integra-
tion. The latter are considered due to a recent construction
of Chen, Vasseur, and Yu which produces non-unique con-
tinuous (but not Hölder continuous) solutions to a class
of 2 × 2 conservation laws. Using the Hölder-L2 estimate,
we deduce the uniqueness for the construction of Glimm
and Lax starting from Sobolev initial data. We also have
uniqueness of Cα solutions to 2×2 conservation laws, pro-
vided that α > 1

2
. These results are joint works with Geng

Chen, Jeffrey Cheng, and Sam G. Krupa.

Cooper Faile
The University of Texas at Austin
jcfaile@utexas.edu

Sam Krupa
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MS38

Are L∞ Solutions to Hyperbolic Systems of Con-
servation Laws Unique?

For hyperbolic systems of conservation laws in 1-D, funda-
mental questions about uniqueness and blow up of weak
solutions still remain even for the apparently simple sys-
tems of two conserved quantities such as isentropic Euler
and the p-system. Similarly, in the multi-dimensional case,
a longstanding open question has been the uniqueness of
weak solutions with initial data corresponding to the com-
pressible vortex sheet. We address all of these questions by
using the lens of convex integration, a general method of
constructing highly irregular and non-unique solutions to
PDEs. Our proofs involve computer-assistance. This talk
is based on joint work with Lszl Szkelyhidi, Jr.

Sam Krupa

École Normale Supérieure, Paris, France
sam.krupa@ens.fr

MS38

Conditional Liouville Theorem for the Stationary
Navier-Stokes Equations

We present a novel approach to the Liouville problem for
the stationary Navier-Stokes equations. Under assump-
tions on the growth rate of the antiderivative of the veloc-
ity, we prove that there exists no nontrivial solution to the
three-dimensional stationary Navier-Stokes equation.

Matei P. Coiculescu
Princeton University
coiculescu@princeton.edu

Jincheng Yang
Johns Hopkins University
jincheng@jhu.edu

MS38

Instantaneous Blowup of Incompressible Flow with
Passive Tracer

We construct a family of solutions (u, b) of the incompress-
ible flow with a passive tracer for which both ∥u(t)∥L∞

and ∥b(t)∥L∞ blow up at time T∗. Away from T∗, the solu-
tions remain smooth in both space and time. The argument
adapts the inverse cascade mechanism from [CDP25] to the
presence of an advected scalar, but the passive component
creates a new compatibility constraint: the iteration must
propagate the tracer while preserving the same principal
velocity profiles from one stage to the next. We resolve
it by introducing a simultaneous decomposition lemma for
a symmetric tensor and a vector field. We also show the
existence of an infinitely family of instantaneous blowup
solutions to the 2D MHD system, with critical blowup
rate for the velocity component according to the scaling of
the system. Moreover, the non-uniqueness is sharp in the
sense that it occurs in spaces borderline to L2

tL
∞
x , the end-

point space of the Ladyzhenskaya–Prodi–Serrin type where
uniqueness is known.
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MS39

Deterministic Policy Gradient Learning in Contin-
uous Time Mean Field Control

Continuous-time mean field control aims to learn determin-
istic feedback policies that depend on both an agents state
and the population distribution. However, most existing
continuous-time RL methods use stochastic policies, which
increase variance, slow learning, and complicate deploy-
mentespecially under mean-field coupling. In this paper,
we extend deterministic policy gradients to continuous-
time mean field control. We derive a clean continuous-time
deterministic policy gradient expressed via a mean-field ad-
vantage rate. This concise formulation allows deterministic
policy gradients to be estimated far more efficiently than
usual stochastic policy gradients. Building on this theory,
we propose MF-CT-DDPG, a model-free actor-critic algo-
rithm that allows stable learning in mean-field control. Ex-
periments show improved stability and faster convergence
across tasks with varying discretizations and noise levels.
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MS39

Mean Field Generalization and Optimal Control

In this talk we will consider the problem of learning optimal
controls from a fixed set of training data. We will partic-
ularly consider the situation where controls are parame-
terized by an overparameterized neural network (which we
analyse using the mean-field formalism), but we wish to
control overlearning and the expected out-of-sample per-
formance. We will see that generalization error estimates
allow us to find algorithms yielding good performance, and
see how this works on some practical problems.

Samuel Cohen
University of Oxford, United Kingdom
samuel.cohen@maths.ox.ac.uk

MS39

Implicit Regularization of Early Stopping for Gra-
dient Descent: a Mean Field Control Formulation

It is widely observed that overparameterized neural net-
worksoften with more parameters than training samples-
can interpolate the training data while still generalizing
well. One theoretical approach to this phenomenon studies
the dynamics of gradient-based training. Empirically and
in several settings theoretically, gradient descent is seen
to converge to particular simpler solutions among many
minimizers, a bias commonly referred to as implicit regu-
larization. Early stopping during the training process can
further reduce effective model complexity and often im-
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proves generalization. We adopt the mean-field formula-
tion on wide neural networks, representing the network by
a probability measure over parameters and viewing train-
ing as a gradient flow on Wasserstein space. Building on
this viewpoint, we introduce a mean-field control formu-
lation of the training dynamics. This control perspective,
together with dynamic programming principle, leads to a
mean-field analogue of the Wasserstein-2 distance and pro-
vides a framework for analyzing early stopping and implicit
regularization.
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MS40

Matrix Model for Mixed Multiple Orthogonal
Polynomials

We present a Gaussian Hermitian matrix model whose
eigenvalue density provides a mixed multiple orthogonal
polynomial (MOP) ensemble. This gives a concrete ma-
trix integral for mixed-MOP determinantal processes de-
scribing non-intersecting Brownian motions with general
multi-start/multi-end boundary data. We outline how this
viewpoint can be used for asymptotic analysis, linking
Riemann–Hilbert steepest descent for mixed MOPs with
standard large-n matrix-model tools, and suggesting new
routes to critical regimes.

Maksim Kosmakov
University of Cincinnati
kosmakmm@ucmail.uc.edu

MS40

Orthogonal Polynomials and Mutually Unbiased
Bases

Two interesting phenomena for the construction of quan-
tum states are that of mutually unbiased bases and that of
balanced states. We explore a recently developed approach
to each phenomenon using orthogonal polynomials on the
unit circle. In the case of mutually unbiased bases, we pro-
vide a negative result. In the case of balanced states, we
provide examples of pairs of orthonormal bases and states
that are balanced with respect to them and extensions to
the infinite dimensional setting. This is based on joint work
with Graeme Reinhart.

Brian Simanek
Vanderbilt University
Brian Simanek@baylor.edu

MS40

Some Inequalities About the Norms of Wick Prod-
ucts with Respect to the Poisson Probability Mea-

sure

We review first the definition of Poisson Wick product
in terms of the Charlier polynomials. Then we provide
a formula for the Poisson Wick product involving series.
We find next sharp inequalities concerning the L1 and L2

norms of the Poisson Wick product. Finally, we interpolate
to find (not sharp) inequalities about the other Lp norms
of the Poisson Wick product. This is a joint work with
Alberto Lanconelli from the University of Bologna.

Aurel I. Stan
The Ohio State University at Marion
stan.7@osu.edu

MS41

Quantum Linear Algebra for Classical Convex Op-
timization

We present computational advances in quantum linear al-
gebra for optimization, with a focus on the first numer-
ical demonstrations of Quantum Interior Point Methods
(QIPMs) realized through an open-source software stack
and evaluated both in classical simulation and on real
quantum hardware. The central approach employs Quan-
tum Linear Systems Algorithms (QLSAs) to solve the New-
ton systems arising at each iteration of a classical interior
point method, offering favorable polylogarithmic scaling in
problem dimension. Our experiments address key practical
challenges in this integration, including inexactness inher-
ent to quantum subroutines, sensitivity to ill-conditioning,
and measurement bottlenecks associated with extracting
useful classical information from quantum states. We re-
port empirical scaling behavior across problem instances
and hardware configurations, situating these results within
a rigorous complexity-theoretic comparison between classi-
cal and quantum IPMs and identifying practical conditions
under which quantum acceleration in conic optimization
may be achievable.
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MS41

Super-polynomial Quantum Advantage for Opti-
mization via Continuous Relaxation

Combinatorial optimization is a major target for quantum
algorithms, yet most existing approaches work directly in
the discrete search space and rely on specific problem struc-
tures to achieve provable speedups. In this talk, we discuss
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how continuous quantum optimization algorithms can be
used to provide computational advantage for combinato-
rial optimization by relaxing binary variables to continu-
ous ones. For a cardinality-constrained variant of QUBO,
we formulate a penalty-based continuous relaxation prob-
lem and analyze a hybrid algorithm that combines Quan-
tum Hamiltonian Descent (QHD) for generating warm-
started guesses and classical gradient descent for fast lo-
cal refinement. We show that the proposed algorithm can
find the global minimum of the continuously relaxed prob-
lem in a sub-exponential time, which is super-polynomially
faster than known algorithms in this regime. Our analysis
leverages the Fundamental Gap Theorem for continuous-
variable quantum Hamiltonians, offering a new framework
for establishing practical quantum advantage.

Jiaqi Leng
UC Berkeley
jiaqil@berkeley.edu

MS41

Quantum-Inspired Hamiltonian Descent for LLM
Sparsification

Large language model (LLM) inference incurs substan-
tial computational cost, driven primarily by dense ma-
trix multiplications. Model sparsification aims to reduce
this cost by reconstructing model behavior using sparse
weight matrices. Building on SparseGPT, the sparsifica-
tion process can be formulated as a set of mixed-integer
quadratic programming (MIQP) problems. However, the
scale and volume of these optimization tasks make conven-
tional CPU-based solvers impractical. To address this chal-
lenge, we employ a GPU-native metaheuristic optimization
method, quantum-inspired Hamiltonian descent (QIHD).
QIHD produces near-optimal sparse reconstructions with
significantly lower deviation from the original dense mod-
els than existing approaches, reducing up to 60% of devi-
ation of layer outputs compared to conventional methods
in practice. For small-scale LLMs, QIHD completes post-
training sparsification within fully parallelable 100 GPU
hours, demonstrating its practicality for accurate and scal-
able model pruning. For intermediate-scale LLMs, proper
integration of QIHD and conventional heuristics signifi-
cantly improves the model performance with minimal com-
putational overheads in optimization solving.
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MS41

Continuous-Variable Quantum Algorithms for Dis-
sipative Dynamics: From Pdes to Optimization

Simulating nonlinear differential equations on quantum
computers typically requires Carleman linearization and
fault-tolerant digital hardware. We present an alternative
analog approach using continuous-variable quantum sys-
tems, where classical fields are encoded into coherent states
of bosonic modes. Leveraging the Koopman-von Neumann
formalism, nonlinear dynamics are lifted to linear evolution
implementable with logarithmic circuit depth. We then ex-
plore preliminary extensions to optimization, where engi-
neered Lindblad dissipation can drive the system toward
solutions of least-squares problems.

Zeguan Wu, Min Chen, Yu Gan, Junyu Liu
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MS42

Stability and accuracy effects of filtering on
RungeKutta discontinuous Galerkin methods:
Fourier analysis for the second-order case

In this work, we study the stability and accuracy effects of
filtering on the Runge–Kutta (RK) discontinuous Galerkin
(DG) methods for scalar hyperbolic conservation laws.
Both the standard RKDG method and its variant, the
RKDG method with compact stencils (cRKDG), will be
considered. We focus on the second-order schemes and ap-
ply the modal filters after the DG operators at each RK
stage. Using a Fourier-type analysis, we quantitatively as-
sess the time step constraints for stability and accuracy of
multiple filtered schemes. We show that the application
of filters can significantly improve the CourantFriedrich-
sLewy numbers while maintaining the optimal convergence
rate. However, for problems containing sonic points, the
convergence order of some filtered schemes may degrade.
To address this issue, we apply filters only away from the
sonic points and adopt a local time-stepping strategy for
the cRKDG method to take advantage of the larger time
steps enabled by the filters in these regions.

Benjamin Atawiah
The University of Alabama
batawiah@crimson.ua.edu

MS42

Stability and Convergence Analysis of Multirate
Methods for Coupled Free Flow with Porous Media
Flow

The coupled Stokes/Darcy model describes the interaction
of two fluid models with widely varying flow rates, i.e, a
relatively fast moving free fluid coupled with a slow porous
media flow. Solving the fully coupled problem with a time
step dictated by the fast changing solution of the free fluid
results in unnecessary computational effort updating the
slow changing porous flow solution. Multirate methods
are ideal in this scenario because they allow for the use of
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two different time steps that depend on the flow rates in
each subdomain. In this talk we discuss the stability and
convergence of finite element based multirate schemes for
Stokes/Darcy problem. In addition, we present numerical
results verifying predicted theoretical convergence rates.

Prince Chidyagwai
Loyola University Maryland
Department of Mathematics and Statistics
pchidyagwai@loyola.edu

MS42

SUNDIALS Adaptive Timestepping Methods in
Magnetic Confinement Fusion Simulation Codes
GENE-X and SOLPS-ITER

Timestepping schemes are crucial components of direct
numerical simulations for magnetic confinement fusion
(MCF) experiments. With an accurate and efficient
timestepping scheme, we can verify and improve fusion
device design rapidly, and generate a large amount of
useful data for physicists to build actual devices, and
for computer scientists to build Machine Learning mod-
els about those devices. In this talk, we present adap-
tive timestepping schemes implemented in GENE-X and
SOLPS-ITER, using SUNDIALS. These adaptive schemes
control the temporal integration error, and find the suit-
able timestep sizes automatically throughout the simula-
tions. We demonstrate overall performance improvement
via TCV-X21 tokamak benchmarks. Simulations are per-
formed on the NERSC Perlmutter HPC cluster. The
GENE-X code solves the full-f gyrokinetic equation that
models plasmas in tokamak and stellarator designs from
core to edge. It is capable of CPU parallel and GPU paral-
lel simulations. The SOLPS-ITER code solves the Bragin-
ski equation, coupled with the kinetic Monte Carlo neutral
solution. It excels at modeling the scrape-off layer in MCF.
The SUNDIALS code is a numerical integration framework
that provides a variety of state-of-the-art methods. Its flex-
ible APIs allow streamlined integration with GENE-X and
SOLPS-ITER, and brings advanced numerical integration
methods into those codes.

Yifan Hu
Iowa State University
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yifan.hu@umbc.edu

MS42

Adaptive Timestep Control for Coupled Multi-
model Simulations

Coupled multiscale and multiphysics simulations are be-
coming an increasingly common part of engineering and
science simulation workflows. In addition to coupling tradi-
tional numerical models, recent advances include coupling
models across multiple levels of fidelities include AI/ML
based surrogate models. The Parallel Coupler for Mul-
timodel Simulations (PCMS) has been developed to ad-
dress many of these needs. However, the determination of
coupling timesteps with suitable accuracy and stability re-
mains a manual process. This talk provides an overview of
recent advances in PCMS for performing conservative field
transfer operations and recent work to integrate PCMS
with SUNDIALS to achieve automatic, stable timestep se-
lection. Developments will be demonstrated in the context
of coupled simulations to support fusion pilot plant design.

Jacob S. Merson
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MS43

Multi-Fidelity Concensus Based Optimization

Consensus-based optimization (CBO) has recently
emerged as a robust, gradient-free framework for solving
high-dimensional and nonconvex optimization problems
using interacting particle dynamics. In many scientific
and engineering applications, however, optimization is
constrained by expensive PDE-based forward models,
making repeated high-fidelity evaluations prohibitive. In
this talk, we develop a multi-fidelity CBO framework
for PDE-constrained optimization, where low-fidelity
surrogate models are used to guide global exploration
and high-fidelity solvers are invoked selectively to refine
the consensus. In addition, we introduce an adaptive
entropy-controlled weighting strategy that mitigates
overconfidence and prevents premature convergence to
suboptimal consensus states. We test the proposed
approach on benchmark optimization problems, including
the thermal block example and a Hohlraum radiation
transport problem.
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MS43

A Structure-Preserving Explicit-Implicit-Null Pe-
nalization Method with Low-Rank Extension
for the Single-Species Rosenbluth-Fokker-Planck
Equation

In this talk, I will discuss a structure-preserving penaliza-
tion scheme for the stiff, single-species Rosenbluth-Fokker-
Planck (RFP) equation. The scheme features three novel
components: 1) a novel generalization of the well-known
ChangCooper discretization for the RFP equation that is
equilibrium-preserving and enables positivity while pre-
serving mass, momentum, and energy; 2) an easy-to-invert
isotropic variable-coefficient penalization operator to deal
with the temporal stiffness without resorting to a fully im-
plicit scheme, borrowing ideas from explicit-implicit-null
(EIN) methods, and 3) an adaptive time stepping strategy
that preserves the positivity of the full penalized scheme.
The resulting scheme conserves mass, momentum, and en-
ergy strictly, is unconditionally stable, and robustly posi-
tivity preserving. To address the computational challenges
associated with the high dimensionality of the RFP equa-
tion, I will also present a low-rank extension of the scheme,
in which the nonlinear RFP operator is evaluated via cross
approximation and the resulting discretized equation takes
the form of a generalized Sylvester equation, solved using
a previously developed Krylov-based adaptive-rank algo-
rithm [1]. [1] H. El Kahza, J.-M. Qiu, L. Chacn, and W.
Taitano, Sylvester-preconditioned adaptive-rank implicit
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time integrators for advectiondiffusion equations with vari-
able coefficients, J. Comput. Phys., 543 (2025), 114377.
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MS43

Accelerating Hohlraum Design Optimization Via
Weak-Form Reduced-Order Modeling

Solving large-scale optimization problems constrained by
high-dimensional, time-dependent partial differential equa-
tions (PDEs) is computationally challenging, as it requires
repeated solution of the governing equations. The Latent
Space Dynamics Identification (LaSDI) framework, a data-
driven, projection-based reduced order modeling method,
addresses this challenge by enabling efficient surrogate-
based simulation within optimization loops. When paired
with the weak formulation, the LaSDI framework gains im-
proved accuracy and robustness to noise in training data.
In this work, we employ weak-form LaSDI to accelerate
PDE-constrained optimization and derive adjoint-based
sensitivities for scalable gradient evaluation. We demon-
strate the proposed framework on thermal radiative trans-
fer equations for an idealized Hohlraum problem, where
WLaSDI enables efficient simulation and design optimiza-
tion with over four orders of magnitude reduction in com-
putational cost relative to full-order models.
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MS43

Multi-Fidelity Bayesian Optimization for Electro-
static Collisional Hybrid Models

Recent ignition events have brought the scientific commu-
nity to the realization that the real-time control of plas-
mas and the optimal design of plasma experiments are
amongst the greatest challenges of the 21st century. In-
deed, achieving ignition required a painstaking effort to

tweak the experimental setup to increase the probability
for success. This relied on computational and data-driven
models to explore the design space and provide guidance
to experimenters. Further advances will need to leverage
higher-fidelity computational models, but the highest fi-
delity, and most predictive, simulations require tremendous
computational resources for even a single evaluation. In
this presentation, we discuss multi-fidelity Bayesian opti-
mization approach where the acquisition function selects
the optimal fidelity (or fidelities) to evaluate and incorpo-
rates multi-fidelity gradient information. We demonstrate
this multi-fidelity optimization methods on simplified prob-
lems to build intuition, as well as an electrostatic colli-
sional hybrid model for the Vlasov-Fokker-Planck model
of a Hohlraum.
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MS44

Geodesic-Based Numerical Integrators on Mani-
folds with Applications to Wavefront Propagation

We introduce two new explicit numerical integrators,
Manifold-TVDRK (MTVDRK) and Manifold Taylor Series
(MTS) methods, designed for solving differential equations
on embedded manifolds, with a focus on applications to
Sn and the special orthogonal group SO(n). Unlike many
existing methods, our integrators do not require extending
the vector field off the manifold or projecting back onto
it; instead, they evolve solutions along geodesics while re-
specting the underlying geometric structure, making them
both natural and straightforward to implement. We first
demonstrate convergence and accuracy using Hamiltonian
flow and benchmark our methods against existing integra-
tors. As an application, we compute high-order multival-
ued solutions to wavefront propagation problems by solv-
ing the ray tracing equations of the surface eikonal equa-
tion on the unit sphere using the MTVDRK method. We
then develop an efficient adaptive framework to maintain
resolution of the wavefront throughout the computation.

Wai Ming Chau
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MS44

Gluing High Frequency Resolvent Formulas

For many scattering problems it is desirable to decouple
analysis near the scatterer from analysis near infinity. We
achieve this by writing the resolvent of the corresponding
Helmholtz equation as a series, in terms of models near in-
finity and near the scatterer. We prove rapid convergence
of the series using propagation of singularities estimates,
for high frequencies and when trapping is mild. Exam-
ples include inhomogeneous media, possibly combined with
complex scaling or complex absorbing barriers. This talk
is based on joint work with Andras Vasy, and with Shingyu
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Leung, Jianliang Qian, and Yuxiao We.
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MS44

A Computational Method for Inverse Mean-Field
Games

We study inverse problems for mean-field game (MFG)
models, where unknown parameters are inferred from par-
tial and noisy observations of population dynamics. The
forward problem is solved using an iterative algorithm,
which becomes expensive to differentiate through when
used inside gradient-based optimization. To address this,
we use a Jacobian-free backpropagation approach within
automatic differentiation to compute gradients through the
iterative solver without storing all intermediate iterates.
This significantly reduces memory costs while avoiding ex-
plicit Jacobian construction, and allows the inverse prob-
lem to be solved at scale using standard optimization meth-
ods. We illustrate the approach with inverse problems aris-
ing in mean-field games.
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MS44

Hadamard Integrators for Wave Equations: An
Overview

Hadamard integrators are based on Hadamard’s semi-
nal ansatz for wave equations, which provides a local
parametrix for wave equations. In combination with the
Kirchhoff-Huygens principle, such an ansatz allows us to
obtain a global parametrix for wave equations so that caus-
tics can be implicitly handled naturally. Computation-
ally, we can develop low-rank separable representations of
Hadamard’s ingredients such as eikonal and amplitude co-
efficients so that the global parametrix can be made avail-
able rapidly, resulting in efficient Hadamard integrators for
wave equations. We will review our recent progress on de-
veloping Hadamard integrators in different settings and for
different applications.

Jianliang Qian
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MS45

In Search of An Efficient Model Reduction Strat-
egy for Parameterized, Incompressible Mixed-
Convection Flow Regimes

Herein we present an investigation into data-driven com-
pression and parameterization strategies for developing
reduced-order models (ROMs) of incompressible mixed
convection problems. Given the high degree of nonlin-
ear coupling between velocity, pressure, and temperature
fields, the construction of accurate surrogate models for
practical flow regimes presents significant challenges in
terms of both computational efficiency and model fidelity.
Our initial exploration of parameterized Dynamic Mode
Decomposition (pDMD) revealed fundamental limitations:
the complex dynamics of our target system require pro-
hibitively high modal retention. This observation moti-

vates a broader investigation into alternative compression
and parameterization frameworks suitable for building dig-
ital twins of complex fluid-thermal systems. We examine
this challenge through the lens of a 2D pipe flow prob-
lem over obstructions with independently heated or cooled
surfaces, exploring candidate methodologies that balance
model complexity, computational tractability, and predic-
tive accuracy. This work aims to identify viable pathways
for constructing comprehensive digital twins when tradi-
tional modal decomposition approaches prove insufficient
for capturing the full parametric richness of the underlying
physics.
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MS45

Recent Advances in Quasi-Trefftz Methods

Quasi-Trefftz methods are high-order Discontinuous
Galerkin (DG) schemes whose discrete spaces are locally
tailored to the partial differential equation (PDE) under
consideration. Developed over the last decade, they ex-
tend classical Trefftz methods, which employ exact local
solutions of the PDE as trial and test functions. Classical
Trefftz methods have been extensively studied for linear,
homogeneous wave propagation problems with piecewise-
constant coefficients. In quasi-Trefftz approaches, exact
local solutions are replaced by approximate ones, enabling
the treatment of PDEs with variable coefficients, as occur
in wave propagation through inhomogeneous media. These
methods can achieve high accuracy with reduced compu-
tational cost compared to classical finite element or stan-
dard DG approaches. In this talk, I focus on Taylor-based
polynomial quasi-Trefftz methods, with discrete spaces of
polynomials in the kernel of a quasi-Trefftz operator ob-
tained by composing the differential operator with a Tay-
lor truncation. After a brief overview of the framework, I
present recent theoretical results and new insights extend-
ing quasi-Trefftz methods to complex vector-valued PDEs,
including the time-harmonic Maxwell equations. Particu-
lar attention is devoted to the approximation properties of
quasi-Trefftz spaces and to an efficient algorithm for con-
structing quasi-Trefftz polynomial bases.
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MS45

Mobility Restrictions as a Disease Control Strategy

We present recent findings on the dynamics of infectious
diseases under conditions where movement of one subpopu-
lation is completely restricted to limit disease transmission.
This work is motivated by public health interventions, such
as quarantine and lockdown measures, that constrain pop-
ulation mobility. We investigate two distinct scenarios: (i)
restriction of susceptible individuals movement, and (ii)
absence of movement among infected individuals. In both
cases, our results reveal a novel and significant interplay
among total population size, transmission risk, and the
saturated incidence function in shaping disease persistence,
extinction, and spatial distribution.
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MS47

One-Photon Localization in a Discrete Model of
Quantum Optics

We consider a discrete model for the propagation of a sin-
gle photon in a random medium of two-level atoms. The
system describes light-matter coupling on a lattice with
spatial disorder in the atomic density, and is modeled by
a random quantum optical Hamiltonian. We prove that
in an energy band centered at the atomic resonance fre-
quency, the spectrum is almost surely pure point; an effect
known as Anderson Localization. Moreover, increasing the
fieldmatter coupling enlarges the set of energies for which
this localization occurs. We will also discuss some work
towards the multi-photon analog of this model.
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MS47

Reducible Fermi Surface for Multi-layer Quantum
Graphs Including Stacked Graphene

Reducibility of the Fermi surface allows for the construc-
tion of local defects that engender bound states at energies
embedded in the radiation continuum. We construct two
types of multi-layer quantum graphs (Schrödinger opera-
tors on metric graphs) for which the dispersion function of
wave vector and energy is proved to be a polynomial in the
dispersion function of the single layer. This leads to the
reducibility of the algebraic Fermi surface, at any energy,
into several components. Each component contributes a
set of bands to the spectrum of the graph operator. When
the layers are graphene, AA-, AB-, and ABC-stacking are
allowed within the same multi-layer structure. One of the
tools we introduce is a surgery-type calculus for obtaining
the dispersion function for a periodic quantum graph by
joining two graphs together.
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MS47

Theoretical and Computational Studies on Inverse
Random Source Problems

In the field of inverse problems, the estimation of an un-
known source term from indirect observations is a fun-
damental challenge. Inverse source problems play a sig-
nificant role in various fields, including antenna synthe-
sis, seismology, and medical imaging. Stochastic inverse
problems emerge when uncertainties within the model need
to be considered, and the introduction of random sources
further amplifies the complexity due to their inherent ill-
posedness and uncertainties. This talk covers both the-
oretical and computational investigations into the inverse
random source problems. In our theoretical findings, we es-
tablish a unified framework for stability estimates of inverse
source problems governed by the stochastic acoustic, bihar-
monic, and elastic wave equations driven by white noise.

Our computational exploration focuses on a data-assisted
approach that utilizes boundary measurement data to re-
construct the statistical properties of the random source.
This method requires fewer realizations compared to tradi-
tional methods. We will also highlight potential directions
for future research involving stochastic inverse scattering
problems.
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Case Western Reserve University
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MS48

Efficient Hyperparameter Estimation in Large-
Scale Bayesian Inverse Problems

In Bayesian inverse problems, there are several hyperpa-
rameters that define the prior and the noise model and
must be estimated from the data. For linear inverse prob-
lems with additive Gaussian noise and Gaussian priors de-
fined using Matern covariance models, we estimate the hy-
perparameters using the maximum a posteriori estimate of
the marginalized posterior distribution. However, this is a
computationally intensive task since it involves computing
log determinants. To address this challenge, we consider
a stochastic average approximation (SAA) of the objec-
tive function and use preconditioned Lanczos methods to
efficiently approximate the objective function and the gra-
dient.
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MS48

Regularization for Landslide Thickness Estimation
Via Finite Element Methods

This talk addresses the estimation of landslide thickness
from remote sensing data by formulating the problem as
a linear inverse problem based on mass conservation prin-
ciples. We develop a finite element discretization using
Raviart-Thomas basis functions for the velocity field and
Lagrange basis for the thickness, ensuring proper treat-
ment of the divergence operator. To handle the severe
ill-conditioning arising from noisy measurements, we in-
troduce a distributed Tikhonov regularization approach
where regularization parameters can vary spatially across
the landslide domain. An iterative algorithm based on hier-
archical Bayesian modeling computes both the maximum a
posteriori estimate of the scaled thickness and the spatially
distributed regularization parameters. Numerical results
on synthetic data and real-world applications demonstrate
the methods effectiveness in recovering landslide geometry
while adapting regularization strength to local data quality
and velocity field heterogeneity.
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MS48

Bayesian Optimization on Networks with Applica-
tion in Inverse Problems

This talk studies Bayesian optimization on networks mod-
eled as metric graphs, with applications in inverse prob-
lems. Motivated by settings where the objective function
is expensive to evaluate or only available as a black box, we
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develop Bayesian optimization algorithms that sequentially
update a Gaussian process surrogate model to guide the
acquisition of query points. To ensure that the surrogates
are tailored to the network’s geometry, we adopt Whittle–
Matérn Gaussian process prior models defined via stochas-
tic partial differential equations on metric graphs. In ad-
dition to establishing regret bounds for optimizing suffi-
ciently smooth objective functions, we analyze the practical
case in which the smoothness of the objective is unknown
and the Whittle–Matérn prior is represented using finite
elements. Numerical results demonstrate the effectiveness
of our algorithms for Bayesian inversion via maximum a
posteriori estimation within a Bayesian formulation of a
point–source identification inverse problem on a telecom-
munication network, as well as for optimizing benchmark
objective functions on a synthetic metric graph.
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MS48

Projection Methods, Intersections, and Feasibility:
From Nonlinear Inverse Problems to Weakly Su-
pervised Learning

While geophysical inverse problems traditionally leverage
projection methods to handle multiple constraints, the rise
of deep generative priors has fundamentally shifted the op-
timization landscape. This evolution raises a critical ques-
tion: do feasibility and intersection methods still offer value
in a deep learning-dominated world? We demonstrate that
these classical approaches are suited for certain types of
weakly supervised learning, where multiple constraint sets
arise naturally from the problem structure. By porting ex-
isting optimization ideas into deep learning frameworks, we
provide methodology illustrated through image segmenta-
tion and diverse geospatial applications.
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MS49

Non-Linear Stochastic Networks

Despite the popularity of linear stochastic networks, they
are not well understood in the context of non-linear con-
straints between the variables of the graph. Due to the
non-linearity, it is difficult to quantify the statistics of the
graph analytically, thus leaving computational methods as
the only viable option. In this talk, concepts from uncer-
tainty quantification for partial differential equations and
numerical analysis are introduced in the context of efficient
evaluation of high-dimensional stochastic Newton iterates
with applications to non-linear networks. In particular,
complex analytic regularity theory is developed for the so-
lution with respect to the random variables. This justifies
the application of stochastic collocation with sparse grids
for the computation of statistical quantities. Convergence
rates are derived and shown to be sub-exponential or alge-

braic with respect to the number of realizations of random
perturbations. Furthermore, due to the accuracy of the
method, sparse grids are also well-suited for computing low
probability events with high confidence. This approach is
tested on the non-linear power flow equations for electric
networks. Numerical experiments on the 39-bus New Eng-
land power system model with large stochastic loads are
consistent with the theoretical convergence rates. More-
over, compared to the Monte Carlo method, our approach
is at least 100,000,000,000 times faster for the same accu-
racy.
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MS49

Complex Analyticity and Sparse-Grid UQ for
Stochastic Nonlinear PoissonBoltzmann Equation

Uncertainty quantification for nonlinear PoissonBoltzmann
models depends crucially on establishing sufficient regular-
ity of the parameter-to-solution map to justify structure-
exploiting surrogates beyond Monte Carlo sampling. In
this talk, I establish complex-analytic regularity of the
parameter-to-solution map for a stochastic nonlinear Pois-
sonBoltzmann equation, providing the key hypothesis be-
hind fast UQ methods such as sparse-grid collocation.
Since real-variable convex/variational arguments do not
extend to the complex field, we prove existence and unique-
ness of strong solutions under explicit smallness conditions
by combining compactness with a topological fixed-point
argument posed in an appropriate Sobolev space. We then
prove holomorphic parameter-dependence by establishing
a Bernsteinpolyellipse extension in parameter space. As
a consequence, isotropic Smolyak sparse-grid collocation
achieves sub-exponential convergence for moments of quan-
tities of interest, in contrast with the one-over-square-root
sampling rate of Monte Carlo. Numerical experiments in
biomolecular electrostatics, including controlled stochastic
rigid motions, illustrate the predicted rapid error decay,
and I briefly comment on extensions to interface formula-
tions with random domains.
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A General Regularity Analysis for Parametric El-
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liptic Partial Differential Equations Using Abso-
lutely Monitonic Functions

We investigate second-order linear elliptic partial differen-
tial equations with homogeneous essential boundary con-
ditions, where the diffusion coefficient may depend on a
high-dimensional parameter. While numerous techniques
exist for analyzing parametric regularity, they often require
a case-by-case approach tailored to specific models, such as
affine or periodic parametrizations. This paper proposes a
novel, unified technique, so called alternative-to-factorial
technique, that establishes a general theory for paramet-
ric regularity, thus eliminating the need for model-specific
analysis. This unified framework not only simplifies the-
oretical analysis but also has significant practical implica-
tions, providing a powerful tool for proving the convergence
of numerical methods, including the Gauss family quadra-
ture and Quasi-Monte Carlo integration.
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MS49

Structure-Preserving Stochastic Galerkin Formula-
tions and Energy-Stable Schemes for the Paramet-
ric Shallow Water Equations

The shallow water equations (SWE) are an important set
of equations describing fluid flow in a simplified ”shallow
water” setting. These equations are a system of time-
dependent, nonlinear hyperbolic balance laws. In practice,
the environment or initial conditions may be imprecisely
known due to incomplete information, or uncertain due
to a stochastic model. One effective strategy for uncer-
tainty quantification for the SWE is the stochastic Galerkin
method via polynomial Chaos. One challenge with nu-
merical methods is that the model may lose important
physical structure of the solution, such as hyperbolicity
and/or positivity. We present novel advances in stochas-
tic Galerkin methods for the SWE system. We show that
a known elegant connection in the deterministic case be-
tween water height positivity and hyperbolicity of the equa-
tions can be extended to the stochastic/uncertain case. We
leverage this theoretical connection to develop structure-
preserving numerical methods for these equations: Our
algorithms ensure positivity of the water height, hyper-
bolicity of the stochastic Galerkin formulation, and obey
the well-balanced property, ensuring stable simulation of
certain steady-state solutions. We demonstrate the effec-
tiveness of the algorithm for simulations in one and two
spatial dimensions, and describe high order energy con-
servative and energy stable schemes that are derived from
entropy-entropy flux pairs.
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MS50

Dimension Reduction for Graphon Dynamical Sys-
tems

Dynamical systems on networks are high-dimensional,
complicating analysis in fields like biology, neuroscience,
engineering, and social systems. Many problems involve
a large-network limit described by a graphon, resulting
in a mean-field equation that aggregates interactions via
an integral. The infinite dimension and complex cou-
pling pose mathematical challenges. We explore dimen-
sion reduction techniques to simplify these systems, re-
duce computational costs, and improve analysis. Moti-
vated by prior work developing reduction approaches that
map high-dimensional dynamics into a lower dimensional
space, we use a weighted-observable reduction for dynam-
ics on networks. We discuss theoretical foundations such
as wellposedness, including existence and uniqueness of so-
lutions for the graphon dynamical system, and extend the
GaoBarzelBarabasi (GBB) approach to the graphon set-
ting. The key idea of the GBB reduction is to replace the
full state with a single observable defined as a graphon-
weighted average of the state, where weights are deter-
mined by each nodes degree. For numerical simulations,
we employ six dynamical models and assess the accuracy of
the GBB reduction across six graphons. For the power-law
and uniform graphons, accuracy increases with effective
coupling strength; for the uniform graphon, the approxi-
mation error is nearly zero. Overall, for most dynamical-
systemgraph pairs we have assessed, the graphon GBB re-
duction gives reasonably accurate approximations.
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MS50

Mathematical Assessment of the Impact of the
R21/Matrix-M Vaccine on the Control of Malaria
in Children

Malaria, a parasitic disease spread to humans via an effec-
tive bite by an infectious adult female Anopheles mosquito,
continues to exude a major burden in endemic areas (caus-
ing in excess of 600,000 deaths annually, mostly in chil-
dren under the age of five). Much progress was made over
the last two or three decades in the fight against malaria,
largely due to the heavy and large-scale use of chemical in-
secticides (particularly in the form of long-lasting insecti-
cidal nets and indoor residual spraying) to kill the malaria
mosquito, promoting a renewed quest for malaria eradi-
cation. Unfortunately, such heady use has also resulted
in widespread Anopheles resistance to all the main chem-
ical insecticides used in vector control, posing challenges
to the eradication objective. New anti-malaria vaccines
have been approved recently and are being deployed in a
number of countries in sub-Saharan Africa. In this talk, I
will present a new mathematical model, in the form of a
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system of delayed-differential equations, for assessing the
population-level impact of one of the approved vaccines in
curtailing the disease burden in the targeted (vaccinated)
population.
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MS50

Interpretable Brain Tumor Classification from
High-Dimensional Microarray Data via Feature Se-
lection and Network Analysis

Microarray gene-expression datasets for brain tumor stud-
ies are typically high-dimensional, with tens of thousands
of genes measured on relatively few samples, which can lead
to multicollinearity and overfitting in predictive modeling.
This talk presents a reproducible machine-learning work-
flow for brain tumor classification using the public microar-
ray dataset GSE50161 (130 samples across five classes).
The approach combines regularized and tree-based feature
selection with dimensionality reduction to obtain compact,
informative gene sets and low-dimensional representations
for visualization. We compare several supervised classifiers,
including support vector machines, ensemble methods, and
probabilistic baselines, using cross-validation with prepro-
cessing performed within training folds to mitigate infor-
mation leakage. In addition to predictive performance, we
construct an interaction network from selected genes and
apply modularity-based community detection to identify
gene modules that support biological interpretation and
potential biomarker discovery. The results illustrate how
careful validation and integrated feature selectionclassifi-
cation can yield accurate and interpretable tumor subtype
prediction from high-dimensional transcriptomic measure-
ments.
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Dynamics of a Two-Stage Epidemiological Model
with Post-Infection Mortality and Transmission
Heterogeneity

Many diseases naturally progress from an initial mild in-
fectious phase to a more severe stage (e.g., Influenza and
COVID-19). This motivates us to formulate a two-stage
epidemiological model that incorporates key post-infection
features, including reinfection and post-infection mortal-
ity (PIM). The model emphasizes the role of transmis-
sion heterogeneity in shaping disease dynamics, influenc-
ing both endemic levels and oscillatory behaviors. Numer-
ical simulations show that late-stage hyper-infectivity leads
to higher endemic infection levels with long-period oscilla-
tions, while early-stage hyper-infectivity results in lower
infection levels with shorter-period oscillations.

B Sagar
Department of Mathematics, University of Central
Florida
b.sagar@ucf.edu

Zhisheng Shuai
University of Central Florida
zhisheng.shuai@ucf.edu

Ram N. Mohapatra
University of Central Florida
Mathematics Department
ramm@mail.ucf.edu

MS51

Fourier Test Function Selection for Robust Weak-
form Sparse Model Identification

We introduce Fourier Weak SINDy, a minimal noise-
robust and interpretable derivative-free equation learning
method that combines weak-form sparse equation learning
with spectral density estimation for data-driven test func-
tion selection. By using orthogonal sinusoidal test func-
tions inspired by their prevalence in Modulating Function-
based system identification, the weak-form sparse regres-
sion problem reduces to a regression over Fourier coeffi-
cients. Dominant frequencies are then selected via mul-
titaper estimation of the frequency spectrum of the data.
This formulation unifies weak-form learning and spectral
estimation within a compact and flexible framework. We
illustrate the effectiveness of this approach in numerical ex-
periments across multiple chaotic and hyperchaotic ODE
benchmarks.
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Self-test Loss Functions for Learning Weak-form
Operators and Gradient Flows

A central challenge in data-driven modeling with weak-
form operators is the principled selection of test functions.
We introduce self-test loss functions, where test functions
depend on the unknown parameters, designed for opera-
tors linear in the unknowns. The construction conserves
energy for gradient flows, coincides with the expected log-
likelihood ratio for SDEs, and is quadratic enabling rigor-
ous identifiability and well-posedness analysis. It supports
efficient parametric and nonparametric regression, requires
only low-order or no derivatives, and is robust to noisy and
discrete data.

Yuan Gao
Department of Mathematics
Purdue University, USA
gao662@purdue.edu

MS51

Tensors and Neural Network Architectures for
Weak-Form Model Discovery

In recent years, weak-form methods have made signifi-
cant advances in data-driven discovery of dynamical sys-
tems. However, in high-dimensional settings, current tech-
niques can prove punitive in both computation and mem-
ory costs. In this work, we present TT-WSINDy, which
adapts the weak-form sparse identification of nonlinear dy-
namics (WSINDy) algorithm, implementing all requisite
computations in the tensor-train (TT) format. We demon-
strate that this method is able to search an exponentially-
growing space of candidate functions – performing weak-
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form transformation, regression, and sparsification – with-
out suffering from the curse of dimensionality.
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Energetic Variational Approach in Learning Irre-
versible Generalized Diffusions

We present a data-driven framework that combines vari-
ational structures with neural networks to learn the drift
decomposition of non-potential Fokker-Planck equations.
These equations describe irreversible generalized diffusions
and capture key non-equilibrium thermodynamic phenom-
ena, including entropy production, circulation, and non-
equilibrium steady states. Numerical results involving
noisy data and rough potentials are presented to demon-
strate the robustness and effectiveness of the proposed
method.
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MS53

Counting Lines in a Symmetric Quintic Threefold
Surface Under the Action of S5

A symmetric quintic threefold is a 3-dimensional surface of
degree 5 in 4-dimensional complex projective space. These
surfaces are important examples in algebraic and differ-
ential geometry since non-singular quintic threefolds are
Calabi-Yau manifolds. It is a classic result that a generic
quintic threefold contians exactly 2875 distinct lines. On
the other hand, example such as the Fermat quintic three-
fold contain infinitely many lines. When a quintic threefold
is symmetric, one can count the orbits under the action of
the group of pemutations S5. Prior to our work, Thomas
Brazelton had shown that the 27 lines on the Fermat cubic
lie on three S4-orbits of sizes 12, 12, and 3. In this talk,
we will give a brief introduction to the broad area of equiv-
ariant enumerative geometry. We will then show how to
compute the S5-orbits and the corresponding isotropy sub-
groups for the 2875 lines on a particular symmetric quintic
threefold. We will finish our talk with some facts and con-
jectures about the lines on symmetric quintic threefolds.
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Routing Functions, Real Numerical Algebraic Ge-
ometry, and Collision-Free Robot Paths

Nonlinear polynomial equations naturally arise through-
out mathematics, science, and engineering with their so-
lutions describing various phenomena including the mo-
tion of a mechanical linkage such as a robotic arm. Since
the physically-meaningful solutions in most applications
are real, this talk will highlight recent developments us-
ing routing functions for numerical computing and rep-
resenting real solutions to systems of polynomial equa-
tions, collectively called real numerical algebraic geometry,

along with demonstrating them on constructing collision-
free robot paths.
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MS53

Dietmaier Optimization: Tips and Tricks

At the end of the twentieth century, Dietmaier developed
a local optimization procedure which searches the param-
eter space of a parameterized polynomial system to find
points which maximize the number of real solutions, which
he used to find a Stewart-Gough platform with 40 real
postures. Since then, this method has been employed else-
where in the literature, to varying degrees of success. Our
work unifies these different implementations by providing
a framework for the method as well as several auxiliary
techniques devised with the intention of improving the per-
formance of Dietmaier’s optimization algorithm. These in-
clude new sampling strategies, as well as descriptions of
the contexts in which these strategies may succeed in max-
imizing real solution counts.
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Common Real Secants of a Pair of Twisted Cubic
Curves

Over the complex numbers, a general pair of twisted cubic
curves in space has ten common secant lines. We investi-
gate the novel problem of determining the possible collec-
tions of ten common secant lines to a pair of real twisted
cubic curves. This includes determining the distribution
between real and nonreal common secant lines and, for
the real ones, classifying as totally real, partially real, or
minimally real. Using a mix of combinatorics and compu-
tational algebraic geometry, we show that for each n = 0,
... ,10, there exists a pair of real twisted cubic curves with
exactly n common totally real secant lines.
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Decision and Control of Worm-Like Robots - When
Is Linearity Enough in Soft Robots?

Controlling a robot with many DOF requires coordination,
but how precise does that coordination need to be? One
might think that soft robots relax the requirements on
precision for control. However, while the softness helps
in generating large contact, it can limit progress. How
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much does shifting from linearization to more precise ge-
ometry help the robot move? And more abstractly, how
much can nonlinear models of complex environments and
behaviors improve our understanding of these systems? At
decision-making levels, can linear tuning of parameters as-
sist in developing nonlinear dynamics that are stable. The
decision-making models are general and can be represented
by saddles rather than stable points in state space.
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Discriminant Analysis for Small Spring Networks

Many problems in kinematics, robotics, and navigation re-
quire repeatedly solving parameterized polynomial systems
for varying parameter values. Parameter homotopy is an
effective technique for this task, combining homotopy con-
tinuation with differential path tracking to efficiently com-
pute solutions across parameter space. However, as the
number of parameter instances increases, difficulties arise
in reliably tracking and organizing solutions. We intro-
duce a topologically informed parameter homotopy algo-
rithm that improves the retention and identification of so-
lutions across repeated solves. In addition, we propose a
novel method for approximating the projection of the dis-
criminant variety of a polynomial system without explicitly
computing the discriminant. The algorithm is tested on the
two-vehicle system, a parameterized polynomial collabora-
tive navigation model, to illustrate the effectiveness of this
method.
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MS54

Frequency-Domain Analysis of Neural Systems for
Proprioception at Multiple Scales

Studying animal nervous system dynamics can advance the
frontiers of neuroscience, and directly inform and improve
engineered control systems, particularly the filtering of
noisy oscillatory signals. Biological experimentation con-
firms that interneurons and gap junctions effectively filter
noisy sensory neuron voltages, a concept critical for control.
Our work first derived the governing equations of such neu-
ral networks, applying traditional engineering methods for
frequency analysis and signal processing. We then applied
these equations and tools to systematically compare how
different proprioceptive inputs (e.g., muscle spindle fibers
and Golgi tendon organs) become the primary drivers of
control at various organism scales. Organism scale is a
crucial factor because the dominant forces resisting limb
actuationsuch as inertia, elasticity, gravity, and viscosity-
change significantly with animal size and speed. As such,
the dominant methods of proprioception may also change
with scale. The findings provide a simplified, analytically
tractable platform for developing signal processors within
biologically-inspired robotic systems of different sizes. The
findings also advance our understanding of sensorimotor

transformation.
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Polynomial Approximation of Spring Systems in
Autonomous Navigation Without GPS

Proper estimations of position are critical in autonomous
navigation and without GPS. These estimations are often
based on measurements such as bearing and range, and
often become complex nonlinear systems with multiple lo-
cally optimal minima. To find such minima, we model such
problems as spring systems, which are further translated
into systems of polynomial equations. Using numerical
methods such as homotopy continuation, we can then iden-
tify our desired solutions. However, certain relationships,
notably bearing measurements and the corresponding tor-
sional springs, cannot be easily represented as polynomials.
In this presentation, we will first overview the spring sys-
tem model and the corresponding polynomials before going
into the challenges of creating and solving those polynomi-
als.
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Large-Amplitude Vortex-Carry Solitary Gravity
Waves

We consider two-dimensional steady gravity waves in finite-
depth water. We prove that, for any supercritical Froude
number, there exists a continuous one-parameter family of
solitary waves in equilibrium with a submerged point vor-
tex. This family bifurcates from an irrotational uniform
flow, and, at least for large Froude numbers, extends up
to the development of a surface singularity. These are the
first rigorously constructed gravity wave-borne point vor-
tices without surface tension. Notably our formulation al-
lows the free surface to be overhanging, and we provide nu-
merical evidence that strongly suggests that some of these
waves indeed overturn.
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MS55

Vortex Atmospheres: 2D Dipoles Versus 3D Rings

We consider traveling solutions in the incompressible Eu-
ler equations in the vorticity form in two or three dimen-
sions. The support of such a traveling solution is called
the core of the vortex. The vortex atmosphere is an enve-
lope of the core, which is traveling together with the core.
In this presentation, we offer a concise survey of vortex
atmosphere configurations. By rigorous analysis, we con-
trast the planar atmospheres from 2D vortex dipoles with
the axisymmetric atmospheres from 3D vortex rings, high-
lighting their topological differences.
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MS55

Weak-Small Bv Stability for Euler with Boundaries

Dafermos and DiPerna have introduced the Weak-Strong
Principle for the stability of Lipschitz solutions to conser-
vation laws. The a-contraction theory is a recently devel-
oped energy-based method, which extends this principle
to the stability of small BV solutions to the Euler equa-
tions. In this talk, we will explain how stability results,
originally obtained in the whole-space setting, can be ex-
tended to boundary value problems. More precisely, we
prove Weak-BV stability for Euler weak solutions satisfying
the strong trace property in all subsonic boundary config-
urations: impermeable, inflow, and outflow. In addition,
we establish Inviscid limits-BV stability from barotropic
Navier-Stokes to Euler for the impermeable and outflow
cases. The Weak-BV stability result is joint work with
Moon-Jin Kang, HyeonSeop Oh, and Alexis Vasseur, and
the Inviscid-BV stability result is joint with Alexis Vasseur.
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Vanishing Viscosity Limit of Two Interacting

Shocks for Compressible Navier-Stokes Equations

The talk is concerned with our recent progress on the van-
ishing viscosity limit of two interacting shocks (from both
different families and the same family) for compressible
isentropic Navier-Stokes equations and full Navier-Stokes-
Fourier equations. Moreover, the decay rate with respect to
the viscosity can also be obtained. Based on the joint works
with Lin-an Li from Beijing Normal University, China and
Dehua Wang from University of Pittsburgh, USA.

Yi Wang
Academy of Mathematics and Systems Science, CAS
wangyi@amss.ac.cn

MS56

Computational Advances in Weak Form Scientific
Machine Learning

Recent advances in Weak form-based Scientific Machine
Learning (WSciML) allow for the creation and inference of
interpretable models directly from data via advanced nu-
merical functional analysis, computational statistics, and
numerical linear algebra techniques. This class of methods
completely bypasses the need for forward-solve numerical
discretizations and yields both parsimonious mathematical
models and efficient parameter estimates. These methods
are orders of magnitude faster and more accurate than tra-
ditional approaches and far more robust to the high noise
levels. The combination of these features in a single frame-
work provides a compelling alternative to both traditional
modeling approaches as well as modern black-box neural
networks. In this talk, I will present our WSciML frame-
work as well as recent computational advances concerning
test function construction and parameter inference for sys-
tems with unobserved variables
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MS56

Resolvent Compactification Methods for Spectral
Approximation of Koopman Operators

We present data-driven techniques for spectral approxi-
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mation of Koopman and transfer operators of measure-
preserving ergodic flows that are based on operators with
compact resolvent. Our approach performs a bounded
transformation of the Koopman generator, followed by
smoothing by a Markov semigroup of kernel integral opera-
tors. This results in a skew-adjoint, compact operator with
compact resolvent whose eigendecomposition is expressible
as a variational generalized eigenvalue problem amenable
to approximation using Galerkin methods. A key aspect
of these methods is that they are physics-informed, in the
sense of making direct use of dynamical vector field infor-
mation through automatic differentiation of kernel func-
tions. Solutions of the associated eigenvalue problem re-
construct evolution operators that preserve unitarity of the
underlying Koopman group while spectrally converging to
it in a suitable limit. In addition, the computed eigenfunc-
tions have representatives in a reproducing kernel Hilbert
space, enabling out-of-sample evaluation of learned dynam-
ical features. We illustrate this method with numerical
experiments on quasiperiodic and chaotic systems.

Trevor Camper, Dimitrios Giannakis
Dartmouth College
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MS56

Generalized Moving Least-Squares Methods for
Solving Vector-Valued Pdes on Unknown Mani-
folds

In this paper, we extend the Generalized Moving Least-
Squares (GMLS) method in two different ways to solve
the vector-valued PDEs on unknown smooth 2D manifolds
without boundaries embedded in R3, identified with ran-
domly sampled point cloud data. The two approaches
are referred to as the intrinsic method and the extrinsic
method. For the intrinsic method which relies on local ap-
proximations of metric tensors, we simplify the formula of
Laplacians and covariant derivatives acting on vector fields
at the base point by calculating them in a local Monge co-
ordinate system. On the other hand, the extrinsic method
formulates tangential derivatives on a submanifold as the
projection of the directional derivative in the ambient Eu-
clidean space onto the tangent space of the submanifold.
One challenge of this method is that the discretization of
vector Laplacians yields a matrix whose size relies on the
ambient dimension. To overcome this issue, we reduce the
dimension of vector Laplacian matrices by employing an
appropriate projection. The complexity of both methods
scales well with the dimension of manifolds rather than the
ambient dimension. We also present supporting numeri-
cal examples, including eigenvalue problems, linear Pois-
son equations, and nonlinear Burgers’ equations, to exam-
ine the numerical accuracy of proposed methods on various
smooth manifolds.
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MS56

Generative Artificial Intelligence Methods for
Particle-Based Kinetic Computations in Bounded
Domains

Simulating stochastic differential equations (SDEs) in
bounded domains, presents significant computational chal-
lenges due to particle exit phenomena, which requires accu-
rate modeling of interior stochastic dynamics and bound-
ary interactions. Despite the success of machine learning-
based methods in learning SDEs, existing learning meth-
ods are not applicable to SDEs in bounded domains be-
cause they cannot accurately capture the particle exit
dynamics. We present a unified hybrid data-driven ap-
proach that combines a conditional diffusion model with
an exit prediction neural network to capture both interior
stochastic dynamics and boundary exit phenomena. Our
ML model consists of two major components: a neural
network that learns exit probabilities using binary cross-
entropy loss with rigorous convergence guarantees, and a
training-free diffusion model that generates state transi-
tions for non-exiting particles using closed-form score func-
tions. The two components are integrated through a proba-
bilistic sampling algorithm that determines particle exit at
each time step and generates appropriate state transitions.
The performance of the proposed approach is demonstrated
via three test cases: a one-dimensional simplified problem
for theoretical verification, a two-dimensional advection-
diffusion problem in a bounded domain, and a three-
dimensional problem of interest to magnetically confined
fusion plasmas.

Minglei Yang
Oak Ridge National Laboratory
yangm@ornl.gov

Yanfang Liu
Middle Tennessee State University
yanfang.liu@mtsu.edu

Guannan Zhang
Oak Ridge National Laboratory
zhangg@ornl.gov

Diego del Castillo Negrete
University of Texas at Austin
diego.delcastillo@austin.utexas.edu

Yanzhao Cao
Department of Mathematics & Statistics
Auburn University
yzc0009@auburn.edu

MS57

Predictable Forward Performance Processes under
Periodic Re-Evaluation

Predictable Forward Performance Processes (PFPPs) pro-
vide a stochastic control framework for agents who manage
a randomly evolving system while specifying its dynamics
only over a short horizon ahead. I present a new exten-
sion of PFPPs for an investor who periodically re-evaluates
her short-term consumption and investment objectives and
adapts her long-term performance criterion accordingly,
thereby preserving time consistency across successive re-
evaluation periods. The construction reduces to a sequence
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of inverse optimal investment problems in which the initial
value function is prescribed and the corresponding termi-
nal utility function must be determined. Existence and
uniqueness of solutions are established through the analy-
sis of an associated integral equation, and the results are
illustrated with numerical examples.

Bahman Angoshtari
University of Miami
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MS57

Simple Policies for Long Horizons: Reinforcement
Learning in Finite-Horizon LQ Control

Finite-horizon LQ control problems typically require time-
varying policies, which are computationally and statisti-
cally expensive to learn. We propose a “simple-agent’ per-
spective, restricting learning to stationary policies to lever-
age simpler policy classes and lower-variance gradient es-
timates. We prove this restriction is asymptotically cost-
free in long-horizon tasks, as the performance gap vanishes
as the horizon grows. We establish that stationary-policy
gradient methods converge to near-optimal controllers in
both fully known model and reinforcement learning set-
tings. Numerical experiments confirm the theory and illus-
trate the practical efficiency gains from learning stationary
controllers in long-horizon tasks.
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University of Oxford, United Kingdom
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MS57

Neural Dynamic Portfolio Control with Provable
Learning Guarantees

Deep learning offers a scalable approach to high-
dimensional dynamic portfolio optimization, but typically
rely on parametric return models or prespecified Marko-
vian state representations and are largely supported by
empirical evidence rather than comprehensive performance
guarantees. We develop a provable learning framework for
discrete-time, finite-horizon portfolio control that takes a
step toward closing these gaps. We parameterize the in-
vestor’s decision at each rebalancing time as a monetary al-
location that depends directly on the realized return path,
rather than as portfolio weights modeled as functions of
Markovian states. This formulation is operationally natu-
ral, avoids explicit dynamics modeling, and accommodates
return processes with general temporal dependence. Un-
der self-financing dynamics and concave terminal utility,
the resulting objective is convex with respect to the policy
function. Exploiting this geometry, we model each peri-
ods policy using a wide two-layer neural network and, via
a mean-field analysis, establish global convergence guaran-
tees for noisy gradient descent with weight decay. In partic-
ular, the geometric convergence rate is independent of the
planning horizon. We further derive finite-sample bounds
that control both generalization error and regularization
bias. Numerical experiments show that these theoretical
guarantees come with empirical competitive performance
relative to standard baselines across representative return

environments.
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MS58

Combinatorics of Even Valent Graphs on Riemann
Surfaces

Let Ng(m, j) denote the number of connected labeled m-
valent graphs with j vertices that can be embedded in a
compact Riemann surface of minimal genus g. For exam-
ple, N0(4, 1) = 2 and N1(4, 1) = 1, which can be verified
by drawing connected labeled 4-valent graphs with a single
vertex on the sphere and on the torus. The problem of
determining Ng(m, j) arose in models of two-dimensional
quantum gravity and has since inspired a rich body of work,
involving both combinatorial methods and techniques from
random matrix theory. In this talk, I will present recent
joint work with Tomas Lasic Latimer (University of Syd-
ney) on the enumeration of regular even-valent graphs em-
bedded in a compact genus-g Riemann surface, giving ex-
plicit formulae in which both the number of vertices j and
the (uniform) even valence m are treated as variables. Our
results extend to higher genus the enumerative formulae
obtained by Ercolani - McLaughlin - Pierce (2008) in genus
0 and by Ercolani - Lega - Tippings (2023) in genus 1.
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MS58

Random Determinants and Quasimodular Forms

Let G(z) be an arbitrary analytic function on the unit disc,
let u1, . . . , uN be iid uniformly random points on the unit
circle, and consider the random analytic function defined
by GN (z) = det[G(zuiuj ]

N
i,j=1. I will present a formula for

the expected value of GN (z) and show that whenever the
input G(z) is a hypergeometric function the N → ∞ scal-
ing limit of this expectation is Eulers generating function
E(z) =

∏∞
n=1(1 − zn)−1 for integer partitions. Moreover,

I will show that subleading corrections to this limit are
quasimodular forms.
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MS58

Special Functions for Structured Random Permu-
tation Statistics

We study a family of structured random permutations of
size N = 2n, arising naturally from Gaussian elimination
with partial pivoting on structured random matrices, which
we call butterfly permutations. Their recursive structure
leads to exact distributional descriptions for several statis-
tics and to nonclassical limiting laws. In particular, certain
generating functions exhibit real-rootedness and zero in-
terlacing, yielding Gaussian limits and suggesting limiting
zero distributions. I will discuss how orthogonal polyno-
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mial techniques provide analytic access to limiting objects
that are otherwise defined only implicitly by functional
equations.

John Peca-Medlin
University of California San Diego
jpecamedlin@ucsd.edu

MS59

Quantum Linear Algebra for PDE-Constrained Op-
timization

Quantum linear algebra provides new quantum tools that
can accelerate the computation of certain problems, in-
cluding optimization and scientific computing applications.
One major challenge, however, is that the input/output
overhead can be considerably large. In this talk, we show
that PDE-constrained optimization is an application where
quantum linear algebra can achieve an exponential speedup
with respect to the number of state variables. We ex-
plore two strategies. The first is a classical discretize-then-
optimize approach, where a quantum linear system solver
is used as a subroutine. The second is a Schrdingerize-then-
optimize approach, in which Schrdingerization is employed
as the PDE solver.

Mohammadhossein Mohammadisiahroudi
University of Maryland, Baltimore County
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MS59

Beyond LXEB: On Test Statistics for Random Cir-
cuit Sampling and Certified Randomness

Random Circuit Sampling (RCS) serves as both the leading
paradigm for demonstrating quantum advantage and the
core hardware primitive for certified randomness protocols.
In any such protocol, the verifier must evaluate the ideal
output probability of each sampled bitstring, a task whose
classical cost scales exponentially in the number of qubits
and dominates the overall resource budget. Maximizing
the statistical information extracted per verified sample is
therefore essential. Existing certification pipelines rely al-
most exclusively on the Linear Cross-Entropy Benchmark
(Linear XEB), which, while unbiased, is far from statisti-
cally efficient. This work develops a likelihood-based in-
ference framework for noisy RCS, grounded in a princi-
pled probabilistic model of the output distribution. Within
this framework, a family of test statistics is systematically
constructed and analyzed, and their statistical properties
are characterized. The resulting estimators attain tighter
confidence intervals on the fidelity at matched soundness
guarantees, translating directly into reduced verification
cost for certified randomness protocols. Connections to ex-
isting certified randomness protocols are discussed, along
with preliminary numerical validation.
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MS59

Toward Resource-Aware End-to-End Quantum Al-
gorithms for Scientific Computing

This talk presents quantum algorithmic approaches and
resource estimations for scientific applications in quantum
chemistry, linear systems, and differential equations. In
quantum chemistry, we discuss hybrid methods that re-
place constrained variational optimization with general-
ized eigenvalue formulations over adaptive non-orthogonal
bases. For linear systems, we examine how precision, ma-
trix properties, and fault-tolerant resource costs shape per-
formance, showing that lower-precision settings can retain
solution quality while reducing circuit cost. For differential
equations, I present a hybrid oscillator-qubit formulation
that reduces qubit overhead and circuit cost while main-
taining accurate solutions. Together, these results moti-
vate resource-aware evaluation of quantum algorithms for
scientific computing from NISQ and error correction per-
spective.

Muqing Zheng
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MS60

Embedded Implicit-Explicit Strong Stability Pre-
serving RungeKutta Methods

Strong Stability Preserving (SSP) Runge-Kutta methods
are time integration schemes designed to preserve mono-
tonicity and nonlinear stability properties of spatial dis-
cretization methods when solving time-dependent differen-
tial equations. In recent times, new classes of problems
have emerged which can be modeled by time-dependent
equations that involve both stiff and non-stiff terms, where
the non-stiff terms are solved explicitly and stiff terms are
treated implicitly. This has motivated the development of
Implicit-Explicit (ImEx) SSP methods designed for fixed
time stepping. However, this may not be ideal for problems
with rapidly changing dynamics. To address this limita-
tion, we introduce a new class of ImEx SSP methods that
employ adaptive time stepping to adjust step sizes while
preserving stability properties. Numerical experiments are
conducted to analyze the efficiency and robustness of these
new methods.
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MS60

Implicit-Explicit Runge-Kutta for Radiation Hy-
drodynamics with Multifrequency High-Order-
Low-Order Transport

We present a high-order-in-time, moment-accelerated al-
gorithm for non-relativistic radiation-hydrodynamics with
multigroup thermal radiative transfer (TRT). Building on
the linearly implicit-explicit (LIMEX) and additive LIMEX
framework developed for gray diffusion, this work couples
LIMEX RungeKutta time integrators to a high-order/low-
order (HOLO) moment acceleration strategy for the mul-
tifrequency thermal radiative transfer equation. Key con-
tributions include (i) a partitioning of the rad-hydro sys-
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tem that separates explicit hydrodynamics from stiff ab-
sorptionemission physics while retaining high-order stage
consistency; (ii) a practical formulation for evaluating the
HO-LO consistency terms γ in terms of RungeKutta stage
solutions, including discrete time-derivative expressions ap-
propriate for IMEX stages; and (iii) two time-integration
approaches for HOLO TRT a natural extension of com-
monly used semi-implicit scheme, and an implicit-explicit
”one-sweep” formulation that breaks the temperature de-
pendence via auxiliary variables to require only a single
transport sweep per implicit stage. We demonstrate sta-
bility, accuracy, and computational advantages on three
challenging rad-hydro test problems, showing that the pro-
posed schemes preserve asymptotic limits (streaming and
diffusion) while substantially reducing sweep counts in op-
tically thick regimes. The methods are suitable for large-
scale multifrequency rad-hydro simulations where memory
and sweep cost dominate.
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Exponential Nystrm Methods

For the time integration of second-order differential equa-
tions, classical Runge-Kutta-Nystrm integrators and their
extended variants have been widely used. While effective
for small or non-stiff problems, these methods often suffer
from stability issues and inefficiency when applied to large,
stiff or highly oscillatory systems. To overcome these limi-
tations, we develop and analyze a new class of time integra-
tion methods, called exponential Nystrm (expN) methods.
These methods allow significantly larger time steps with-
out sacrificing accuracy. We establish convergence results
up to fifth-order accuracy within the framework of strongly
continuous semigroups, with error bounds independent of
the stiffness or high frequencies of the system. Our nu-
merical experiments demonstrate that the proposed expN
methods outperform existing Nystrm-type integrators in
both efficiency and accuracy.
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MS61

An Implicit, Conservative, Asymptotic-Preserving
Electrostatic Particle-in-Cell Algorithm for Arbi-
trary Magnetic Fields

We propose a new electrostatic particle-in-cell algorithm
able to use large timesteps compared to particle gyro-
period in non-uniform external magnetic fields. The algo-
rithm extends earlier electrostatic fully implicit PIC im-
plementations with a new asymptotic- preserving (AP)
particle-push scheme that allows timesteps much larger
than particle gyroperiods. In the large-timestep limit, the
AP integrator preserves all the averaged particle drifts,
while recovering particle full orbits with small timesteps.
The scheme allows for a seamless, efficient treatment of par-
ticles in coexisting magnetized and unmagnetized regions,
conserves energy and charge exactly, and does not spoil
implicit solver performance. Non-uniform magnetic fields
require modifications to the standard Crank-Nicolson or-
bit integrator to capture all first-order drifts for timesteps
much larger than the gyrofrequency. We demonstrate by

numerical experiment that significant 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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MS61

Learning Interpretable Closures for Thermal Ra-
diation Transport in Optically Thin Media Using
Wsindy

We introduce an equation learning framework to identify a
closed set of equations for moment quantities in 1D thermal
radiation transport (TRT) in optically thin media. While
optically thick media admits a well-known diffusive closure,
the utility of moment closures in providing accurate low-
dimensional surrogates for TRT in optically thin media is
unclear, as the mean-free path of photons is large and the
radiation flux is far from its Fickean limit. Here, we demon-
strate the viability of using weak-form equation learning to
close the system of equations for the energy density, radia-
tion flux, and temperature in optically thin TRT. We show
that the WSINDy algorithm (Weak-form Sparse Identifi-
cation of Nonlinear Dynamics), together with an advanta-
geous change of variables and an auxiliary equation for the
radiation-energy-weighted opacity, enables robust and effi-
cient identification of closures that preserve many desired
physical properties from the high fidelity system, including
hyperbolicity, rotational symmetry, black-body equilibria,
and linear stability of black-body equilibria, all of which
manifest as library constraints or convex constraints on the
closure coefficients. Crucially, the weak form enables clo-
sures to be learned from simulation data with ray effects
and particle noise, which then do not appear in simula-
tions of the resulting closed moment system. Finally, we
demonstrate that our closure models can be extrapolated in
the key system parameters of drive temperature and scalar
opacity, and this extrapolation is to an extent quantifiable
by a Knudsen-like dimensionless parameter.
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MS61

An Explicit, Energy-Conserving Particle-in-Cell
Method for the Relativistic Vlasov-Maxwell Sys-
tem

The particle-in-cell (PIC) algorithm has been a standard
numerical method for the Vlasov equation and its relatives
for over 50 years. It combines a Lagrangian representation
of the distribution function with an Eulerian representation
of the electromagnetic fields to mitigate the curse of dimen-
sionality. However, PIC has long suffered from so-called
grid heating, in which the energy in the system grows sec-
ularly when certain (potentially irrelevant) physical scales
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are under-resolved. This problem has been solved in the
context of implicit PIC methods over the last 15 years, but
implicit methods come with additional costs. We present
an explicit PIC method that eliminates grid heating by en-
forcing exact energy conservation and report its extension
to include relativistic effects. The schemes relationship
to the structure-preserving Higuera-Cary time integrator
for relativistic charged particle motion is discussed, and
its compatibility with popular discretizations of Maxwells
equations is shown. The method is verified on standard
test problems from the literature, with dramatic improve-
ments in energy conservation observed.
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MS61

A Deterministic Particle Method for the Relativis-
tic Landau Equation

We propose a deterministic particle method for the spa-
tially homogeneous relativistic Landau equation, based on
a gradient-flow variational formulation with a regularized
collision operator. This method preserves conservation
laws and entropy decay, and achieves second-order accu-
racy. Comparison against theoretical equilibria, as well
as the transition to the non-relativistic Landau case, con-
firms its accuracy and consistency, especially for low-speed
particles, highlighting its potential for high-order time in-
tegration schemes in plasma simulations.
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MS62

Using Spatial Pattern to Distinguish Among
Drivers of Ecological Fluctuations

Ecological oscillations can be driven by noise or by deter-
ministic nonlinear feedbacks (such as density dependence)
that are intrinsic to the system. Since all natural systems
are subjected to noise, even intrinsic oscillations appear
somewhat irregular, and distinguishing noise-induced from
intrinsic oscillations is a long standing challenge. By study-
ing the transition from spatial disorder to spatial synchrony
in networks of both noise-induced and intrinsic oscillators,
we find that the onset of synchrony is distinct in these two
situations. Specifically, we show how the impact of stochas-
ticity causes the transition to synchrony diverge from the
deterministic bifurcation point. Our work illustrates that
spatial patterns contain information about what is driving

the underlying temporal dynamics.
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MS62

Forecasting phase shifts in a population with noisy
2-cycle dynamics

Forecasting changes in a population requires contending
with complex interactions between the environment and
various density-dependent processes underlying the pop-
ulations dynamics. In concept, forecasting should be
straightforward for populations whose dynamics follow re-
peating patterns like cycles, but in practice, the sensi-
tivity of population cycles to environmental stochasticity
and the ways in which perturbations can break these re-
peating patterns are not well resolved. We use a general
resource-budget model, shown previously to produce reg-
ular overcompensatory cycles, to investigate how stochas-
ticity in different traits affects the predictability of the dy-
namics. Inspired by statistical physics, we define two pos-
sible phases of oscillation population peaks in odd or in
even years and characterize the occurrence of phase shifts,
at which the repeating cycle breaks and the population
unexpectedly increases or decreases twice in a row. We
show that phase shifts are caused by two distinct mecha-
nisms, and that their frequency depends strongly on which
traits are sensitive to environmental stochasticity. By un-
derstanding the mechanisms, phase shifts would be fully
predictable if we had perfect knowledge of how the stochas-
tic traits vary through time, though of course we would not
have this knowledge in the real world. We therefore con-
clude our study by evaluating several imperfect but observ-
able quantities for their ability to forecast an impending
phase shift.
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MS62

Spatial Synchrony of Oscillating Ecological Popu-
lations and Models from Statistical Physics

The study of spatial synchrony, the dynamics of the phase
of coupled ecological systems, is an important way to gain
insight into what is responsible for the dynamics of ecolog-
ical populations. Ecological systems are notoriously noisy
with stochasticity affecting both dynamics and observa-
tions, so inferences from observations can be difficult. Just
as proceeding from observations of equilibrium behavior to
observations of oscillations of single populations has pro-
vided much insight, going the next step to spatiotemporal
dynamics provides much more insight. The simplest, and
also quite common, ecological oscillators are 2-cycles in dis-
crete time which then have two phases that can be iden-
tified with the two states used in the standard models of
statistical physics. I will demonstrate the correspondence
between standard ecological models with two cycles and
noise on a lattice and the Ising model of statistical physics.
I will also provide insights into a more specific model de-
scribing the dynamics of trees that bear heavy crops every
other year, and describe how these ideas play a role in
understanding spatio-temporal ecological dynamics. This
work will show the power of using ideas from statistical
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physics and suggest new questions.
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MS62

The Ising Model and Synchronization in Metapop-
ulations with 2-Cycle Behavior

The Ising model, originally developed to understand mag-
netism, is a simple model in statistical physics that pro-
vides a paradigmatic example of a critical phase transition.
The Ising model has been shown to capture many features
of the synchronization transition of noisy, coupled, 2-cycle
ecological oscillators. The surprising correspondence be-
tween the Ising model and 2-cycle metapopulation models
is an example of universalitythe phenomena that a large
class of systems display the same features at a phase tran-
sition independent of model details. In this talk we discuss
universality and then introduce two generalizations of the
Ising model motivated by ecological considerations. The
first of these generalizations adds memory to Ising dynam-
ics to mimic the stability of 2-cycle ecological oscillators
in the absence of noise. The Ising model with memory re-
mains in the two-dimensional Ising universality class but
memory slows the dynamics of the system and tends to
stabilize the synchronized phase against noise. The second
generalization adds long range couplings representing long
range dispersal. Here we find that even a small concen-
tration of long-range couplings yields mean field behavior,
which is a distinct universality class from that of the two-
dimensional Ising model.
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MS64

Flexural-gravity Wave Scattering on Ice: Forward
and Inverse Problems

In this talk we will discuss fast and accurate numerical al-
gorithms for simulating the propagation of linear flexural-
gravity waves through ice sheets. We will illustrate the
effectiveness of the proposed approach through several nu-
merical examples and discuss extensions to more general
wave phenomena. In the second portion of this talk we
will discuss recent work on the corresponding inverse prob-
lems.
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MS64

Localization of Phonon and Schrdinger Operators
Above the Upper Band Edge in Periodic Graphs

We study defectinduced eigenmodes above the upper spec-
tral band edge for Schrdinger operators with weighted,
non-periodically perturbed graph Laplacians on periodic
graphs. The connection of this model to the existence of
phonons on the same underlying graph structure is estab-
lished. Sufficient and necessary criteria on the perturbation
for the existence of eigenmodes in dimensions 2 and 3 are

presented.
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MS64

Quantum State Transfer

Recent years have witnessed substantial mathematical
progress in understanding state transfer fidelity in ideal
quantum systems. Of particular interest are nearest-
neighbor quantum spin chains, motivated by their deep
connections to orthogonal polynomials. Building on Kays
characterization of chains that permit perfect state trans-
fer (PST), in which an excitation propagates between the
endpoints with unit fidelity, we examined whether the ini-
tial state can be excluded prior to the time of PSTa phe-
nomenon known as early state exclusion (ESE). In this talk,
we discuss how spectral properties of Hamiltonians relate
to the ESE phenomenon.

Anastasiia Minenkova
University of Hartford
minenkova@hartford.edu

MS64

Sampling and Reconstruction of Discrete-Valued
Images Via the Dft

This talk explores minimal sampling strategies for the dis-
crete Fourier transform of integer-valued images. Using
lattice methods, we develop efficient reconstruction algo-
rithms that reduce redundancy and enable fast, exact re-
covery.

Howard Levinson
Oberlin College
Computer Science Department
hlevinso@oberlin.edu

Isaac Viviano
University of Wisconsin-Madison
iviviano@oberlin.edu

MS65

Tv-Regularized Reconstruction for Synthetic-
Wavelength Holographic Imaging in Scattering
Media

Inverse problems in computational imaging are often
severely ill-posed due to phase loss, speckle, and limited
aperture effects. In digital holography, the measured in-
tensity data encode complex wavefields only indirectly, re-
quiring demodulation and propagation modeling to recover
object phase and amplitude. In this work, we formulate re-
construction after off-axis demodulation as an inverse prob-
lem of the form

min
u

||Au− b||22 + λR(u),

where A models Fresnel propagation between object and
measurement planes, and R is a regularizer promoting
structural priors such as sparsity or bounded variation.
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Building toward synthetic-wavelength holography, we ex-
amine the recovery of the phase-difference field u1ū2 from
two closely spaced wavelengths and treat the resulting syn-
thetic hologram as data for an inverse problem. This wave-
length diversity rescales phase sensitivity, reducing phase
wrapping while altering the propagation of noise through
the reconstruction, thereby influencing stability and recon-
struction error. We study how propagation modeling and
regularization interact to mitigate noise amplification and
phase wrapping, and we demonstrate numerically how ac-
celerated proximal methods improve reconstruction fidelity
in the presence of speckle and measurement noise.

Patrick Addona
Dartmouth College
patrick.w.addona.gr@dartmouth.edu

MS65

Meaningful Priors for Bayesian Neural Networks
with Applications to Physics-Based Inverse Prob-
lems

Quantifying the uncertainty in the output of a neural net-
work is essential for deployment in scientific or engineering
applications where decisions must be made under limited
or noisy data. Bayesian neural networks (BNNs) provide
a framework for this purpose by constructing a Bayesian
posterior distribution over the network parameters. How-
ever, the prior, which is of key importance in any Bayesian
setting, is rarely meaningful for BNNs. This is because the
complexity of the input-to-output map of a BNN makes
it difficult to understand how certain distributions enforce
any interpretable constraint on the output space. Gaus-
sian processes (GPs), on the other hand, are often pre-
ferred in uncertainty quantification tasks due to their in-
terpretability. The drawback is that GPs are limited to
small datasets without advanced techniques, which often
rely on the covariance kernel having a specific structure.
To address these challenges, we introduce a new class of
priors for BNNs, called Mercer priors, such that the result-
ing BNN has samples which approximate that of a specified
GP. The method works by defining a prior directly over the
network parameters from the Mercer representation of the
covariance kernel, and does not rely on the network hav-
ing a specific structure. In doing so, we can exploit the
scalability of BNNs in a meaningful Bayesian way.

Alex Alberts
Purdue University
albert31@purdue.edu

MS65

Recovering Elastic Subdomains with Strain-
Gradient Elastic Interfaces from Force Measure-
ments

In this talk, we introduce a new inverse problem for two-
dimensional antiplane shear in elastic bodies with strain-
gradient interfaces. The setting is a homogeneous isotropic
elastic body that contains an inclusion separated by a thin
interface endowed with higher-order surface energy. We
show that the Dirichlet-to-Neumann map, which encodes
displacement-stress measurements on the exterior bound-
ary, uniquely recovers the mechanical parameters, as well
as the shape of the inclusion. To address the inverse shape
problem, we adapt the Factorization Method to handle the
complications arising from a higher-order boundary opera-
tor and its nontrivial null space. Numerical examples will

be presented in the unit circle.
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MS65

On Applying a Collocational Approach to Inverse
Problems in Electrical Impedance Tomography

Electrical impedance tomography (EIT) is a portable, non-
invasive, and relatively cheap medical technique for imag-
ing electrical conductivity distributions within the human
body. One of its important applications is the detec-
tion of intra-abdominal hemorrhage in trauma patients.
Traditionally, inverse problems are studied to reconstruct
the internal conductivities given voltage measurements on
boundary surface electrodes. However, the inverse prob-
lem is ill-posed and highly sensitive to breathing and other
motion, causing artifacts in reconstructed images. In this
talk, we first present an extended parametric partial dif-
ferential equation (PDE) for EIT accounting for boundary
shape and internal conductivities and then apply a collo-
cational approach based on generalized polynomial chaos
to construct a polynomial approximation of the forward
solution in the parameter space. Having that surrogate
polynomial allows us to efficiently solve the inverse prob-
lem using Tikhonov and other regularization techniques
to reconstruct the internal conductivities as well as the
boundary shape.

Anwar Khaddaj, Malena I. Espanol, Rosalind Sadleir
Arizona State University
akhaddaj@asu.edu, malena.espanol@asu.edu,
rsadleir@asu.edu

MS66

Gaussian Mixture Taylor Approximations for Un-
certainty Quantification of Control Objectives

Forward uncertainty quantification (UQ) of control objec-
tives is a central challenge in optimal control problems con-
strained by nonlinear partial differential equations (PDEs).
The control objective is typically defined as a statistical
measure of a quantity of interest (QoI) associated with the
PDE solution, where uncertainty arises from PDE coeffi-
cients or input fields. Nonlinearity of the parameter-to-QoI
map and the high dimensionality of the parameter space
make direct sampling approaches computationally expen-
sive. We develop a scalable framework for forward UQ of
control objectives by combining Gaussian mixture approx-
imations of the parameter distribution with local Taylor
expansions of PDE solution operators. Taylor expansion
of the parameter-to-QoI map around parameter means re-
duces the number of required PDE solves but is only locally
accurate. By decomposing the global parameter distribu-
tion into locally concentrated Gaussian components and
applying componentwise Taylor expansions, the method
enables fast and accurate evaluation of the control objec-
tive. We demonstrate the effectiveness of this approach for
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large-scale optimal control problems under uncertainty.

Wenbo Hao, Yuan Qiu
Georgia Institute of Technology
whao36@gatech.edu, yuan.qiu@gatech.edu

Dingcheng Luo
School of Mathematical Sciences
Queensland University of Technology
dingcheng.luo@qut.edu.au

Peng Chen
Georgia Institute of Technology
pchen402@gatech.edu

MS66

Bilo: Bilevel Operator Learning for Pde Inverse
Problems and Uncertainty Quantification

We present a new neural network-based method for solving
inverse problems for partial differential equations (PDEs)
by formulating the PDE inverse problem as a bilevel op-
timization problem. At the upper level, we minimize the
data loss with respect to the PDE parameters. At the
lower level, we train a neural network to locally approx-
imate the PDE solution operator in the neighborhood of
a given set of PDE parameters, which enables an accu-
rate approximation of the descent direction for the upper
level optimization problem. The lower level loss function
includes the L2 norms of both the residual and its deriva-
tive with respect to the PDE parameters. We apply gra-
dient descent simultaneously on both the upper and lower
level optimization problems, leading to an effective and
fast algorithm. The method, which we refer to as BiLO
(Bilevel Local Operator learning), is also able to efficiently
infer unknown functions in the PDEs through the intro-
duction of an auxiliary variable, and can be extended to
account for uncertainties in the parameters and data using
Bayesian inference. Through extensive experiments over
multiple PDE systems, we demonstrate that our method
achieves accurate results, eliminates the need to balance
the residual and the data losses, which is inherent to the
soft PDE constraints in many existing methods, and en-
ables efficient gradient-based sampling by avoiding sam-
pling in high-dimensional weight space.

John Lowengrub
University of California, Irvine
jlowengr@uci.edu

MS66

Uncertainty Quantification for Parabolic PDEs
with Random Domain Deformations

The numerical solution of linear parabolic PDEs with ran-
dom coefficients and domains become highly intractable
with well known statistical methods such as Monte Carlo
even for a relatively small number of stochastic dimensions.
In this talk we analyze the linear parabolic PDEs with
stochastic domain deformations. In particular, we con-
centrate on the problem of numerically approximating the
statistical moments of a given Quantity of Interest (QoI).
The geometry is assumed to be described by a random field
of the domain. This parabolic problem is remapped to a
fixed deterministic domain with random coefficients and it
is shown that the solution admits a complex analytic exten-
sion in some region embedded in the complex hyperplane.
The map from the geometry to the solution is non-linear.
The stochastic moments of the QoI are computed by em-

ploying a stochastic collocation method in conjunction with
an isotropic Smolyak sparse grid. The complex analytic
extension of the solution leads to sub-exponential conver-
gence rates as a function to the number of collocation in-
terpolation knots with the sparse grid method. Numerical
experiments confirm the theoretical error estimates. For
the numerical examples, this approach is over 1010 times
more efficient than Monte Carlo, making it well suited for
handling moderately high dimensional intractable stochas-
tic geometrical problems. This is a joint work with J. Cas-
trillón-Candás (Boston University).
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MS66

Multifidelity Variance Reduction Techniques for
Particle-Based Kinetic Methods

Particle-based kinetic methods (e.g., particle-in-cell tech-
niques) are commonly used for simulating non-equilibrium
gases and plasmas. These methods use a statistical ap-
proach by drawing a set of representative marker par-
ticles from the particle distribution function and then
evolving them in phase space according to collisions and
self-consistent electromagnetic fields. As a Monte-Carlo
method, a major drawback is sampling noise and slow con-
vergence rates. This means it is often unfeasible to reach
needed particle counts for certain problems, and that quan-
tifying the associated uncertainty with limited sample sizes
is important. In this talk we discuss various techniques
that attempt to overcome the issue of statistical noise
and computational cost in particle-based kinetic methods,
highlighting their overlap with sampling-based uncertainty
quantification approaches. Our aim is to develop multi-
fidelity methods that can enhance existing particle codes
and allow for the simulation of strongly non-equilibrium
plasmas at reduced cost. Many multifidelity approaches
for noise reduction in particle-based codes either explicitly
assume weakly non-equilibrium behavior or are unstable
outside of that regime. To this end, we discuss progress
towards developing low-noise methods that are suitable for
large deviations from equilibrium. These methods can be
embedded in the forward simulation or used a posteriori
when computing moments of the particle density function.

Gopal R. Yalla, Bryan Reuter
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MS67

Stopping Rules Change Everything: the Hid-
den Phase Space and Structural Limits of Age-
Stratified Pandemic Control

Understanding how societies respond to pandemics re-
quires integrating epidemiological dynamics with behav-
ioral and demographic heterogeneity. In this study, we
develop an age-structured SEIRS-type model that incor-
porates asymptomatic transmission, heterogeneous infec-
tion fatality rates (IFRs), waning immunity, and age-
specific behavioral and societal differences. Building on
classical herd immunity concepts, we evaluate a range of
stylized non-pharmaceutical intervention (NPI) archetypes
within a strictly mechanistic and computational frame-
work. Within the internal logic of the model, simulations
indicate that selectively reducing contacts among high-risk
groups can, under certain parameter regimes, be associated
with lower modeled mortality than uniform population-
wide restrictions. Importantly, the model also explicitly ex-
plores mathematically extreme regimes in which transmis-
sion intensity among lower-risk groups is increased above
baseline levels as a deliberate stress test of heterogeneous
transmission allocation. These results are descriptive of
model structure rather than prescriptive of real-world pol-
icy and do not constitute advocacy of deliberate exposure
scenarios. Additionally, we show that intervention tim-
ing relative to immunity thresholds, rather than fixed time
horizons, moves scenarios to fundamentally different re-
gions of the models dynamical phase space, thereby alter-
ing their comparative ranking. This framework provides
a transparent computational setting for exploring how age
structure, behavioral heterogeneity, and waning immunity
jointly shape epidemic outcomes under alternative inter-
vention archetypes.

Steve Trost, Haridas Kumar Das
Oklahoma State University
trost@okstate.edu, haridas.das@okstate.edu

MS67

Impact of Varying Dispersal in Metapopulation
Models: a New Type of Sherman-Morrison For-
mula

For population and disease distributed across patches in
heterogeneous environments, meta-population models are
a useful tool. It is of particular interest whether popula-
tions and diseases will persist depending on dispersal rates
and network connectivity. In particular, we investigate how
changes in network structure and dispersal impact the long-
term population growth rate and determine the population
persistence threshold. The population growth rate can be
found via the largest real part of the eigenvalues of the
Jacobian. This eigenvalue can be approximated using an
expansion in terms of the Group Inverse. The Group In-
verse is a generalized inverse for a specific class of matrices
including the discrete Laplacian. We propose a Sherman-
Morrison type formula that can be used to find an updated
group Inverse for varying dispersal. Using this formula,
we explore how changes in dispersal affect the population
growth rate.
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MS67

Math-Model Informed Neural Network (MINN)
for Downscaling of Disease Spread Measurement

Spatial heterogeneity in the spread of influenza is crucial
for effective local-level preparedness against pandemics.
In this talk, I will present a math modelinformed neu-
ral network (MINN) framework for downscaling influenza
transmission cases from coarse state-level measurements
to refined county-level resolution. Our machine learn-
ing approach combines a deterministic disease model and
weather-influenced variations to produce high-resolution
disease forecasts that remain consistent with county mea-
sures. This framework can enhance local healthcare pol-
icy by generating interpretable and high-resolution disease
forecasts, enabling targeted resource allocation, early de-
tection, and scenario-based planning at the county level.
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MS67

Geospatial Modeling of Climate-Driven Lyme Dis-
ease Dynamics in Maryland

Lyme disease, spread by black-legged ticks (Ixodes scapu-
laris), remains the most pressing vector-borne public health
challenge in the United States. Endemic transmission
across the Northeast and Mid-Atlantic regions continues
to generate significant health and economic costs (with an-
nual direct medical expenses estimated at �1.4 billion na-
tionally). In this talk, I will present a mechanistic model-
ing framework designed to explore how temperature vari-
ability shapes the geospatial dynamics of Lyme disease in
Maryland. The model couples temperature-dependent tick
life stages, reservoir host populations, and human exposure
risk, and is parameterized using long-term surveillance, cli-
mate, and demographic data from the state. Simulations
are run under current and projected temperature scenar-
ios to identify the thermal conditions that drive peak tick
activity and maximum transmission intensity. These re-
sults pinpoint seasonal windows when tick management
and public health interventions could be most effective. I
will also address whether climate change is likely to expand
the geographic footprint of Lyme disease in Maryland or
simply shift high-risk areas to new locations. The talk will
conclude with a discussion of how control strategies can be
optimized using climate-informed model projections.

Salihu Sabiu Musa
University of Maryland, College Park
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MS68

A Data-driven Effective Dynamics of ENSO From
Topology, Symbolic Transitions, and Low-order
Modeling

We propose a data-driven route to an effective low-
dimensional description of ENSO based on delay-
coordinate geometry, symbolic state transitions, and a min-
imal stochastic dynamical model. We test whether a coarse
three-state representation (El Niño/La Niña/Neutral) or
a refined five-state representation (separating weak and
strong anomalies) is better supported by the data, and we
assess whether delay-oscillator signatures emerge robustly
from delay embeddings. Guided by the empirical diagnos-
tics, we introduce a three-dimensional stochastic recharge–
excursion model that reproduces the observed combination
of frequent backbone motion and intermittent strong-event
excursions.

Maŕıa Sánchez-Muñiz
The City College of New York, CUNY
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MS68

Geometry Helps Simplicial Message Passing

The WeisfeilerLehman (WL) test and its simplicial exten-
sion (SWL) characterize the combinatorial expressivity of
message passing networks, but they are blind to geome-
try, i.e., meshes with identical connectivity but different
embeddings are indistinguishable. We introduce the Ge-
ometric Simplicial WeisfeilerLehman (GSWL) test, which
incorporates vertex coordinates into color refinement for
geometric simplicial complexes. In addition, we show that
(i) the expressivity of geometry-aware simplicial message
passing schemes is bounded above by GSWL, and (ii) that
there exist parameters such that the discriminating power
of GSWL is matched by these schemes on any fixed finite
family of geometric simplicial complexes. Combined with
the Euler Characteristic Transform (ECT), a complete in-
variant for geometric simplicial complexes, this yields a
geometric expressivity characterization together with an
approximation framework. Experiments on synthetic and
mesh datasets serve to validate our theory, showing a clear
hierarchy from combinatorial to geometry-aware models.

Elena Xinyi Wang
University of Fribourg
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MS69

Parameter Identifiability From Quartet Concor-
dance Factors Under the Network Multispecies Co-
alescent Model: Level-2 and Beyond

Genetic data often show incongruence among different
stretches of the genome leading to topological discor-
dance between evolutionary histories of specific genes and
species-level evolution. The network multispecies coales-
cent model (NMSC) addresses this discordance by deter-
mining the probability of observing any gene tree given a
metric species level phylogenetic network, taking into ac-
count hybridization and incomplete lineage sorting. The
probabilities associated with quartet (4-leaf) gene trees are
called quartet concordance factors (CFs). Both topologi-
cal and parameter identifiability from quartet CFs under

the NMSC have been well studied for level-1 networks but
less is known about parameter identifiability beyond level-
1. We give conditions on level-k networks, for k ≥ 2, that
guarantee parameter identifiability from quartet CFs under
the NMSC.
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Deriving Symbolic Representations of Quartet
Concordance Factors Using SymCF

Quartet concordance factors (qCFs) are one of the key sum-
maries of genomic data for phylogenetic inference under the
multispecies coalescent. However, formulas for comput-
ing expected qCFs quickly become unwieldy for complex
phylogenetic networks. Symbolic formulas are essential for
proving parameter identifiability, understanding model be-
havior, and developing statistically sound inference meth-
ods beyond numerical simulation. In this talk, I introduce
SymbolicQuartetCF.jl (symCF), a computational method
written in the Julia programming language that automati-
cally derives symbolic representations of expected qCFs for
arbitrary phylogenies (i.e., both trees and networks). The
package also supports direct export to computer algebra
systems (e.g., Macaulay2), enabling downstream theoreti-
cal and mathematical analyses.
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MS69

Algebraic Approaches for Species-Level Phyloge-
netic Inference under Multiple Evolutionary Pro-
cesses

The advent of rapid and inexpensive DNA sequencing tech-
nologies has necessitated the development of computation-
ally efficient methods for analyzing sequence data for many
genes simultaneously in an evolutionary framework. The
coalescent process is the most commonly used model for
linking the underlying genealogies of individual genes with
the global species-level phylogenetic tree in the absence of
reticulate evolutionary processes, such as horizontal gene
transfer, and algebraic approaches have been instrumen-
tal in both obtaining identifiability results and develop-
ing methods for inference from empirical data. Here, we
consider a model for horizontal gene transfer, and develop
parallel arguments about identifiability and inference. We
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discuss the problem of distinguishing between incomplete
lineage sorting and horizontal gene transfer for a given em-
pirical dataset.
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MS69

Identifiability of a Simple Model of Lateral Gene
Transfer

A significant influence on the evolution of certain species
is lateral gene transfer, where genetic material is passed
directly between different species. This makes determin-
ing the true evolutionary history of a species difficult. In
this research we define a model of lateral gene transfer
in which gene transfer events only occur between closely
related species. We show that under this model, the un-
rooted topology of the phylogenetic tree is identifiable from
sequence data.

Devon Olds
North Carolina State University
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MS70

Mean-value Formulas for Higher-order Poisson
Equations

We introduce a family of mean-value formulaswith quanti-
tative remaindergiven in terms of linear combinations of it-
erated means, which characterizes solutions to higher-order
Poisson equations. Higher-order Poisson equations involve
an integer power of the Laplacian, and a nonzero forcing
term, and appear in areas of physics and engineering such
as hydrodynamics, structural engineering, and image pro-
cessing. We provide exact formulas with a quantitative
version of the remainder depending on the magnitude of
the forcing term, as opposed to asymptotic expansions.Our
results are consistent with our previous work in the poly-
harmonic case, where the forcing term is absent.
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MS70

Wavelet Galerkin Methods for the Helmholtz
Equation and Elliptic Interface Problems

Wavelets are sparse multiscale representation systems that
have been used in various applications such as signal and
image processing, numerical PDEs, and data science. In
this talk, I will focus on their application to numerically
solving two important problems in science and engineer-
ing: the Helmholtz equation, which models time-harmonic
wave propagation, and elliptic interface problems. I will
describe some challenges we often face in solving these two

PDEs and present wavelet Galerkin methods as effective
solutions. The benefits of using wavelets to address these
challenges will be discussed, along with details on construc-
tions, and key theoretical and computational results re-
lated to these methods.
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MS70

On Existence of Chemotaxis Compressible Navier-
Stokes Equations Modeling Vascular Network For-
mation

In this talk, we will discuss the existence of solutions to a
model of vascular network formation in a bounded domain
Ω ⊂ R3, which is a coupling of the compressible Navier-
Stokes equations for the density of the endothelial cells
and their velocity, and a reaction-diffusion equation for the
concentration of chemoattractant. We first prove the local
existence of the unique strong solution provided that the
initial data are sufficiently regular and satisfy a natural
compatibility condition. We also prove the existence of
global weak solutions for adiabatic pressure coefficients γ >
3
2
. The initial density ρ0 may have vacuum in an open

subset for both existence of the local strong solution and
global weak solutions.
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A Fluid-Plate Interaction System with Square-
Root Damping: Analyticity, Stability, and Stabi-
lization with Boundary Controls

We present a homogeneous, uncontrolled 2D fluid-plate in-
teraction model, where the structure is modeled by an elas-
tic plate equation with (formally) square-root damping,
and where the two components are subject to high-level
coupled conditions at the interface between the two media.
Physically the model occupies a doughnut-like domain: the
fluid occupies the exterior domain while the plate structure
occupies an interior subdomain. The novelty is the (for-
mal) square root damping of the structure versus either no
damping at all or else Kelvin-Voigt (viscoelastic) damping.
We will show that such homogeneous (uncontrolled) model
generates an analytic semigroup of contraction on a natural
energy space, which is uniformly stable. We will also pro-
vide a characterization of the domain of a fractional power
related to the generator. This result can be then used to
study the corresponding non-homogeneous model subject
to control action at the interface between the two media
and provide or it an optimal regularity result.
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MS71

Learning Solution Operator of Dynamical Systems
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with Diffusion Maps Kernel Ridge Regression

In this work, we propose a simple kernel ridge regression
(KRR) framework with a dynamic-aware validation strat-
egy for long-term prediction of complex dynamical sys-
tems. By employing a data-driven kernel derived from
diffusion maps, the proposed Diffusion Maps Kernel Ridge
Regression (DM-KRR) method implicitly adapts to the in-
trinsic geometry of the system’s invariant set, without re-
quiring explicit manifold reconstruction or attractor mod-
eling, procedures that often limit predictive performance.
Across a broad range of systems, including smooth mani-
folds, chaotic attractors, and high-dimensional spatiotem-
poral flows, DM-KRR consistently outperforms state-of-
the-art random feature, neural-network and operator-
learning methods in both accuracy and data efficiency.
These findings underscore that long-term predictive skill
depends not only on model expressiveness, but critically on
respecting the geometric constraints encoded in the data
through dynamically consistent model selection. Together,
simplicity, geometry awareness, and strong empirical per-
formance point to a promising path for reliable and efficient
learning of complex dynamical systems.

Daning Huang
Pennsylvania State University
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MS71

Learning Dynamical Systems from Noisy Data with
Weak Diffusion Maps Kernel Ridge Regression

Accurate prediction of complex dynamical systems from
noisy measurements remains a significant challenge in sci-
entific computing. Kernel ridge regression learning strate-
gies are often effective when applied to clean observational
data, but have limited success in the presence of noise.
Recently, weak formulations applied to various learning
strategies have been observed to increase noise robustness,
although a clear mechanistic explanation for this success is
scarce in the prevailing learning literature. In this work, we
bridge this gap by connecting weak formulations to classi-
cal results in information theory and signal processing to
show that the weak form acts as a filter, explaining its ob-
served noise robustness. Leveraging these insights, we pair
a weak formulation with a specific kernel learning strategy
to propose Weak Diffusion Maps Kernel Ridge Regression
(WDMKRR) for learning dynamical systems. The pro-
posed framework is simple to implement, effective for both
clean and noisy data, and consistently outperforms sev-
eral baseline methods. We demonstrate the performance
of WDMKRR on chaotic benchmark systems in up to 64
dimensions, as well as experimental fluid data exceeding
15,000 dimensions.
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MS71

From Single to Multiple Kernels: Learning Inter-
acting Particle Systems on Networks

We introduce a multi-type interacting particle system
on graphs to model heterogeneous agent-based dynamics.

Within this framework, we develop algorithms that jointly
learn the interaction kernels, the latent type assignments,
and the underlying graph structure. The approach has
three stages: (i) a low-rank matrix sensing step that recov-
ers a shared interaction embedding, (ii) a clustering step
that identifies the discrete types, and (iii) a post-processing
step to factorize the graph and kernels. Under the assump-
tion of the restricted isometry property (RIP), we obtain
theoretical guarantees on sample complexity and conver-
gence for a wide range of model parameters.
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MS71

A Kernel Regression Framework for Data-Driven
Modeling and Spectral Analysis of Nonlinear Dy-
namical Systems

We develop a data-driven framework for learning predictive
and spectral representations of nonlinear dynamical sys-
tems using Regularized Diffusion Maps Kernel Regression
(ReDMKR). The proposed method combines a diffusion
maps kernel, which adapts to the intrinsic geometry of data
sampled from an invariant set, with a Kronecker-delta reg-
ularization that stabilizes the empirical kernel representa-
tion. Through a liftpropagateproject reformulation, spec-
tral information and coherent structures can be extracted
from a kernel regression model, that is traditionally used
only as a black-box predictor. Furthermore, the coherent
structures are shown to be equivalent to those in Koop-
man spectral theory, such that generalized eigenfunctions
and smoothed spectral measures can be approximated. Nu-
merical experiments on the Lorenz-63 system demonstrate
that ReDMKR preserves the predictive accuracy of diffu-
sion maps kernel regression while enabling Koopman-based
spectral analysis for both scalar nonlinear and full-state
observables. Furthermore, a high-dimensional pitching-
plunging flat-plate flow example shows that the method
provides accurate long-term prediction and extracts dy-
namically coherent structures that are consistent with
frequency-domain modal analysis. These results indicate
that ReDMKR offers a systematic framework for simul-
taneous long-term prediction and physically interpretable
Koopman spectral analysis of complex dynamical systems.

Jiwoo Song, Daning Huang, John Harlim
Pennsylvania State University
jzs6565@psu.edu, dfh5340@psu.edu, jharlim@psu.edu

MS72

Trading in CEXs and DEXs with Priority Fees and
Stochastic Delays

We develop a mixed control framework that combines abso-
lutely continuous controls with impulse interventions sub-
ject to stochastic execution delays. The model extends
current impulse control formulations by allowing (i) the
controller to choose the mean of the stochastic delay of
their impulses, and allowing (ii) for multiple pending or-
ders, so that several impulses can be submitted and ex-
ecuted asynchronously at random times. The framework
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is motivated by an optimal trading problem between cen-
tralized (CEX) and decentralized (DEX) exchanges. In
DEXs, traders control the distribution of the execution de-
lay through the priority fee paid, introducing a fundamen-
tal trade-off between delays, uncertainty, and costs. We
study the optimal trading problem of a trader exploiting
trading signals in CEXs and DEXs. From a mathematical
perspective, we derive the associated dynamic program-
ming principle of this new class of impulse control prob-
lems, and establish the viscosity properties of the corre-
sponding quasi-variational inequalities. From a financial
perspective, our model provides insights on how to carry
out execution across CEXs and DEXs, highlighting how
traders manage latency risk optimally through priority fee
selection. We show that employing the optimal priority
fee has a significant outperformance over non-strategic fee
selection.

Leandro Sánchez-Betancourt
University of Oxford
leandro.sanchezbetancourt@maths.ox.ac.uk

MS73

Solutions to Open Math Problems with AI: Some
Examples

Mathematical discovery is entering a new era of ”aug-
mented intelligence.” In this talk, I describe my transition
from traditional research methods to the integration of AI
as a catalyst for discovery. Using recent results and pa-
pers obtained via AxiomProver, I will demonstrate how AI
amplifies human intuition to navigate complex landscapes,
uncovering new theorems and verifies them in Lean.

Ken Ono
Axiom Math and University of Virginia
ken.ono691@virginia.edu

MS73

Bridging the Gap Between Scientific Laws Derived
by AI Systems and Canonical Knowledge via Ab-
ductive Inference with AI Noether

A core goal in modern science is to harness recent advances
in AI and computer processing to automate and accelerate
the scientific method. Symbolic regression can fit inter-
pretable models to data, but these models often sit outside
established theory and lack derivability. Recent systems
have tackled this problem by quantifying derivability from
prior axioms (encoded as polynomials) and building this
into the search process. These methods generate formulae
that don’t just fit the data, but are explainable by theory
as well. However, sometimes new data and associated hy-
potheses are not consistent with existing theory because
the existing theory is incomplete or incorrect. When es-
sential axioms are missing, these systems can only generate
good fits to data without explainability. There is therefore
a critical need in science for automating abductive infer-
ence - the process of correcting the axiomatic assumptions
in order to explain a hypothesis - to close this explainability
gap, which currently remains an open problem. In this talk,
I’ll talk about our recent step towards solving this problem
and bridging this gap: AI Noether - a computational al-
gebraic geometric system that, given an incomplete axiom
system and set of hypotheses expressible as polynomials
that it cannot explain, automatically generates a minimal
set of missing axioms that suffices to derive the hypothesis.
We’ll talk about the system itself, its strengths and limi-

tations, and how it fits into the modern scientific method.

Karan Srivastava
University of Wisconsin-Madison
ksrivastava4@wisc.edu

MS73

The Art of System Prompting

We discuss the usage of prompting and prompt engineer-
ing to control the behavior of large language models on
mathematical questions. We focus on modern prompt engi-
neering techniques for applications such as paper ingestion
and comprehension, structured question answering, and er-
ror catching. We give several examples to demonstrate the
qualitatively different behavior of LLM answers under care-
fully designed system prompts. We also briefly discuss how
to set up prompting workflows to streamline LLM assisted
research.

Tanay Wakhare
MIT
twakhare@mit.edu

MS74

Wave Patterns Near Rogue Waves Formed
Through Breather Synchronization

We construct a family of solutions of the modified
Korteweg-de Vries (mKdV) equation parametrized by a
continuous order parameter M . For half-integer values
of M , this family produces higher-order breather solu-
tions of the mKdV equation, while for intermediate values
it yields solutions that continuously interpolate between
these breather states. We show that the solutions develop a
localized peak at a prescribed spacetime point, with ampli-
tude growing proportionally to M as M increases. Zoom-
ing in on the neighborhood of this point of amplitude ex-
plosion, we show that, in suitably rescaled coordinates, the
local profile converges to a distinguished special solution
of the mKdV equation, which we refer to as the infinite-
order breather. This limiting structure is universal with
respect to M , in the sense that it is independent of the
particular sequence of values of M along which the limit is
taken. Time permitting, we further describe wave patterns
in certain regions of spacetime surrounding the focal point,
showing that this universality extends into certain regions
of the far field.

Ethan Davis, Deniz Bilman
University of Cincinnati
davis5ej@mail.uc.edu, bilman@uc.edu

MS74

Large-Degree Asymptotics for Laguerre Rational
Solutions of Painleve V

We study the large-degree asymptotics of the Laguerre ra-
tional solutions to Painleve V. These solutions have appli-
cations to the study of the joint moments of the charac-
teristic polynomial of the Circular Unitary Ensemble and
to certain probability density functions associated with the
Laguerre Unitary Ensemble. We derive a novel Riemann-
Hilbert representation for the Laguerre rational solutions
using the isomonodromy method and perform nonlinear
steepest descent to obtain asymptotics. We present our
new Riemann-Hilbert representation of the Laguerre ratio-
nal solutions and our results on large-degree asymptotics
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inside and outside the zero-pole region. This is joint work
with Robert Buckingham.

Trevor Johnson
University of Cincinnati
johns5tt@mail.uc.edu

Robert J. Buckingham
Dept. of Mathematical Sciences
The University of Cincinnati
buckinrt@uc.edu

MS75

Fine-Tuning of Spatiotemporal Fourier Neural Op-
erator for Turbulent Flows

Recent advancements in operator-type neural networks
have shown promising results in approximating the solu-
tions of spatiotemporal PDEs. However, these neural net-
works often entail considerable training expenses and may
not always achieve the desired accuracy required in many
scientific and engineering disciplines. In this paper, we
propose a new Spatiotemporal Fourier Neural Operator
(SFNO) that learns maps between Bochner spaces, and
a new learning framework to address these issues. This
new paradigm leverages wisdom from traditional numeri-
cal PDE theory and Reduced Order Modeling. Specifically,
the proposed pipeline first trains for a few epochs with
SFNO, and then fine-tunes the last linear spectral filter
layer via an implicit residual minimization procedure. Nu-
merical experiments on toy model benchmarks for the 2D
NSE operator learning demonstrate only 1% of the FLOPs
required by the traditional end-to-end pipeline, and achieve
solutions up to 100000 times more accurate than those from
the neural operator surrogate.

Shuhao Cao
University of Missouri-Kansas City
scao@umkc.edu

Francesco Brarda
Emory University
francesco.brarda@emory.edu

Ruipeng Li
Lawrence Livermore National Lab
li50@llnl.gov

Yuanzhe Xi
Department of Mathematics
Emory University
yuanzhe.xi@emory.edu

MS75

An Efficient Data-Driven Multiscale Stochastic Re-
duced Order Modeling Framework for Complex
Systems

Suitable reduced order models (ROMs) are computation-
ally efficient tools in characterizing key dynamical and sta-
tistical features of nature. In this paper, a systematic mul-
tiscale stochastic ROM framework is developed for com-
plex systems with strong chaotic or turbulent behavior.
The new ROMs fundamentally differ from the traditional
Galerkin ROM (G-ROM) or those deterministic closure
ROMs that aim to minimize path-wise errors and apply
mainly to laminar systems. Here, the new ROM focuses
on recovering the large-scale dynamics to the maximum

extent. At the same time, it also exploits cheap but ef-
fective conditionally linear functions as the closure terms
to capture the statistical features of the medium-scale vari-
ables and their feedback to the large scales. The new ROM
mimics the model structure of many complex systems, al-
lowing it to be more physically explainable. In addition,
physics constraints of energy-conserving nonlinearities are
incorporated into the new ROM. One unique feature of
the resulting ROM is that it facilitates an efficient and
accurate scheme for nonlinear data assimilation, the so-
lution of which is provided by closed analytic formulae
that do not require ensemble methods. Such an analytical
solvable data assimilation solution significantly accelerates
computational efficiency. It allows the new ROM to avoid
many potential numerical and sampling issues in recover-
ing the unobserved states from partial observations. The
closure term calibration is efficient and systematic via ex-
plicit mathematical formulae. The new ROM framework
is applied to complex nonlinear systems in which the in-
trinsic turbulent behavior is either triggered by external
random forcing or deterministic nonlinearity. The out-of-
sample numerical results show that the new ROM signifi-
cantly outperforms the G-ROM in both scenarios regard-
ing reproducing the dynamical and statistical features and
recovering unobserved states via the efficient data assimi-
lation scheme.

Changhong Mou
Utah State University
changhong.mou@usu.edu

Nan Chen
University of Wisconsin - Madison
chennan@math.wisc.edu

Traian Iliescu
Department of Mathematics
Virginia Tech
iliescu@vt.edu

MS75

Approximate Deconvolution for Regularized Re-
duced Order Models

Projection-based reduced order models (ROMs) are widely
used to accelerate simulations of complex fluid flows, but
their reliability deteriorates in convection dominated and
turbulent regimes. In particular, standard PODGalerkin
ROMs applied to under-resolved, highReynolds number
flows often exhibit spurious oscillations or loss of accuracy.
Regularization through spatial filtering has proven effective
in improving stability, yet this comes at the risk of exces-
sive damping of physically relevant flow structures. This
talk examines a class of regularized ROMs augmented with
approximate deconvolution to counteract the over smooth-
ing introduced by filtering. The proposed approach aims to
reconstruct attenuated dynamics while preserving the ro-
bustness benefits of regularization. We analyze the formu-
lation and stability properties of these models and discuss
their relationship to established regularization techniques.
Numerical experiments for turbulent flow problems illus-
trate how approximate deconvolution can significantly im-
prove predictive accuracy without increasing the computa-
tional complexity of the reduced-order model.

Jorge Reyes
Department of Mathematics
Virginia Tech
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reyesj@vt.edu

MS75

Reduced Order Surrogate Methods in Computa-
tional Mechanics with Applications

We will focus on recent advances in surrogate modelling
(model reduction and machine learning) in computational
mechanics with special focus on parametric geometries and
turbulent viscous flows as well. The topic deals also with
approximation stability, structure preservation, data scar-
sity and database enrichment for snapshots. Applications
include industrial problems, as well as medicine and envi-
ronment.

Gianluigi Rozza
SISSA, International School for Advanced Studies,
Trieste, Italy
grozza@sissa.it

MS76

Denoising the Ensemble: Score-Based Posterior
Correction for Nonlinear Data Assimilation

We consider filtering in a partially observed nonlinear dy-
namical system, where only a subset of variables is ob-
served, and the objective is to recover the full joint filter-
ing distribution without relying on particle filtering. To
address this challenge, we propose a two-stage coupled fil-
tering framework. First, we use a conditional Gaussian
nonlinear system as a tractable surrogate model deployed
in the ensemble Kalman Filter to obtain the analytical fil-
tering score. Then, we learn a residual filtering operator
directly from observations with an unsupervised diffusion
model, avoiding the need for explicit closed-form filter up-
dates. Second, for the unobserved variables, we leverage
the conditional Gaussian structure to build a Gaussian
mixture sampler that captures the non-Gaussian behavior
of the small-scale marginal distribution without particle-
based methods. Together, the learned score-based opera-
tor for the observed variables and the mixture-based con-
ditional sampler produce a computationally efficient filter
that makes minimal assumptions about the true dynamics
and can represent filtering distributions beyond the Gaus-
sian regime accessible to standard ensemble Kalman filters.

Pouria Behnoudfar
University of Wisconsin Madison
p.behnoud@gmail.com

Nan Chen
University of Wisconsin - Madison
chennan@math.wisc.edu

MS76

Shape-Morphing Solutions for Reduced-Order
Modeling

Classical methods for reduced-order modeling (ROM) as-
sume the state as the linear combination of prescribed basis
functions (or modes). This assumption limits their effi-
cacy for time-dependent multi-scale problems with local-
ized time-varying features. I will first introduce the no-
tion of Shape-Morphing Solutions (SMS), which allow the
modes to change shape over time, in a predictable fash-
ion, in order to automatically adapt to the true solution of
the PDE. This allows the SMS to approximate the PDE’s
solution more economically. I will also discuss several at-

tractive features of SMS: (i) It is easy to enforce known
conserved quantities of the PDE in the SMS-ROM. (ii)
Classical Galerkin methods turn out to be a special case of
SMS. (iii) Interpretation of SMS as a neural network with
time-dependent weights and biases. (iv) Data assimilation
with SMS. Finally, I demonstrate the application of SMS to
several problems including rogue waves, vortex dynamics,
and heat transfer.

Mohammad Farazmand
North Carolina State University
farazmand@ncsu.edu

MS76

The High-Frequency and Rare Events Barriers to
Neural Closures of Nonlinear Multiscale Dynamics

Although neural networks (NNs) represent a promising
frontier for parameterizing fast-scale processes in climate
modeling, their application still faces some critical chal-
lenges. This presentation highlights two fundamental bar-
riers to this approach. First, we demonstrate that NNs can
systematically struggle to capture rare, extreme events due
to inherent data-sampling limitations. Second, we address
the challenge of multiscale dynamics, where the interaction
between high-frequency components (e.g., inertia-gravity
waves) and slow-evolving processes (e.g., geostrophic mo-
tion) creates a significant hurdle for NN-based closures.
Using the Lorenz 1980 model, a simplified representation
of the Primitive Equations, we illustrate how these issues
compromise the ability of neural network closures to cap-
ture the coarse-grained dynamics of the system. This is
a joint work with Mickaël D Chekroun (UCLA & Weiz-
mann Institute of Science), Kaushik Srinivasan (UCLA),
and James C McWilliams (UCLA).

Honghu Liu
Virginia Tech
Department of Mathematics
hhliu@vt.edu

MS77

Fast Prediction of Plasma Instabilities with Sparse-
Grid-Accelerated Optimized Dynamic Mode De-
composition

Parametric data-driven reduced-order models (ROMs) that
embed dependencies in many input parameters are essen-
tial for enabling many-query tasks in large-scale problems,
and are key to the development of digital twins. How-
ever, generating training data to construct the ROMs using
standard grid-based approaches is computationally infea-
sible due to the curse of dimensionality. This presentation
introduces an efficient strategy for constructing paramet-
ric data-driven ROMs by leveraging sparse grid interpola-
tion with (L)-Leja points. These points are nested and
exhibit slow growth, resulting in sparse grids with low
cardinality in low- to medium-dimensional settings, mak-
ing them well-suited for computationally expensive, large-
scale problems. As a representative real-world applica-
tion, we consider gyrokinetic simulations of plasma micro-
instabilities in fusion experiments. We construct paramet-
ric ROMs for the full five-dimensional gyrokinetic distri-
bution function using optimized dynamic mode decompo-
sition (optDMD) in combination with sparse grids. For an
electrontemperaturegradient-driven micro-instability sim-
ulation with six input parameters, we demonstrate that a
predictive parametric optDMD ROM can be built using
only 28 high-fidelity simulations, while achieving evalua-
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tion costs up to three orders of magnitude lower. These
results highlight the potential of sparse grid-based para-
metric ROMs in enabling otherwise intractable many-query
tasks in large-scale applications.

Ionut-Gabriel Farcas
Virginia Tech
farcasi@vt.edu

MS77

A Sampling Based Adaptive Rank Methods for
Multi-Dimensional Wigner-Poisson Equations

The Wigner-Poisson (WP) system is essential for model-
ing quantum transport in warm dense matter (WDM), yet
its non-locality across all of the phase space has histori-
cally rendered high-dimensional (e.g. 3D3V) simulations
computationally prohibitive. Furthermore, these non-local
interactions make most existing numerical methods incom-
patible with traditional parallelization frameworks, leaving
a significant gap in our ability to simulate critical physic-
ssuch as α-particle stopping power at the National Igni-
tion Facility (NIF). In this talk, we present a breakthrough
adaptive-rank algorithm that makes high-dimensional WP
simulations tractable for the first time. Our approach is
founded on the observation that WP solutions exhibit a sig-
nificant low-rank structure, particularly in regimes where
quantum effects matter (H¿= 1). The introduced adaptive-
rank WP solver leverages this structure to achieve O(N)
scaling in both memory usage and operations. The pro-
posed method preserves density to machine precision while
maintaining momentum and energy conservation to the
level of the truncation employed in the rank-adaptation
process. By overcoming the need for the massive dis-
tributed computing infrastructure typically required for
non-local models, this solver provides a scalable and high-
precision pathway for fully kinetic studies of quantum plas-
mas in the WDM regime.

Sining Gong
Michigan State University
gongsini@msu.edu

Andrew J. Christlieb
Michigan State Univerity
Dept. of Comp. Math., Sci & Engr.
christli@msu.edu

Jingmei Qiu
University of Delaware
jingqiu@udel.edu

MS77

Efficient Sn-Like and Pn-Like Dynamic Low Rank
Methods for Thermal Radiative Transfer

Dynamic Low Rank (DLR) methods are a promising way
to reduce the computational cost and memory footprint
of the high-dimensional thermal radiative transfer (TRT)
equations. The TRT equations are a system of nonlinear
PDEs that model the energy exhchange between the mate-
rial temperature T (x, t) and the radiation energy density
ψ (x,Ω, t) at spatial point x ∈ R3 and traveling in direction
Ω ∈ S2 at time t; due to their high dimensionality, solving
the TRT equations is often bottleneck in multi-physics sim-
ulations. DLR methods represent the solution ψ (x,Ω, t)
in terms of time-evolving SVD-like factors Wj (Ω, t) and
Xj (x, t) of angle and space. Although previous work has
explored DLR methods for TRT, most of the methods

have limitations that make them impractical for realistic
scenarios and uncompetitive with current non-DLR pro-
duction codes. In this talk, we present new PN-like and
SN-like Dynamic Low Rank (DLR) methods for TRT. In
the SN-like DLR method, we use the time-evolving angu-
lar basis functions Wi (Ω, t) to select time-evolving angles

Ω(i) (t) ∈ S2; this DLR formulation enables us to use the
highly optimized SN transport sweep as our main compu-
tational kernel, and results in a practical way of leveraging
low-rank methods in production TRT codes. In contrast,
our PN-like DLR method uses an even-parity formulation
and results in positive-definite linear systems to solve for
each time step. We demonstrate the methods on several
challenging, highly heterogenous problems in two spatial
dimensions (4D) that these DLR schemes can give signifi-
cant reduction in angular artifacts (“ray effects’) with the
same cost as gold-standard SN methods.

Terry Haut
Los Alamos National Laboratory
terryhaut@lanl.gov

MS77

A Fast Scheme for the Boltzmann Equation Based
on Low-Rank Approximation

The Boltzmann equation can be lifted to a higher-
dimensional linear master equation, whose solution can
be projected back into a lower-dimensional probability
distribution. We will show that the consecutive lifting-
projection flow is indeed a nice approximation of the origi-
nal Boltzmann flow. The lifting-projection procedure leads
to a novel numerical scheme for the Boltzmann equation
which is explicit but free of time-step constraint. For
high order time discretization, we propose a special Runge-
Kutta method. To address the issue of high-dimensionality,
we adopt the tensor train format and compute low-rank so-
lutions with a greedy cross approximation algorithm. Our
scheme is consequently faster than the spectral method for
the variable hard sphere (VHS) model. Numerical tests are
performed to illustrate the efficiency and accuracy.

Kun Huang
Virginia Tech
kunhuang@vt.edu

Yingda Cheng
Virginia Polytechnic Institute and State University
yingda@vt.edu

MS78

Forest Succession Dynamics of the Upper Midwest
under Modern Disturbance Regimes

Many of us in the Upper Midwest have experienced an
uptick of air quality advisories during the Canadian wild-
fire season. Although boreal forests are well-adapted to
wildfire, wildfires are increasing in frequency and inten-
sity. These modern fire regimes may change what kinds of
forests we have in North America. What species will dom-
inate future forests? Are we already observing changes? If
we have reached a tipping point, is it possible to get back?
This work explores forest succession under modern distur-
bance regimes. We consider forest succession from early-
to-late successional forests (and vice versa) to be controlled
by positive and negative feedback effects, along with dis-
turbance severity. This work primarily focuses on wind
and fire disturbances in near-boreal and temperate forests
of the Upper Midwest. Utilization of the United States
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Department of Agriculture Forest Inventory and Analysis
database may help us quantify these parameters for a quan-
titative application of the cusp-catastrophe to forest suc-
cession in near-boreal and temperate forests. These near-
boreal forests of the Upper Midwest have similar composi-
tion and disturbance regimes as boreal forests, but occur at
a lower latitude, thus may provide insight into the future
of the boreal forests of North America.

Christine Brasic
University of Minnesota
brasi013@umn.edu

MS78

A Dynamical Systems Approach to Understanding
Weather and Climate

Weather forecasting and climate prediction have long re-
mained challenging problems due to the chaotic behavior
of the atmosphere. The modern approach to forecasting re-
lies on machine learning or numerical weather prediction, in
which deterministic models of the Earth-Atmosphere sys-
tem are used to forecast weather and climate, with ensem-
ble forecasting often utilized in both approaches to account
for the chaotic behavior. However, recent research has in-
dicated that dynamical systems can be used directly to
generate probabilistic forecasts of synoptic-scale weather.
My talk will cover several papers that have investigated
this approach, discussing both the methodology and the
results. I will also discuss how this work can be used to as-
sist with forecasting, and possible directions this approach
can be extended with forecasting in mind.

Burton Brown
Howard University
burton.brown@bison.howard.edu

MS78

Analysis of Spatiotemporal Anomalies Using Time-
Varying Persistent Homology (Vineyards)

In this talk, well use topological data analysis (TDA) to
study geospatiotemporal data. Ill discuss an application to
two COVID-19 data sets (LA infection rates and NYC vac-
cination rates) from 2020-21. We use persistent homology
to identify anomalies (local maxima in the infection-rate
data and local minima in the vaccination data) and to an-
alyze the global spatial structure of the anomalies. We use
vineyards—a form a time-varying persistent homology—
to study how the structure of the data changes with time
and to track the spatial locations of the anomalies as they
move.

Abigail Hickok
Columbia University
aghickok@gmail.com

Deanna Needell, Mason A. Porter
University of California, Los Angeles, U.S.
deanna.needell@gmail.com, mason@math.ucla.edu

MS78

Constructive Methods for Symmetry Breaking Bi-
furcations in Models of Materials and Population
Dynamics

Nonlinear parabolic partial differential equations fre-
quently occur in the modeling of applied phenomena. They

often exhibit complicated dynamics which is organized by
their associated equilibrium solutions. As a function of the
involved model parameters, the latter ones can be detected
using a bifurcation analysis, which in turn is centered
around a deeper understanding of bifurcation points. Yet,
in many applied systems establishing these organizing cen-
ters rigorously is difficult to achieve using traditional math-
ematical techniques. In this paper, we propose a theoret-
ical framework for computer-assisted proofs of symmetry-
induced transcritical and pitchfork bifurcations in nonlin-
ear problems. This is accomplished by reformulating the
existence question via a zero finding problem for an associ-
ated extended nonlinear system. The approach is general
and allows for a wide variety of underlying symmetries. We
demonstrate how these results can be applied in the setting
of parabolic systems and higher-order equations, on both
one- and two-dimensional domains. This talk is based on
joint work with Maxime Breden and Thomas Wanner.

Evelyn Sander
George Mason University
esander@gmu.edu

MS80

A Commuter-Campus University Math Circle:
Building Belonging Across Majors Through Col-
laborative Problem Solving

University-based math circles can provide a low-barrier,
non-competitive space where students experience mathe-
matics as collaborative, creative, and social. In this talk, I
describe the design of the UMass Dartmouth Math Circle
in a largely commuter context, with participants spanning
mathematics, data science, computer science, engineering,
and physics, as well as graduate students and postdocs. I
will discuss practical structures that support belonging and
persistence, including facilitation choices, problem selec-
tion, norms that prioritize conversation over performance,
and mechanisms that build a vertically integrated peer net-
work. I will also share lessons learned about sustaining par-
ticipation and creating an environment where students who
do not initially identify as math people develop confidence,
connection, and a sense of membership in a mathematical
community.

Adriano Marzullo
University of Massachusetts Dartmouth
adriano.marzullo@gmail.com

MS80

Building Community, Belonging, and Persistence
Through a Math Circle at An Urban Hsi

Math circles have a long tradition of bringing people to-
gether around curiosity, play, and shared problem solv-
ing. In this talk, I describe our process of launching a
Math Circle at City Tech (CUNY) designed explicitly as
a community-building space within an urban, commuter-
heavy Hispanic-Serving Institution serving many first-
generation and working students. Centered on accessi-
ble, open-ended problems, the circle invites students from
diverse majors and mathematical backgrounds to experi-
ence mathematics as collaborative, creative, and social. I
will share the guiding design principles (low-barrier entry,
shared participation, and an emphasis on mathematical
conversation over formal technique) and practical lessons
learned about outreach, facilitation, and sustainability. I
will also reflect on impact and challenges, and discuss how
this model can be adapted across CUNY and similar insti-
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tutions seeking to strengthen belonging, confidence, peer
connection, and persistence in STEM through mathemat-
ics.

Patricia Medina
City Tech, CUNY
Patricia.Medina36@citytech.cuny.edu

MS80

Building An Active Math Teacher Circle: Strate-
gies for Sustained Professional Learning

The Rubber City Math Teacher Circle of Akron engages
K12 teachers in a distinctive model of professional devel-
opment centered on active participation and collaborative
problem solving. The implementation team, comprised of
two university professors, two middle-grades mathematics
teachers, and a county mathematics supervisor, has devel-
oped a thoughtful approach to selecting rich mathemati-
cal problems and preparing teachers to engage deeply with
them. Rather than positioning teachers as passive recipi-
ents, this model fosters inquiry, discussion, and reflection.
In this session, participants will learn practical strategies
for developing and sustaining an effective Math Teacher
Circle, including problem selection, facilitation techniques,
and communication strategies that support this ongoing
professional learning opportunity.

Lynne M. Pachnowski
University of Akron
lmp@uakron.edu

MS80

From Math Circles to Summer Camps: How to
Start and Grow Outreach Efforts

No one seems happy with the mathematics education they
receive, whether students in high-achieving communities
or those in underserved districts. In this talk, I draw on
my experience with university-based math circles and out-
reach programs to argue that the problem is not only about
content but also about community. I describe how weekly
math circle sessions grew into additional circles across the
region, math clubs in local schools, and a five-week summer
camp, creating connected spaces where students experi-
ence mathematics as collaborative, human, and something
they belong to. I conclude with practical lessons for build-
ing inclusive, scalable, and sustainable math circle models
that support confidence, identity, and persistence in STEM
across diverse educational contexts.

Yunus Zeytuncu
University of MichiganDearborn
zeytuncu@umich.edu

MS81

A General Framework for Group Sparsity in Hy-
perspectral Unmixing Using Endmember Bundles

Due to low spatial resolution, hyperspectral data often con-
sists of mixtures of contributions from multiple materi-
als. This limitation motivates the task of hyperspectral
unmixing (HU), which seeks to identify the spectral sig-
natures (endmembers) of the materials present in an ob-
served scene, along with their relative proportions (frac-
tional abundance) in each pixel. A major challenge in HU
arises from class variability among materials, which under-
mines accurate representation using a single spectral signa-
ture, as assumed in the conventional linear mixing model.

To address this issue, we propose using group sparsity af-
ter representing each material with a set of spectral sig-
natures, known as endmember bundles, where each group
corresponds to a specific material. In particular, we de-
velop a bundle-based framework that can enforce either
inter-group sparsity or sparsity within and across groups
(SWAG) on the abundance coefficients. Furthermore, our
framework offers the flexibility to incorporate a variety
of sparsity-promoting penalties, among which the trans-
formed l1 (TL1) penalty is a novel regularization in the
HU literature. Extensive experiments conducted on both
synthetic and real hyperspectral data demonstrate the ef-
fectiveness and superiority of the proposed approaches.

Gokul Bhusal
Michigan State University, U.S.
bhusalgo@msu.edu

MS81

Sparse Recovery Using Scale and Signed Permuta-
tion Invariant Functions

In this talk, we present a unified framework for sparse
recovery based on scale and signed permutation invari-
ant sparsity-promoting functions. First, the squared ℓ1/ℓ2
model is introduced, together with its efficient algorithms
and convergence guarantees. Second, the broader class of
scale and signed permutation invariant functions is studied,
and a systematic three-step procedure for computing their
proximity operators is developed. Finally, the resulting fast
proximity mappings are integrated into state-of-the-art op-
timization frameworks, and numerical results demonstrate
improved recovery performance in compressive sensing and
image restoration.

Jianqing Jia
University of North Carolina at Chapel Hill
jqjia@unc.edu

MS81

Setting the Lasso Regularization Parameter

The determination of an approximate sparse solution to a
system of linear equations using L1 norm regularization,
using the LASSO formulation, depends on the value of the
regularization parameter (lambda). In this work, we are
interested in particular in the case where the noise level
is unknown. We show the limitations of the conventional
L-curve approach. We then introduce a new method in-
spired by the L-curve method. The new method com-
bines two distinct complementary techniques: (1) noise
simulation to determine an effective prior, and (2) a scale-
invariant L-curve-inspired scoring method. The method
will be illustrated with examples and compared with the
cross-validation approach.

Ivan Selesnick
Department of Electrical and Comp. Engg
NYU School of Engineering
selesi@nyu.edu

Lai Ye
NYU Tandon School of Engineering
ly2414@nyu.edu

MS81

Explicit Characterization of the ℓp Proximity Op-
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erator for 0 < p < 1

The nonconvex ℓp quasi-norm with 0 < p < 1 is a power-
ful surrogate for sparsity but complicates the evaluation of
proximal maps that underpin many modern algorithms. In
this talk, we give an explicit characterization of the scalar
proximal operator of | · |p for all 0 < p < 1, including the
structure and admissible ranges of global minimizers, as
well as conditions ensuring strict, isolated solutions. By ap-
plying the LagrangeBurmann inversion formula to the sta-
tionarity equation, we derive a uniformly convergent series
for the larger positive root, yielding an exact and numeri-
cally stable formula for the ℓp proximal map above the clas-
sical threshold. We further provide a MellinBarnes integral
representation and identify the series as a FoxWright func-
tion, which determines its radius of convergence. Special-
izations recover the known closed forms for p = 1/2, 2/3,
and we obtain compact hypergeometric expressions for ad-
ditional rational cases (e.g., p = 1/3). These results unify
scattered formulas into a single framework and enable high-
accuracy evaluation of ℓp proximity operators across the
full range 0 < p < 1.

Lixin Shen
Mathematics Department, Syracuse University
lshen03@syr.edu

MS83

Interpretable Tensor Decomposition for Extreme
Hurricane Analysis

Many hurricane and extreme weather datasets are inher-
ently high-dimensional, spanning numerous spatial coordi-
nates, physical variables, and long temporal ranges, par-
ticularly when comparing early- and late-century storms
to assess changing risk. Traditional matrix-based meth-
ods are limited in capturing interactions across these mul-
tiple modes, motivating a multiway approach. We apply
the Canonical Polyadic decomposition to tensor representa-
tions of hurricane data constructed from Holland wind pro-
files, preserving the underlying spatialtemporal structure.
The resulting components are essentially unique and serve
as interpretable factors, highlighting dominant spatial pat-
terns and temporal dynamics linked to evolving climato-
logical behavior. We emphasize interpretability alongside
compression and discuss practical considerations such as
rank selection, uniqueness, and optimization via alternat-
ing least squares.

Riti Bahl, Talea Mayo
Emory University
riti.bahl@emory.edu, talea.mayo@emory.edu

MS83

Enabling Real-Time Optimization Through Model
Reduction and Model Discrepancy Sensitivities

Optimization plays a critical role to enable real-time
decision-support. However, the computational complexity
of model queries limits the deployment of numerical opti-
mization in real-time scenarios. Learning reduced models
in latent spaces can overcome this computational limita-
tion. However, the model reduction error will propagate
through the optimization procedure. This work combines
data-driven reduced-order modeling with hyper-differential
sensitivity analysis (HDSA) to account for model discrep-
ancies. By using a single high-fidelity simulation to update
the reduced model, our approach supports rapid optimiza-
tion in time-critical applications. We illustrate with ap-

plications in atmospheric contaminant control and wildfire
ignition estimation.

Joseph Hart
Sandia National Laboratories
joshart@sandia.gov

MS83

Latent Space Inference for PDE Constrained Opti-
mization

This presentation provides a brief overview of recent ad-
vances in Latent Representation Learning followed by novel
contributions in PDE-constrained optimization. Here, we
present an application of the Latent Twin methodology,
where PDE constraints are embedded into the latent space
to enable fast structure-preserving inference and adjoint
computation. Several applications of this methodology are
discussed including PDE-constrained inverse problems that
encompass non-linear dynamics.

Jack Solomon
Emory University
jack.michael.solomon@emory.edu
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Emory University, U.S.
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MS83

Neural Network Approaches for Optimal Control:
Implicit Hamiltonians and Transferable Policies

This talk presents two neural network methodologies ad-
vancing optimal control beyond current limitations. First,
we address implicit Hamiltonians in practical problems like
space shuttle reentry, where existing methods fail with-
out explicit feedback control formulas. Our end-to-end im-
plicit deep learning approach directly parameterizes value
functions to handle the underlying implicit structure while
enforcing physical principles through the relationship be-
tween optimal control and value function gradients, bridg-
ing Pontryagin’s Maximum Principle and Dynamic Pro-
gramming. Using Jacobian-free backpropagation, we effi-
ciently train implicit networks for high-dimensional feed-
back controllers in previously intractable scenarios. Sec-
ond, we tackle the computational burden of re-solving
problems when objectives change. Our function encoder
framework learns reusable neural basis functions enabling
zero-shot adaptation through offline-online decomposition:
basis functions are learned once, while adaptation re-
quires only lightweight coefficient estimation. Experiments
demonstrate near-optimal performance across diverse dy-
namics with minimal overhead. These approaches expand
neural HJB applicability by handling structural complex-
ity through implicit Hamiltonians and enabling operational
flexibility through transferable policies for real-time de-
ployment.

Deepanshu Verma
Clemson University
dverma@clemson.edu

MS84

Predicting Anemia Among Under-Five Children in
Nepal Using Machine Learning and Deep Learning

Childhood anemia remains a major public health challenge
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in Nepal and is associated with impaired growth, cogni-
tion, and increased morbidity. Using World Health Or-
ganization hemoglobin thresholds, we defined anemia sta-
tus for children aged 6-59 months and formulated a bi-
nary classification task by grouping all anemia severities
as anemic versus not anemic. We analyzed Nepal Demo-
graphic and Health Survey (NDHS) microdata comprising
1,855 children and initially considered 48 candidate fea-
tures spanning demographic, socioeconomic, maternal, and
child health characteristics. To obtain a stable and sub-
stantiated feature set, we applied four complementary se-
lection techniques (Chi-square, mutual information, point-
biserial correlation, and Boruta) and prioritized features
supported by multi-method consensus. Five features: child
age, recent fever, household size, maternal anemia, and
parasite deworming were consistently selected by all meth-
ods, while amenorrhea, ethnicity indicators, and province
(Koshi and Madhesh) were frequently retained, suggest-
ing additional contextual relevance. We then compared
eight traditional machine learning classifiers (LR, KNN,
DT, RF, XGBoost, SVM, NB, LDA) with two deep learn-
ing models (DNN and TabNet) using standard evaluation
metrics, emphasizing F1-score and recall due to class im-
balance. Among all models, the DNN achieved the highest
test accuracy (0.709), while logistic regression attained the
best recall (0.701) and the highest F1-score (0.649), and
SVM yielded the strongest discrimination with the highest
AUC (0.735). Overall, the results indicate that both ML
and DL models can provide competitive anemia detection
using nationally representative survey data, and that inter-
pretable features such as child age, infection proxy (fever),
maternal anemia, and deworming history are central for
risk stratification and public health screening in Nepal.
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MS84

Leveraging Advanced Machine Learning to Predict
Turbulence Dynamics from Temperature Observa-
tions at an Experimental Prescribed Fire

This study explores the potential of predicting turbulent
kinetic energy (TKE) from more readily acquired temper-
ature data using temperature profiles and turbulence data
collected concurrently at 10 Hz during a small experimental
prescribed burn in the New Jersey Pine Barrens. Machine
learning models, including deep neural networks, random
forest regressors, gradient boosting, and Gaussian process
regressors, were employed to assess the potential of predict-
ing TKE from temperature perturbations and explore the

temporal and spatial dynamics of correlations. Data visu-
alization and correlation analyses revealed patterns and re-
lationships between thermocouple temperatures and TKE,
providing insight into the underlying dynamics. More ac-
curate TKE predictions were achieved by employing vari-
ous machine learning models, despite the weak correlation
between the predictors and the target variable. The results
demonstrated significant success, particularly from regres-
sion models, in accurately predicting TKE. The findings
of this study demonstrate a novel numerical approach for
identifying new relationships between temperature and air-
flow processes in and around fire environments. These rela-
tionships can help refine our understanding of the combus-
tion environments, processes, and the coupling and decou-
pling of fire environment processes, thereby improving fire
operation strategies and fire and smoke model predictions.
The findings of this study also highlight the valuable role
of machine learning techniques in analyzing large, complex
datasets from fire environments, showcasing their potential
to advance fire research and management practices.

Dipak Dulal
Eastern New Mexico University
dipak.dulal@enmu.edu
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MS84

A Randomized Subspace Model-Based Algorithm
for Large-Scale Simulation Optimization

We introduce a noise-aware stochastic trust-region algo-
rithm with adaptive random subspace strategies that is
effective from low to potentially large dimensions. The
method achieves scalability by optimizing random models
restricted to low-dimensional affine subspaces defined via
Johnson–Lindenstrauss transforms, thereby sharply reduc-
ing function-evaluation cost per iteration. Unlike earlier
random subspace approaches with fixed dimensions and
fully rebuilt poised sets, the proposed method adaptively
selects the subspace dimension and updates the model by
adding only a few new interpolation points while reusing
past evaluations in a way that preserves poisedness, yield-
ing substantially more efficient progress. To handle noisy
objectives, it incorporates a noise-aware trust-region mech-
anism based on local estimates of the noise level, and its ef-
fectiveness is demonstrated on large-scale simulation opti-
mization benchmarks, highlighting improved efficiency and
robustness relative to fixed-subspace and noise-agnostic
baselines.

Kwassi Joseph Dzahini, Jeffrey Lars, Matt Menickelly
Argonne National Laboratory
kdzahini@anl.gov, jmlarson@anl.gov,
mmenickelly@anl.gov
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Applied Mathematics and Computational Research
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MS84

A Hybrid Machine Learning Framework for Port-
folio Optimization

Optimizing an investment portfolio remains a central chal-
lenge in finance, as it requires achieving higher returns un-
der disciplined risk control. Leveraging advances in ar-
tificial intelligence and operations research, we develop a
novel hybrid framework that integrates the Capital Asset
Pricing Model (CAPM) with machine learning techniques.
Using all stocks listed in the S&P 500, the framework ap-
plies k-means clustering and fundamental screening to con-
struct a financially robust candidate set. Expected returns
are then forecast using Prophet, Random Forest, and eX-
treme Gradient Boosting models and incorporated into the
CAPM framework. Empirical results show that these fore-
casting models, when used in isolation, exhibit unstable
risk exposures and weak cumulative performance, under-
scoring the need for equilibrium-consistent adjustments.
In contrast, our proposed framework produces economi-
cally coherent and risk-consistent expected returns suit-
able for downstream mean–variance optimization. This
leads to smoother Sharpe and Information Ratios, more
stable Treynor behavior, and persistently positive Jensen’s
Alpha without sacrificing long-run performance. Overall,
the framework provides a transparent, interpretable, and
operationally reliable blueprint for AI-driven portfolio con-
struction, demonstrating how machine learning and opera-
tions research can be jointly leveraged to design stable and
theoretically grounded investment strategies.

Binod Rimal
The University of Tampa
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MS85

Folding phylogenetic trees into networks to under-
stand polyploid evolution

Evolutionary histories are frequently characterized by
reticulate processes such as recombination, horizontal gene
transfer, and allopolyploidy, making the Tree of Life bet-
ter represented as a phylogenetic network than a bifurcat-
ing tree. Phylogenetic networks can be unfolded a multi-
labeled tree (MUL-tree), which depicts the distinct paths
lineages traverse during hybridization events. While cur-
rent methods can re-fold MUL-trees to infer minimally
reticulate networks, multiple distinct network topologies
can unfold into the identical MUL-trees; this poses a sig-
nificant challenge understanding the true evolutionary his-
tory. We present a framework to generate the complete set
of phylogenetic networks that unfold to a given MUL-tree.
We further develop a selection criterion to identify which
of these candidate networks best explains observed gene
tree data. We found that networks are only distinguish-
able from gene tree data if they possess distinct canonical
forms. We apply this method to two empirical systems
to resolve ambiguities in their histories of allopolyploidiza-

tion.

Joshua Justison
UNiversity of Wisconsin-Madison
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MS85

Ml Degrees of Brownian Motion Tree Models: Star
Trees and Root Invariance

A Brownian motion tree (BMT) model is a Gaussian model
whose associated set of covariance matrices is linearly con-
strained according to common ancestry in a phylogenetic
tree. This talk will discuss the complexity of inferring the
maximum likelihood (ML) estimator for a BMT model
by computing its ML-degree. The main result is that
the ML-degree of the BMT model on a star tree with
n + 1 leaves is 2n+1 − 2n − 3, which was previously con-
jectured by Amndola and Zwiernik. We will also show
that the ML-degree of a BMT model is independent of
the choice of the root. This talk is based on joint work
(https://doi.org/10.1016/j.jsc.2025.102482) with Jane Ivy
Coons, Shelby Cox, and Aida Maraj.

Ikenna Nometa
Georgia Institute of Technology
inometa3@gatech.edu

MS85

When Can 3-Cycles Be Distinguished?

The presence of three cycles in phylogenetic network mod-
els of gene evolution have been a continual road block to
consistent identifiability results. This is particularly frus-
trating to biologists attempting to construct phylogenies,
as three cycles in a phylogenetic network model of gene
evolution is a natural way to model some sort of hybridiza-
tion event that occurred between two species that were
relatively closely related – where of course, closely related
species are more likely to have such events. Algebraic
methods fail here. In a graduate research semester pro-
gram run by Dr. Colby Long, Dr. Elizabeth Gross, and
Dr. Max Hill, I along with Bryan Currie, Aviva Englan-
der, Jose Esparza-Lozano, Devon Olds, Udani Ranasinghe
and Christin Sum investigated the effectiveness of semi-
algebraic methods to distinguish networks that contained
three cycles.

Kawika O’Connor
University of Hawaii at Manoa
oconnor3@hawaii.edu

MS85

Identifiability of 2-Cycles in Species Networks

Inference of phylogenetic networks requires on understand-
ing of which of their features are identifiable. For instance,
under most models of gene tree formation it is known that
the presence/absence of 2-cycles in a network has no effect
on inference by methods built on gene tree quartet informa-
tion. While 2-cycles may be part of the true evolutionary
history, they leave no trace detectible by those methods,
and do not compromise results which ignore their possibil-
ity. Using algebraic and semialgebraic frameworks, we in-
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vestigate the identifiability of 2-cycles in the setting of the
Network Multispecies Coalescent Model, with data sum-
marized to 5-taxon topological gene tree information, i.e,
quintet concordance factors. We show topological 2-cycles
can in fact often be identified, provided they have at least
3 descendant taxa. In particular, for inference methods
not built on quartets, ignoring the possibility of 2-cycles
may lead to model misspecification, with unclear impact
on results.
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MS86

Continuum and Stochastic Modeling of Complex
Fluids: From Bacteriophage DNA and Beyond

Bacteriophages densely pack their long dsDNA genome in-
side a protein capsid, where the confined DNA exhibits
hexagonal chromonic liquid-crystalline ordering with struc-
ture that depends sensitively on the surrounding ionic
conditions. In this talk, I present continuum PDE mod-
eling and complementary stochastic descriptions of viral
DNA organization, informed by experimental measure-
ments. From a free energy combining OseenFrank elastic-
ity, electrostatic interactions, and entropic effects, we de-
rive a coupled nonlinear PDE system for the DNA and ion
distributions, whose numerical solutions show good agree-
ment with experiments and molecular dynamics simula-
tions. A bifurcation analysis of helical filament config-
urations in a cylindrical capsid establishes the existence
of multiple equilibria, while incorporating thermal fluctu-
ations via stochastic differential equations yields knot dis-
tributions consistent with experimental observations. Ex-
perimental measurements of DNA layer positions and knot
probability distributions are used to calibrate key model
parameters, including effective bending and twist moduli.
Finally, I discuss structure-preserving numerical schemes
that inherit the underlying energy-dissipation law at the
discrete level, with applications extending to other com-
plex fluid systems.

Pei Liu
Florida Institute of Technology

pliu@fit.edu

MS86

A Monotonicity Formula with Application to the
Relativistic Brillouin Electron Flow

In this work, I present a new monotonicity formula for a
two-phase free boundary problem arising in the study of
relativistic Brillouin electron flow. The formula is devel-
oped within a general framework valid in two and higher
dimensions. As an application, a special case is used to
establish the existence of a non-degenerate, Lipschitz con-
tinuous viscosity solution. The associated differential equa-
tion is nonlinear and nonhomogeneous, and the structural
assumptions imposed are minimal. This new monotonicity
formula generalizes existing elliptic results and contributes
to the existence theory for nonhomogeneous free boundary
problems. Furthermore, the proof is elementary and ro-
bust, making it applicable to a broader class of problems.

David Patwin, Pei-Yong Wang
Wayne State University
david.patwin@wayne.edu, av2308@wayne.edu

MS86

Analytical Construction and Dynamical Analysis of
Soliton Solutions in Nonlinear Evolution Equations

In this work, we develop analytical approaches for the
construction and dynamical analysis of soliton solutions
in nonlinear evolution equations using two representa-
tive nonlinear wave settings. First, we study a double-
stranded DNA (dsDNA) model of two coupled polynu-
cleotide chains interacting through an elastic membrane
that mimics hydrogen bonding. By applying the Sine-
Gordon Expansion Method (SGEM) and the Improved
Bernoulli Sub-Equation Function Method (IBSEFM), we
obtain new exact traveling-wave families, including hy-
perbolic/exponential solitons, rational forms, and com-
plex periodic patterns, describing localized strand-opening
and breathing modes. Their characteristics are illustrated
through 2D3D profiles, while equilibrium structure, bifur-
cation behavior, and forced responses (including chaotic
features and sensitivity to initial conditions) are examined
via phase-plane dynamics. Second, for additional nonlinear
wave models (including the Kairat-II and Kairat-X equa-
tions), we exclusively employ the Extended Trial Equation
Method (ETEM) to derive further exact traveling-wave so-
lutions (rational, hyperbolic, and mixed trigonometrichy-
perbolic types) and to explore parameter-driven changes
in amplitude, width, and propagation through graphical
simulations. Overall, the results provide explicit solution
benchmarks and deeper insight into nonlinear wave local-
ization, stability, and propagation mechanisms.

Nurul Raihen
University of Toledo
MdNurulIslam.Raihen@utoledo.edu

MS86

Weak Solutions and Partial Regularity of Poiseuille
Flow for the Hyperbolic EricksenLeslie System in
Two Dimensions

In this talk, we study the Poiseuille laminar flow in a
tube for the full Ericksen-Leslie system. It is a parabolic-
hyperbolic coupled system which may develop singularity
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in finite time. We will prove the global existence of en-
ergy weak solution, and the partial regularity of solution
to system

Xiang Xu
University of Oklahoma
Xiang.Xu-1@ou.edu

MS87

Blending Data and Physics for Reduced-Order
Modeling of Systems with Complex Dynamics

While data-driven techniques are powerful tools for
reduced-order modeling of systems with chaotic dynam-
ics, great potential remains for leveraging known physics
(i.e. a full-order model (FOM)) to improve predictive ca-
pability. We develop a hybrid reduced order model (ROM),
informed by both data and FOM, for evolving spatiotem-
poral chaotic dynamics on an invariant manifold whose co-
ordinates are found using an autoencoder. This approach
projects the vector field of the FOM onto the invariant
manifold; then, this physics-derived vector field is either
corrected using dynamic data or used as a prior that is
updated with data. In both cases, the neural ordinary
differential equation approach is used. We consider sim-
ulated data from the Kuramoto–Sivashinsky and complex
Ginzburg–Landau equations. Relative to the data-only ap-
proach, for scenarios of abundant data, scarce data, and
even an approximate FOM (i.e. erroneous parameter val-
ues), the hybrid approach yields substantially improved
time-series predictions.
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MS87

Adaptive Reduced-Order Models with Online
Learning for Subspace and Operator Updates

Reduced-order models (ROMs) are traditionally con-
structed using fixed low-dimensional manifolds obtained
offline, which limits their reliability when system dynamics
depart from the training regime. In this work, we present
a framework for adaptive reduced-order modeling in which
the reduced subspace evolves with the system dynamics
and is updated online using incremental singular value de-
composition (iSVD) and related subspace tracking tech-
niques. We additionally investigate mechanisms for incor-
porating new information acquired during the online phase
to guide adaptation, and systematically compare several
subspace update strategies, identifying iSVD as an effective
and computationally efficient approach for dynamic basis
evolution. The methodology is demonstrated on nonlinear
conservation laws and compressible flow problems exhibit-
ing transient and strongly nonlinear behavior, where adap-
tive subspace updates significantly improve robustness and
long-time accuracy relative to static ROMs. Building on
this foundation, we outline a pathway toward non-intrusive
operator adaptation by sequentially updating reduced op-
erators via recursive least-squares following each basis up-
date. We argue that such adaptive frameworks are not
merely advantageous, but necessary for constructing truly
predictive reduced-order models of complex dynamical sys-

tems.
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MS87

Zero-Shot Size Transfer of Graph Neural Differen-
tial Equations for Learning Graph Diffusion Dy-
namics

Graph Neural Differential Equations (GNDEs) provide a
powerful framework for learning continuous-time dynam-
ics on discrete graphs. A key advantage of GNDEs is their
potential to transfer learned parameters from small train-
ing graphs to much larger test graphs. We establish con-
vergenceguarantees for this size transfer and empirically
investigate the zero-shot size transferability of GNDEs for
learning graph diffusion dynamics that admit a graphon
limit, revealing how transfer accuracy depends on the un-
derlying dynamics and graph structure. In particular, we
observe a clear convergence rate when fitting GNDEs to lin-
ear diffusion dynamics across graph sizes, a phenomenon
absent in nonlinear settings, raising new theoretical ques-
tions about the mechanisms underlying transfer learning.
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MS87

Data-Driven Modeling of Transition Dynamics for
2D Wall-Bounded Turbulence

The laminar-turbulent transition in wall-bounded shear
flows remains a fundamental challenge in fluid mechan-
ics, with practical implications for drag prediction and
flow control. This work develops data-driven reduced-order
models to capture transition dynamics in two-dimensional
pressure-driven channel flow at friction Reynolds num-
ber Reτ = 1000 using the vorticity-streamfunction for-
mulation. High-fidelity direct numerical simulations are
performed with a GPU-accelerated solver for an ensem-
ble of initial conditions spanning a range of perturbation
amplitudes, wavelengths, and spatial structures, gener-
ating comprehensive training data that densely samples
the transition pathway from laminar Poiseuille flow to
fully developed turbulence. Proper orthogonal decompo-
sition(POD)extracts an energy-optimal modal basis from
simulation snapshots, onto which the governing vortic-
ity equation is projected to obtain a Galerkin system
with quadratic nonlinearity. A neural network closure is
trained to correct for truncation effects. This framework
offers a pathway toward efficient exploration of transition-
triggering perturbations and provides insight into the dom-
inant modal dynamics governing the transition process.

Xuping Xie
Old Dominion University
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MS88

Confessions of a Vibe Prover

Vibe proving is an emerging mode of AI-assisted mathe-
matics in which one works at a high level choosing exam-
ples, steering conjectures, judging proof ideas, and shaping
exposition while large language models handle much of
the local exploration and drafting. I will describe what
this workflow looks like in practice through recent work on
conjectures involving Toeplitz determinants and Pochham-
mer polynomials.

Boon Suan Ho
National University of Singapore
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MS88

Designing Datasets for Example-Based Conjecture
Generation in AI for Math

Examples and computation play a critical role in the re-
search mathematicians workflow, enabling us to build ro-
bust intuition prior to any formal conjecture generation or
proof construction. On the other hand, most approaches to
AI for math de-emphasize this, instead focusing on mathe-
matical discovery in language alone (either in natural lan-
guage or in a formal language like Lean). In this talk we
discuss our development of the Algebraic Combinatorics
Dataset Repository, a collection of datasets representing
open problems (or foundational results) in algebraic com-
binatorics. The datasets are designed to capture critical
aspects of each of the problems within a traditional ma-
chine learning framework. After summarizing the datasets
themselves and the philosophy behind them, we will de-
scribe observations from our initial round of benchmarking.

Henry Kvinge
Pacific Northwest National Laboratory
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MS89

Asymptotics of Orthogonal Polynomials with Ap-
plications to Density Estimation of Random Matri-
ces

We introduce a new approach for estimating the asymp-
totic spectral distribution (ASD) of a random matrix us-
ing a single, sufficiently high-dimensional sample, without
computing the full spectrum. The method builds on the
Lanczos algorithm, together with asymptotic analysis and
perturbation theory for orthogonal polynomials, and en-
ables efficient and accurate estimation of the ASD. We il-
lustrate the approach through an application to spectral
density estimation in spiked covariance models.
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MS89

Numerical Methods for KdV and mKdV Soliton
Gasses

We present a class of RiemannHilbert-based numerical
methods for computing and evolving soliton gas solutions
of the Korteweg–de Vries and modified Korteweg–de Vries
equations. Based on the RiemannHilbert formulation of
Dyachenko, Zakharov, and Zakharov and the analysis of
Girotti et al., the method allows us to evaluate soliton gas
solutions before asymptotic estimates are valid. In par-
ticular, it enables the computation of higher genus soliton
gas solutions with spectral data supported on several in-
tervals on the imaginary axis as well as additional limiting
and trapped solitons. As a special case, when the reflec-
tion coefficients exhibit square root behavior at interval
endpoints, the jump conditions are disjoint, and a more ef-
ficient implementation based on weighted Cauchy integrals
of Chebyshev polynomials is employed.

Cade Ballew
University of Washington
ballew@uw.edu

Thomas Trogdon
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Department of Applied Mathematics
trogdon@uw.edu
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MS89

Orthogonal Polynomials, Painlev Equations, and
Map Enumeration

In this talk, I will survey some recent results on the con-
nection between the combinatorial problem of enumerat-
ing maps on compact Riemann surfaces, special solutions
to Painlev equations, and how both are accessed using or-
thogonal polynomials. This is joint work with Pavel Ble-
her, Alfredo Deao, Maxim Yattselev, Nathan Hayford, and
Roozbeh Gharakhloo.

Ahmad Barhoumi
Grinnell College
Department of Mathematics
barhoumia@grinnell.edu

MS90

On Pressure Treatment in Incompressible
Reduced-Order NavierStokes Simulations

The talk provides a comprehensive overview and compara-
tive analysis of three different strategies for pressure treat-
ment in Reduced-Order Models (ROMs) for incompress-
ible flow problems. First, we review a pressure recovery
technique in which the pressure field is reconstructed by
minimizing, in a dual norm, the residual resulting from
the reduced velocity solution. This approach is shown to
yield a unique pressure approximation when the full-order
discretization is inf-sup stable, and it is mathematically
equivalent to solving a reduced mixed problem enriched
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with supremizer modes. Second, we examine an efficient
supremizer-based stabilization strategy that decouples the
reduced-order velocity and pressure systems, significantly
reducing the computational cost of both offline and online
phases while maintaining stability and accuracy. Finally,
we present a pressure-correction ROM based on the Goda
time-splitting scheme, highlighting the role of tailored in-
ner products for constructing reduced bases for intermedi-
ate and divergence-free velocities as well as pressure, en-
abling explicit reduced-order computations supported by
stability and error analysis. Numerical experiments for
parametrized incompressible flow problems illustrate the
performance of each approach. Together, these methods
provide complementary insights into accurate and stable
pressure treatment in projection-based ROMs for incom-
pressible NavierStokes equations.

Majdi Azaiez
Polytechnic Institute of Bordeaux
azaiez@bordeaux-inp.fr

MS90

Reduced-Basis Method-accelerated Inverse Prob-
lems for High-speed Aerothermodynamics

The design and analysis of high-speed flight vehicles is
heavily reliant on computational fluid dynamics (CFD)
and conjugate heat transfer (CHT) simulations due to
the expense and difficulty of flight tests and experi-
ments. Workhorse CFD and CHT models are subject to
various sources of modeling uncertainties including tur-
bulence model parameters and thermal protection sys-
tem material properties. Therefore, approaches that ef-
ficiently propagate and reduce uncertainties are important
for a robust design cycle. Unfortunately, computational
aerothermodyamic analyses are computationally expensive
for high-speed flows due to high grid resolution require-
ments and the need for multiple CFD evaluations at dif-
ferent flight conditions. Also, model calibration is a many-
query problem requiring many model evaluations with a
wide range of input parameters. This talk discusses re-
duced basis method-accelerated parameter calibration of
computational aerothermodynamics simulations. We dis-
cuss gradient-free optimization approaches that leverage
easily computable error estimates for constructing and up-
dating the reduced basis throughout the optimization. We
assess the utility of reduced-basis methods for more effi-
ciently inferring model parameters and their corresponding
uncertainties of aerothermodynamic simulations. Results
are presented on several high-speed flows. SNL is man-
aged and operated by NTESS under DOE NNSA contract
DE-NA0003525. SAND2026-17064A

Patrick J. Blonigan
Sandia National Laboratories
pblonig@sandia.gov
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Sandia National Lab
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MS90

Reducing the Computational Cost of Ocean Mod-
eling with Data-Driven Rom

The two-layer quasi-geostrophic equations (2QGE) is a
simplified model that describes the dynamics of a strati-
fied, wind-driven ocean in terms of potential vorticity and
stream function. Its numerical simulation is plagued by

a high computational cost due to the size of the typical
computational domain and the need for high resolution
to capture the full spectrum of turbulent scales. We pro-
pose a framework to reduce the computational cost through
a predictive and parametric data-driven reduced order
model (ROM). The main building blocks of our ROM are
proper orthogonal decomposition (POD) and long short-
term memory (LSTM) recurrent neural networks. POD
is applied to each field variable to extract the dominant
modes and a LSTM model is trained on the modal co-
efficients associated with the snapshots for each variable.
Then, the trained LSTM models predict the modal coeffi-
cients for a time interval of interest and for each new pa-
rameter value. The predictive performance of our frame-
work and the corresponding time savings are illustrated
with the so-called double-gyre wind forcing test.

Annalisa Quaini
Department of Mathematics, University of Houston
quaini@math.uh.edu

MS91

Structure-Preserving Construction of Collision Op-
erators for Kinetic Equations from Molecular Dy-
namics

We present a data-driven, multiscale framework for con-
structing generalized collisional kinetic models directly
from the micro-scale molecular dynamics. The learned
operator takes an anisotropic and non-stationary form,
capturing heterogeneous collisional energy transfer aris-
ing from the many-body interactions, which is overbroadly
looked by the conventional collision operators beyond the
weakly coupled regime. The constructed model strictly
preserves the frame-indifference, conservation laws and
physical constraints such as the H-theorem. To enable effi-
cient numerical evaluation, we develop a fast spectral sepa-
ration method that represents the kernel as a low-rank ten-
sor product of univariate basis functions. This formulation
admits an O(N log N) algorithm and structure-preserving
discretization. Numerical results demonstrate that the pro-
posed model accurately predicts the transport coefficients
and 1D3V plasma kinetics across a wide range of plasma
conditions, where the conventional Landau model shows
limitations.

Yue Zhao, Huan Lei, Huan Lei
Michigan State University
zhaoyu14@msu.edu, leihuan@msu.edu, leihuan@msu.edu
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University of Texas at Austin
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Guosheng Fu
University of Notre Dame
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MS92

Fundamentals of Electromagnetic Transient (EMT)
Phenomena and Its Simulation

This talk introduces fundamentals of Electromagnetic
Transient (EMT) phenomena and their computer simu-
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lation, offering participants a clear understanding of the
physical processes and modeling techniques that underpin
EMT studies. It begins by examining key EMT phenomena
encountered in modern power systems, including genera-
tor stator transients, converter switching actions, lightning
surges, traveling waves, and harmonic resonance together
with the large scale EMT dynamic studies in the presence
of multiple utility scale Inverter-Based-Resources (IBRs)
to observe their dynamic behavior in the event of system
disturbances. Through these examples, attendees will gain
insight into the diverse sources and characteristics of fast,
dynamic disturbances that influence system behavior. The
talk then transitions into the essential principles of EMT
simulation. Core topics include EMT component model-
ing methodologies and their role in accurately representing
system devices under transient conditions.

Soumyajit Gangopadhyay
Pennsylvania State University
szg6052@psu.edu

Nilanjan Ray Chaudhuri
Penn State University
nuc88@psu.edu

Sarina Adhikari
MEPPI
sarina.adhikari@meppi.com

MS92

Ongoing Research in Electromagnetic Transient
Simulation (EMT) Methods

Electromagnetic-transient (EMT) simulation is vital to en-
suring the reliability and stability of complex large-scale
modern power grids with power-electronics. Oak Ridge Na-
tional Laboratory (ORNL), in collaboration with other na-
tional labs and academia, is advancing the state of the art
through robust numerical methods and frameworks sized
for the demands of large-scale EMT studies. This talk
surveys ongoing work, emphasizing advances in numerical
solvers, intelligent algorithms, and performance engineer-
ing tailored to massive EMT simulation. A central focus
is the creation of multi-stiff implicitexplicit (ImEx) inte-
grators for differentialalgebraic equation (DAE) models to
accurately and efficiently handle stiff, nonlinear dynam-
ics. In a partitioned formulation, the dynamics satisfy
dx
dt

= fe(x, t) + fi(x, t), with the stiff component fi ad-
vanced implicitly and the nonstiff component fe advanced
explicitly, while algebraic constraints g(x, t) = 0 are en-
forced within a consistent DAE framework. Concurrent
advances in linear-solver structure-aware strategies, mixed-
precision solvers and optimized reordering accelerate sparse
factorization on CPUs/GPUs reliably. Combined with
techniques such as pattern recognition, topology-aware re-
ordering, and adaptive load balancing, these capabilities
improve scalability, and enable faster grid analyses, lay-
ing the groundwork for next-generation tools that support
critical grid operations.

Suman Debnath
Oak Ridge National Laboratory
debnaths@ornl.gov

MS92

Mathematics of Electromagnetic Transient (EMT)
Simulation

In this talk, the fundamental mathematics underpinning

electromagnetic-transient (EMT) simulation of large-scale
power systems with power electronics will be presented.
First, attendees will be equipped with a clear mathemati-
cal foundation for how EMT models will be posed and ad-
vanced in time. Next, methods for representing network
equations and component dynamics in coupled differen-
tialalgebraic equation (DAE) form, as well as for converting
these continuous-time relations into discrete-time updates
through numerical time integration, will be presented. Fur-
thermore, the mathematical meaning of stability and ac-
curacy in EMT settings particularly the role of stiffness
arising from fast electromagnetic and switching-driven phe-
nomena interacting with slower electromechanical and con-
trol dynamics will be emphasized in detail. In addition,
the linear-algebraic structure that will be formed at each
time step typically large, sparse systems of equations will
be examined, and the essential concepts of sparsity, condi-
tioning, and convergence that govern reliable solution will
be reviewed. Finally, by focusing on these core mathemat-
ical elements, a rigorous yet accessible framework for un-
derstanding EMT simulation as an applied mathematics
problem in modeling, discretization, and numerical solu-
tion will be provided.

Phani Marthi
Oak Ridge National Laboratory
marthip@ornl.gov

Soumyajit Gangopadhyay
Pennsylvania State University
szg6052@psu.edu

MS92

Advanced Solutions for Electromagnetic Transient
Simulation (EMT)

Scaling EMT poses significant challenges to the numerical
methods underlying the simulations, especially due to the
distributed differential-algebraic equations (DAEs) which
exhibit discontinuities and have multiple loosely coupled
regions. The computational and applied mathematics com-
munities are well positioned to address these challenges
with advanced time integration, linear solver, and graph-
based methods. This talk will discuss areas where recent
advances are expected to make progress and where further
advances are needed. Lastly, we will present a roadmap for
addressing challenges related to DAEs and linear solvers for
EMT.

Carol S. Woodward
Lawrence Livermore National Laboratory
cswdwr@outlook.com
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Purdue University
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MS93

Weighted Birkhoff Averages Accelerate Data-
Driven Methods

Many data-driven algorithms in dynamical systems rely on
ergodic averages that converge painfully slowly. One simple
idea changes this: taper the ends. Weighted Birkhoff av-
erages can converge much faster (sometimes superpolyno-
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mially, even exponentially) and can be incorporated seam-
lessly into existing methods. In this talk I will demon-
strate this with five weighted algorithms: weighted Dy-
namic Mode Decomposition (wtDMD), weighted Extended
DMD (wt-EDMD), weighted Sparse Identification of Non-
linear Dynamics (wtSINDy), weighted spectral measure es-
timation, and weighted diffusion forecasting. Across exam-
ples ranging from fluid flows to El Nino data, the message
is clear: weighting costs nothing, is easy to implement, and
often delivers markedly better results from the same data.

Jason J. Bramburger
Concordia University
Concordia University
jason.bramburger@concordia.ca

MS93

Analytic Continuation and Fft-Based Parameteri-
zation for Computing Stable and Unstable Man-
ifolds of Hyperbolic Periodic Orbits in Billiard
Maps

We present a numerical framework for computing stable
and unstable manifolds of hyperbolic periodic orbits in bil-
liard maps on perturbed elliptical tables. The core chal-
lenge is that the billiard map is defined only implicitly as
the composition of several root-finding problems making
standard power series techniques for the parameterization
method impractical via explicit Cauchy products or differ-
ential equation augmentation. To overcome this, we refor-
mulate each step of the billiard map as a real analytic, im-
plicitly defined system and extend it to a complex domain
via numerical analytic continuation. This complex exten-
sion enables the use of discrete Fourier transform (DFT)
and Fast Fourier Transform (FFT) interpolation to com-
pute the Taylor coefficients required at each stage of the
parameterization method, circumventing the need for ex-
plicit recursion relations. The resulting algorithm produces
high-order polynomial approximations to local stable and
unstable manifolds, which are then globalized numerically
to reveal homoclinic tangles and transverse intersections.
We apply this method to five perturbed elliptical billiard
tables, computing manifolds for periodic orbits of various
periods and providing strong numerical evidence for the
existence of chaotic dynamics in each case.

Patrick R. Bishop, Summer Chenoweth,
Emmanuel Fleurantin, Evelyn Sander
George Mason University
pbishop3@gmu.edu, schenowe@gmu.edu,
efleuran@gmu.edu, esander@gmu.edu
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MS93

Geometric DriverResponse Decomposition in a
Family of Strange Nonchaotic Attractors

Collective dynamical systems far from equilibrium can gen-
erate robust geometric organization even under qualita-
tively different driving mechanisms. In this talk, we study
a family of strange nonchaotic attractors generated by a
herding system on a directed rooted tree. Although strange
nonchaotic attractors arise in many driven systems, the
geometric principles organizing them across driver classes
remain less understood. We show that a nonsmooth

predecessor-selection operator coupled with a memory-
cascade response operator produces common large-scale re-
sponse geometry and driver-dependent fine structure. A
reduced-coordinate decomposition of the response identi-
fies the common coarse organization, while residual anal-
ysis isolates the driver-dependent component.Our findings
suggest a comparative organizing principle for SNAs that
moves the subject from isolated existence results toward
comparison and classification.

Sayomi Kamimoto
Department of Mathematics, Howard University
sayomi.kamimoto@howard.edu

MS93

Body-Like Coordination Emerges in Paired Ter-
mite Locomotion

Coordinated group movements are often described as mov-
ing like a single organism, yet this analogy is typically
metaphor. Individuals, interacting each other, lack the
functional integration like body parts of single organism.
It remains unresolved whether movement coordination can
truly reproduce body-like organization. Here we show that
during tightly coordinated movement, pairs of termites use
the same explorationstabilization division of labor observed
within a single moving body. Using posture tracking, we
demonstrate that leaderfollower asymmetries in tandem
running mirror anteriorposterior asymmetries in individ-
ual locomotion, with exploratory motion concentrated at
the front and smoother, shorter trajectories behind. Our
mathematical model reveals that such body-like coordina-
tion emerges from temporal convolution of past locational
cues, rather than instantaneous responses. These results
identify a control principle of hierarchical structured move-
ment coordination, providing a novel way to design collec-
tive behavior.

Nobuaki Mizumoto
Auburn University
nzm0095@auburn.edu

Sayomi Kamimoto
Department of Mathematics, Howard University
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MS94

Flocking under Fast and Large Jumps in a Non-
Linear Mean-Field System

We analyze a pure-jump mean-field interacting particle sys-
tem where each particle jumps forward by random (inde-
pendently and identically distributed) lengths and at a rate
depending on its signed distance from the center of mass.
The rate being non-increasing leads to a flocking behav-
ior: the particles below the center of mass jump forward
at a higher rate than those above it. We identify natu-
ral conditions under which the system is well-posed and
study the fluid (hydrodynamic) limit of the empirical mea-
sure process associated with the system. By establishing
well-posedness of the associated McKean-Vlasov equation,
we characterize the fluid limit of the particle system and
prove a propagation of chaos result. Next, for the centered
particle system, we establish existence and uniqueness of
stationary distributions and study their tail properties. Fi-
nally, in the special case of exponential rate and jump dis-
tributions, we further show propagation of chaos at infinite
time and convergence of the stationary empirical measure
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to a traveling wave solution of the McKeanVlasov equation.

Dilshad Imon
University of North Carolina at Chapel Hill
idilshad@unc.edu

MS94

Phase Transitions in Doi-Onsager, Noisy Trans-
former, and Other Multimodal Models

We study phase transitions for repulsive-attractive mean-
field free energies on the circle. For a 1

n+1
-periodic in-

teraction whose Fourier coefficients satisfy a certain de-
cay condition, we prove that the critical coupling strength
Kc coincides with the linear stability threshold K# of
the uniform distribution and that the phase transition
is continuous, in the sense that the uniform distribution
is the unique global minimizer at criticality. The proof
is based on a sharp coercivity estimate for the free en-
ergy obtained from the constrained Lebedev–Milin inequal-
ity. We apply this result to three motivating models
for which the exact value of the phase transition and its
(dis)continuity in terms of the model parameters was not
fully known. For the two-dimensional Doi-Onsager model
W (θ) = −| sin(2πθ)|, we prove that the phase transition is
continuous at Kc = K# = 3π/4. For the noisy transformer

model Wβ(θ) = (eβ cos(2πθ) − 1)/β, we identify the sharp
threshold β∗ such that Kc(β) = K#(β) and the phase tran-
sition is continuous for β ≤ β∗, while Kc(β) < K#(β) and
the phase transition is discontinuous for β > β∗. We also
obtain the corresponding sharp dichotomy for the noisy
Hegselmann-Krause model WR(θ) = (R− 2π|θ|)2+.

Kyunghoo Mun
Carnegie Mellon University
kmun@andrew.cmu.edu

MS95

Intentional Community Building in a University
Math Department

Community is an essential part of education, especially
within mathematics. I will talk about our intentional com-
munity building efforts within our mathematics depart-
ment, how they affect retention and recruitment of mathe-
matics students, and our events every Friday which include
Math Circles, Applied Math Seminars, student information
sessions, tea times, and more.

Lora Bailey
Grand Valley State University
baileylo@gvsu.edu

MS95

Creating a Mathematics Community: Successes
and Lessons Learned in Local, National, and In-
ternational Context

My work building communities has spanned several insti-
tutions - as Dean of Carolina Friends Upper School, As-
sociate Dean for Faculty Development at Harvey Mudd
College, Deputy Director of the MAA, AMS/AAAS Policy
Fellow in the US Senate and now as the inaugural Execu-
tive Director of the Data Science and AI Academy at NC
State University. The lessons learned are not independent
- each of these experiences has informed future endeavors.
I’ll share some of those connections and keys to commu-
nity building when it is most powerful - bringing together

people who don’t automatically agree.

Rachel Levy
North Carolina State University, U.S.
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MS95

Math Circles of Chicago: A Very Large Scale En-
richment Program that Provides Equitable Access
for All Children

Math Circles of Chicago (MC2) has created a new model
for community based math circles. This model emphasizes
classroom teacher leadership, where math enrichment is
delivered with thoughtful pedagogy. This approach has al-
lowed MC2 to grow to be the largest math circle program
in the US, serving 1,300 students annually in its core math
circle programs, with 4,000+ more served in its math festi-
vals. Moreover, MC2 serves a population representative of
Chicago’s diversity–socioeconomically, ethnically/racially,
and geographically. Unique features of MC2’s model in-
clude a fully developed academic year program with 5 lev-
els for 3rd to 12th graders, with 130 distinct, high quality
activity plans; the use of Julia Robinson Math Festivals as
a way to introduce students to the concept of math circles,
held within public schools in Chicago; math circles deliv-
ered at 6 Hubs across the city, open to all children, along
with 60 programs in after school classrooms in underre-
sourced communities; summer camps serving 500 children,
and an annual math symposium. We provide heavy sup-
port for our teachers, including dozens of workshops each
semester, a highly active online space for teacher reflection
and feedback, and 1on1 coaching. Currently we are devel-
oping a ’playbook’ to expand to cities across the US; we
have a second sister site with the Math Circles of Houston,
and depending on funding we hope to open programs in
several US cities in the upcoming years.

Doug H. O’Roark
Math Circles of Chicago
doug@mathcirclesofchicago.org

MS96

Fusion Based 3D Image Super Resolution from
Truncated K-Space Data in Quantitative Magnetic
Resonance Imaging

Osteoarthritis (OA) is a leading cause of disability, and
early detection of biochemical cartilage degeneration is
critical for preventing irreversible joint damage. Quan-
titative 3D T1ρ MRI is highly sensitive to proteoglycan
loss and thus promising for early OA assessment, but
its clinical utility is limited by prohibitively long scan
times: multiple spin-lock times (TSLs) require fully sam-
pled 3D k-space acquisitions, making high-resolution imag-
ing inefficient and motion-prone. A practical acceleration
strategy is to truncate k-space and acquire only its cen-
tral region, which preserves low spatial frequencies and
avoids aliasing but produces blurred images due to miss-
ing high-frequency components. In this work, we pro-
pose a fusion-based 3D super-resolution framework that
leverages high-frequency information from fully sampled
double-echo steady-state (DESS) images to recover the
missing high-frequency components in truncated T1ρ data.
By coupling physics-consistent modeling of k-space trunca-
tion with cross-modality information transfer, the method
reconstructs high-resolution multi-TSL T1ρ images and
improves downstream quantitative map fitting. Experi-
ments on in vivo knee datasets demonstrate that the re-
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constructed T1ρ maps closely match fully sampled refer-
ences, suggesting a principled and practical pathway to-
ward accelerated 3D quantitative cartilage imaging. This is
a joint work with my PhD student Jiasen Zhang (CWRU)
and Cleveland Clinic collaborators Richard Lartey, Min-
grui Yang and Xiaojuan Li.

Weihong Guo
Case Western Reserve University
wxg49@case.edu

MS96

A Lifted ℓ1 Framework for Sparse Recovery

Motivated by re-weighted ℓ1 approaches for sparse recov-
ery, we propose a lifted ℓ1 (LL1) regularization that can be
generalize to several popular regularizations in the litera-
ture. During the course of reformulating the existing meth-
ods into our framework, we discover two types of lifting
functions that can guarantee that the proposed approach
is equivalent to the ℓ0 minimization. Computationally, we
design an efficient algorithm via the alternating direction
method of multiplier (ADMM) and establish the conver-
gence for an unconstrained formulation. Experimental re-
sults are presented to demonstrate how this generalization
improves sparse recovery over the state-of-the-art. This is
a joint work with Yaghoub Rahimi and Sung Ha Kang from
the Georgia Institute of Technology.

Yifei Lou
University of North Carolina at Chapel Hill
yflou@unc.edu

MS96

Admm and Linearized Admm Beyond Convexity:
Weakly Convex Regularization for Sparse Recovery

Sparsity-promoting models are central in high-dimensional
learning, but the resulting optimization problem isoften
nonconvex, which is computationally challenging. In this
talk, we study a class of weakly convex composite objec-
tives arising in sparse recovery, where a smooth (typically
convex)data-fitting term is coupled with a weakly con-
vex (possibly nonsmooth) regularizer. We develop split-
ting methods based on the alternating direction method of
multipliers (ADMM) and a linearized variant (LADMM).
ADMM and LADMM leverage the splitting structure
to isolate the sparsity-inducing update, while LADMM
further reduces the per-iteration cost by linearizing the
smooth term to avoid expensive inner solves. We establish
convergence to stationary solutions under mild conditions
for both ADMM and LADMM. We then demonstrate the
practical benefits on a case study of LOG-regularized logis-
tic regression, where the proposed methods achieve com-
petitive quality with improved computational efficiency rel-
ative to baseline methods.

Shenghan Mei
The University of North Carolina at Chapel Hill
shmei@unc.edu

MS98

Stable End-to-End Training of Latent Diffusion
Models

Standard Latent Diffusion Models (LDMs) and Latent
Score-based Generative Models (LSGMs) typically train
the score network using Denoising Score Matching (DSM)
with stochastic noise targets (the Tweedie identity). This

approach implicitly treats the latent representations of
training data as Dirac deltas, ignoring the probabilistic
uncertainty explicitly predicted by the Variational Au-
toencoder (VAE). We propose Component Score Expec-
tation Matching (CSEM), a training methodology that re-
places the stochastic DSM target with the CSEM Identity.
The aggregate (mixture) score is the endpoint-conditioned
conditional expectation of these component scores, so an
MSE objective against the component wise targets distills
the true aggregate score without introducing extra Monte
Carlo noise. We show that this approach is a strict math-
ematical refinement of the LSGM objective, effectively re-
moving the Monte Carlo noise variance from the training
signal.

Tan Bui-Thanh
The University of Texas at Austin
tanbui@oden.utexas.edu

MS98

Joint State-Parameter Estimation for the Shallow
Water Equations Through Latent Twin Architec-
tures

Recovering spatially varying coefficients, such as
bathymetry, from sparse state observations is a chal-
lenging, ill-posed inverse problem in geophysical fluid
dynamics. While Variational Data Assimilation (4D-Var)
offers a rigorous solution, it relies on computationally
expensive adjoint loops that are prohibitive for real-
time applications. Conversely, standard deep learning
surrogates provide speed but frequently fail to capture
the causal structure of the governing Partial Differential
Equations (PDEs). We present the Latent Twin frame-
work to unify inversion and forecasting through joint
state-parameter estimation, applied to the Shallow Water
Equations (SWE). We construct a dynamic State Twin
and a static Parameter Twin, coupled via two learned
operators: a cross-domain mapping (M) that performs
single-shot inversion, and a parameter-conditioned tran-
sition operator (T ). This coupling enables a fully joint
estimation strategy: the inferred bathymetry serves as
the necessary physical coefficients to evolve the latent
flow, while the requirement to accurately forecast wave
propagation acts as a dynamic consistency constraint.We
demonstrate that this architecture recovers bathymetry
with fidelity competitive with 4D-Var baselines while en-
abling inversion orders of magnitude faster than iterative
solvers. Simultaneously, the embedding of static param-
eters stabilizes long-term forecasts against non-physical
drift, demonstrating robust generalization across diverse
bathymetric topologies.

Will Farthing
Emory University
will.farthing@emory.edu

MS98

An Overview of Reduced-Basis Derivative-
Informed Operator Learning

Efficient solution of inverse problems and optimization
under uncertainty for high-dimensional PDE systems re-
quires surrogate models that are accurate not only in
prediction, but also in the sensitivity information rele-
vant to decision-making. Neural operator learning pro-
vides a scalable framework for surrogate modeling; how-
ever, standard formulations often neglect derivative ac-
curacy, leading to degraded performance in downstream
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optimization tasks. This talk presents a reduced-basis,
derivative-informed operator learning framework that com-
bines low-dimensional linear reduced basis representations
with learning objectives tailored to inverse problems and
optimization. An approximation-theoretic analysis yields
a priori error bounds for surrogate-based inverse and opti-
mization problems, motivating the explicit penalization of
errors in operator derivatives. The proposed methods are
computationally efficient, straightforward to implement,
and applicable to both steady-state and time-dependent
PDEs. Numerical examples from structural health mon-
itoring, shape optimization, and fluid flow under uncer-
tainty demonstrate improved accuracy and robustness in
surrogate-driven decision-making.

Thomas O’Leary Roseberry
Ohio State University
oleary-roseberry.1@osu.edu

MS98

Linear Attention Architectures for Geopotential
Height Forecasting: A Comparative Study

Accurate forecasting of geopotential height is crucial for
numerical weather prediction and climate modeling. While
transformer-based models have shown promising results in
weather forecasting, their quadratic computational com-
plexity with sequence length limits their applicability to
long-range temporal dependencies. In this work, we
present a comprehensive comparison of linear attention
architectures—including Gated Linear Attention (GLA),
DeltaNet, Gated DeltaNet, Kimi Delta Attention (KDA),
and Mamba2—for geopotential height forecasting using
NCEP reanalysis data. We evaluate these architectures
against standard transformers in terms of forecasting ac-
curacy (RMSE, anomaly correlation coefficient), compu-
tational efficiency, and memory usage. Our experiments
demonstrate that linear attention mechanisms achieve
competitive forecasting performance while offering signifi-
cant computational advantages for processing long tempo-
ral sequences.

Vishwas Rao
Argonne National Laboratory
vhebbur@anl.gov

MS99

Robust Hybrid Infinite and Finite Dimensional
Tensor Factorizations

The canonical polyadic (CP) tensor decomposition repre-
sents a multidimensional data array as a sum of rank-one
outer products of latent factors. Building on CP-HiFi,
the hybrid infinite- and finite-dimensional CP framework
of Larsen et al. (2024), which introduces quasitensors by
modeling selected modes as smooth functional factors in
a reproducing kernel Hilbert space, we replace the stan-
dard least-squares objective with a quantile-based loss.
This modification enables estimation of conditional quan-
tile functions (rather than conditional means) along func-
tional modes. The resulting approach yields a distribution-
aware tensor factorization that is robust to outliers and
captures heterogeneity beyond the mean structure.

Jocelyn Chi, Eric Chi
University of Minnesota

jocelync@umn.edu, echi@umn.edu

MS100

Toric Geometry of Relu Neural Networks

Understanding the mathematical foundation of machine
learning theory has become essential in this ever chang-
ing world of AI. In particular, neural networks with Recti-
fied Linear Unit (ReLU) activations underlie almost every
other machine learning problem. In this talk, I will de-
velop a dictionary between feedforward ReLU neural net-
works and toric geometry. The central insight underlying
this work is that the function computed by a feedforward
ReLU neural network with no biases can be interpreted as
the support function of a Q-Cartier divisor on a rational
polyhedral fan. This work also reveals a link between the
tropical geometry and the toric geometry of ReLU neural
networks: the toric geometry can be viewed as a lift of
the tropical geometry, in which the underlying geometric
structure (toric geometry) is recovered from the combina-
torial data (tropical geometry). With the toric geometry
framework, we prove a necessary and sufficient criterion
of functions realizable by unbiased shallow ReLU neural
networks by computing intersection numbers of the ReLU
Cartier divisor and torus-invariant curves. With time per-
mitting, I will discuss ongoing work involving the nef cone
of the ReLU toric variety, which offers insight into how
network depth influences expressivity.

Yaoying Fu
Boston College
fugh@bc.edu

MS100

Mathematical Data as a Testbed for Analyzing
Deep Learning

The last five years have seen a rapidly growing increase in
deep learning methods and tools that are either inspired or
informed by ideas in pure mathematics. This ranges from
symmetry-aware equivariant architectures, to topological
features for analysis and modeling, to geometric analysis
of model latent spaces. While these methods have enor-
mous potential, they have yet to be united into a central-
ized package that standardizes and validates performance
and compatibility among methodological subgroups. In
this talk we discuss progress in building a new package,
TAGTorch, which aims to assemble many of the most pop-
ular mathematics-inspired methods in a single place where
both AI researchers and domain scientists can easily de-
velop new methods and systems that leverage the entire
methodological ecosystem. After discussing TAGTorch’s
current functionality, we describe our vision for where we
are going and pose the question of what features the com-
munity most needs.

Brendan Kennedy, Henry Kvinge
Pacific Northwest National Laboratory
brendan.kennedy@pnnl.gov, henry.kvinge@pnnl.gov

MS100

Discovering Symmetry Groups with Generative
Models

Incorporating symmetry constraints into models is a pow-
erful inductive bias which can improve data efficiency and
reduce generalization error. However, this requires know-
ing the proper symmetry constraints a priori. We pro-
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pose several methods for discovering group actions which
preserve a given data distribution using generative mod-
els. We consider generative adversarial networks and flow
matching models. Our key insight is that the problem
of finding a group action which approximately preserves
the data distribution can be cast as a problem of finding
a distribution over large hypothesis group which concen-
trates over the stabilizer subgroup of the data. We apply
our method to both discrete and continuous groups. We
demonstrate that the discovered symmetry group can in-
form and improve downstream learning, simplify learning
governing equations, and provide useful insight into phys-
ical systems.

Robin Walters
Northeastern University
r.walters@northeastern.edu

MS100

Manifold Representation and Riemannian Opti-
mization

To perform optimization over a manifold, a natural first
step is to understand how manifolds are represented as
matrix, on which our numerical algorithms can run. We
classical what manifolds with symmetry admit matrix rep-
resentations and show how to construct the optimal repre-
sentations. Using these manifold representations, we will
discuss the relevance of this work to neural networks and
transformers.

Thomas Wang
University of Chicago
rbwang@uchicago.edu

MS101

Elimination Templates in Macaulay2

Solving systems of polynomial equations is generally a
difficult problem. Elimination templates provide an effi-
cient method for solving zero-dimensional polynomial sys-
tems and have been extensively developed for applica-
tions in computer vision. In this talk, I will describe
this approach and demonstrate its implementation in the
EliminationTemplates package for the computer algebra
system Macaulay2, with an emphasis on practical applica-
tions.

Manav Batavia
Purdue University
mbatavia@purdue.edu

MS101

Synthetic Molecular Data Generation via SO(3)-
Invariant PCA

We present a framework for synthetic molecular data gener-
ation based on SO(3)-invariant PCA, which exploits the al-
gebraic structure of the rotation group to efficiently model
3D molecules. Traditional PCA applied to volumetric data
with arbitrary orientations — ubiquitous in cryo-EM — re-
quires prohibitive data augmentation over many rotations.
By leveraging the representation theory of SO(3) and or-
thogonality relations of Wigner D-matrices, we develop a
computationally efficient approach that implicitly accounts
for all rotations through a block-diagonal covariance struc-
ture indexed by spherical harmonic degrees. This reduces
computational complexity from O(N9) to O(N4) for vol-
umes discretized on N ×N ×N grids. The learned princi-

pal components span a low-dimensional subspace captur-
ing molecular variability, enabling generation of realistic
synthetic structures by sampling coefficients from learned
distributions.

Paulina Hoyos
University of Texas Austin
paulinah@utexas.edu

MS101

Tensor based Approaches to Synchronization in
Computer Vision

The synchronization problem involves estimating global
states from relative measurements between states. While
many studies have explored synchronization in different
contexts using pairwise measurements, relying solely on
pairwise measurements often fails to capture the full com-
plexity of the system in real life scenarios. Extending syn-
chronization to consider measurements between three or
more states, however, increases computational complexity
and requires sophisticated mathematical models. In this
talk, we introduce a novel mathematical approach to solv-
ing the synchronization problem in computer vision using
higher order measurements (trifocal/quadrifocal tensors),
based on a low tensor rank characterization and a ten-
sor decomposition algorithm. Experiments on benchmark
datasets show that the methods increases the accuracy of
camera locations over standard approaches, and has a nat-
ural advantage when cameras are collinear. Joint work
with Gilad Lerman at UMN and Joe Kileel at UT Austin.

Daniel Miao
University of Minnesota
miao0022@umn.edu

MS101

Tensor Decompositions of Calibrated Trifocal Ten-
sors

In recent work (arXiv: 2402.12542) we have investigated
generalizations of the Higher Order Singular Value Decom-
position (HOSVD) for tensors. Applying these decompo-
sitions to calibrated trifocal tensors we noticed interesting
geometric structure, which may shed light on the question
of finding all the defining equations of the algebraic vari-
ety of calibrated trifocal tensors. In addition, we anticipate
this may lead to new methods for approximating calibrated
trifocal tensors. This is work in progress with Ian Tan.

Luke Oeding
Auburn University
oeding@auburn.edu

MS102

Two Derivative Runge-Kutta Methods for Evolu-
tion of Time-Dependents Pdes

High order strong stability preserving (SSP) time dis-
cretizations ensure the nonlinear non-inner-product strong
stability properties of spatial discretizations suited for the
stable simulation of hyperbolic PDEs. Over the past
decade multiderivative time-stepping have been used for
the time- evolution hyperbolic PDEs, so that the strong
stability properties of these methods have become increas-
ingly relevant. In this work we review su?cient condi-
tions for a two-derivative multistage method to preserve
the strong stability properties of spatial discretizations in
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a forward Euler and di?erent conditions on the second
derivative. In particular we present the SSP theory for
explicit and implicit two-derivative RungeKutta schemes,
and discuss a special condition on the second deriva-
tive under which these implicit methods may be uncon-
ditionally SSP. This condition is then used in the context
of implicit-explicit (IMEX) multi-derivative RungeKutta
schemes, where the time-step restriction is independent of
the sti? term. Finally, we present the SSP theory for
implicit- explicit (IMEX) multi-derivative general linear
methods, and some novel second and third order meth-
ods where the time-step restriction is independent of the
sti? term

Sigal Gottlieb
Department of Mathematics
University of Massachusetts Dartmouth
sgottlieb@umassd.edu

MS102

Order Conditions for Mixed Precision and Mixed
Accuracy Time-Stepping Methods

RungeKutta and two-derivative Runge–Kutta methods can
be designed so that certain costly intermediate computa-
tions can be performed as a lower-precision computation
without adversely impacting the accuracy of the overall so-
lution. In particular, a properly designed mixed accuracy
method will damp out the errors committed in the initial
stages. We provide a general theoretical additive frame-
work for designing mixed precision RungeKutta methods
and two-derivative Runge–Kutta methods, and use this
framework to derive order conditions for such methods.
Next, we show how using this approach allows us to lever-
age low precision computation of the implicit solver while
retaining high precision in the overall method. We confirm
that the methods behave as expected in numerical studies

Zachary Grant
UMass Dartmouth
zgrant@umassd.edu

MS102

Reduced Basis Methods for Parametric Steady-
State Radiative Transfer Equation

Radiative transfer equation (RTE) is a fundamental model
to describe the physical phenomena of energy or parti-
cle transport through mediums that are affected by ab-
sorption, emission, and scattering processes. Deterministic
simulations can provide an accurate description of the so-
lutions; they however face many computational challenges,
most prominently the need to compute the angular flux
defined in the high dimensional phase space. This is more
prominent in multi-query tasks when the RTE needs to be
solved repeatedly. In this talk, we present the first system-
atic investigation of reduced basis methods (RBMs) for the
parametric steady-state RTE. Four ROMs are designed,
with each defining a nested family of reduced surrogate
solvers of different resolution/fidelity. Two are certified
when the absorption cross section is positively bounded be-
low uniformly. One technical focus and contribution lie in
the proposed implementation strategies under the affine as-
sumption of the parameter dependence of the model. These
broadly applicable strategies not only ensure the efficiency
and accuracy of the offline training stage and the online
prediction of reduced surrogate solvers, but also take into
account the conditioning of the reduced systems as well
as the stagnation-free residual evaluation for numerical ro-

bustness. Numerical experiments will demonstrate accu-
racy, robustness, and significant speedup of these reduced
surrogate solvers.

Kimberly Matsuda
Rensselaer Polytechnic Institute
kimberlyamatsuda@gmail.com

Yanlai Chen
Department of Mathematics
University of Massachusetts Dartmouth
yanlai.chen@umassd.edu

Yingda Cheng
Virginia Polytechnic Institute and State University
yingda@vt.edu

Fengyan Li
Rensselaer Polytechnic Institute
lif@rpi.edu

MS103

Enabling Real-Time Control via Deep Learning

We present a generalized framework utilizing machine
learning to enable real-time optimal control for complex
dynamical systems. A primary bottleneck in controlling
high-dimensional physical models is the prohibitive com-
putational cost of repetitive simulations and the practical
unavailability of full-state observations. To address these
challenges, we propose a data-driven approach based on
Flow Map Learning (FML) that constructs a fast, differen-
tiable surrogate model directly connecting control inputs
and sparse Quantities of Interest (QoI) to their future evo-
lution. By effectively embedding trajectory history, this
method implicitly accounts for unobserved dynamics and
latent parameters without requiring the underlying high-
fidelity solver during the control loop. Consequently, the
learned model serves as a lightweight environment that fa-
cilitates real-time feedback control strategies across a di-
verse range of complex systems.

Xinyu Liu, Dongbin Xiu
Ohio State University
liu.12165@osu.edu, xiu.16@osu.edu

MS103

Data Driven Modeling and Correction of Vehicle
Dynamics

We develop a data-driven framework for learning and cor-
recting non-autonomous vehicle dynamics. Physics-based
vehicle models are often simplified for tractability and
therefore suffer from model-form uncertainty, motivating
data-driven correction. In addition, non-autonomous dy-
namics depend on time-varying control inputs, which com-
plicates learning from temporal snapshot data. To address
these challenges, we reformulate the dynamics using a local
parameterization of the time-dependent inputs, resulting
in a sequence of local parametric dynamical systems. We
approximate these systems using two complementary ap-
proaches. First, we apply DRIPS (dimension reduction and
interpolation in parameter space) to construct efficient lin-
ear surrogate models using lifted observables and manifold-
based operator interpolation, enabling highly data-efficient
learning when the dynamics admit linear representations
in lifted spaces. Second, for strongly nonlinear regimes, we
employ Flow Map Learning (FML), a deep neural network
approach that directly approximates the parametric evolu-
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tion map. We further extend FML with a transfer-learning-
based correction strategy that leverages sparse high-fidelity
or experimental data to correct misspecified prior models
without assuming a prescribed correction form. Numerical
experiments on unicycle, simplified bicycle, and slip-based
bicycle models demonstrate that DRIPS provides robust,
data-efficient learning, while FML captures strong nonlin-
earities and effectively corrects model-form errors under
severe data scarcity.

Hannah Lu
University of Texas at Austin
hannah.lu@austin.utexas.edu

MS103

Weak Formulation-Based Generic Formalism Neu-
ral Networks for Learning Dynamical Systems from
Noisy Measurements

We propose Weak Formulation-based GENERIC Formal-
ism Informed Neural Networks (WGFINNs), which effec-
tively handle noisy measurement data for the data-driven
approximation of dynamical systems. WGFINNs are built
upon GFINNs to ensure the first and second laws of ther-
modynamics are exactly satisfied, while offering a robust
learning framework against data noise. On the theoretical
side, we prove that the noise level and the time-step size of
the data are critical factors that significantly impact solu-
tion accuracy. In particular, our analysis suggests that the
weak formulation-based approach produces solutions that
are less sensitive to noise and time-step size than those de-
rived from the strong formulation. Numerical experiments
confirm these findings and demonstrate the effectiveness of
WGFINNs in handling noisy data.

Jun Sur Richard Park
Korea University Sejong
junsurpark@korea.ac.kr

Auroni Hashim
NC State
ahashim3@ncsu.edu

Siu Wun Cheung, Youngsoo Choi
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Yeonjong Shin
North Carolina State University
yeonjong shin@ncsu.edu

MS103

Neighborhood Surrogate Learning on Dynamic
Data

Digital twins of complex systems must involve a model
that is fast, generalizable, and usable for real-time control.
For example, high-fidelity nonlinear multiphysics simula-
tions can capture lasermaterial interactions, but are too
slow for optimization or model predictive control (MPC).
Reduced-order models, used to accelerate such computa-
tion, frequently fail to generalize to unseen inputs or con-
trol states. We show theoretically that this failure is in-
trinsic. The learned model is non-unique outside the sam-
pled subspace when a low-rank structure arises from lim-
ited excitation and clustered eigenvalues, rather than from
a user-imposed truncation alone. Motivated by this result,
we construct and validate a local surrogate for the digital
twin of a temperature-controlled additive-manufacturing

process. Our surrogate is localized in space through a von
Neumann stencil and learned from noisy high-fidelity sim-
ulations that emulate experimental observations. It is lin-
ear in thermo-physically augmented states so that MPC
reduces to a convex quadratic program. It requires no
online correction, generalizes to unseen scan paths and
power profiles of the laser, and is more than three orders
of magnitude faster than a finite-elements solver. When
the MPC sequence computed on the digital twin is applied
to this solver, closed-loop temperature regulation is recov-
ered, showing that the surrogate preserves control-relevant
inputoutput behavior.

Daniel M. Tartakovsky
Stanford University
tartakovsky@stanford.edu

Yuchen Zhang
Stanford
yczhang@stanford.edu

MS104

Parametric Variation of Hypergeometric Systems

Viewing hypergeometric systems of PDEs, we describehow
special bases of solutions vary with the parameter of the
system. These bases include certain integral representa-
tions (including Euler–Mellin integrals) and the canonical
series solutions of Saito–Sturmfels–Takayama. Our varia-
tion description is based on a stratification of the parameter
space so that over each stratum, a basis of solutions varies
holomorphically with the parameters.

Christine Berkesch
University of Minnesota
cberkesc@umn.edu

MS104

On Some Hypergeometric Modularity Conjectures
of Dawsey and McCarthy

The modularity of hypergeometric Galois representations
is a central topic in the study of hypergeometric motives.
Recently, in joint work, we developed an explicit method
to establish the modularity for many of these represen-
tations in dimensions two, three, and four. We now apply
this method to construct two cubic families of eta-quotients
that are used to resolve several conjectures of Dawsey and
McCarthy.

Brian Grove
Texas State San Marcos
bgrove@txstate.edu

MS104

Hypergeometric Distributions and tale Cohomol-
ogy

In the 1960s, motivated by the SatoTate conjecture, Birch
proved that the traces of Frobenius of elliptic curves over
large finite fields is modeled by the semicircular distribu-
tion. Inspired by Birchs result, in recent work, Ono, Saikia
and Saad studied the distribution of finite field hyperge-
ometric functions that relate to families of elliptic curves
and K3 surfaces using modular forms and harmonic Maass
forms. In this talk, we explore SatoTate type distributions
for some finite field hypergeometric functions that relate
to other families of curves and to joint families of elliptic
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curves in terms of the Meijer G-function. Moreover, we elu-
cidate the appearance of Catalan numbers and Chebyshev
polynomials in the earlier modular works.

Hasan Saad
Louisiana State University
hsaad@lsu.edu

MS104

The Hypergeometric Motive

Hypergeometric motives (HGM) have recently become a
useful tool in number theory, arithmetic geometry, and
physics. The philosophy of HGM holds that an under-
lying hypergeometric object can manifest in many ways,
including cohomology, point counts, and finite field hyper-
geometric functions. This talk will be an informal invita-
tion to hypergeometric motives, and to how they arise or
give insights in a few different arithmetic and geometric
settings. This is joint work with Ursula Whitcher.

Adriana Salerno
National Science Foundation
adrianasalernophd@gmail.com

MS106

From Experiment to Principle: Modeling Basal
Cognition in Slime Mold

The slime mold Physarum polycephalum is renowned for
the remarkable behaviors it exhibits in a wide variety of
experiments. Decades of experimental work have estab-
lished this organism as one of the principal models of basal
cognition. In this talk, we review several of the most strik-
ing behaviors observed in Physarum and discuss how the
experiments revealing these behaviors have shaped theories
of the biophysical mechanisms underlying them. We then
show how a recently developed, experimentally supported
computational and mathematical framework demonstrates
that many apparently disparate slime mold behaviors can
be explained by a single, simple principle. This work in-
tegrates experiment and theory into a unified mathemati-
cal model, providing increasing support for a mechanistic
foundation of basal cognition.

Jason Graham
Department of Mathematics
University of Scranton
jason.graham@scranton.edu
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MS106

Compressed Foams and Coagulation Equations
with Particle Emission

A two-dimensional compressed foam exhibits a wealth of

interesting mechanisms for coarsening behavior. For this
talk, we focus on the evolution of cell statistics found
from rupturing edges induced by heating. We describe
the experimental design for rupturing edges through the
construction of a ”foam oven”. Each rupture evolves a
foam’s topology and can be described with reactions simi-
lar to the Smoluchowski coagulation equations. Topologi-
cal reactions for foams also exhibit emission of particles in
the product. We study the general form of coagulation
equations with particle emission, and demonstrate well-
posedness for two classes of initial conditions. We also
establish existence of gelation regimes and provide asymp-
totics of particles size distributions for short-time and post-
gelation regimes.

Joe Klobusicky
University of Scranton
joseph.klobusicky@scranton.edu

MS106

Experiments on Classical Quantum Analogs and
Their Impact on Mathematical Modeling

In this talk, I will present two examples of experimental
systems in which classical dynamics exhibit features remi-
niscent of quantum mechanics, and how these experiments
have led to new insights in mathematical modeling. The
first example concerns the hydrodynamic quantum ana-
log discovered by Couder and Fort (2005), in which mil-
limetric droplets self-propel along the surface of a verti-
cally vibrated bath. This system captures striking features
associated with quantum phenomena, including quantized
trajectories and wave-particle interactions. These exper-
iments led to models coupling particle motion to a per-
sistent wave field, showing how memory in driven dissi-
pative systems can generate quantization and statistical
behavior from deterministic dynamics. The second exam-
ple concerns classical Floquet systems (linear differential
equations with periodic coefficients) which play a central
role in the dynamical stabilization of unstable equilibria
and wave propagation in periodic media. Experiments on
parametrically driven mechanical oscillators reveal that, in
specific parameter regimes, the bounded solutions of Flo-
quet theory can be described by an effective Schrdinger-like
equation. This correspondence provides new intuition into
spectral structure and stability theory for linear differential
equations.

Arnaud Lazarus
Massachusetts Institute of Technology
alazarus@mit.edu

MS106

Linear and Nonlinear Waves in Microwave Trans-
mission Lines

Metamaterials are linear wave media whose properties give
rise to novel and tunable dispersion phenomena. They are
also a mathematical playground to investigate inverse de-
sign problems and optimal control. In this talk, I’ll describe
applications of metamaterials to superconducting quantum
hardware design, with emphasis on mathematical problems
of theoretical and practical importance.

Stephen Sorokanich
Air Force Research Lab
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MS107

IEnSF: Iterative Ensemble Score Filter for Reduc-
ing Error in Posterior Score Estimation in Nonlin-
ear Data Assimilation

The Ensemble Score Filter (EnSF) has emerged as a
promising approach to leverage score-based diffusion mod-
els for solving high-dimensional and nonlinear data assim-
ilation problems. While initial applications of EnSF to the
Lorenz-96 model and the quasi-geostrophic system showed
potential, the current method employs a heuristic weighted
sum to combine the prior and the likelihood score func-
tions. This introduces a structural error into the estima-
tion of the posterior score function in the nonlinear setting.
This work addresses this challenge by developing an itera-
tive ensemble score filter (IEnSF) that applies an iterative
algorithm as an outer loop around the reverse-time stochas-
tic differential equation solver. When the state dynamics
or the observation operator is nonlinear, the iterative algo-
rithm can gradually reduce the posterior score estimation
error by improving the accuracy of approximating the con-
ditional expectation of the likelihood score function. The
number of iterations required depends on the distance be-
tween the prior and posterior distributions and the non-
linearity of the observation operator. Numerical experi-
ments demonstrate that the IEnSF algorithm substantially
reduces the error in posterior score estimation in the non-
linear setting and thus improves the accuracy of tracking
high-dimensional dynamical systems.

Feng Bao
Florida State University
Department of Mathematics
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Auburn University
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MS107

Memory-Embedded Neural Dynamical Systems
with Closed-Form Inference (MENDS)

We develop Memory-Embedded Neural Dynamical Sys-
tems (MENDS), a nonlinear neural framework for mod-
eling and data assimilation in high-dimensional dynami-
cal systems. MENDS integrates reservoir computingbased
nonlinear memory embeddings into a structured nonlin-
ear dynamical formulation that admits closed-form data
assimilation. The reservoir layer captures strongly non-
linear interactions and long-range temporal dependencies,
while the resulting embedded dynamics preserve an ana-
lytic probabilistic structure that facilitates exact data as-
similation solutions. MENDS unifies nonlinear forecasting
and closed-form state estimation within a single learnable
system. Unlike black-box neural models that rely on sam-
pling or approximate inference, MENDS performs uncer-
tainty propagation and data assimilation through analytic
update equations, ensuring computational efficiency and
scalability in high-dimensional and partially observed set-
tings.

Charlotte Moser

University of Wisconsin Madison
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MS107

Predictive Digital Twins for 6-DoF Reentry Cap-
sules: Coupling Learned Dynamics with Data As-
similation

Atmospheric reentry vehicles operate in highly nonlinear
flight regimes where aerodynamic forces and moments vary
significantly with flow conditions, making reliable predic-
tion and stability characterization challenging under lim-
ited observational data. This work presents a predictive
digital-twin framework for six-degree-of-freedom (6-DoF)
reentry capsules that couples learned dynamical models
with data assimilation for uncertainty-aware prediction.
The vehicle dynamics are represented using Neural Ordi-
nary Differential Equations (Neural ODEs), which provide
a continuous-time representation of the coupled transla-
tional and rotational motion while enabling efficient mod-
eling of nonlinear aerodynamic effects. The learned dy-
namics are embedded within a sequential data assimilation
framework to continuously synchronize model predictions
with sparse measurements, allowing simultaneous estima-
tion of vehicle states and aerodynamic stability characteris-
tics, including dynamic stability coefficients. The method-
ology is demonstrated on representative blunt-body reentry
configurations under uncertain initial conditions and per-
turbed trajectories. The proposed framework establishes a
pathway toward predictive, uncertainty-aware digital twins
for atmospheric entry systems, supporting real-time moni-
toring and decision-making for future aerospace missions.

Bipin Tiwari
University of Tennessee at Knoxville
btiwari1@vols.utk.edu
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Mechanical, Aerospace, and Biomedical Engineering
osan@utk.edu

MS108

A Priori and a Posteriori Error Analysis of Prox-
imal Galerkin Methods for Variational Problems
with Inequality Constraints

The proximal Galerkin (PG) method is a finite element
method for solving variational problems with inequal-
ity constraints. It has several advantages, including
constraint-preserving approximations and mesh indepen-
dence. This presentation presents a priori and a posteriori
error analysis of the PGmethod in a general framework. As
examples, we focus on the obstacle and Signorini problems
using various finite element subspaces. We demonstrate op-
timal convergence rates for these examples, and we present
PG with adaptive mesh refinement where we account for
both discretization and optimization error indicators.

Rami Masri
Brown University
rami masri@brown.edu

MS108

Advances in HDG Methods for Strongly
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Anisotropic Diffusion

The problem of strong anisotropy appears in numerous
fields of physics and applications, like fluid dynamics, ther-
modynamics, electrodynamics and others. It manifests it-
self on the algebraic level by poor properties of the sys-
tem operator, which results in low convergence rate and
numerical stability. The traditional approach of aligning
the computational mesh with the dominant direction of
anisotropy is not practical or even feasible for complex de-
signs occurring in practice. Moreover, direct solvers are
employed, which exhibit poor scaling on computational
clusters typically. For these reasons, we have developed
a numerical framework for hybridization of mixed systems
in the MFEM library. We present a method based on Hy-
bridizable Discontinuous Galerkin (HDG) approach, which
offers stable convergence of high order and allows easy
and scalable preconditioning. The construction of the hy-
bridized method then provides a natural error estimation
for anisotropic h-refinement, resolving the distinct scales
of the problem. Construction of the method, its paral-
lelized implementation and further research in adaptation
techniques for anisotropic problems are presented together
with examples and benchmarks. Work performed under
the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-
07NA27344 (LLNL-ABS-2015954).

Jan Nikl, Mark L. Stowell
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MS108

Entropy Stable Reduced Order Modeling of Non-
linear Conservation Laws Using Entropy Correc-
tion Artificial Viscosity

Reduced order models (ROMs) are inexpensive surrogate
models that reduce costs associated with many-query sce-
narios, but face challenges of robustness and stability when
applied to nonlinear conservation laws. These can be ad-
dressed by constructing ROMs which are ”entropy stable”;
however, existing constructions rely on relatively invasive
and expensive flux differencing formulations. In this work,
we propose an alternative method of constructing an en-
tropy stable ROM based on ”entropy correction artificial
viscosity” (ECAV), which adds a minimally dissipative cor-
rection to an arbitrary ROM to enforce a semi-discrete en-
tropy inequality. We also propose a conservative hyper-
reduction technique for finite volume FOMs, which, when
combined with ECAV, results in a conservative and entropy
stable ROM.
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MS108

Finite Element Exterior Calculus in Moderate Di-
mensions

Exterior Calculus is a powerful tool for constructing deriva-
tives, pull-back operators, traces, and Sobolev spaces in
any number of dimensions. The language of Exterior
Calculus is the language of differential forms and exte-

rior derivatives (which operate on these differential forms).
However, differential forms cannot be easily or naturally
programmed on a computer. As a result, one usually con-
structs proxies for the differential forms, in terms of scalars,
vectors, matrices, and tensors. Furthermore, one reinter-
prets the exterior derivative operators in terms of stan-
dard vector-calculus operators, i.e. versions of gradient,
curl, and divergence operators. This reinterpretation of
Exterior Calculus in terms of linear-algebra proxies and
vector-calculus operators has been successfully employed
to construct conforming finite elements. This process is re-
ferred to by the name ”Finite Element Exterior Calculus”
or FEEC. In previous work, the authors applied FEEC
to the four-dimensional setting, and constructed explicit
formulations for derivatives, pull-back operators, traces,
and finite element spaces for space-time applications. In
the present work, we extend our explicit framework to en-
compass higher-dimensional spaces in dimensions 5, 6, and
7. The purpose of this extension is to facilitate the con-
struction of conforming finite element spaces for higher-
dimensional problems, including radiation transport prob-
lems which arise in six- and seven-dimensional space.
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MS109

A Model of Cell Migration Represented Using
Actin Filaments

When cells migrate across a flat surface, they develop a
thin protrusive structure called a lamellipodium (sheet-like
foot). Actin (protein) filaments form inside the structure
and push at the front of the cell to propel the cell forward.
While many complexities are associated with this pro-
cess, we study this process with a simplified version of the
Filament-Based Lamellipodium Model (FBLM). Our fila-
ments are represented by multiple directed line segments
that are short, approximately parallel, and approximately
perpendicular to the front of the cell/lamellipodium. In-
cluded forces are frictional or viscous and forces that keep
the filaments approximately equally spaced from the front
of the cell, the side of the lamellipodium, and each other.
Strain energies and dissipation rates are used to derive
those governing force. We consider quasi-steady states of
the systems, which look like translating cell fronts in mi-
grating cells, and their stability. Particularly, we see how
that stability changes depending on just two dimensionless
parameters. The study suggests possible mechanisms that
cells could use to vary migratory behavior.
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MS109

Structural Causes of Pattern Formation and Loss
Through Model-Independent Bifurcation Theory

We introduce a model-independent ordinary differential
equation framework for pattern formation in homogeneous
arrays of cells. Previous results show that the cellular
communication network alone determines possible patterns
that can arise through a synchrony-breaking bifurcation.
We build on these results by demonstrating that additional
constraints on the dynamics within each cell lead to a sin-
gle stable pattern. Our framework enables the prediction
of cell-fate patterns with minimal modeling assumptions
and provides a powerful tool for inferring unknown chemi-
cal interactions by analyzing tissue-level patterns.

Liam D. O’Brien
Ohio State University
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MS109

A Mathematical Model of Active Cortical Stress
Generation and Its Effect on Cell Swimming

When moving through a confined, fibrous extracellular en-
vironment, many cells use an amoeboid mode of cellular
motility. Amoeboid motility is characterized by weak ad-
hesions to the extracellular environment, a rounded mor-
phology, and flow of the actin cortex, which is a thin layer
of crosslinked actin underlying the plasma membrane of the
cell. A related, yet simpler, mode of cell motility is cellular
swimming. In eukaryotic cell swimming, active deforma-
tion of the cortex can generate membrane tension gradi-
ents that have been shown to result in cell swimming in a
fluid (Wu et al., 2018), but the biomechanical process by
which this occurs is not well understood. To better under-
stand how local variability in cortical actomyosin activity,
membrane tension gradients, the strength of the cortex-
membrane attachment proteins, and the mechanical prop-
erties of cellular components and the microenvironment all
affect cellular swimming speed, we present a hybrid model
of an actively deforming cell that interacts mechanically
with the surrounding fluid. The model treats the cytosol
and extracellular fluid as continua and the membrane and
cortex as a discrete system of connected segments and
nodes. Using the finite element method to solve model
equations, we generate simulations of cell swimming and
analyze how variations in system properties affect cellular
swimming behavior.

Magda Stolarska
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MS109

A Mathematical Framework for Biomechanics in a
3D Cell Migrating on a Flat Substrate

Cell migration is essential in wound healing, immune re-

sponse, and cancer metastasis. This work presents a 3D
computational model of migrating cells that incorporates
viscoelastic mechanics, protrusion, focal adhesion dynam-
ics, and intracellular interactions. Simulations reproduce
realistic migration behavior and force patterns, while sensi-
tivity analyses identify key mechanical drivers. The frame-
work is extended to include nuclear mechanics under con-
finement, providing insight into deformation and force gen-
eration during confined migration.
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MS110

Learning-Assisted Combinatorial Optimization: A
Hybrid GCN Framework for the Set Covering
Problem

The Set Covering Problem (SCP) is a fundamental NP-
hard combinatorial optimization problem with wide appli-
cations in scheduling, facility location, and resource allo-
cation. Despite significant advances in mixed-integer pro-
gramming solvers, large-scale instances remain challenging
to solve. We propose a hybrid approach that integrates
Graph Convolutional Networks (GCNs) with exact opti-
mization by exploiting bipartite graph structure induced
by coverage matrix. The GCN predicts high-quality fea-
sible solutions that are used as warm starts for an exact
solver. This significantly reduce computational time while
preserving solution quality. Computational experiments on
benchmark and synthetic instances demonstrate substan-
tial speed-ups, especially for sparse problems, showing the
scalability and effectiveness of the proposed framework.

Elvis Frimpong, Lakmali Weerasena, Hagar Cobbinah,
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MS110

A Heuristic Framework for Connected Covering
Problems via Node Weighted Steiner Trees

Systematic conservation planning aims to select a mini-
mum set of sites that meets biodiversity targets while pro-
moting spatial properties such as compactness and connec-
tivity. Classical set-covering models often yield fragmented
reserves, reducing ecological effectiveness and increasing
management costs. We propose a two-phase framework
that models the landscape as a grid graph with species
and cost attributes. The approach first solves a set-
covering problem and then enforces connectivity via graph
reductions and a node-weighted Steiner tree formulation.
A fast grid-based heuristic provides warm-start solutions,
which are refined using an exact mixed-integer optimiza-
tion model on a reduced subgraph. Computational results
show that the method efficiently generates connected re-
serves with near-minimal site counts and improved com-
pactness.
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First-Order Methods for Semi- Infinite Saddle
Point Optimization

Semi-infinite optimization problems arise in many applica-
tions where decision variables must satisfy infinitely many
constraints indexed by a continuous parameter. In this
study, we consider the variational inequality problems with
semi-infinite constraints, where the feasible region is de-
fined by functional constraints associated with continu-
ous index sets. Such problems naturally appear in sev-
eral optimization and equilibrium models and require al-
gorithmic frameworks that can efficiently handle the semi-
infinite structure. We consider a class of variational in-
equality problems with semiinfinite constraints and develop
a first-order framework that avoids direct projection onto
the semi-infinite feasible region and does not require evalu-
ating infeasibility via complicated subproblem solvers. In-
stead, feasibility is enforced through the introduction of La-
grange multipliers and auxiliary index variables associated
with the constraint functions. This reformulation enables
a tractable operator-based representation of the problem.
Based on this formulation, we propose a constraint extrap-
olation method that relies only on first-order information
and simple proximal updates. We establish convergence
guarantees and derive convergence rate bounds for the op-
timality gap and infeasibility under monotonicity and con-
vexityconcavity assumptions, with improved guarantees in
stronger monotonicity and concavity regimes. Finally, we
validate the theoretical findings through numerical exper-
iments, demonstrating the effectiveness and competitive-
ness of the proposed approach.
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MS110

Effects of Scalarization on Multiobjective Set Cov-
ering Problem

This study investigates the Multi-Objective Set Cover-
ing Problem (MOSCP), an NP-hard problem in multi-
objective combinatorial optimization. While norm-based
scalarizations are widely used to approximate multi-
objective problems, their application to the MOSCP re-
mains limited. We analyze the performance of weighted-
sum and weighted max-ordering scalarizations using a com-
mon set of weight vectors generated by four distinct meth-
ods. In addition, we study approximation quality through
existing and newly proposed cost-effectiveness vectors, de-
riving new theoretical properties. Computational results
indicate that weighted max-ordering scalarization provides
a robust initial solution pool for two-phase algorithms.

Lakmali Weerasena
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Uncertainty Quantification for Surrogate Models

Based on Sparse RBF Networks

Sparse feature models based on adaptive kernel functions,
such as radial basis function (RBF) networks, are an effec-
tive method to construct surrogates of physical and compu-
tational experiments in high dimensions that combine ex-
pressivity, interpretability, and model compression. How-
ever, in the small or noisy data regime, efficient methods for
quantifying the uncertainty of trained model predictions
are needed to certify results and guide further data ac-
quisition (active learning). Based on the intrinsic connec-
tions to random feature models, Gaussian processes, and
reproducing kernel Banach spaces, we develop a framework
and implementation strategies to quantify this uncertainty.
The framework naturally extends commonly used Gaussian
processes workflows and provides similarly efficient uncer-
tainty estimation. We demonstrate the improved ability
of the new method to detect higher levels of uncertainty
in regions of the input space with sharp transitions in the
model outputs. Furthermore, we illustrate how this leads
to more economical data acquisition in the context of active
learning.

Konstantin Pieper
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Sparse RBF Networks for PDEs and Nonlocal
Equations

We present a unified theoretical and computational frame-
work for solving nonlinear partial differential equations
(PDEs) and nonlocal equations using sparse radial ba-
sis function (RBF) networks. The method combines
ideas from classical RBF collocation and shallow neu-
ral networks, using sparsity-promoting regularization to
adaptively select features and avoid over-parameterization.
This yields a sparse, adaptive solver that retains the
flexibility of learning-based approaches while remaining
grounded in function-space analysis. On the theoretical
side, the method is formulated in reproducing kernel Ba-
nach spaces (RKBS) associated with one-hidden-layer ker-
nel networks of possibly infinite width. We prove a repre-
senter theorem showing that the sparse optimization prob-
lem admits a finite solution and establish error bounds.
We also show that, for a broad class of RBFs, the asso-
ciated solution space admits a unified Besov-space char-
acterization under mild assumptions, independent of the
kernel choice. On the computational side, we develop a
three-phase training method that combines adaptive fea-
ture selection, second-order optimization, and pruning of
inactive neurons. Numerical experiments demonstrate ac-
curate sparse representations across a range of nonlinear,
high-order, and nonlocal equations. This work opens new
directions for adaptive PDE solvers grounded in rigorous
analysis with efficient, learning-inspired implementation.
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Divide-and-Conquer Method on Data-Adaptive
Rkhs for Learning Convolution Kernels

Learning convolution kernels from data leads to an ill-
posed inverse problem governed by a compact operator,
whose spectral decay makes direct inversion unstable. Ker-
nel methods provide a natural nonparametric framework
for regularization, but their performance depends criti-
cally on the choice of reproducing kernels. The con-
volution operator and input data jointly induce a data-
adaptive reproducing kernel Hilbert space (DA-RKHS),
eliminating manual kernel selection and yielding finite-
dimensional representations for Tikhonov regularization.
To address large-scale settings, we adapt the divide-and-
conquer Tikhonov method to the DA-RKHS framework,
substantially reducing computational and storage costs.
We establish minimax-optimal convergence rates under
polynomial and exponential spectral decay conditions, al-
lowing the true convolution kernels to lie in spectral
Sobolev spaces. Such spaces are extensions of DA-RKHS
and capture the smoothness of the convolution kernels that
affects the minimax rates. These results provide a theoret-
ical foundation for the divide-and-conquer Tikhonov reg-
ularization based on DA-RKHS, which is computationally
friendly for learning kernel problems.

Sichong Zhang
Johns Hopkins University
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MS112

Developing Higher-Order Averaging Theory for
General Nonsmooth Dynamical Systems Using
Generalized Derivatives: A Computationally Rele-
vant Approach

In this work, we present a higher-order averaging theory
for nonsmooth systems. Averaging theory is an impor-
tant tool in analyzing time-varying dynamical systems and
advancing control methods. For example, averaging is the
main engine behind vibrational stabilization and extremum
seeking control. The main idea of averaging a time-varying
system is to obtain an averaged time-independent system,
which is easier to analyze than the original system. First-
order averaging provides incomplete information about the
original system; hence it is desired to have higher-order
averaging for more accurate analysis. Higher-order averag-
ing can be achieved using the near-identity transformation
method, which in turn requires derivative information of
the original system, which is not possible using classical
differentiation for nonsmooth dynamical systems. In this
work, we overcome this challenge by utilizing the lexico-
graphic differentiation toolkit, a computationally relevant
nonsmooth analysis tool, in order to derive the higher-order
averaged system of a nonsmooth time-varying system. In
particular, we use lexicographic differentiation to: (i) es-
tablish the near-identity transformation for general nons-
mooth dynamical systems, (ii) prove the bounds between
the original system and the averaged systems (both com-
plete averaged and truncated averaged systems), and (iii)
provide a stability analysis theorem for the averaged sys-
tem.
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MS112

Smooth and Nonsmooth Model-Free Optimization
and Control-Affine Extremum Seeking

Extremum seeking (ES) methods are considered among the
most powerful model-free optimization and control tech-
niques. In recent years, developments of smooth control-
affine ES methods have started to mature all the way
from gradient-based ES to Newton-based ES to exponen-
tially convergent ES for higher-order objective functions.
We also present our recent developments in expanding
gradient-based ES methods to nonsmooth setting, which
enable needed stability guarantees of ES methods when
handling nonsmooth objective functions. We present nu-
merical simulations to demonstrate the effectiveness of the
developed approach.
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Sensitivity-Based Methods for Parametric Identi-
fiability, Observability, and Model Reduction of
Nonsmooth Systems

Nonsmooth systems, which are continuous but nondiffer-
entiable and experience switches between modes, arise in
a variety of applications in science and engineering. How-
ever, the presence of nonsmoothness invalidates standard
theory from smooth dynamical systems, including analyz-
ing the identifiability of a system using derivative-based
information (i.e., if the system parameters can be uniquely
determined from system outputs). In this work, we present
a sensitivity-based method to determine the identifiabil-
ity and observability properties of a nonsmooth system us-
ing lexicographic directional derivatives, which are a type
of generalized derivative that possess a strong theoretical
and numerical toolkit. In order to do this, we develop a
first-order Taylor-like approximation theory for nonsmooth
functions. The resulting theory, called the lexicographic
sensitivity rank condition (L-SERC), is applicable to both
ODEs and differential-algebraic equations (DAEs) and can
be used for model reduction, which is useful in system de-
sign, control, and optimization. Moreover, the new theory
recovers the classical sensitivity rank condition (SERC)
test for ODEs when participating functions are smooth,
and establishes the SERC test for smooth DAEs. The new
theory and methods are illustrated through examples and
practical applications.
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Complexity of Tensor Ranks Through An Effective
Nullstellensatz

The purpose of this note is to give a linear algebra algo-
rithm to decide whether the rank of a given d-tensor T over
a field F is at most a prescribed integer k when the rank

is taken over the algebraic closure F̂ of F . The method
reformulates the existence of a rank-k decomposition of T
as the solvability of an explicit system of polynomial equa-
tions, and then uses an effective Hilbert Nullstellensatz to
translate the unsolvability of this polynomial system over

F̂ into the solvability of a certain (generally very large)
system of linear equations over F . We provide arithmetic
and bit-complexity estimates for the resulting Gaussian-
elimination procedure, and we also explain how the same
approach applies to symmetric tensors and their symmet-
ric rank. Finally, we briefly compare the complexity of
our method with known probabilistic algorithms for solv-
ing polynomial systems over finite fields. This is a joint
work with Shmuel Friedland.
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DAG Learning for Graphical Discrete Lyapunov
Models under Non-Gaussianity

A vector autoregressive process driven by a Schur-stable
matrix admits a unique stationary distribution. For a
graph G, let RG

Stab denote the set of Schur-stable matrices
whose sparsity pattern is determined by the missing edges
of G. The graphical discrete Lyapunov model of order n for
G is the set of cumulant tensors of orders at most n arising
from stationary distributions of processes driven by matri-
ces in RG

Stab. These models were recently introduced by
Recke and collaborators. Higher-order discrete Lyapunov
equations express the cumulant tensors of the stationary
distributions as certain infinite sums of Tucker decompo-
sitions. Under non-Gaussianity, these higher-order equa-
tions provide nontrivial information beyond the covariance
structure. In this talk, I will explore how this additional
information can be exploited to learn G from single-time-
point observations at stationarity, a setting that arises in
applications such as biology. In particular, I will present
work in progress toward an algorithm for learning directed
acyclic graphs (DAGs) with self-loops at every vertex from
single-time-point stationary observations.
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Robust Eigenvectors of Symmetric Tensors

The tensor power method generalizes the matrix power
method to higher order arrays, or tensors. Like in the
matrix case, the fixed points of the tensor power method
are the eigenvectors of the tensor. While every real sym-
metric matrix has an eigendecomposition, the vectors gen-
erating a symmetric decomposition of a real symmetric
tensor are not always eigenvectors of the tensor. In this
paper we show that whenever an eigenvector is a genera-
tor of the symmetric decomposition of a symmetric tensor,
then (if the order of the tensor is sufficiently high) this
eigenvector is robust, i.e., it is an attracting fixed point of
the tensor power method. We exhibit new classes of sym-
metric tensors whose symmetric decomposition consists of
eigenvectors. Generalizing orthogonally decomposable ten-
sors, we consider equiangular tight frame decomposable
and equiangular set decomposable tensors. Our main re-
sult implies that such tensors can be decomposed using
the tensor power method. Authors: Tommi Muller, Elina
Robeva, Konstantin Usevich
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Random Sketching of Tensor Varieties and Online
CP Decomposition

Tensor computation has been more and more popular in
many fields such as data science and scientific computing,
yet the high dimension and nonlinear nature often make
the computation extremely challenging. In this talk, I
will start with recently developed dimensionality reduction
techniques that compress the set of low rank tensors (and
beyond). Then, I will go into a new online CP decom-
position algorithm as an application of such compression
techniques. I will finish the talk with numerical examples
to demonstrate the improved accuracy and robustness of
the new algorithm.

Yifan Zhang
University of Texas at Austin
yf.zhang@utexas.edu

MS114

An Implicit Rank-Adaptive Method for Solving
High-Dimensional Time-Dependent Problems Us-
ing the Ht Decomposition

Tree tensor networks, such as the hierarchical Tucker (HT)
decomposition, have become popular frameworks for com-
pressing the numerical solution to high-dimensional partial
differential equations. In particular, many recent methods
focus on exploiting low-rank structure in PDE solutions to
reduce the storage and computational complexities. How-
ever, achieving high-order accuracy in time using implicit
discretizations in the low-rank framework remains a chal-
lenge. We propose a rank-adaptive scheme inspired by the
popular dynamical low-rank (DLR) and basis-update and
Galerkin (BUG) methods that incorporate high-order im-
plicit time discretizations under the HT framework to nu-
merically solve high-dimensional time-dependent PDEs.

Joseph Nakao



114	 2026 SIAM Annual Meeting (AN26)AN26 Abstracts 113

Swarthmore College
jnakao1@swarthmore.edu

MS114

Non-negative Tensor BM-decomposition and Ap-
plications

In this talk, we introduce the non-negative tensor BM-
decomposition (NNBMD). We generalize the multiplicative
update algorithm from the matrix setting to the third-order
tensor setting within the BM-decomposition framework.
We further demonstrate the effectiveness of the proposed
NNBMD method through applications in image compres-
sion and data analysis.
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Generalized Method of Moments for Gaussian Mix-
ture Modeling

Method of moments (MM) and generalized method of mo-
ments (GMM) are theoretically attractive for paramet-
ric inference, especially when likelihood is unavailable,
misspecified, or computationally inconvenient. However,
MM and GMM require computing large moment tensors,
and the full GMM weighting matrix requires inverting a
large, often ill-conditioned covariance matrix. The moment
equations also involve sample averages, which are sensi-
tive to outliers. I will present a scalable, robust GMM
framework for heteroscedastic low-rank Gaussian mixtures
with additive Gaussian noise and strong contamination.
For computational bottlenecks, we introduce diagonally-
weighted GMM (DGMM) that replaces the full GMM
weighting matrix by its optimal order-wise diagonal ap-
proximation to downweight noisy moment orders and re-
tain desired statistical properties while avoiding covari-
ance inversion. The moment-matching objective, gradi-
ents, and weights are computed efficiently via moment-
cumulant-Bell identities and randomized kernel approxi-
mation without forming large moment tensors. For out-
lier sensitivity, we introduce spectral-gradient-reweighted
GMM (SGR-GMM) that iteratively soft-reweights per-
observation moment-matching gradients via an entropy-
regularized spectral game over capped weights and density
matrices, with convergence and local finite-sample error
guarantees. Based on https://arxiv.org/abs/2507.20459
and https://arxiv.org/abs/2605.27718.
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On Connectivity of Interpolating Parameters in
ReLU Network Architectures

We report on work in progress investigating connectivity
of the global empirical loss 0 set for feedforward ReLU
network architectures. Given a data set of size N, we es-
tablish a lower bound in terms of N on the width needed to
guarantee that the set of interpolating parameters is con-
nected (when non-empty). We also give explicit examples
of disconnected sets of interpolating parameters, where dis-
connectedness persists even when known parameter space

symmetries are taken into account. This is joint work with
Kathryn Lindsey (Boston College) and Chenxi Wu (U Wis-
consin, Madison).
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A Basin-Selection Perspective on Grokking via Sin-
gular Learning Theory

Grokking refers to the phenomenon in which an artifi-
cial neural network undergoes an abrupt transition from
memorization to generalization after prolonged training,
despite reaching near-zero training error. This behavior
suggests the presence of competing solution basins in the
loss landscape with distinct geometric and statistical prop-
erties. We study grokking through the lens of Singular
Learning Theory (SLT). In a Bayesian learning framework,
SLT characterizes the local geometry of the loss surface
via the local learning coefficient (LLC), which quantifies
the effective degeneracy of a solution basin. Basins with
smaller LLC concentrate more posterior mass and yield
better generalization performance. Using this perspective,
we interpret grokking as a phase transition between com-
peting near-zero-loss basins with different LLC values, and
analyze quadratic networks trained on modular arithmetic
tasks and derive closed-form expressions for the LLC of the
relevant solution families. These calculations predict which
basins dominate in the Bayesian posterior. Empirically, we
verify these predictions and demonstrate that trajectories
of the LLC during training provide a quantitative tool for
tracking generalization dynamics.

Jiayi Li
Max Planck Institute of Molecular Cell Biology and
Genetics
jli@mpi-cbg.de

MS115

Balancedness in Deep Linear and ReLU Neural
Networks

Deep linear networks provide a mathematically tractable
setting in which to study mechanisms that may extend to
more complex nonlinear networks. One such phenomenon
is balancedness, the tendency of weight matrices across lay-
ers to align their singular subspaces and equalize their sin-
gular values during training. I will show that balancedness
in deep linear networks arises naturally from regulariza-
tion: for a broad class of regularizers, every critical point
of the regularized loss satisfies an exact algebraic balancing
condition. Analogous statements hold for ReLU networks
with respect to the rescaling symmetry orbits.The analy-
sis reveals conserved quantities along the gradient flow and
leads to a decomposition of the training dynamics into a
learning flow, which minimizes the unregularized loss, and
a regularizing flow, which enforces balancedness.
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Tropical Attention: Neural Algorithmic Reasoning
for Combinatorial Algorithms

Can algebraic geometry enhance the sharpness, robustness,
and interpretability of modern neural reasoning models by
equipping them with a mathematically grounded induc-
tive bias? To answer this, we introduce Tropical Atten-
tion, an attention mechanism grounded in tropical geom-
etry that lifts the attention kernel into tropical projective
space, where reasoning is piecewise-linear and 1-Lipschitz,
thus preserving the polyhedral decision structure inherent
to combinatorial reasoning. We prove that Multi-Head
Tropical Attention (MHTA) stacks universally approxi-
mate tropical circuits and realize tropical transitive clo-
sure through composition, achieving polynomial resource
bounds without invoking recurrent mechanisms. These
guarantees explain why the induced polyhedral decision
boundaries remain sharp and scale-invariant, rather than
smoothed by Softmax. Empirically, we show that Trop-
ical Attention delivers stronger out-of-distribution gener-
alization in both length and value, with high robustness
against perturbative noise, and substantially faster infer-
ence with fewer parameters compared to Softmax-based
and recurrent attention baselines. For the first time, we
extend neural algorithmic reasoning beyond PTIME prob-
lems to NP-hard and NP-complete problems, paving the
way toward sharper and more expressive Large Reasoning
Models (LRMs) capable of tackling complex combinatorial
challenges in phylogenetics, cryptography, particle physics,
and mathematical discovery.
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The Euclidean Distance Degree of One-parameter
Anchored Multiview Varieties

The Euclidean distance degree of a multiview variety mea-
sures the algebraic complexity of determining the 3D fea-
tures that minimize the reprojection error when comput-
ing the scene structure by triangulation. In this talk,
we present a formula for the Euclidean distance degree
of curves parameterized by rational functions with mild
genericity assumptions and use it to resolve conjectures on
one-dimensional line multiview varieties proposed by Duff
and Rydell. Anchored multiview varieties provide a gen-
eralization of traditional multiview varieties that suggests
applications to machine learning and Grassmannian opti-
mization in other areas. We believe the techniques here will
find use in problems such as training multi-headed poly-
nomial neural networks, understanding scattering ampli-
tudes, and optimizing on Grassmannians in general. Time
permitting, I will discuss such an example.
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Algebra and Geometry of Rolling Shutter Cameras

Rolling shutter cameras scan the image row by row. If they
are moving during the image capture, they deviate from
the classical pinhole camera model, making the resulting
image dependent on the camera motion. In this talk, I
present an algebraicgeometric perspective on rolling shut-
ter imaging, analyzing the projection of points and lines
and exploring how structure and motion can be inferred
from one or more rolling-shutter images. First, I intro-
duce a formulation of relative pose estimation based on
intersections of line projections with a single scanline per
image. This viewpoint enables pose recovery without ex-
plicitly parameterizing camera motion. This approach is
designed as a foundational building block for rolling shut-
ter structure-from-motion (SfM), where no motion model
is required, and the pose of each scanline can be computed
independently. I present a classification for the minimal
configurations for this problem, both in the generic and
special scene configurations. Second, I address the prob-
lem of motion estimation from asynchronous feature tracks,
as encountered in rolling shutter and event cameras. We
introduce a polynomial approximation of the underlying
non-polynomial model to obtain minimal problem, and de-
termine their algebraic degrees. Finally, I present minimal
solvers for minimal problems with low degrees, and discuss
their performance on synthetic and real datasets.
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MS116

Fundamental Constraints on Camera Centers Aris-
ing from 3D-2D Matches of Points and Lines

We investigate combinations of 3D-2D matches of points
and lines for a single calibrated camera that imply a non-
trivial constraint on the camera’s position. Specifically, we
address the minimal cases for which n point matches and
m line matches constrain the camera center to lie on an
algebraic surface in R3. For two points (m,n) = (0, 2),
the constraint is well-known to be a self-intersecting torus.
We complete the classification problem by deriving explicit,
general equations for the cases (m,n) ∈ {(2, 0), (1, 1)} for
two lines and one point, one line, respectively. We also re-
port preliminary experiments investigating the suitability
of these constraints for pose estimation tasks.
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MS116

Uncalibrated Spherical Structure from Motion

In this talk we will discuss our work on uncalibrated
structure-from-motion under the spherical motion assump-
tion, in which cameras move on a sphere with optical axes
aligned to the surface normal. Although spherical motion
arises naturally in a variety of settings, it is a failure case
for many traditional and learning-based structure-from-
motion methods. We prove the equivalence of essential
and fundamental matrices under spherical motion, assum-
ing a single unknown focal length. We then elucidate the
relationship between focal length and rotation in uncali-
brated two-view reconstruction. Although two-view spher-
ical motion is a critical case, we prove that self-calibration
is always possible from three or more views. Based on
these insights, we devise new minimal solvers for relative
pose and a global structure-from-motion approach for un-
calibrated reconstruction from spherical motion.

Jonathan Ventura
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MS117

Stabilized Corrections for Mixed Accuracy Runge-
Kutta Method

Explicit corrections have been used to improve the accu-
racy of mixed precision and mixed accuracy simulations.
However, they suffer from poor stability regions. In this
talk we discuss how to use additional stabilization terms
to improve the stability of the explicit corrections. These
approaches can be done implicitly, or use an implicit inspi-
ration to created explicit corrections with the stability of
implicit methods.

John Driscoll
UMassD
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MS117

A Conservative, Structure-Preserving Sweeping
Framework for High-Order Discretizations of Hy-
perbolic Systems.

In solving hyperbolic conservation law systems, high-order
numerical methods often lack inherent mechanisms to
preserve positivity, resulting in computation failure near
strong shocks or in near-vacuum states. In this talk, we
present a novel, conservative, and high-order structure-
preserving sweeping procedure. Formulated as a global
mass-redistribution technique, this approach generalizes
the scaling limiter of Zhang and Shu within a sweeping
framework. A distinct advantage of this method is its
modularity. It functions as a standalone post-processing

stage within time-stepping, applicable to finite difference,
finite volume, and discontinuous Galerkin methods with-
out requiring modifications to the underlying spatial dis-
cretization. We demonstrate the robustness of this frame-
work using fifth-order finite difference WENO simulations
of extreme flow conditions in the Euler equations, includ-
ing high-Mach astrophysical jets and strong blast waves,
where standard methods typically fail. Finally, we discuss
extensions of this framework to other hyperbolic systems,
including magnetohydrodynamics (MHD), as well as its
applicability to implicit time integration and continuous
Galerkin schemes.
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MS117

A Broyden Approach for Correcting Mixed Accu-
racy Runge-Kutta Methods

Explicit corrections for mixed accuracy Runge–Kutta
schemes are not stable, but implicit corrections are costly.
In this talk we present an alternative: a modified implicit
correction using a Broyden’s approach to significantly re-
duce the cost of the implicit computation while retaining
the accuracy.

Tejsai Kakumanu
UMass Dartmouth
tkakumanu@umassd.edu

MS117

Siac Filtering: Recasting Mesh Nonuniformities As
Smooth Transformations

Smoothness Increasing Accuracy Conserving (SIAC) filters
have been extensively analyzed in the setting of discontin-
uous Galerkin methods for hyperbolic conservation laws.
In this context, their application can improve the order
of accuracy on translation-invariant meshes from �p+1�
to 2p + 1 for polynomials of degree �p�. This even holds
for nonlinear hyperbolic problems, in regions where the
solution remains smooth. The performance of the post-
processing and its ability to recover superconvergence is
strongly dependent on the mesh uniformity. While existing
strategies for SIAC filtering on nonuniform meshes can lead
to superconvergence of order �2p+1� on smoothly varying
meshes, the rate of superconvergence is a priori unknown
and might drop to �p+1�, on randomly perturbed, struc-
tured meshes. We propose a novel strategy to apply SIAC
filtering on nonuniform meshes. The approach is based on
the idea of transforming the to a translation invariant one,
where a SIAC filter is applied. The transformation is is
required to be a smooth diffeomorphism to ensure the rate
improvement. We provide a theoretical justification for the
approach and provide a method to construct the transfor-
mation. We provide numerical examples to demonstrate
the performance of the approach, suggesting that by using
an appropriate transformation, superconvergence of order
2p+ 1 can be recovered.

Roman Stuhlmacher
KTH Royal Institute of Technology
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MS118

Non-linear Sensitivity Analysis for Interpretable
Structure Discovery

Digital twins for complex dynamical systems must support
prediction, stress/safety testing, and decision-making un-
der uncertainty, yet maximum-fidelity models with thou-
sands of variables quickly become difficult to build, cali-
brate, and maintain. A pragmatic alternative is to iden-
tify a manageable set of the most relevant variables and
build stochastic models around them, refining only as
needed. We present an interpretable framework for non-
linear sensitivity analysis that recovers a directed depen-
dency graph between variables from data. This method
enables reduced-order modeling by retaining core variables
while treating the rest as nuisance factors. We also extend
the same construction to conditional generative models: by
performing sensitivity analysis on the underlying transport
maps, we reveal conditional dependency structure beyond
additive-noise assumptions. Finally, restricting the recov-
ered graph to a directed acyclic graph provides a route to
causal modeling. Across algebraic systems, chemical reac-
tion networks, COVID time series, and financial dynamics,
the resulting reduced models improve predictive accuracy
and robustness relative to baselines.
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MS118

Variationally Correct Operator Learning with a
Posteriori Error Estimation

While minimizing PDE-residual losses is a standard way
to enforce physical consistency in neural operators, small
residuals rarely guarantee small solution errors. This
lack of ”variational correctness” often stems from non-
compliant norms or inconsistent boundary condition penal-
ties. In this talk, we introduce a variationally correct oper-
ator learning framework using First-Order System Least-
Squares (FOSLS) objectives. By construction, our loss val-
ues are provably equivalent to the actual solution error in
PDE-induced norms. To implement this, we propose the
Reduced Basis Neural Operator (RBNO), which ensures
function space conformity by predicting coefficients for a
pre-computed basis. We demonstrate the framework on
stationary diffusion and linear elasticity, showing that it
maintains stability and accuracy where standard baselines
fail. Finally, we provide a rigorous convergence analysis
and show that our residual loss serves as a reliable, com-
putable a posteriori error estimator.
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MS118

Diffusion-Based Stochastic Operator Networks for
Uncertainty Quantification in Stochastic Partial
Differential Equations

We propose a novel framework for uncertainty quantifica-
tion of solution operators associated with stochastic par-
tial differential equations (SPDEs). Although SPDEs play
a central role in modeling complex physical systems under
uncertainty, their practical use typically requires specify-
ing the magnitude and structure of model uncertainties
that are often unknown and difficult to infer from noisy
measurements. To address this challenge, we develop a
stochastic operator-learning framework that learns directly
from noisy data and outputs both a mean solution field
and a quantification of uncertainty. The proposed method,
namely the Stochastic Operator Networks (SONs), is con-
structed by combining the structure of the Deep Operator
Network (DeepONet) with the Stochastic Neural Networks
(SNNs) to model stochasticity and enable probabilistic pre-
diction. The training procedure is carried out by minimiz-
ing a Hamiltonian-typed loss and optimizing the resulting
objective using Stochastic Maximum Principle. Numerical
experiments on benchmark SPDEs under multiple uncer-
tainty sources demonstrate the accuracy and robustness of
the proposed method in capturing solution structure and
quantifying predictive uncertainty.

Phuoc Toan Huynh, Feng Bao
Florida State University
Department of Mathematics
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MS118

Ensemble Score Filter with Image Impainting for
Data Assimilation with Partial Observations

We present an extension of the Ensemble Score Fil-
ter (EnSF), a training-free, score-based diffusion filtering
method for high-dimensional nonlinear data assimilation,
to settings with partial observations. In standard EnSF,
the likelihood gradient vanishes for unobserved state com-
ponents, so those variables are only corrected indirectly
through model dynamics, which can substantially degrade
reconstruction accuracy in sparsely observed regimes. We
address this limitation by inserting an image inpainting
step into each assimilation cycle: EnSF first updates the
observed components by modifying the score via Bayes’
rule within the reverse-time SDE, and then inpainting
propagates information into unobserved regions to pro-
duce a full-state posterior ensemble. We investigate two
families of inpainting operators: (i) PDE-based inpaint-
ing using biharmonic and Navier–Stokes-inspired formu-
lations to smoothly extend structures from observed to
missing regions, and (ii) a dictionary-learning / sparse-
representation approach that builds a DCT-based dictio-
nary from the prior ensemble and reconstructs missing val-
ues by solving a TV-regularized coefficient optimization
problem. The methods are evaluated on the turbulent sur-
face quasi-geostrophic (SQG) model in 16 scenarios span-
ning two spatial resolutions (642 and 2562), linear vs. non-
linear observation operators, two assimilation frequencies,
and observation coverages of 5% and 25%. Across this test
suite, EnSF with inpainting improves recovery of unob-
served states relative to EnSF alone and remains robust in
regimes where LETKF performance deteriorates, particu-
larly for nonlinear observations and severe sparsity.

Guannan Zhang, Siming Liang
Oak Ridge National Laboratory
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MS119

Is There An Algorithm for Proving Partition Iden-
tities?

This talk is devoted to a paper being prepared for the Jour-
nal of Open Mathematical Problems. A preliminary ver-
sion of this talk was given at the AMS Regional Meeting
in Hartford in the spring of 2025. This talk will focus
on different and more relevant examples than those cho-
sen previously. Often in studying partition identities, one
can reduce a particular problem to proving that two dif-
ferent sequences defined by linear recurrences converge to
the same limit. Countless partition identities arising from
q-hypergeometric identities (e.g. Rogers-Ramanujan) have
proofs that are based on this approach. This suggests study
of the following: Develop an algorithm that will allow one
to conclude in a finite amount of time that two linear re-
current sequences converge to the same limit. If this is too
hard, develop an algorithm that might at least significantly
facilitate the proof in question. In the talk, we shall: (1)
provide an array of examples of questions with varying de-
grees of difficulty that might be tackled first; (2) look at an
previous attempts along these lines such as: (3) Shanks’s
method of acceleration of convergence, and (4) the Knopf-
machers’s q-analog of Perron’s method of acceleration of
convergence.

George E. Andrews

Penn State University
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MS119

Mock Atkin-Lehner Symmetry

In 1987 Dyson predicted Atkin-Lehner symmetries for Ra-
manujan’s mock theta function. Atkin-Lehner involutions
are used to obtain new congruences for Ramanujan’s third
order mock theta functions. We also apply Atkin-Lehner
involutions to connect rank and crank identities for over-
partitions with rank and crank identities for partitions with
distinct odd parts. This is partly joint work with Rishabh
Sarma.
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Computational Tools for Hypergeometric L-
Functions

Recently, tools for computing hypergeometric L-functions
have been introduced into several standard software pack-
ages (PARI/GP, Magma, SageMath). This opens up the
possibility of generating ”big data” about Hasse-Weil L-
functions and thereby to use ML/AI techniques to study
these L-functions. We survey the current state of the tools
for hypergeometric L-functions; identify some to-do items
for the near terms; and engage in a bit of speculation about
what the future might hold.

Kiran S. Kedlaya
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kedlaya@ucsd.edu

MS119

The Arithmetic of Hypergeometric Galois Repre-
sentations in Low Dimensions

In this talk, we will discuss hypergeometric Galois repre-
sentations and their automorphy results in low dimensions.
It is based on a recent joint work with Wen-Ching Winnie
Li and Tong Liu. This box is for abstract text content only.
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MS120

Supercongruences and p-adic Hodge Theory

For classical reasons, hypergeometric functions often sat-
isfy congruences of the form Fp(λ) ≡ α (mod p), where
Fp denotes the truncation at p of the infinite sum defining
the hypergeometric function and αp is a zero of the local
ζ-function of a variety associated to F and λ. In rare cases,
such congruences will hold modulo pr for some r greater
than 1, in which case we call the congruence a supercongru-
ence of depth r, assuming that r is the largest integer for
which the supercongruence holds. Roberts and Rodriguez
Villegas conjectured that the depth is determined explic-
itly by the vanishing of p-adic Hodge numbers—very little
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is known in general towards this conjecture. We summa-
rize some recent results towards better understanding su-
percongruences, with a particular eye towards this p-adic
viewpoint. This is based in part on joint work with Grove,
Long, and Tu.
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MS120

Hypergeometric Functions, D-Modules, and Mir-
ror Symmetry of Calabi-Yau Varieties

In this talk we will survey the role that classical hypergeo-
metric functions and the D-modules they are associated to
arise in connection with the geometry of Calabi-Yau (CY)
varieties, in particular those CY varieties who have period
integrals given in terms of hypergeometric functions. For
example, for the low dimensional CYs of elliptic curves and
K3 surfaces (of high Picard rank = 19), the appearance of
hypergeometric functions can be seen as a manifestation of
a strong connection of the periods to classical elliptic mod-
ular forms. Additionally, in certain cases, special function
identities such as the Hadamard product of hypergeomet-
ric functions is emblematic of iterated fibration structures,
such as nested elliptic and K3 fibrations, that exist on a
higher dimensional CY. After explaining these ideas, we
will demonstrate in this context how mirror symmetry al-
lows for the computation of enumerative invariants of the
mirror partner of a CY variety from the data of the asso-
ciated hypergeometric D-module and gesture to the origin
of these computations from physics. As time permits we
will explain how these ideas can be utilized to compute
enumerative invariants of closely CY related spaces rele-
vant to so-called local mirror symmetry and the role that
modularity plays in these computations.
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MS120

Reduction of Hypergeometric Systems for Periods
of Calabi-Yau Families

From both classical and modern perspectives, period inte-
grals of many families of Calabi-Yau varieties are known
to enjoy deep connections with hypergeometric functions.
In this talk, we will reexamine work of Matsumoto, Sasaki,
and Yoshida from 1992 on reduction of Aomoto-Gelfand
hypergeometric systems. By interpreting this result as
an invariant-theoretic statement on universal parameter
spaces of branched covers and complete intersections, we
will demonstrate a new technique for understanding the
periods of these CY families. In particular, we derive
novel explicit period formulas for elliptic curves in P2 and
branched covers of projective spaces. This is joint work
with Bong Lian.
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MS120

Hypergeometric Decompositions of K3 Surface
Pencils

In this talk we will look at five pencils of projective quartic

surfaces with the aim of giving explicit formulas for the
point counts over finite fields of each. These point counts
are written in terms of hypergeometric sums. Given time,
we will discuss how to obtain a decomposition of the incom-
plete L-function of each pencil in terms of hypergeometric
L-series and Dedekind zeta functions. This is joint work
with Rachel Davis, Jessamyn Dukes, Thais Gomes Ribeiro,
Eli Orvis, Adriana Salerno, and Ursula Whitcher.
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MS122

Explicit Corrector Results for Nonlinear
Electrostatic-Elastic Systems

In this talk, a rigorous periodic homogenization of a weakly
coupled electrostatic system, accounting for both nonlinear
electrostatic equations and elastic structures enriched with
electrostrictions, will be presented. Unlike previous mod-
els that rely on linear constitutive laws or high regularity
assumptions, our approach addresses nonlinear, monotone
operators, where the standard gradient estimate fails. The
effective macroscopic response of these composites is de-
rived by employing two-scale convergence. The method
discussed also allows one to obtain an explicit corrector
result for the homogenization of monotone operators with
minimal regularity assumptions. These results can provide
a mathematical foundation for designing the next genera-
tion of smart materials with optimized electromechanical
couplings.
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MS122

Modeling and Simulation of mMorphology Forma-
tion in Organic Solar Cells

Organic solar-cell performance is strongly shaped by the
nanoscale morphology of the active layer, often modeled
as a ternary mixture of interacting species (donor, accep-
tor, solvent) that undergoes phase separation while the sol-
vent evaporates. Many widely used descriptions of this
process are lattice-based, drawing on tools from statisti-
cal mechanics; however, direct simulation can be compu-
tationally expensive and can make parameter estimation
challenging. This talk develops a continuum-level model-
ing and simulation framework that treats morphology for-
mation as an intrinsically multiphysics process, coupling
nonlocal phase-segregation dynamics with solvent evapo-
ration. We discuss well-posedness of the resulting evapo-
rating model and present numerical results on morphology
statistics (mainly domain coarsening rates), comparing to
the traditional BlumeCapel lattice model.
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MS122

Splitting Algorithms for High Frequency Waves in
Random Media

Owing to the co-existence of multiple physical scales, wave
propagation through highly heterogeneous (random) media
is an inherently complex physical phenomenon. In the con-
text of laser propagation through turbulent atmospheres,
the phase screen method is routinely used for numerical
simulations. Phase screen methods are analogous to time
splitting methods for random Schrdinger equations, and
surprisingly work well even for very large step sizes. In this
talk, I will provide an analysis for such methods, and show
that one obtains only first order accuracy in the pathwise
sense, even while using centered splitting schemes, while er-
rors in the statistical averages converge much faster. This
is joint work with Guillaume Bal.
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Source and Initial Data Identification for Fractional
Diffusion

Time-space fractional parabolic equations have been used
to model a range of applications, including anomalous
transport with temporal memory and extensive spatial
interactions over long distances. Inverse problems for
time-space FDEs, which aim to determine the source
term and/or the initial conditions, have also attracted
widespread interest. These problems pose significant chal-
lenges due to the nonlocal nature of fractional differen-
tial operators and the inherent ill-posedness of inverse
problems, necessitating appropriate regularization meth-
ods. This talk will discuss several effective regularization
methods for solving such inverse problems from noisymea-
surements taken at a latertime, including error estimates
and numerical examples.
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MS123

Effectivity of Adjoint-Based Error Estimates for
Practical High-Order Simulations

Output-based error estimation allows for the quantification
of the effect of discretization errors on scalar outputs, and
the localization of these errors for adaptive refinement. Key
to the estimate is the adjoint-weighted residual (AWR),
which at the discrete level is an inner product between an
adjoint vector and a residual vector. Although the AWR is
a simple operation, the effectivity of the resulting error es-
timate depends on the implementation and discretization.
This presentation will investigate the error estimate effec-
tivity for canonical flows in aerodynamics, comparing esti-
mated errors to the actual errors computed relative to high-
resolution simulations. One particular discretization is of
interest: a high-order discontinuous finite-element method,
which allows for both variable order and mesh refinement,
in this case on unstructured meshes. The study is per-
formed in an adaptive setting, since error estimation and
adaptation are intrinsically tied together: error estimates
improve with mesh quality, the generation of which de-
pends on the accuracy of the error estimates. The results
show excellent effectivity on simple scalar manufactured
solutions, but performance that decreases with increas-
ing complexity of Navier-Stokes simulations. Aspects of
the discretization that affect the error estimates are high-
lighted, including choice of fine space, order-dependence
of the discrete residuals, curved meshes, integration, and
wall-distance representation.
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Anisotropic Metric-Based Mesh Adaptation for In-
compressible Flows

We present an anisotropic metric-based mesh adaptation
strategy for incompressible Navier-Stokes flow simulations
using Oak Ridge National Laboratorys Vertex-CFD solver
integrated with NASAs refine. Vertex-CFD is a scalable
continuous-Galerkin solver with implicit time marching
and entropically damped artificial compressibility for pres-
sure coupling. NASAs refine employs a continuous mesh
framework driven by a Hessian-based multiscale metric
field, where the scalar quantity for Hessian computation
is selected to optimize mesh quality. This study highlights
the benefits of the adaptive framework for fusion reactor
blanket applications.
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To ML or not to ML: High-Order Mesh Optimiza-
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tion vs. Deep Reinforcement Learning

The optimality of the computational mesh directly im-
pacts the accuracy, efficiency, robustness, and conver-
gence of high-order finite element methods. This work
focuses on strongly coupled movement of high-order geom-
etry nodes (q-adaptation) and vertices (r-adaptation) as a
mesh-curving strategy, where elements are curved to max-
imize accuracy and efficiency gains while providing accu-
rate boundary and geometry representations. We system-
atically compare two trust-region-based algorithms: High-
Order Mesh Optimization via Error Sampling and Syn-
thesis (HOMES, also known as High-Order MOESS) and
Trust Region Policy Optimization (TRPO). HOMES uses
an error model and a cost model to iteratively construct
a continuous high-order Riemannian metric field that en-
codes the desired element shape, size, and anisotropy. This
metric field drives the qr-adaptation. A non-monotonic
trust region with correction steps for non-smooth problems
limits the metric update. In contrast, TRPO is a deep re-
inforcement learning algorithm that learns a metric-update
policy by maximizing long-term return from successive op-
timization actions. A trust region limits policy updates
to ensure stability and prevent overfitting to noisy advan-
tage estimates. Both algorithms incorporate random sam-
pling of node movements and compute a step metric that
transforms the current mesh toward an optimal metric-
conforming mesh. This comparison provides insights into
the role of machine learning in curved mesh adaptation.
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MS123

Optimization-Based Simulation for Viscous, High-
Speed Flows

Computational fluid dynamics (CFD) simulations of flows
with boundary layers are notoriously sensitive to the com-
putational grid. Accurate resolution of thin boundary lay-
ers requires high-quality, highly refined grids, which can be
difficult and labor-intensive to construct. In this talk, we
present a novel finite element framework based on nonlin-
ear approximation manifolds that aims to reduce this grid
sensitivity. The central idea is to embed boundary layer
structure directly into the approximation space, rather
than relying on generic polynomial bases that require the
grid to resolve these features. Nonlinear manifolds tai-
lored to boundary layers can be constructed using analyti-
cal or data-driven approaches, offering improved accuracy
per degree of freedom on coarser grids compared to con-
ventional methods. We discuss the theoretical foundations
of this approach, present numerical results for boundary-
layer-dominated flows, and discuss implementation details.
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MS124

Online Network Dynamics Ahead of Offline Shocks:
The Math of Cohesion in Human-Machine-Ai Sys-
tems

February 2026 saw the sudden emergence of networks of
1.5 million AI agents on “Moltbook, an online social net-
work for AI agents. Within 1 day, they managed to invent
their own religions, run scams, and debate their purpose.
This highlights a critical gap in network science that we
address in this talk: how do we model mathematically the
spontaneous formation and function of cohesive dynamical
networks of interacting, adaptive AI agents (and humans)?
Here we step towards this goal by building on the mathe-
matics of Huo et al. in Introduction to Online Complexity,
Oxford Univ. Press (2025) and Phys. Rev. Lett. 133,
247401 (2024). In the limit that the agent (node) actions
have negligible impact on the link dynamics, the descrip-
tive equation for the network clustering of heterogeneous
agents (nodes) becomes a novel multidimensional general-
ization of the inviscid Burgers equation. We discuss the so-
lutions to these equations, showing how cross-species links
can drive the sudden emergence of ‘super-shocks’. Then we
allow these heterogeneous nodes to become adaptive: they
each try to achieve some goal for themselves which may not
align with the goals for the overall system. An example of
this is a cluster of AI agents (and perhaps humans) repeat-
edly trying to extract some finite energy or API bandwidth.
The relevant network then becomes the dynamical forma-
tion of crowds and anticrowds in their strategy space. We
hope that this stimulates further work to develop a rigor-
ous mathematical framework for inferring and controlling
the dynamics of the new networks of adaptive human-AI
multi-agent ecosystems that will likely dominate our future
world.
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MS124

What Does Cascade Structure Reveal About Con-
tagion?

Many important challenges of our time are related to harm-
ful contagion in networks. To mitigate such harmful conta-
gion be it misinformation, an epidemic, or something else
it is important to understand how the contagion spreads,
and what its impact could be. In recent years, studying the
structure of cascades rooted, directed, acyclic graphs indi-
cating who infected whom in the network has provided a
new way of getting insights about the spreading mechanism
and contagion impact. In this talk, I will demonstrate how
cascade structure can reveal whether false and true news
diffuses similarly online or not. I will show that for some
canonical models of contagion, including the SIR model,
the structure of extinct cascades does not reveal what infec-
tiousness parameter, R0, the process was simulated with.
Finally, I will present new joint work with Johan Ugan-
der (Yale University) demonstrating that the structure of
growing SIR cascades can reveal the infectiousness of the
simulated process.

Jonas Juul
IT University of Copenhagen
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MS124

Correlated Heterogeneity in Simple Contagions
Mimics Complex Contagions

The study of epidemic spreading in structured populations
has been an impactful domain of network science since its
inception. Recent work has found that a variety of in-
fection kernels underlie spreading phenomena in networks,
from the “simple” contagion kernels characteristic of infec-
tious diseases to “complex” contagion kernels commonly
associated with the spread of social behaviors [Pastor-
Satorras et al., Epidemic processes in complex networks,
2015]. However, determining which type of contagion is
spreading in a population is difficult. For example, re-
cent studies have shown that interacting simple contagions
[Hbert-Dufresne et al., Macroscopic patterns of interact-
ing contagions are indistinguishable from social reinforce-
ment, 2020] and uncertain transmission settings [St-Onge
et al., Nonlinear bias toward complex contagion in uncer-
tain transmission settings, 2024] may be confounded with
complex contagions. We show that heterogeneity in simple
contagion kernels, when correlated with population struc-
ture, can produce spreading dynamics resembling complex
contagions. In particular, when subpopulations are orga-
nized into communities, the resulting infection patterns
can mimic complex contagion dynamics. Using recent non-
parametric contagion models [Landry et al., Reconstruct-
ing networks from simple and complex contagions, 2024],
we infer infection kernels from time-series data on nodal
states. We find that assuming a single infection kernel for
an entire population can yield an inferred kernel displaying
the nonlinear behavior commonly associated with complex
contagions, even when only simple contagion kernels are
present.
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MS124

Connecting Models with Data for Coupled Online-
Offline Social Systems

The rise of social media has blurred the boundary between
the online and offline worlds. Activities in these two do-
mains strongly influence one another, with online commu-
nications transforming offline behavior, from everyday de-
cisions to the escalation of conflicts, and conversely, of-
fline events driving online engagement and discussion. It
is therefore important to study and understand the cou-
pled dynamics of online and offline social systems. We
present our efforts to disentangle this problem from two

complementary perspectives: model-driven projects, which
develop multilayer network modeling frameworks and use
outburst analysis to study population-level behavior; and
data-driven projects, which aim to learn effective dynam-
ical system models directly from data, including parame-
ter inference and weak form system identification methods.
Overall, our work provides initial steps toward connecting
simulation, mathematical modeling, and data-driven learn-
ing for coupled onlineoffline social dynamics.

Moyi Tian, Nancy Rodŕıguez
University of Colorado Boulder
moyi.tian@colorado.edu, nancy.b.rodriguez@colorado.edu

George Mohler
Boston College
george.mohler@bc.edu

Daniel A. Messenger
Los Alamos National Labs
daniel.messenger@colorado.edu

David M. Bortz
University of Colorado at Boulder
dmbortz@colorado.edu

P. Jeffrey Brantingham
University of California, Los Angeles
branting@ucla.edu

MS125

Logic and Algebraic Structures for Enhancing LLM
Reliability via Neurosymbolic AI

Large language models (LLMs) are intrinsically probabilis-
tic, a feature that makes them ill-suited for answers for
which we need certainty, such as in mathematics, but also
in medicine and law. Several approaches have emerged to
address this problem; one, known as Neurosymbolic AI,
delegates logical reasoning to external software that eval-
uates logical expressions. In such a case, the LLMs are in
charge of the language translation, but not of the logical
reasoning. We will discuss applications of such techniques,
the algebraic structure on which they rely, and their per-
formance against modern reasoning LLMs. This is joint
work with Sudhir Murthy and Lucas Salim.

Patricio Gallardo
University of California Riverside
pgallard@ucr.edu

MS125

Pedagogical and Technological Tools for Implemen-
tation of AI in Math Education

This presentation examines pedagogical and technological
tools that support the effective implementation of artifi-
cial intelligence (AI) in mathematics education. We dis-
cuss instructional strategies, AI-driven learning platforms,
and assessment tools that enhance student engagement,
provide adaptive feedback, and support conceptual under-
standing. Emphasis is placed on practical classroom appli-
cations, alignment with learning objectives, and challenges
related to ethics, transparency, and academic integrity in
AI-supported mathematics instruction.

Alvaro Ortiz
University of Cincinnati
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MS125

Towards Augmenting Mathematical Intuition in
Data Science Methods with AI-assisted Techniques

Several new possibilities to supplement data science edu-
cation are now available due to the fast development of
artificial intelligence (AI) solutions, some of which can be
leveraged to enhance instructional methods. This talk re-
flects on ways to emphasize and build intuition around
mathematical concepts involved in machine learning and
data mining methods, by leveraging AI tools to design in-
teractive and intellectually engaging examples. We discuss
multimodal learning artifacts that enable students to ex-
plore mathematical ideas dynamically, connect symbolic
reasoning to code and data, and to interrogate assump-
tions of AI-generated simulations. Incorporating such so-
lutions in data science instruction has the potential to in-
crease student engagement while enabling critical thinking
and mathematical reasoning processes necessary for an AI-
augmented professional landscape.

Rei Sanchez Arias
University of North Carolina-Chapel Hill
reisanar@unc.edu

MS125

Lessons Learned in Training Faculty for AI Cur-
riculum Integration

This presentation examines critical lessons from faculty de-
velopment programs designed to integrate artificial intelli-
gence into undergraduate and graduate curricula. Analysis
of training initiatives across multiple institutions reveals
several key findings that inform effective professional de-
velopment strategies. How successful programs prioritize
pedagogical framing over technical instruction, presenting
AI integration through learning outcomes rather than algo-
rithmic details. Faculty require discipline-specific contex-
tualization, and mathematics and computational science
educators engage more deeply with examples from numer-
ical analysis, optimization, and scientific computing than
with generic AI demonstrations. Hands-on experimenta-
tion with AI tools, coupled with opportunities for iter-
ative course redesign, is significantly more effective than
passive workshops. Faculty need structured time to pro-
totype AI-integrated assignments, pilot implementations,
and refine approaches based on student outcomes. Assess-
ment redesign emerges as the primary challenge. Tradi-
tional problem-solving evaluations need to be reconceptual-
ized when AI tools can generate solutions. Effective train-
ing helps faculty develop process-oriented assessments, au-
thentic tasks requiring domain expertise, or assignments
that explicitly incorporate and critically evaluate AI out-
puts. Training must address ethical considerations, includ-
ing algorithmic bias, academic integrity concerns, and eq-
uity issues related to student access. Faculty positioned
as thoughtful pedagogical designers, rather than passive
technology adopters, show higher engagement and more
sophisticated integration strategies. Last, given AI’s rapid
evolution, effective programs establish continuous learning
frameworks rather than one-time training events.

Sid Thatham
University of Cincinnati
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MS126

Learning Differential Equations from Scarce Data:
A Kernel-Based Approach

In many problems in computational science and engineer-
ing, observational data are available while the underlying
physical models remain unknown. Learning such models
from data is a central goal in scientific machine learning,
yet many existing approaches require numerous solution
examples, dense measurements, or computationally expen-
sive training procedures. In this talk, I present Kernel
Equation Learning (KEqL), a kernel-based framework for
learning differential equations and their associated solu-
tion maps in scarce-data regimes, both when the number
of training solutions is small and when each solution is
observed at only a limited number of locations. KEqL
formulates equation learning within an RKHS/Gaussian
process-based framework that simultaneously reconstructs
the unknown solution and identifies the functional form of
the differential equation. I will describe the practical KEqL
methodology and discuss the accompanying error analy-
sis, which establishes quantitative worst-case bounds for
the learned equation under suitable assumptions. Finally,
I will present numerical benchmarks spanning ODEs and
PDEs, including variable-coefficient problems, demonstrat-
ing improved robustness, computational efficiency, and sig-
nificant accuracy gains over state-of-the-art equation learn-
ing methods. I will also discuss connections between this
framework and operator learning and inverse problems,
and outline future directions, both theoretical and com-
putational.

Yasamin Jalalian
California Institute of Technology
yjalalia@caltech.edu

MS126

Physics-Informed Gaussian Process with Applica-
tions in ODE/PDE Parameter Estimation

Parameter estimation for nonlinear dynamical system mod-
els, represented by ordinary differential equations (ODEs)
or partial differential equations (PDEs), using noisy and
sparse experimental data is a vital task in many scien-
tific and engineering fields. We propose a fast and ac-
curate methodphysics-informed Gaussian processesfor this
purpose. Our approach places a Gaussian process prior
over system components and explicitly conditions on the
governing physics by enforcing that the gradients of the
Gaussian process satisfy the ODE/PDE system. This for-
mulation completely bypasses traditional numerical inte-
gration, leading to substantial computational savings. The
method naturally accommodates unobserved system com-
ponents and provides principled uncertainty quantifica-
tion. Distinct from existing approaches, our framework
offers a rigorous Bayesian construction that incorporates
the ODE/PDE constraints directly through conditioning.

Shihao Yang
Georgia Tech
shihao.yang@isye.gatech.edu
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Learning Gradient Flow Dynamics from Particle
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Data

We propose an interpretable learning framework for iden-
tifying the gradient flow dynamics of particle-based evolu-
tion systems. The objective is to recover the underlying en-
ergy functional, which naturally decomposes into internal,
drift, and interaction terms. The key idea of our approach
is to design a learning algorithm that preserves the struc-
ture of the energy. The inferred model can then be used
to generate more particle data over longer time horizons
and under various initial conditions. This approach yields
a physically grounded model that not only captures ob-
served dynamics but also generalizes to predict behaviors
in complex particle systems.

Qihao Ye
University of California, San Diego
q8ye@ucsd.edu

MS126

IEnSF:iterative Ensemble Score Filter for Reduc-
ing Error in Posterior Score Estimation in Nonlin-
ear Data Assimilation

The Ensemble Score Filter (EnSF) has emerged as a
promising approach to leverage score-based diffusion mod-
els for solving high-dimensional and nonlinear data assim-
ilation problems. While initial applications of EnSF to the
Lorenz-96 model and the quasi-geostrophic system showed
potential, the current method employs a heuristic weighted
sum to combine the prior and the likelihood score func-
tions. This introduces a structural error into the estima-
tion of the posterior score function in the nonlinear setting.
This work addresses this challenge by developing an itera-
tive ensemble score filter (IEnSF) that applies an iterative
algorithm as an outer loop around the reverse-time stochas-
tic differential equation solver. When the state dynamics
or the observation operator is nonlinear, the iterative algo-
rithm can gradually reduce the posterior score estimation
error by improving the accuracy of approximating the con-
ditional expectation of the likelihood score function. The
number of iterations required depends on the distance be-
tween the prior and posterior distributions and the non-
linearity of the observation operator. Numerical experi-
ments demonstrate that the IEnSF algorithm substantially
reduces the error in posterior score estimation in the non-
linear setting and thus improves the accuracy of tracking
high-dimensional dynamical systems.

Zezhong Zhang
Auburn University
zez0002@auburn.edu

MS127

Separated Lower-Order Tensors and Lower Bounds
for the Ranks of Tensors

Lower bounds for the tensor rank (also known as CP-rank)
are a highly active area of research with major connec-
tions to computational complexity, such as the exponent
of matrix multiplication. Remarkably, finding an explicit
example of an n x n x n tensor with tensor rank quadratic
in n - that is, of the maximal order of magnitude - is a
famous open problem in the area. With the newer notions
of rank, such as the slice and partition rank, finding an ex-
plicit n x .. x n tensor with maximum rank is achievable for
any order - in fact, the ”identity” tensor is such a tensor,
as shown by Tao and Naslund respectively - yet another
situation arises which illustrates a gap in our knowledge.

Over finite fields, although statistically a typical n x .. x
n tensor will have the maximum possible slice rank and
partition rank, equal to n, the lower bounds that can be
established with current methods for a typical given n x .. x
n tensor are much smaller. After reviewing these methods
we will describe some techniques for lower bounds on the
slice rank and the partition rank of tensors, which involve a
separation condition on lower-order slices of the tensor, as
well as the current limitations of these techniques. If time
allows, we will very briefly conclude with the situation of
lower bounds for more general rank notions, blending the
difficulties arising from the tensor rank at one extreme to-
gether with those arising from the partition rank at the
other extreme.

Thomas Karam
Shanghai Jiao Tong University
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MS127

Wedge Sampling: Efficient Tensor Completion with
Nearly-Linear Sample Complexity

We introduce Wedge Sampling, a new non-adaptive sam-
pling scheme for low-rank tensor completion. We study
recovery of an order-k low-rank tensor of dimension k from
a subset of its entries. Unlike the standard uniform en-
try model (i.e., i.i.d. samples from [n]k), wedge sampling
allocates observations to structured length-two patterns
(wedges) in an associated bipartite sampling graph. By
directly promoting these length-two connections, we show
a near-linear complexity result in regimes where uniform
sampling is too sparse to generate enough informative cor-
relations and its applications in tensor regressions. This
is a joint work with Anna Ma at University of California
Irvine; Ludovic Stephan at Univ Rennes, Ensai, CNRS and
Yizhe Zhu at University of Southern California.

Hengrui Luo
Rice University
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MS127

Sparse Approximation and Sets of Polynomial
Equations

One of the fundamental problems in signal processing, ma-
chine learning, and applied mathematics is sparse approxi-
mation. The main objective is to recover sparse solutions to
a possibly underdetermined linear system Ax=b. In this
talk, I present a novel framework for sparse approxima-
tion based on multilinear algebra and algebraic geometry.
The key idea is to reformulate sparse recovery as the so-
lution of structured multilinear or polynomial systems and
to solve these systems using tensor decompositions. The
framework can identify multiple equally sparse solutions
and provides explicit control over the desired sparsity of
the solution, capabilities that standard methods such as
Orthogonal Matching Pursuit and Basis Pursuit do not
offer. These results demonstrate the potential of combin-
ing tensor decompositions with polynomial system formu-
lations to expand the toolbox for sparse recovery beyond
traditional techniques.

Matija Tomic
University of British Columbia
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Universality of General Spiked Tensor Models Be-
yond Gaussian Noise

Spiked tensor models provide a fundamental framework
for high-dimensional signal detection and estimation prob-
lems arising in statistics and machine learning. While
many existing theoretical results rely on Gaussian noise as-
sumptions, practical data often exhibit more general noise
structures. In this talk, we study the rank-one asymmet-
ric spiked tensor model in the high-dimensional regime,
where the noise entries are independent and identically dis-
tributed with zero mean, unit variance, and finite fourth
moment. Focusing on the maximum likelihood estimator
associated with the best rank-one approximation, we show
that the empirical spectral distribution of a suitably de-
fined block-wise tensor contraction converges almost surely
to a deterministic limit that coincides with that of the
Gaussian case. As a consequence, the asymptotic singu-
lar value and the alignments between the estimated and
true spike directions admit explicit characterizations iden-
tical to those obtained under Gaussian noise. These results
establish a universality principle for spiked tensor models,
demonstrating that their high-dimensional spectral behav-
ior and statistical limits remain robust beyond the Gaus-
sian setting.

Yanjin Xiang
Peking University
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MS129

Enumerating Rooted Binary Phylogenetic Forests
and the Coalescent Model

The (Network) Multi-Species Coalescent models evolution
of genes among current and ancestral species. Compared
with other standard mathematical models of evolution that
are analyzed with algebraic geometry, it tends to produce
polynomials of higher degree and with more terms, and
so symbolic computation quickly becomes essential as the
frontiers are pushed. Current methods for symbolic com-
putation of probabilities focus on probabilities of unrooted
gene trees, which are often the data of interest. This can
have issues when considering more complex networks, and
lacks the ability to focus on more minute network fea-
tures. A more general way to track probabilities within
the coalescent setting is with probabilities of rooted binary
phylogenetic (leaf-labeled) forests, which are the interme-
diate stages of the coalescent process. Dealing with these
systematically requires an easily-computable enumeration.
This work presents such a particular enumeration that is
computed recursively, inspired by a new direct proof of a
long-known combinatorial result concerning rooted binary
phylogenetic forests.

Bryan Currie
New Jersey Institute of Technology
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MS129

Introduction to Algebraic Biology

Algebraic methods provide powerful tools for studying
complex biological systems, where nonlinear interactions,
hidden variables, and limited data are the norm. This in-

troductory talk surveys how tools from algebra, particu-
larly algebraic geometry, combinatorics, and commutative
algebra, can be used to formulate, analyze, and solve prob-
lems across several areas of biology, including evolutionary
biology, ecology, systems biology, and neuroscience. The
goal of this talk is to provide an accessible entry point for
researchers interested in learning more about the interface
between algebra and the life sciences.
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MS129

Verifying Distinguishability of Linear Compart-
ment Models Through Matroids

Linear compartment models are widely used in pharma-
cokinetics, epidemiology, and ecology, and a central ques-
tion is the indistinguishability problem: when do two dis-
tinct models produce the same observable inputoutput be-
havior? Two models are distinguishable precisely when
their inputoutput equations differ, but computing these
equations symbolically typically requires costly Grbner ba-
sis computations. We present a complementary approach
using numerical algebraic geometry. By computing witness
sets and identifying circuits of the associated algebraic ma-
troids, we reduce the problem to detecting circuit relations
that can certify indistinguishability.
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University of Hawaii at Manoa
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MS129

K-Wheels of Neural Codes

Inspired by the mammalian place cells that fire based on
physical location, a neural code is a combinatorial code
that describes the intersections of a collection of subsets
(called receptive fields) of some topological space. Much
study has been done on determining which codes can be
realized in some Euclidean space using receptive fields that
are open and convex. We continue work started by Matuse-
vich, RdP, and Shiu (2023) that introduced a phenomenon
called a ”wheel” whose presence in a code prohibited open
convexity by forcing an intersection of receptive fields to
bend into a nonconvex shape around three ”spokes.” We
generalize this work into a ”k-wheel,” where there are now
an arbitrary number of k many ”spokes.” We also show
how with this generalization, the three separate classes of
wheels described in the previous work can now be described
as a single case.

Alexander Ruys De Perez
California Polytechnic State University
aruysdep@calpoly.edu

MS130

The Initial Value Problem for Generalized
Benjamin-Bona-Mahony Type Equations

This study investigates the well-posedness of the initial
value problem for a generalized Benjamin-Bona-Mahony
(BBM) equation of the form: ut+ux+uux+f(u)x−uxxt =
0 where f is a polynomial of degree n. This model gen-
eralizes several physically significant equations, including
the regularized long wave (BBM) and regularized Gard-
ner equations. We analyze well-posedness in the Sobolev
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space Hs(R) by dividing the analysis into three regular-
ity regimes. In each case, the IVP is transformed into an
equivalent integral equation and shown to be locally well-
posed. These solutions are subsequently extended globally
using a priori bounds derived from two fundamental in-
variant quantities. For s ≥ 1: We utilize the temporal
invariance of the H1 norm alongside an inductive argu-
ment to establish a polynomial bound on the Hs norm.
For n−1

2n
< s < 1: Assuming n is odd and restricting the

coefficients of f , we demonstrate uniform bounds on the
L2 and Ln+1 norms. By analyzing the difference v, be-
tween the solution and the initial condition, we show that
v ∈ H1 due to the smoothing properties of the convolution
operator. Its L∞ norm is bounded linearly in t, facilitat-
ing a global polynomial bound on the Hs norm of u. For
0 < s ≤ n−1

2n
: By requiring the initial data to belong to

Ln+1(R), we utilize the second invariant to derive global
bounds. In this regime, the integral formulation is lever-
aged directly to calculate the necessary norm bounds.

Pamela Guerrero
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MS130

Random Blob Methods for Diffusion

We investigate a class of numerical particle methods for
solving a class of generalized Fokker-Planck equations,
which are characterized as 2-Wasserstein gradient flows
of a functional energy. To ensure that “particles remain
particles” throughout the simulation, we utilize a regular-
ized energy Fϵ constructed via Moreau-Yosida regulariza-
tion and mollification [Craig et al., Nonlocal approximation
of slow and fast diffusion]. Using this approach, we are
able to simulate slow and fast diffusion, sandpile dynam-
ics, height-constrained transport, and the 2-dimensional
Navier-Stokes equation. To address the O(N2) computa-
tional bottleneck of naive methods, we introduce the Batch
Forward Euler Method (BFEM). This method employs a
“slow-fast” time-stepping scheme where particles, rather
than the velocity fields, are split into different update fre-
quencies. The BFEM achieves a computational complexity
of O(MN(p+ N−p

k
)). Moreover, in many cases, it preserves

higher accuracy than existing approaches such as the Ran-
dom Batch Method [Jin et al., The Random Batch Method
for N-body Systems]
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MS130

Continuity Properties of Solutions to a Fifth-Order
Camassa-Holm Type Equation

In this talk, we present a new integrable fifth-order Ca-
massaHolm (CH)type equation derived by Reyes, Zhu, and
Qiao, which we call the RZQ equation. The m-form of this
equation possesses a striking similarity to the m-form of the
CH equation. However, unlike the CH equation, the non-
local form of this equation cannot be interpreted as a non-
local perturbation of Burgers’ equation. We prove that the
initial value problem corresponding to the RZQ equation is
well-posed in the sense of Hadamard, in Sobolev spacesHs,

s > 7/2. Furthermore, we show that the data-to-solution
map is not uniformly continuous in the Hs topology.
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MS130

Exponential Time Differencing Runge-Kutta Dis-
continuous Galerkin (ETD-RKDG) Methods for
Nonlinear Degenerate Parabolic Equations

In this work, we study high-order exponential time dif-
ferencing Runge-Kutta (ETD-RK) discontinuous Galerkin
(DG) methods for nonlinear degenerate parabolic equa-
tions. This class of equations exhibits hyperbolic behav-
ior in degenerate regions and parabolic behavior in non-
degenerate regions, resulting in sharp wave fronts in the
solution profiles and a parabolic-type time-step restriction,
τ ∼ O(h2), for explicit time integration. To address these
challenges and solve such equations in complex domains,
we employ DG methods with appropriate stabilizing lim-
iters on unstructured meshes to capture the wave fronts
and use ETD-RK methods for time integration to resolve
the stiffness of parabolic terms. We extract the system’s
stiffness using the Jacobian matrix of the DG discretiza-
tion for diffusion terms and adopt a nodal formulation to
facilitate its computation. The algorithm is described in
detail for two-dimensional triangular meshes. We also con-
duct a linear stability analysis in one spatial dimension and
present computational results on three-dimensional sim-
plex meshes, demonstrating significant improvements in
stability and large time-step sizes.
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MS131

Generative Monte Carlo Sampling for Constant-
Cost Particle Transport

We present Generative Monte Carlo (GMC), a novel
paradigm for particle transport simulation that integrates
generative artificial intelligence directly into the stochastic
solution of the linear Boltzmann equation. By reformulat-
ing the cell-transmission problem as a conditional genera-
tion task, we train neural networks using conditional flow
matching to sample particle exit states, including position,
direction, and path length, without simulating scattering
histories. The method employs optical coordinate scaling,
enabling a single trained model to generalize across any
material. We validate GMC on two canonical benchmarks,
namely a heterogeneous lattice problem characteristic of
nuclear reactor cores and a linearized hohlraum geome-
try representative of high-energy density radiative transfer.
Results demonstrate that GMC preserves the statistical fi-
delity of standard Monte Carlo, exhibiting the expected
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1/
√
N convergence rate while maintaining accurate scalar

flux profiles. While standard Monte Carlo computational
cost scales linearly with optical thickness in the diffusive
limit, GMC achieves constant O(1) cost per cell trans-
mission, yielding order-of-magnitude speedups in optically
thick regimes. This framework strategically aligns particle
transport with modern computing architectures optimized
for neural network inference, positioning transport codes to
leverage ongoing advances in AI hardware and algorithms.
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MS131

Symmetrizable Hyperbolic Neural Closure for M1
Radiation1Transfer

In radiation transfer simulations, an M1 method achieves
substantial computational savings by replacing the full an-
gular transport equation with a low-order moment system.
Because this reduced system is not closed, a closure model
is required to represent the unknown higher-order moments
using lower-order moments. While machine learning (ML)-
based closures can improve accuracy beyond classical ana-
lytic closures, the ML-based closures can produce non-real
wave speeds and therefore cause numerical solver break-
down. To guarantee real eigenvalues of the Jacobian as-
sociated with ML closures, we propose a symmetrizable
hyperbolic neural closure for the M1 radiative transfer sys-
tem. Rather than directly predicting the closure terms, we
construct the closure from a symmetric Jacobian matrix
formed by two neural networks: (i) a symmetric matrix
network and (ii) the Hessian of a strictly convex entropy
network. These components are combined to yield a Ja-
cobian that is similar to a symmetric matrix, thereby en-
suring real eigenvalues. The closure is then recov- ered by
numerically integrating the resulting Jacobian. Numeri-
cal experiments show that, the proposed closure not only
achieves higher closure accuracy than classical closures,
but also improves solution accuracy and remains stable in
discontinuous Galerkin simulations for radiative transfer
problems

Bong Seok Kim
Purdue University
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MS131

Hybrid Monte Carlo Methods for Particle Trans-
port

Monte Carlo methods are attractive for transport prob-
lems because they naturally handle high-dimensional
phase space, complex geometries, and strongly anisotropic
streaming, but their slow statistical convergence can make
accurate simulations expensive. This talk presents hybrid
stochastic-deterministic methods that reduce this cost by
using Monte Carlo only where it is most effective and del-

egating highly scattered components to lower-cost deter-
ministic solvers. In the first approach, uncollided particles
are evolved with Monte Carlo while the collided component
is solved with a discrete-ordinates discontinuous Galerkin
method, coupled through a relabeling step between time
steps. I will then discuss a scatter-limited extension that
allows particles to undergo a prescribed number of colli-
sions before handoff, as well as quasi-Monte Carlo sam-
pling strategies that improve accuracy at essentially no ad-
ditional runtime cost. I will conclude with ongoing work
on multigroup transport equations, where the same hy-
brid philosophy is used to mitigate the cost of energy-
dependent stochastic simulation by combining high-fidelity
particle treatment with coarser deterministic resolution for
the more diffusive collision tail.

Johannes Krotz
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MS131

Novel Optimal Experimental Design Approaches
for Digital Twins Using Moving Sensors

Efficient data assimilation is a significant bottleneck to-
wards the development of highly scalable and reliable dig-
ital twins, especially when subject to constrained sensor
resources. To address this, we propose novel trajectory de-
sign approaches for the optimal experimental design (OED)
of contiguous data acquisition. First, we present an ap-
proach where we represent the trajectories as paths in a
network and identify the optimal path to minimize un-
certainty. The problem objective is expensive to evalu-
ate, highly nonlinear, nonsmooth, and depends on full-
path evaluations rather than edge-by-edge function val-
ues. We develop an integer optimization algorithm to ef-
ficiently identify the globally optimal path over the net-
work. Second, we investigate OED strategies to minimize
uncertainty by combining data from multiple concurrent
moving sensors. We explore different strategies of sensor
coordination, domain splitting, constraint handling, and
possible fault tolerance to reduce the overall measurement
time. These novel OED strategies could be used in a vast
range of applications such as mapping the movement of a
remote section of the Antarctic ice sheet or the emission of
a pollutant from a chemical plant into the atmosphere.

Marco Mangano
Argonne National Laboratory
mmangano@anl.gov

Sven Leyffer
Argonne National Laboratory
leyffer@anl.gov

Carlo Graziani, Rebecca Durst
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Paul Manns
Faculty of Mathematics
TU Dortmund University
paul.manns@tu-dortmund.de

MS132

Analytic Behavior of Multimodal Generating Func-
tions

We define integer multimodal sequences, which are general-
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izations of unimodal sequences having multiple local peaks
of equal size. The generating functions for multimodal se-
quences represent novel types of q-series that combine gen-
erating functions for both integer partitions and integer
compositions. We show that multimodal generating func-
tions become finite series at roots of unity like the strange
function of Kontsevich, quantum modular forms, and other
examples of this phenomenon in the q-series literature.

Philip Cuthbertson
Michigan Technological University
pecuthbe@mtu.edu

MS132

Ẑ-Invariants: FromOpen Dt Invariants to Quantum
Modularity.

Ẑ-invariants of 3-manifolds, which can be interpreted as
open Donaldson-Thomas invariants, have emerged as a
rich playground for exploring the interplay between topol-
ogy, number theory, and mathematical physics. In this
talk, I will discuss the structural properties of these q-
seriesinvariants. Specifically, I will focus on the effective

central charge of Ẑ and itsrelationship with the quantum
modular behavior ofthese invariants.

Mrunmay Jagadale
Caltech
jmrunmay@gmail.com

MS132

Q-Series in 3d Topology

Q-series invariants of knots and 3-manifolds have seen re-
markable recent developments. A new knot invariant FK

of Gukov–Manolescu and Park is a very promising tool in
low-dimensional topology. For example, its first coefficient
is conjecturally additive under Murasugi sum, a natural
operation on surfaces in 3-sphere. This provides a new
tool for the study of the associated Grothendieck group
of links, about which little is known. On the other hand,

FK , together with its 3-manifold analog Ẑ, provide a vast
source of q-series, which show (generalized) modular be-
havior. Moreover, cutting and gluing of 3-manifolds leads
to many classical and new q-series identities. Based on
joint work with Paul Orland, Lara San Martn Surez and
Toby Saunders-A’Court.

Josef Svoboda
Caltech
josefsvobod@gmail.com

MS132

Q-T-Rogers-Ramanujan Identities

In this talk I will explain how conjectural affine analogues
of the dual Jacobi–Trudi identities from the theory of
symmetric functions imply t-analogues of many Rogers–
Ramanujan-type identities for standard modules of affine
Lie algebras.

Ole Warnaar
The University of Queensland
o.warnaar@maths.uq.edu.au

MS133

Large-Order Asymptotics of Special Families of

Painleve Functions Via Riemann-Hilbert Analysis

Solutions of the six Painlev equations are recognized as
important nonlinear special functions. Studying distin-
guished families of Painlev solutions has proven to be a
fruitful approach to gaining a better understanding of gen-
eral solutions, which are in general transcendental. We
discuss recent progress on analyzing the large-order limit
of two such families via Riemann-Hilbert techniques. In
joint work with Kurt Schmidt, we consider the generalized
Hastings-McLeod solutions to the inhomogeneous Painlev-
II equation, functions that arise in a variety of random
matrix and interacting particle system problems. Sec-
ondly, in joint work with Matthew Satter, we compute
the asymptotics of the Umemura rational solutions of the
Painlev-V equation, which have applications to multiple-
input multiple-output (MIMO) antenna arrays.

Robert J. Buckingham
Dept. of Mathematical Sciences
The University of Cincinnati
buckinrt@uc.edu

MS133

The Past and Future of Mathematical Standardiza-
tion

The Institute for Numerical Analysis (INA) at the Uni-
versity of California, Los Angeles (UCLA) was a key step
in U.S. Government support for applied mathematics and
computation [M. R. Hestenes and J. Todd, ”The Insti-
tute for Numerical Analysis - UCLA 1947-1954,” NIST
Special Publication 730, U.S. Government Printing Office
(USGPO), Washington, DC, 1991]. A joint institute of
UCLA, United States Navy and the National Bureau of
Standards (now NIST, the National Institute of Standards
and Technology), INA was dedicated to developing math-
ematics for solving problems by automatic numerical com-
putation. The associated national strategic need was evi-
dent from the contributions of early electronic computing
to Allied victory in World War II. INA began the Hand-
book of Mathematical Functions [Milton Abramowitz and
I. A. Stegun, USGPO, 1966] that became an accepted stan-
dard. The advent of the internet motivated NIST to begin
the Digital Library of Mathematical Functions (DLMF)
project in 1996 to put applied mathematics on the infor-
mation superhighway. [F. J. W. Olver, et al., dlmf.nist.gov,
2026)] Artificial intelligence (AI) now presents a key chal-
lenge for development of mathematics to address emerg-
ing national needs, and may benefit from a standards ap-
proach. I will report some suggestions emerging from early
discussions and invite dialogue on building a community of
exploration.

Charles W. Clark
NIST
charles.clark@nist.gov

MS133

Identities Involving Central (q-)binomial Coeffi-
cients Via (q-)hypergeometric Series

Inspired by some recent results of Dilcher and Vignat,
we obtained the closed forms of a family of finite sums
involving central binomial coefficients. Some of the q-
analogues, involving central q-binomial coefficients, are
also derived. Besides the hypergeometric functions and
the q-hypergeometric series, we make fully use of the WZ-
method in our proofs. This is joint work with Shane Chern
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and Karl Dilcher.

Lin Jiu
Duke Kunshan University
lin.jiu.work@gmail.com

Shane Chern
University of Vienna
chenxiaohang92@gmail.com

Karl Dilcher
Department of Mathematics and Statistics
Dalhousie University
dilcher@mathstat.dal.ca

MS134

Shape Dynamics of An Elastic, Nearly Inextensible
Membrane

While vesicles are often modeled as incompressible, they
frequently exhibit large but finite compressibility. Other
systems, such as capsules and polymer-infused membranes,
demonstrate even more prominent compressible behavior.
We develop a model for compressible membranes in Stokes
flow that incorporates local lipid density in both two and
three dimensions. In the absence of imposed fluid flow, we
identify the onset of non-spherical steady configurations
and classify their bifurcation types. We explore how spon-
taneous curvature, compression modulus, and preferred lo-
cal density influence the stability and morphology of these
non-spherical shapes. Furthermore, our theory yields ex-
plicit expressions for the enclosure’s locomotion, flow field,
and shape response under external flow. Specifically, we de-
rive the dependence of the tank-treading-to-tumbling tran-
sition on membrane compressibility. These results provide
new insights into the incompressible limit and highlight
the fundamental symmetries at play in two- and three-
dimensional interfaces.

Sho Kawakami
NJIT
sho.kawakami@njit.edu

MS134

Analysis of the Inextensible Interface Problem in
Stokes Flow

Immersed interface problems in Stokes flow arise in fluid-
structure interaction, where an internal interface is coupled
to a viscous incompressible fluid. One of the simplest of
such problems is the 2D Peskin problem, in which a 1D
closed elastic structure is immersed in a 2D Stokes fluid.
This has been extensively studied computationally and an-
alytically. We extend the 2D Peskin problem into two in
two directions:

� 2D inextensible interface problem.

� 3D Peskin problem.

For the 2D inextensible interface problem, we impose an
inextensibility constraint on the interface. Through the
boundary integral method, we reformulate the problem
as two coupled contour equations, an evolution equation
and a tension determination equation. We first study the
well-posedness and the regularity of the generalized tension
determination problem in Hlder spaces. Next, we use an
appropriate time-weighted Hlder space to study the well-
posedness and regularity of the full dynamical problem. We
also study the Peskin problem in the 3D case. With the
boundary integral method, the 3D Peskin is reformulated

as an evolution equation on a unit sphere S2 for the elastic
interface. We use multiple local charts to prove that the
problem is well-posed in low-regularity Hlder spaces. More-
over, we prove that the elastic interface becomes smooth
instantly in time

Po-Chun Kuo
Purdue University
kuo130@purdue.edu

MS134

Computation, Analysis and Modeling of Open
Membrane Problems

Lipid bilayer membranes with open boundaries arise in
many biophysical processes, including pore formation, vesi-
cle rupture, and parasite egress. In this talk, I present a
mathematical and computational framework for simulating
their dynamics in viscous Stokes flow. The model couples a
three-dimensional bulk fluid, a two-dimensional membrane
surface, and a one-dimensional free edge via an energy
variational formulation. Under axisymmetry, the system
reduces to a one-dimensional mixed-dimensional boundary
integral problem. We develop a hybrid boundary elementfi-
nite element method with local mesh refinement to resolve
edge singularities. To better understand the solution struc-
ture, we also study a simplified elliptic problem with open
boundaries, establishing well-posedness and characterizing
the edge singularity. Numerical results demonstrate ac-
curate resolution of multiscale fluidmembrane interactions
and edge dynamics.

Han Zhou
University of Pennsylvania
hzhou24@sas.upenn.edu

MS135

SimultaneousReconstruction of Natural Death, Re-
cruitment, and Initial Maturity Rates in a Diffusive
McKendrick-von Foerster System with Multiple-
age Structure

In population dynamics, the diffusive McKendrick-von Fo-
erster system plays a vital role in modeling the evolution
of structured populations comprising both immature and
mature individuals. In this work, we propose a compu-
tational method to address a multiple-coefficient inverse
problem for this system. In particular, our method is aimed
to simultaneously reconstruct four coefficients: the natu-
ral death rates of both population groups, the recruitment
rate, and the initial distribution of mature individuals. Our
inverse approach is based on some special transformations
and the use of the Fourier-Klibanov basis, which together
yield a nonlinear bi-directional ODE-PDE system. This
system is then approximated using the variational quasi-
reversibility method, which is designed using a suitable pair
of perturbing and stabilized operators, along with associ-
ated conditional energy estimates. In this work, we prove
that the approximation of the immature individuals con-
verges at a Lipschitz rate, whereas the approximation of
the mature ones converges at a Hlder rate. The latter con-
vergence rate represents a significant extension of earlier
studies on the variational quasi-reversibility inversion. Fi-
nally, some numerical examples are presented to show how
the proposed inversion works.

Umar Muhammad Adam
Texas Tech University
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MS135

Some Models of Topological Anderson Insulators

A central property of (Chern) topological insulators is the
presence of robust asymmetric transport along interfaces
separating two-dimensional insulating materials in differ-
ent topological phases. A Topological Anderson Insulator
(TAI) is an insulator whose topological phase is induced
by spatial fluctuations. We will discuss some TAIs mod-
eled by perturbed Hamiltonian and prove that for suffi-
ciently large and highly oscillatory perturbations, the sys-
tem is in a different topological phase than the unperturbed
model. In particular, a robust asymmetric transport in-
deed appears at an interface separating perturbed and un-
perturbed phases. Finally, we illustrate the transition from
topologically trivial to nontrivial insulators by a numerical
simulation.

Thuyen T. Dang
Purdue University Northwest
dangtrienthuyen@gmail.com

Guillaume Bal
University of Chicago
guillaumebal@uchicago.edu

MS135

Ergodicity of the Stochastic Nonlinear Schrodinger
Equation with Large Damping

We discuss the long time behaviors of the nonlinear
Schrodinger equation while being subjected to a random
perturbation via Gaussian additive noise. It is well-known
that, under the impact of sufficiently strong damping, the
dynamics possesses unique ergodicity although the rate of
convergence has remained unknown. In this talk, we ad-
dress the mixing issue, and establish that solutions is at-
tracted toward the unique invariant measure at polynomial
rates. Our approach is based on a coupling strategy with
pathwise Strichartz estimates. This talk is based on an
ongoing joint work with Kihoon Seong.

Hung Nguyen
University of Tennessee
hnguye53@utk.edu

MS135

Exact and Numerical Solutions for Stochastic
Burgers and KdVBurgers with Variable Coeffi-
cients

We provide both exact and numerical solutions for stochas-
tic Burgers and stochastic KdVBurgers equations that in-
clude time-dependent coefficients and spatially uniform
white noise. Our analysis covers additive, multiplicative,
and advection noise. The key result demonstrates that
exact solutions can be formed by linking a determinis-
tic Burgers or KdVBurgers equation with a suitable SDE,
then composing the deterministic solution with the result-
ing stochastic flow. We also introduce a new numerical
scheme based on this decoupled system. Numerical exam-
ples showcase the effectiveness of the approach and com-
pare how different types of noise influence the results.

Tamer Oraby
University of Texas Rio Grande Valley

tamer.oraby@utrgv.edu

MS136

A Population Dynamics Model of Generalized
Reciprocity in Female Norway Rats

Rats are often a disdained species despite being very so-
phisticated creatures. Norway rats, in particular, are
highly cooperative and known to live in structured colonies,
demonstrate affiliative behaviors like allogrooming, main-
tain social hierarchy, and readily engage in helping behav-
iors with conspecifics. It is now well-accepted that female
Norway rats demonstrate a high propensity for both gen-
eralized and direct reciprocity, while males are known only
to be capable of the latter. This exceptional instance of
animal generosity raises a number of questions: Is there
something about the social structure or hierarchy of female
Norway rat groups that is conducive to their unique evolu-
tion of generalized reciprocity? How might the structures
and compositions of rat social groups elucidate sex-based
asymmetries observed in helping behaviors? Our model
proposes a mechanism that incorporates a state-dependent
norm into an adaptive network model to better understand
the population dynamics associated with rat interactions
and network formation. Our results confirm that relation-
ships among conspecifics could be driven by persistent in-
teraction and personality compatibility and that high con-
nectivity in Norway rats’ social networks results from fre-
quent irregular expansion of existing groups. Analysis of
the socio-spatial distribution of traits within population
networks shows that females more densely occupy central
hubs, which follows from their high social amenability.

Olivia J. Chu
Assistant Professor of Mathematics
Bryn Mawr College
ochu@brynmawr.edu

MS136

Evolution of Collective Synchrony on Spatial Bio-
logical Networks: Cheating, Policing, and Stability

Collective synchrony is a striking form of biological coor-
dination, often linked to mating displays, yet it creates an
evolutionary tension: individuals benefit from signal am-
plification while also competing to stand out. We study
this tradeoff by coupling phase-oscillator dynamics with
evolutionary game theory on spatial biological networks.
In a networked Kuramoto model, cheaters participate in a
synchronized display but strategically shift phase to gain
individual advantage while still exploiting the group sig-
nal. We also include policing: deviations beyond a de-
tection threshold reveal cheating and are penalized. We
characterize how network structure, cheating, and policing
shape the stability and robustness of synchrony, and we
derive testable predictions for when synchronized popula-
tions persist and what strategy compositions are expected
at equilibrium.

Ruoming Gong
Northwestern University
Engineering Science & Applied Mathematics
ruoming.gong@northwestern.edu

MS136

Bounded-Confidence Models of Opinion Dynamics
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with Adaptive Confidence Bounds

Peoples opinions change with time as they interact with
each other. In a bounded-confidence model (BCM) of
opinion dynamics, individuals (which are represented by
the nodes of a network) have continuous-valued opinions
and are influenced by neighboring nodes whose opinions
are sufficiently similar to theirs. In this talk, we intro-
duce discrete-time BCMs with heterogeneous and adaptive
confidence bounds. We introduce two new models: (1)
a BCM with synchronous opinion updates that general-
izes the HegselmannKrause model; and (2) a BCM with
asynchronous opinion updates that generalizes the Def-
fuantWeisbuch model. We analytically and numerically
explore our adaptive-confidence BCMs limiting behaviors,
including the confidence-bound dynamics, the formation
of clusters of nodes with similar opinions, and the time
evolution of effective graphs. For a variety of networks
and a wide range of values of the parameters that control
the increase and decrease of confidence bounds, we demon-
strate numerically that our adaptive-confidence BCMs re-
sult in fewer major opinion clusters and longer convergence
times than the baseline (i.e., nonadaptive) BCMs. In our
numerical simulations, we also observe that our adaptive-
confidence BCMs can have adjacent nodes that converge
to the same opinion but are not receptive to each other.
This qualitative behavior does not occur in the associated
baseline BCMs.

Grace J. Li
Lawrence Livermore National laboratory
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MS137

Fast Tensorial Surrogate Models for Parametric
Brain Tumor Growth Dynamics in Many-Query
Regimes

We consider the construction of efficient surrogate approxi-
mations for parametric forward operators arising in simula-
tions of brain tumor growth, modeled by systems of semi-
linear parabolic partial differential equations. The gov-
erning equations comprise coupled nonlinear reactiondif-
fusion systems posed on heterogeneous spatial domains,
with state variables representing multiple tumor cell pop-
ulations, oxygen transport, and tissue compartment dy-
namics. The resulting full-order model induces a nonlin-
ear, time-dependent parameter-to-state operator whose re-
peated evaluation is computationally prohibitive in many-
query regimes, including PDE-constrained inverse prob-
lems, Bayesian uncertainty quantification, and digital twin
frameworks. To mitigate this computational burden, we
develop surrogate models based on modern reduced-order
modeling (ROM) techniques applied to the discretized for-
ward operator. In particular, we investigate several tenso-
rial ROM formulations that exploit multilinear structure in
the reduced dynamics, using a classical proper orthogonal
decomposition (POD) ROM as a reference baseline.
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MS137

Recycling and Streaming for Large-Scale Nonlinear
Inverse Problems

Many imaging inverse problems assume a known linear for-
ward operator, yet practical systems often suffer from un-
certainty in acquisition geometry, such as projection angles
in computed tomography or sensor positions in photoa-
coustic tomography. These uncertainties introduce non-
linearity and require joint estimation of both the image
and the forward model parameters. We propose a nonlin-
ear recycled majorizationminimization generalized Krylov
subspace (NL-RMM-GKS) framework for large-scale in-
verse problems with uncertain forward operators. The
method extends MM-GKS to nonlinear settings by com-
bining majorizationminimization for nonsmooth regular-
ization with Krylov subspace projection and subspace recy-
cling, ensuring bounded memory usage. Two complemen-
tary formulations are developed: an alternating minimiza-
tion approach that alternates between image updates and
GaussNewton parameter estimation, and a variable pro-
jection approach that eliminates the image variable and
optimizes directly over the parameters using inexact inner
solves. We further introduce streaming variants that pro-
cess data sequentially, enabling reconstruction from large
or dynamically acquired datasets without storing the full
operator. We carry out rigorous numerical experiments
in tomography to demonstrate that our proposed frame-
work achieves high-quality reconstructions with bounded
memory requirements, making it suitable for large-scale
dynamic imaging problems.
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Tufts University
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MS138

Flow Maps: Flow-based generative models with
lightning-fast inference

Flow-based models have spurred a revolution in generative
modeling, driving astounding advancements across diverse
domains including high-resolution text to image synthesis
and de-novo drug design. Yet despite their remarkable per-
formance, inference in these models requires the solution
of a differential equation, which is extremely costly for the
large-scale neural network-based models used in practice.
In this talk, we introduce a mathematical theory of flow
maps, a new class of generative models that directly learn
the solution operator for a flow-based model. By learning
this operator, flow maps can generate data in 1-4 network
evaluations, leading to orders of magnitude faster inference
compared to standard flow-based models. We discuss sev-
eral algorithms for efficiently learning flow maps in prac-
tice that emerge from our theory, and we show how many
popular recent methods for accelerated inference – includ-
ing consistency models, shortcut models, align your flow,
and mean flow – can be viewed as particular cases of our
formalism. We demonstrate the practical effectiveness of
flow maps across several tasks including image synthesis,
geometric data generation, and inference-time guidance of
pre-trained text-to-image models.

Nicholas Boffi
Carnegie Mellon University
nboffi@andrew.cmu.edu
nboffi@andrew.cmu.edu

MS138

Topological Limitations and Capabilities for Au-
toencoding Dynamics

Given a ”data manifold” M ⊂ Rn and ”latent space” L, an
autoencoder is a pair of maps consisting of an ”encoder”
E : Rn → L and a ”decoder” D : L → Rn such that the
restricted ”round trip map” D ◦E|M is as close as possible
to the identity map of M . Autoencoders are used to learn
low-dimensional representations of static objects, as well as
dynamic objects governed by dynamical or control systems.
For the dynamic case, one further attempts to learn a dy-
namical or control system on the latent space L such that
D and E intertwine the dynamics on M and L as closely as
possible. Topological obstructions dictate that continuous
autoencoders accomplishing either of the static or dynamic
tasks arbitrarily uniformly well do not generally exist, yet
practitioners widely report learning practically useful con-
tinuous autoencoders via neural networks. I will offer a
possible resolution to this apparent paradox, and counter-
balance this with further tradeoffs, limitations, and evi-
dence suggesting that caution may be needed. Aspects of
this talk are based on joint works with Josh McCarter and
Eduardo Sontag.

Matthew Kvalheim
University of Maryland, Baltimore County (UMBC)
kvalheim@umbc.edu

MS138

Topological Invariance and Breakdown in Learning

We prove that for a broad class of permutation-equivariant
learning rules (including SGD, Adam, and others), the

training process induces a bi-Lipschitz mapping between
neurons and strongly constrains the topology of the neu-
ron distribution during training. This result reveals a qual-
itative difference between small and large learning rates ?.
With a learning rate below a topological critical point ?*,
the training is constrained to preserve all topological struc-
ture of the neurons. In contrast, above ?*, the learning
process allows for topological simplification, making the
neuron manifold progressively coarser and thereby reduc-
ing the models expressivity. Viewed in combination with
the recent discovery of the edge of stability phenomenon,
the learning dynamics of neuron networks under gradient
descent can be divided into two phases: first they un-
dergo smooth optimization under topological constraints,
and then enter a second phase where they learn through
drastic topological simplifications. A key feature of our
theory is that it is independent of specific architectures or
loss functions, enabling the universal application of topo-
logical methods to the study of deep learning.

Yongyi Yang
University of Michigan
yongyi@umich.edu

MS138

Symmetry and Topological Phase Transitions in
Neural Network Training Dynamics

Training deep neural networks can exhibit abrupt qualita-
tive changes in learned representations. This talk presents
a physics-inspired view of training dynamics organized by
symmetry, topology, and phase-transitionlike behavior. We
discuss how symmetry constraints and their effective break-
ing shape representation evolution, and how topological
descriptors can characterize transitions between distinct
training regimes. The aim is to build a common theoretical
framework that bridges deep learning theory, physics, and
mathematics.

Liu Ziyin
Massachusetts Institute of Technology
NTT Research
ziyinl@mit.edu

MS139

Identifiability Linear Compartmental Models

Linear compartmental models are widely used to describe
transport and exchange processes in pharmacokinetics,
ecology, and systems biology. A central question for these
models is structural identifiability: whether parameters
can be uniquely recovered from ideal input and output
data. Many of the algebraic tools developed to address this
question rely on the existence of a minimal input-output
equation, a property that is guaranteed for strongly con-
nected models. As a result, much of the existing theory has
been restricted to this class. In this talk, we investigate
recent extensions and conjectures related to identifiability
for linear compartmental models that are not strongly con-
nected. We analyze how the graph structure of the model
influences form of input-output equations and identifiabil-
ity of models.

Cashous Bortner
California State University, Stanislaus
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MS139

Distributions of Transformations of Coalescence
Times in Species Trees Given Species Trees

In the multispecies coalescent model described by Rannala
and Yang (2003), gene trees are random objects whose dis-
tributions depend on the species tree with parameters for
ancestral population sizes and numbers of generations be-
tween speciation events. Distributions of DNA site pat-
terns can be described by a hierarchical model that de-
pend on the DNA being determined by the gene tree with
branch lengths and a substitution model, and the gene tree
depending on the species tree. The Rannala and Yang
model gives the joint distribution of gene tree topology
and coalescence times in the gene trees. These coalescence
times are random variables that can be transformed to find
distributions of things such as the time to the most re-
cent common ancestor, pairwise coalescence times between
non-sister taxa, and individual branch lengths in both the
rooted and unrooted gene trees.

James H. Degnan
University of New Mexico
jamdeg@unm.edu

MS139

Computing and Stabilizing Ideals of JukesCantor
Network Models

Phylogenetic networks model reticulate evolutionary
events such as hybridization and horizontal gene transfer.
Our work presents a symbolic computational framework for
studying the algebraic structure of the JukesCantor model
on phylogenetic networks. We implement a computational
pipeline which includes an algorithm in Macaulay2 that
constructs monomial parameterizations for arbitrary net-
work and an approach that computes generators of their
defining ideals via multigraded implicitization. This en-
ables systematic investigation of network ideals beyond
small examples. Applying this pipeline to several recur-
sively defined network families, we observe and, in certain
cases, prove stabilization phenomena: the defining ideals
eventually stabilize to a fixed prime ideal of constant di-
mension as the network grows. These results not only pro-
vide new insights in the algebraic structure of Jukes-Cantor
networks but also demonstrate the advantage of using sym-
bolic computational tools in studying the network models.

Ruiqi Huang
Georgia Tech
USA
rhuang346@gatech.edu

MS139

A Comparative Analysis of Boolean and Stochastic
Models of Dna Repair Response in Bacteria

The SOS system is an emergency DNA repair system in
bacteria, which has been primarily studied in the model
organism of E. coli. We developed a Boolean model with
22 variables and 5 parameters, and an updated stochas-
tic model using the Gillespie algorithm with 28 compo-
nents and 148 reactions. We compare the fixed points of
the Boolean model with the probability distribution of the
stochastic model at various times throughout the simula-

tions, and each model helps validate the other.

Matthew Macauley
School of Mathematical & Statistical Sciences
Clemson University
macaule@clemson.edu

MS140

Conservation Laws in Besov Spaces

In this talk, we present an analytical method developed by
Lucier in 1988 to study the regularity of scalar conserva-
tion laws in one space dimension, having smooth and con-
vex fluxes. This involves measuring their regularity in non-
locally convex spaces determined by quasi-norms related to
the solution’s approximation properties in L1(R) by discon-
tinuous, piecewise affine functions. The technique is based
on nonlinear approximation and characterizes these spaces
in terms of Besov spaces, which is a novel approach. Fur-
thermore, we will discuss ongoing research directed towards
extending Lucier’s method to certain systems of conserva-
tion laws.

Prerona Dutta
Xavier University of Louisiana
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MS140

Nonclassical Riemann Solutions in Systems of Con-
servation and Balance Laws

We consider systems consisting of one conservation law
coupled with a balance law, as well as systems of two bal-
ance laws, and investigate the structure of Riemann solu-
tions arising from piecewise constant initial data. While
classical theory describes solutions in terms of shocks, rar-
efactions, and contact discontinuities, specific systems ad-
mit non-classical behaviors, including singular solutions
such as over-compressive singular or delta shocks. These
arise in models often motivated by physical phenomena
in gas dynamics, traffic flow, and biological aggregation,
among others. In this talk, I will present a range of nonclas-
sical solution structures that emerge in such systems, high-
lighting scenarios where classical entropy conditions fail to
select a unique solution. We discuss analytical techniques
used to construct and classify these solutions, including
the use of regularization methods such as Dafermos vis-
cous approximation and geometric singular perturbation
theory. The theoretical findings are numerically confirmed
using the Local Lax-Friedrichs scheme.

Charis Tsikkou
West Virginia University
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MS140

A Shape Optimization for the Ginzburg-Landau
Energy with Curvature Penalization

We will describe a shape optimization problem in the plane,
for the Ginzburg Landau energy to predict quantized cusps.
This serves as a toy model for phase transitions in nematic
liquid crystals.

Raghav Venkatraman
University of Utah
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MS141

A Risk-Informed Machine Learning Framework for
County-Level Opioid Mortality

The opioid crisis remains a leading cause of preventable
death in the United States, with mortality rates continu-
ing to rise despite varied policy interventions. Effective re-
sponse requires identifying regions persistently at high risk
of opioid-related mortality, those whose underlying charac-
teristics indicate sustained vulnerability. In this work, we
develop a novel county-level risk score methodology com-
bining machine learning prediction with residual analysis
to distinguish structurally at-risk counties. Using socioeco-
nomic and access-related covariates across the continental
U.S., we train and compare several predictive models and
derive risk scores that capture persistent deviation between
observed and expected mortality. We demonstrate robust-
ness of the scores across several different models and over
time, and investigate the socioeconomic drivers underly-
ing identified risk groups. We discuss implications for the
prioritization of public health resources and targeted inter-
vention strategies.

Elisha Brooks
University of Tennessee Knoxville
ebrook27@vols.utk.edu

MS141

Markov Chain Monte Carlo Methods for Curve Re-
construc Tion and Point Cloud Data Analysis

Point cloud data have become increasingly vital due to
their ability to capture detailed, multi-dimensional repre-
sentations of physical objects and their surrounding en-
vironments. Point clouds are nowadays central to ap-
plications across industry and academia that range from
robotics, navigation systems, and 3D printing to architec-
ture, manufacturing, and agriculture. Despite its impor-
tance, the analysis of point cloud data faces several lim-
itations, including high computational cost due to large
data volume, contamination with localization noise and
inaccuracies caused by sensor limitations, and missing
points due to environmental factors or sensor position-
ing. Moreover, unavailable uncertainty quantification in
reconstructed structures remains a critical gap in appli-
cations requiring reliable estimation. We present a fully
Bayesian framework for point cloud data analysis and curve
reconstruction. Our framework models a clouds points as
noisy perturbations of latent positions constrained to lie
on closed polylines, jointly inferring polyline vertices and
connectivity, latent coordinates, and noise characteristics.
Posterior inference is performed via a specialized Markov
chain Monte Carlo sampler tailored to point cloud data
processing. Experiments on synthetic data demonstrate
accurate curve reconstruction while providing uncertainty
quantification.

Asir Intesar Tushar
University of Tennessee Knoxville
aintesar@vols.utk.edu

Ioannis Sgouralis
University of Tennessee Knxoville

isgoural@utk.edu

MS141

Topological Fingerprints of Commensurate Order
in Twisted Moir Lattices

Moir patterns in twisted bilayer materials exhibit long-
range periodic order that is highly sensitive to twist angle.
Identifying commensurate angles from real-space atomic
structures remains challenging, as spectral and geometric
methods emphasize global periodicity and are sensitive to
disorder and finite-size effects. We introduce a data-driven
topological framework that quantifies moir periodicity by
treating atomic configurations as point-cloud data and ex-
tracting multiscale signatures using persistent homology.
At the core of our approach is a small-neighborhood sep-
aration filter that removes redundant local motifs in per-
sistence diagrams while preserving key structural features,
enabling sharp minima in Wasserstein distances between
twisted and untwisted reference configurations that ac-
curately recover commensurate angles. We benchmark
the framework against geometric and spectral similarity
measures and show that the resulting topological descrip-
tors remain stable under positional disorder ranging from
weak to strong perturbations in the bond length. We fur-
ther transfer the descriptors using a constrained Gaussian
Process surrogate to sparsely sampled configurations of a
twisted MoTe2 dichalcogenide bilayer. These results estab-
lish topological descriptors with neighborhood separation
as a robust framework for identifying commensurate or-
der in moir systems and tracking commensurate structural
similarity under disorder, sparsity, and finite-size effects.

Collin J. Kovacs
University of Tennessee Knoxville
ckovacs2@tennessee.edu

Jiangxu Li, Yang Zhang, Konstantinos Vogiatzis, Adrian
Del Maestro, Vasileios Maroulas
University of Tennessee, Knoxville
jli146@utk.edu, yangzhang@utk.edu, kvogiatz@utk.edu,
adrian.delmaestro@utk.edu, vmaroula@utk.edu

MS141

Diffusion Dynamics and Network Geometry in
Blockchain and Critical Infrastructure Networks

This talk studies how network geometry and topology in-
fluence diffusion processes in complex networks, with ap-
plications to cryptocurrency blockchains and critical in-
frastructure systems. Diffusion is treated as the spread of
information, infection, or failure through a network. We
use epidemic-style diffusion models, including the Kertsz
threshold model and the Susceptible-Infected model, to ex-
amine how structural features such as centrality, clustering,
shortest-path distance, and local motif patterns affect dif-
fusion behavior. The analysis combines simulation studies
on random network models with applications to Ethereum
transaction data and European power-grid networks. We
also use bootstrap and Bayesian uncertainty quantification
to study variability in diffusion trajectories and model pa-
rameters. This provides a statistical framework for study-
ing how failures or information may spread across networks
with different structures.

S M Mustaquim
University of Texas at El Paso
smustaquim@minters.utep.edu
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MS142

Improving the Computation of Bessel Functions
and Their Zeros

We present efficient and highly accurate algorithms for
computing the Bessel functions Jν(x) and Yν(x), their
derivatives, and their zerosquantities that play a central
role in many problems of science and engineering. The
proposed methods also enable the reliable computation of
zeros of general linear combinations

Cν(x) = cos(α)Jν(x)− sin(α)Yν(x),

as well as of cross products such as

Jν(x)Yν(βx)− Jν(βx)Yν(x).

These results are directly relevant to applications in wave
propagation, spectral methods, boundary value problems,
and eigenvalue computations in physics and applied math-
ematics. This is joint work with Javier Segura and Nico M.
Temme. Work supported by project PID2024-159583NB-
I00.

Amparo Gil
Depto. de Matematica Aplicada y CC de la Comput
University of Cantabria
amparo.gil@unican.es

MS142

Algorithmic and Ai-Driven Developments in Spe-
cial Functions in Mathematica

This talk surveys recent algorithmic developments in the
special functions framework of the Wolfram Language.
The focus will be on robust computational and symbolic
methods for new families of special functions (Heun-type
functions, multivariate hypergeometric functions, the Mei-
jerG/FoxH framework and others), improvements to long-
standing function families, and general holonomic solvers.
Closely related extensions, including fractional calculus
and generalized polylogarithmic functions, will also be dis-
cussed, together with emerging AI-driven techniques for
tasks such as differential equation solving and symbolic
expression simplification. Recent large-scale efforts to en-
hance and restructure documentation and educational ma-
terials on special functions, calculus, complex analysis and
partial differential equations will be briefly highlighted.

Tigran Ishkhanyan
Moscow Institute of Physics and Technology
tishkhanyan@gmail.com

MS142

Computing Generalized Hypergeometric Functions
via Rational-Algebraic Transformations

It is well-known that certain Möbius (linear fractional)
transformations provide analytic continuation of the Gauss
hypergeometric function. These transformations work by
exchanging the roles of the three singular points (0, 1,∞) of

the Gauss hypergeometric differential equation. As such,
every Gauss hypergeometric function is represented as a
linear combination of at most two others. Problemati-
cally, not one of these transformations brings the points
e±iπ/3 closer to the origin, and convergence in a neigh-
bourhood of these is also troublesome. In this work, we
explore the use of a rational-algebraic transformation that
induces pointwise convergence to any q+1Fq throughout the
complex plane. We compare and contrast this series with
another globally convergent method, a mapped Chebyshev
series obtained approximately by the ultraspherical spec-
tral method.

John Lopez
University of Manitoba
john.lopezsantander@umanitoba.ca

Richard M. Slevinsky
Department of Mathematics
University of Manitoba
richard.slevinsky@umanitoba.ca

MS142

Special Functions and the Numerical Solution of
Initial-Boundary Value Problems

Classical special functions emerge naturally in the study
of constant-coefficient PDEs on the line, particularly in
short-time asymptotic expansions near discontinuities. For
initial-boundary value problems (IBVPs), special func-
tions, and their generalizations, play an even more im-
portant role through the Unified Transform Method. In
this talk, we explore how singularities in the integral rep-
resentations for these generalized special functions play a
role in the solution to IBVPs. We highlight the challenges
associated with computing with these representations and
explore time integration methods built upon their numer-
ical evaluation.

Wietse Vaes
University of Washington
wietsev@uw.edu

Thomas Trogdon
University of Washington
Department of Applied Mathematics
trogdon@uw.edu

MS143

High Rank Zeta Functions of Arithmetic Orders
and Curve Singularities

We study a high rank generalization of the singular
Dedekind zeta functions arising from the classical ”impos-
sible” problems of counting modules over non-Dedekind
domains. Surprisingly, such zeta functions give rise to re-
markable special functions represented as q-series, lead-
ing to brand new infinite families of Rogers Ramanujan
type identities. Progress permitting, I will discuss an on-
going project with Ken Ono and Axiom Math team on
AI-assisted attack of new conjectured identities.

Yifeng Huang
University of Southern California
USA



136	 2026 SIAM Annual Meeting (AN26)AN26 Abstracts 135

yifenghu@usc.edu

MS143

Congruences and Cranks for Partitions with
Bounded Largest Part

We will showcase several varieties of infinite families of con-
gruences for partitions into parts from a finite set. We will
discuss the corresponding varieties of crank statistics wit-
nessing these congruences and show that Dyson’s rank of
a partition witnesses infinitely many of them. Our meth-
ods include polyhedral geometry, identifying power series
to polynomials, and q-series.

Brandt Kronholm
University of Texas Rio Grande Valley
brandt.kronholm@utrgv.edu

MS143

Further Analogs of Andrews’ Spt-Function Identity

Andrews’ celebrated identity for the spt-function, which
relates the spt-function to the partition function and the
second Atkin-Garvan rank moment, is obtained using Wat-
son’s q-analog of Whipple’s theorem. Subsequent analogs
of this identity using basic hypergeometric transformations
due to Bailey and Andrews have given rise to new partition-
theoretic interpretations of Ramanujan’s mock theta func-
tions, among other exciting results. In this talk, we in-
troduce two new analogs of Andrews’ spt-function identity
using basic hypergeometric transformations due to Verma
and Jain and explore the possibility of further work build-
ing on these new identities.

Rishabh Sarma
Pennsylvania State University
rishabh.sarma@psu.edu

MS143

Estimating the Imaginary Parts of the Roots of ζ(s)
and Other Partition Zeta Functions

Partition zeta functions are special functions that gener-
alize the Riemann zeta function ζ(s) using properties of
integer partitions. We present an elementary method for
estimating the imaginary parts of the roots of a certain
class of partition zeta functions that includes ζ(s), using
the method of least squares and the values of special se-
quences of integers. As a ”prime example”, we estimate
the imaginary parts of the first five nontrivial roots of ζ(s)
from information about the sequence of prime numbers.

Robert Schneider
Michigan Technological University
robertsc@mtu.edu

MS144

Scattering of Electromagnetic Waves by a
Quasiperiodic Grating: A High-Order Numerical
Method

In many applications of scientific and engineering inter-
est, the accurate modeling of linear waves scattered by
quasiperiodic media plays a crucial role. The ability to nu-
merically simulate such configurations robustly and rapidly
is of overwhelming importance in photonics applications.
In this talk we will discuss the specific problem of elec-
tromagnetic radiation interacting with a two-dimensional

multiply layered diffraction grating with quasiperiodic in-
terfaces. We describe how the classical boundary pertur-
bation method of Field Expansions can be extended to this
two-dimensional problem, and with specific numerical ex-
periments we will show the remarkable efficiency, fidelity,
and high-order accuracy one can achieve with an imple-
mentation of this algorithm.

David P. Nicholls
University of Illinois at Chicago
davidn@uic.edu

MS144

Recovering Internal Waves Features from Magnetic
Field Data

Oceanic internal waves occur beneath the sea surface and
can be described as gravity waves oscillating within a
density-stratified fluid. They are relevant to oceanogra-
phers and engineers as they contribute to ocean mixing and
turbulence, and affect offshore structures. It is known that
internal waves generate magnetic signals as conductive sea-
water moves through the Earth’s magnetic field. However,
the amplitudes of these signals are several orders of mag-
nitude smaller than the background field’s, posing signifi-
cant challenges to their detection using traditional methods
based on remote sensing via satellites. This work takes ad-
vantage of potential flow theory to build a simple model of
a two-layer fluid in two spatial dimensions, coupling it with
the linearized magneto-hydrodynamic (MHD) equations to
characterize the magnetic field induced by sinusoidal in-
ternal waves. Our implementation produces a magnetic
field whose features validate well against commercial-tools-
based MHD models. Using synthetic magnetic field data
collected from only a few probes placed near the seafloor,
we are able to recover essential features of the internal
waves. As technological advancements allow for more ac-
curate detection of these fields via magnetometers, our nu-
merical results show that sparse magnetic measurements
contain sufficient information for accurate parameter re-
covery, establishing potentially viable pathways for practi-
cal oceanographic sensing applications

Matteo Polimeno
New Jersey Institute of Technology
matteo.polimeno@njit.edu

MS144

A Mixed Finite Element Method for the Stochastic
Boussinesq Equations with Multiplicative Noise

In this talk, I discuss a fully discrete mixed finite element
approximation of the stochastic Boussinesq system driven
by multiplicative noise. The spatial discretization is car-
ried out using a standard mixed finite element method,
while time integration is based on a semi-implicit Euler-
Maruyama scheme. By combining a localization technique
with high-moment stability estimates, we derive rigorous
error bounds for the velocity, pressure, and temperature
approximations. As a direct consequence, we establish con-
vergence in probability of the fully discrete scheme in both
L2 and the energy norms. Several numerical experiments
are presented to confirm the theoretical error estimates and
to illustrate the effectiveness of the proposed method.

Liet Vo
University of Texas Rio Grande Valley
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MS145

Catch-22s of Reservoir Computing

Reservoir Computing (RC) is a simple and efficient model-
free framework for forecasting the behavior of nonlinear dy-
namical systems from data. Here, we show that there exist
commonly-studied systems for which leading RC frame-
works struggle to learn the dynamics unless key informa-
tion about the underlying system is already known. We
focus on the important problem of basin prediction: de-
termining which attractor a system will converge to from
its initial conditions. First, we show that the predictions
of standard RC models (echo state networks) depend crit-
ically on adequate ”warm-up” data from the real system,
needing almost the entire transient in order to identify the
correct attractor (by which point predictions are moot).
Accordingly, we turn to Next-Generation Reservoir Com-
puting (NGRC), an attractive variant of RC that requires
minimal warm-up time. By incorporating the exact non-
linearities in the original equations, we show that NGRC
can accurately reconstruct intricate and high-dimensional
basins of attraction, even with sparse training data (e.g., a
single transient trajectory). Yet, even tiny uncertainties in
the exact nonlinearity can render prediction accuracy no
better than chance. Our results highlight the challenges
faced by data-driven methods in learning the dynamics of
multistable systems and suggest potential avenues to make
these approaches more robust.

Sean P. Cornelius
Toronto Metropolitan University
cornelius@torontomu.ca

Yuanzhao Zhang
Santa Fe Institute
yzhang@santafe.edu

MS145

A Dimension Reduction Technique for Modern
Hopfield Networks as Hypergraphs Modeling High-
Order Interactions

A modern Hopfield network can be viewed as a weighted
hypergraph in which each memory pattern forms a hy-
peredge connecting many neurons simultaneously; because
these higher-order interactions span a high-dimensional
state space whose size grows rapidly with the number of
neurons and stored patterns, the resulting dynamics are
mathematically challenging to characterize and analyze. In
this talk, we present a dimension reduction technique to
study such hypergraphs. This technique represents local
interactions in a system as a matrix, allowing global quan-
tities such as partition functions, to be computed through
matrix products and spectral analysis.

Linh Huynh
Dartmouth College
linh.n.huynh@dartmouth.edu

Matthew Harper
Michigan State University
harpe111@msu.edu

Nick Cyriax
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MS145

Inference for Time Series of Networks with Un-
known Vertex Correspondence

Existing methodology for changepoint localization in an
evolving time series of networks generally relies on accu-
rately prescribed vertex correspondence between network
realizations at different times. However, such vertex align-
ments are often misspecified or even unknown. To under-
stand the impact of vertex misalignment on inference for
dynamic networks, two illustrative models are constructed
for network evolution, each with a similar changepoint.
Different techniques are compared for changepoint localiza-
tion, ranging from the simple network statistic of average
degree to the more involved and recently developed proce-
dure of Euclidean mirrors. In one model, vertex misalign-
ment causes comparatively little error, and in the other, it
seriously impairs localization, although the Euclidean mir-
ror procedure can nevertheless extract a meaningful signal.
It is shown how misalignment between network realizations
at different times can effectively weaken their underlying
correlation, impeding inference procedures that rely on ac-
curate inference of such correlation. Graph matching and
optimal transport is discussed, both of which are potential
mechanisms for mitigating errors from misalignment, but
which may also fail to improve inference under certain mod-
els. Simulations are presented that illustrate these varying
effects on approaches to localization.

Tianyi Chen
Johns Hopkins University
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MS145

Agglomerative Matching on Networks

In the setting of an observational study, we may want to
compare treatment and control units where the control
units are both smaller and more numerous than the treat-
ment units. In order to make comparable causal inferences,
then, we seek to group control units together into agglom-
erations that appear as similar to the treatment units on all
covariates as possible, where an underlying network struc-
ture governs the allowable groupings. We call this prob-
lem ”agglomerative matching”, which resembles the well-
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known synthetic control method, but is fundamentally ad-
ditive rather than averaging. We present recent work on
this problem, including an application of assessing the im-
pact of Indigenous land rights on reforestation in the At-
lantic Forest in Brazil.

Sam Zhang
University of Vermont
sam.zhang@uvm.edu

MS147

Multifidelity Covariance Estimation via Regression
on the Manifold of Symmetric Positive Definite
Matrices

We introduce a multifidelity estimator of covariance matri-
ces formulated as the solution to a regression problem on
the manifold of symmetric positive definite matrices. The
estimator is positive definite by construction, and the Ma-
halanobis distance minimized to obtain it possesses prop-
erties enabling practical computation. We show that our
manifold regression multifidelity (MRMF) covariance es-
timator is a maximum likelihood estimator under a cer-
tain error model on manifold tangent space. More broadly,
we show that our Riemannian regression framework en-
compasses existing multifidelity covariance estimators con-
structed from control variates. We demonstrate via numer-
ical examples that the MRMF estimator can provide signif-
icant decreases, up to one order of magnitude, in squared
estimation error relative to both single-fidelity and other
multifidelity covariance estimators. Furthermore, preser-
vation of positive definiteness ensures that our estimator is
compatible with downstream tasks, such as data assimila-
tion and metric learning, in which this property is essential.

Aimee Maurais
Massachusetts Institute of Technology
maurais@mit.edu

MS147

Geometry of the Signed Support of a Multivariate
Polynomial and Descartes Rule of Signs

In this talk, we discuss combinatorial conditions on the
signed support of a multivariate polynomial, that is, on its
set of exponent vectors and the signs of its coefficients, that
provide upper bounds on the number of connected compo-
nents of the subset of the positive real orthant where the
polynomial takes negative values. We frame this problem
as a generalization of Descartes’ rule of signs to multivari-
ate polynomials and discuss its applications to the study
of biochemical reaction networks.

Máté Telek
Budapest University of Technology and Economics
t1mate95@gmail.com

MT1

Introduction to Bayesian Inverse Problems Gov-
erned by Partial Differential Equations (PDEs): A
Hands-on Tutorial using hIPPYlib

This tutorial introduces hIPPYlib, an open-source Python
framework for large-scale deterministic and Bayesian in-
verse problems governed by PDEs. Built on top of FEn-
iCS and PETSc, hIPPYlib provides scalable adjoint-based
algorithms for PDE-constrained optimization, uncertainty

quantification (UQ), and Bayesian inference. The ses-
sion will combine mathematical background with hands-
on computational examples implemented in Jupyter note-
books. Participants will learn how to formulate inverse
problems in a Bayesian framework, compute gradients and
Hessian actions using adjoint methods, and solve large-
scale optimization problems with inexact Newton-CG algo-
rithms. The tutorial will also introduce low-rank approx-
imations of posterior covariance operators, scalable sam-
pling methods for Gaussian random fields, and Hessian-
informed Markov chain Monte Carlo sampling methods.
Through guided examples, attendees will experiment with
modern algorithms in PDE-based inverse problems and
UQ, while gaining practical experience using hIPPYlib to
construct forward models, define priors and likelihoods,
and perform deterministic and Bayesian inversion. This
tutorial also serves a prelude to Dr. Petras plenary
talk “IP8 Scalable Methods for Large-Scale Bayesian In-
verse Problems Under Model Uncertainty.” The hIPPYlib
project started in 2016 with initial support from the US
National Science Foundation under awards ACI-1550593,
ACI-1550547.

Umberto Villa
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MP1

Randomized Algorithms for Recovering Mon-
odromy Groups amidst Errors

Certifying the computation of monodromy groups can be
computationally difficult. In practice, one computes it by
taking the group generated by a few random monodromy
permutations, a method subject to numerical and prob-
abilistic errors. Under some generalizing monodromy as-
sumptions, we analyze the reliability of this method and de-
velop an improved version which can detect errors in both
sampled permutations and computed candidate groups.
Through examples, we illustrate this improvement and the
maintained efficiency of our verification method.

Juhee Kim
University of Western Ontario
jkim2593@uwo.ca
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Western University
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MP1

A Higher-Order Super-Linear Convergent Interior
Point Method for Second-Order Cone Program-
ming

In second-order conic optimization, the central path lacks
an analytic extension to µ = 0 in the absence of the strict
complementarity condition. Motivated by tools from real
algebraic geometry and the Newton-Puiseux theorem, we
introduce a reparametrization µ → µρ, where ρ is the rami-
fication index of the central path, to recover the analyticity
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of the central path at µ = 0. We then develop a higher-
order interior point method that utilizes higher-order Tay-
lor approximations of the reparametrized central path to
define search directions. The proposed algorithm is de-
signed to achieve superlinear convergence even when the
strict complementarity fails.

Jaehyuk Kwon
University of North Carolina - Chapel Hill
jaehyuk@unc.edu

MP1

Modeling Microbial Co-Occurrence Networks with
the Shell Distribution Exponential Random Graph
Model

The focus of this project is an exponential random graph
model (ERGM) arising from the k-core structure of net-
works. The central challenge is the computation of the
maximum likelihood estimate (MLE). Because this model
is not log-linear, the MLE is approximated using Markov
chain Monte Carlo (MCMC) algorithms that explore the
space of graphs by repeatedly adding and removing edges
and recomputing the sufficient statistics. Each proposed
move requires recomputing the statistics for the modified
graph, which can be computationally expensive. We study
how the statistics change under the addition or deletion of a
single edge and explore the technical challenges of acceler-
ating the MCMC procedures used for likelihood estimation.
We apply an updated algorithm to compare the structural
properties of two microbial co-occurrence networks which
arise from UH Manoa’s C-MAIKI project sampling multi-
ple sites along the Waimea watershed.

Cashous Bortner
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MP1

Linear Fundamental Matrix Estimation from 7 Or
5 Points

We revisit the problem of estimating the fundamental ma-
trix of a pair of perspective cameras, a cornerstone of ge-
ometric computer vision. As is well-known, linear solvers
require at least 8 point correspondences, whereas nonlin-
ear minimal solvers require just 7 in the uncalibrated case
or 5 in the calibrated case. In this paper, we consider a
special case of the 7-point problem where 5 of the points
are configured to lie on two lines, which has previously
been shown to have a unique solution. As a theoretical
contribution, we offer an analysis of how this uniqueness

manifests in the standard 7-point algorithm. On a practi-
cal level, we provide the first practical linear solver for the
minimal problem associated to this special configuration.
Additionally, we evaluate a heuristic 5-point fundamental
matrix solver based on the construction of virtual mid-
points. When combined with early non-minimal fitting,
the runtime and accuracy of our solver is competitive with
the state-of-the-art (SoTA) on multiple benchmarks.

Juan Mogollon, Taci Kucukpinar, Joshua Fraser
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PP1

Can Quantum Computers Be Used for Parameter
Estimation in Epidemiological Models?

Parameter estimation is a fundamental challenge in the
calibration of ordinary differential equation (ODE) mod-
els, where repeated numerical integration can lead to high
computational cost. In this work, we investigate whether
near-term quantum algorithms can be leveraged to assist
parameter estimation in nonlinear dynamical systems. Fo-
cusing on the susceptibleinfectedrecovered (SIR) model,
we develop a hybrid classicalquantum framework that re-
formulates a data-assimilationbased parameter estimation
problem as a combinatorial optimization task. Model dy-
namics and data assimilation are enforced entirely on the
classical side, while the resulting parameter estimation ob-
jective is discretized and approximated by a quadratic un-
constrained binary optimization (QUBO) surrogate. This
surrogate is mapped to an Ising Hamiltonian and mini-
mized using the Quantum Approximate Optimization Al-
gorithm (QAOA). Numerical experiments with synthetic
data demonstrate that the proposed approach accurately
recovers epidemiological parameters and reproduces ob-
served dynamics while requiring substantially fewer ODE
solves than classical methods. This framework avoids
quantum state tomography and is compatible with near-
term quantum hardware, illustrating a viable pathway for
integrating quantum optimization into data-driven param-
eter estimation for nonlinear dynamical systems.

Muhammad Jalil Ahmad, Animikh Biswas, Kathleen
Hoffman
University of Maryland Baltimore County
ls47576@umbc.edu, ls47576@umbc.edu,
ls47576@umbc.edu
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University of Maryland, Baltimore County
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PP1

Multi-Omics Integration of Mirna and Mrna Iden-
tifies Shared Neurodegenerative Genes and Their
Pathways in Parkinson and Multiple Sclerosis Dis-
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eases

Neurodegenerative diseases (NDDs) such as Parkinsons
disease (PD) and Multiple Sclerosis (MS) involve pro-
gressive neuronal dysfunction and may share molecular
mechanisms. Beyond protein aggregation, growing evi-
dence implicates dysregulated RNA metabolism in NDD
pathogenesis. Because most of the genome is transcribed
into non-coding RNAs, including microRNAs (miRNAs),
and miRNAs post-transcriptionally regulate neurodegen-
erative pathways, we hypothesize that PD and MS share
miRNAmRNA regulatory signatures and convergent neu-
ronal pathways. Public datasets were obtained from GEO:
PD miRNA profiles from human iPSC-derived midbrain
organoids (GSE294029) and MS bulk RNA-seq mRNA pro-
files from selected conditions in GSE268150. Differential
expression identified dysregulated miRNAs (PD) and mR-
NAs (MS). Predicted targets of PD-associated miRNAs
were intersected with MS DEGs to reveal shared interac-
tions. Targets from the top 50 PD miRNAs yielded 4,412
mRNAs; the MS dataset contained 54 DEGs. Intersection
identified 29 common mRNAs (28 downregulated, 1 upreg-
ulated). GO enrichment (BP, MF,CC) highlighted shared
disruption of chromatin organization and transcriptional
repression, implicating regulators including CTCF, SMAR-
CAD1, CHD1, SPEN, and REST. These results suggest
PD and MS converge on chromatin-centered nuclear reg-
ulatory processes, and nominate underexplored regulators
(CTCF, SMARCAD1, SPEN) as candidate cross-disease
drivers for follow-up validation.

Sultana Akter
University of Toledo, Toledo, Ohio
sakter2@rockets.utoledo.edu

PP1

Uncovering the Unknown Unknowns

We argue for shifting AI in healthcare from emulation of
human-designed datasets to discovery of novel signals by
learning acquisition processes and seeking unknown un-
knowns. Methods include: (i) active experimental design
to discover informative data sources, (ii) representation
learning to surface anomalous but predictive patterns, and
(iii) model-guided data acquisition that iteratively refines
sensors and protocols. Case studies show how nontradi-
tional features can improve predictive performance and
reveal unexpected risk markers. We outline evaluation
frameworks and governance safeguards for discovery-driven
healthcare AI.

Hadia Alabed, Onur Serçinoglu
Trakya University
hadia.alabed1@gmail.com, osercinoglu@outlook.com

PP1

Modeling Fractional Dust-Acoustic Shock Waves in
a Complex Plasma Using Novel Techniques

This work investigates how fractionality affects the dynam-
ical behavior of dust-acoustic shock waves that arise and
propagate in a depleted-electron complex plasma. This
model consists of inertial negatively charged dust grains
and inertialess nonextensive distributed ions. Initially, the
fluid model equations that govern the propagation of non-
linear dust- acoustic shock waves are reduced to the inte-
ger Burgers-type equations using the reductive perturba-
tion method. Thereafter, the integer Burgers-type equa-
tions are converted to the fractional cases using a suitable

transformation. For analyzing this fractional family, both
the Tantawy technique and the new iterative method are
implemented within the Caputo sense framework. These
methods can produce highly accurate analytical approx-
imations without necessitating stringent assumptions or
intricate computational processes, in con- trast to other
similar methods. Numerical examples and the calculation
of the absolute error demonstrate the efficacy of the sug-
gested methodologies, emphasizing their superior precision
and swift convergence.
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PP1

Heat Transport Efficiency in Rheology of Radiated
Casson Material Due to Porous Shrinking Cylinder

In several industrial and thermal management systems,
maintaining continuous thermal propagation is essential
because it makes thermal engineering mechanisms and ma-
chinery more efficient. This article presents a unique con-
tribution by thoroughly examining the mass transfer and
thermal properties of Casson fluid in motile microorgan-
ism suspensions over a shrinking cylinder. The physical
characteristics of the problem are governed by partial dif-
ferential equations, which are converted to ordinary differ-
ential equations using appropriate similarity variables. To
find the duality of solutions, the Bvp4c solver from MAT-
LAB is used in the solution approach. The various flow
characteristics of Casson fluid have been illustrated with
graphs. The engineering quantities, such as friction fac-
tor, Sherwood, Nusselt, and density number have also been
computed and graphically depicted. The studys main find-
ing reveals that higher suction strength enhanced the skin
friction coefficient and transportation rate in the shrink-
ing zone. There is a higher Eckert number and thermal
radiation decreased the thermal transport rate, whereas
reaction rate increased the solutal transfer rate. The re-
sults also demonstrated that in the second branch solution,
with increasing magnetic and Casson factors, the fluid flow
velocity distribution decreases, while in the first branch so-
lution, it increases. These findings add important insights
into optimizing heat transport in modern systems of engi-
neering.
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PP1

Comparative Analysis of Optimizers in LSTM-
Based Stock Price Prediction.

The prediction of stock prices remains a central challenge
in financial engineering and computational finance, charac-
terized by inherent non-stationarity, high-frequency noise,
and complex temporal dependencies. Long Short-Term
Memory (LSTM) networks have emerged as a predom-
inant architecture for capturing such temporal dynam-
ics; however, the performance of these models is strongly
influenced by the choice of optimization algorithm used
during training. While the ADAM optimizer has widely
been adopted in financial time-series modeling, system-
atic comparative studies examining advanced optimizers
remain sparse within the financial domain. This study
conducts a rigorous empirical investigation of first-order
(ADAM) and second-order (AdaHessian, SophiaG) opti-
mization methods, training identically-configured LSTM
models on publicly available equity price data for Apple.
Performance is evaluated through multiple complemen-
tary metrics: Root Mean Squared Error (RMSE), Mean
Absolute Error (MAE), Mean Absolute Percentage Error
(MAPE), coefficient of determination (R2), and Directional
Accuracy (DA).

Sunday T. Ayodeji
Federal University of Technology Akure
sundaytimileyin.ayodeji@ucf.edu

PP1

A Meta-Analysis of Lake Model Performance

The scientific literature contains a well-known gap concern-
ing the lack of industry standards in mathematical verifi-
cation of lake models. To address this gap, we present
a systematic review on how a lakes physical properties,
its model calibration, and its model sensitivity/uncertainty
analysis influence the statistical validation of their simula-
tions. To determine the primary drivers of lake model accu-
racy, we performed K-means clustering and random forest
algorithms on a dataset containing lake metadata and re-
ported statistical errors, with optimized hyperparameters
to cement the validity of our inferences. The findings pro-
vide critical insights for limnologists on the recommended
methodology of model verification, leading to more well-
informed lake management decisions.

Ali Balooch
University of Nevada, Las Vegas
ali.balooch@unlv.edu

PP1

Perturbation-Based Selection for Functional Re-
gressors: Stability, Geometry, and Group Struc-
ture

Variable selection for functional regressors can be viewed
as extracting sparse structure from ill-conditioned prob-
lems induced by discretization and basis expansions. We

propose a perturbation-based perspective that connects
subsampling stability and correlation-aware column per-
turbations within a common framework. Starting from
functional regression in a finite-dimensional representa-
tion (splines, wavelets, or FPCA scores), we analyze two
perturbation operators: (i) row subsampling leading to
stability selection frequencies and (ii) column perturba-
tions constrained to correlation groups, inspired by geo-
metric resampling on the unit sphere. The latter moti-
vates an FDA adaptation of SelectBoost, where each pre-
dictor is perturbed within an equivalence class defined
by correlation thresholds or by domain-aware neighbor-
hood structure. We show how group structure naturally
arises from basis blocks and leads to group-sparse penal-
ization as the base selector. The method outputs a two-
parameter family of selections indexed by subsampling rate
and correlation-perturbation strength, enabling a princi-
pled study of monotonicity, regularization paths, and pre-
cisionrecall trade-offs. We discuss complexity and pro-
vide practical guidance on perturbation grids, enforcing
monotone selection proportions, and designing locality-
preserving association matrices for functional domains.
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PP1

Inferring Hidden Trajectories in Discretely Ob-
served Markov Jump Processes: A Regularized
Likelihood Approach on the Ehrenfest Model and
Beyond

In previous work, likelihood maximization for continuous-
time Markov chains was studied, showing that the max-
imum likelihood estimator (MLE) can be computed via
EM or Markov chain Monte Carlo methods. We consider
estimation of the infinitesimal generator Q of a finite-state
continuous-time Markov jump process X(t) when only the
endpoints X(0) and X(T ) are observed. Under this ex-
treme censoring, the classical MLE does not exist. We
introduce a regularized likelihood functional and prove ex-
istence of a maximizer. The approach is illustrated us-
ing Manhattan taxi movement data, where locality is en-
forced by constraining Q to neighboring transitions en-
coded through the graph Dirac operator. Using the reg-
ularized estimator, we reconstruct unobserved trajectories
via a Doob h-transform embedded in an expectation max-
imization framework. Numerical examples demonstrate
recovery of hidden distributions and scalability to sparse
graphs.

Dipanwita Bose
University of Houston
dbose2@cougarnet.uh.edu

PP1

Representation-Theoretic Bounds on Parameter
Efficiency in Group-Equivariant Neural Networks

We establish fundamental limits for representing neural
networks with cyclic group symmetry constraints. While
standard neural networks require O(n2) parameters for
an n × n weight matrix, group-equivariant networks re-
quire only O(n) parameters due to representation-theoretic
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constraints. We provide complete characterization using
Schur’s lemma and representation theory of cyclic groups.
For G = Z/nZ, the dimension of equivariant linear maps is
dG =

∑
i mini dimEndG(χi) where χi are irreducible rep-

resentations with multiplicities mi, ni. For regular repre-
sentations of prime-order cyclic groups, we prove exactly p
free parameters suffice (versus p2 generically), yielding lin-
ear compression ratio κ = p. We derive covering number
bounds showing ϵ-approximation requires (1/ϵ)dG network
instances, and prove quantization needs dG log(1/ϵ) bits
per layer. Unlike prior compression work [Han et al., NIPS
2015] treating networks generically, we exploit algebraic
structure for provable parameter reduction. We hope that
the framework could be extended to other finite groups via
similar representation-theoretic analysis.
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Illinois Mathematics and Science Academy
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PP1

Structure-Preserving Reduced Order Modeling of
Particle-in-Cell Simulations

Fluid models of plasmas have had high success in the field
of fusion energy research, but they are fundamentally lim-
ited to capturing macroscopic physics. Kinetic models,
which are orders of magnitude more costly to simulate, are
used as an alternative to fluid models when kinetic effects
are important to the plasma dynamics of interest. This
work focusses on the particle-in-cell (PIC) kinetic model
which can be used for studying the formation and growth
of instabilities during plasma confinement among other
things. The early phase of instability growth is dominated
by linear dynamics but often consumes high fractions of
the total runtime before the interesting nonlinear dynam-
ics emerge. To solve this problem a structure-preserving
reduced order model (ROM) for PIC simulations is pro-
posed which significantly reduces the cost of simulating
kinetic plasma instabilities while preserving the symplec-
tic structure of the physical system. This ROM lever-
ages proper symplectic decomposition (PSD) and a novel
structure-preserving hyper-reduction technique to obtain a
significant speedup over the full order model.
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PP1

State Estimation for a DC Power Grid Model under
Uncertainty

Mathematical models of power grids are essential for pre-
diction, monitoring, and operational decision-making in
modern energy systems. Their effectiveness, however, is

often limited by uncertainties in parameters, partially ob-
served states, and model discrepancies. Accurately esti-
mating these quantities from noisy and incomplete mea-
surements is therefore crucial for reliable and efficient grid
operation. In this poster, we study parameter and state
estimation in power systems under uncertainty for a DC
power grid model. We develop methods to infer unobserv-
able quantities from observational data while accounting
for measurement noise and model discrepancies. By lever-
aging adjoin-based techniques for efficient optimization and
Bayesian inference and approximation approaches, we aim
to improve the robustness and accuracy of these estimates,
ultimately enhancing the prediction capabilities of power
grid models.
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PP1

Predicting General Election Outcomes From Pri-
mary Results at the Precinct Level

In the United States, polling data are collected at the state
level, but election results vary substantially within states
(e.g., between rural and urban areas). Unlike polls, elec-
tion results are often available at the precinct level, and
these fine-scale data can provide insight into how primary
elections, general elections, and voter turnout are related
at a granular level. Using primary and general election
data at the precinct level for past presidential races, we
model the relationship between the degree of partisan con-
sensus (entropy) in the primaries and each partys under-
or over-performance in the general election. These pat-
terns give insight into voter turnout decisions and provide
a fine-grained method for forecasting general elections.
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PP1

Closed Form Logical Error Rate Approximations
for Surface Codes

We propose a novel method to calculate logical error rates
in surface codes, assuming independent and identically dis-
tributed physical errors. We show how to use our method
to analyze hypothetical quantum computers with various
configurations and select designs with lower error rates.
Currently, this requires expensive classical simulations of
quantum decoders for various distances and physical error
rates or inaccurate extrapolation from minimal experimen-
tal data. Instead, we use the symmetry of the problem to
count the configurations that result in a logical error with
our novel software. Given a physical error rate, we can
deduce the probability of a logical error, to provably good
accuracy. We include an analysis of measurement errors to
allow a more complete comparison of different surface code
implementations.

Daniel Dilley
Argonne National Laboratory
ddilley@anl.gov

Shaked Regev, Andrea Delgado
Oak Ridge National Laboratory
regevs@ornl.gov, delgadoa@ornl.gov

Ryan Bennink
Oak Ridge National Lab
benninkrs@ornl.gov

PP1

Geometric and Dynamical Theory of Latent Com-
putations in Neural Networks

Many studies have identified low-dimensional sets of be-
havioral variables encoded within large-scale neural activ-
ity patterns. However, dimensionality reduction analyses
alone cannot yield causal explanations for how networks
stably implement computations that are resilient to the
substantial variability of single neuron dynamics. Further,
existing methods for dimensionality reduction often rely on
simplifying assumptions about network structure that limit
their applicability and explanatory power. Here, we intro-
duce the concept of latent processing units (LPUs), which
are architecture-agnostic computational elements operat-
ing within biological neural circuitry. Six theorems gov-
erning coding and computation by LPUs collectively pro-
vide explanations for a range of common biological find-
ings: low-dimensional sets of coding variables can gener-
ate high-dimensional neural dynamics; many neurons have
activity patterns that represent behaviorally relevant vari-
ables but exert little influence on downstream circuits; lin-
ear readouts of neural population activity commonly allow
near-optimal decoding of behaviorally relevant variables;
drift in neural representations are often substantial even
while network computations remain intact. Overall, our
treatment of LPUs enacted in network dynamics unifies the
geometric and dynamical views of neural computation un-
der a joint framework and provides systems neuroscience
with a causal account of how the brain executes reliable
computations

Fatih Dinc
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PP1

Principal-Agent Problems: Volatility Control with
Quadratic Penalty

This thesis studies the continuous-time principal-agent
problem, where an investor (principal) contracts a portfolio
manager (agent) to allocate wealth in a Merton-type geo-
metric Brownian motion model, and the principal designs
the compensation contract. In 2025, Chen, Qian, and Qiao
introduced a partial differential equation (PDE) approach
to the drift-control problem, where the agents allocation
enters only the drift of the output process. The central con-
tribution here is extending the PDE approach to volatility
control, where the agents allocation enters both the drift
and the volatility linearly. The main challenge is that the
agents optimal effort depends on the second spatial deriva-
tive of his value function v. We resolve this by reparame-
terizing in terms of the processes vx and vxx. Further, we
prove that wy, the derivative of the principals value func-
tion with respect to the agents value function, is conserved
along sample paths. Moreover, we show that the Hamilton-
Jacobi-Bellman equations satisfied by the principals and
the agents value functions reduce to transport-type PDEs,
and we obtain explicit solutions in some simplified cases
as benchmarks. This transport structure is available only
in the volatility-control case, and it is what we exploit nu-
merically. We develop a combined scheme that couples the
PDE methods with SDEbased Monte Carlo simulations, re-
covering the known contract structure in solved examples.

Chanuka Dissanayake
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chanuka.d@pitt.edu

PP1

Probability Currents and Doob Transforms Reveal
Geometric Phase in Noisy Oscillators

We show that geometric phase is not a metaphor but a
concrete mechanism in stochastic phase reduction. For
mean-return-time phase, the phase advance is tied to
stationary probability current and can be interpreted as
a Berry-type geometric phase determined by circulation
in state space. For asymptotic phase from backward-
operator eigenfunctions, the eigenphase provides a nat-
ural dynamical phase, but its evolution requires an ad-
ditional conditioning-induced drift. A generalized Doob
transform yields the conditioned dynamics and exposes an
AharonovAnandan-type geometric contribution. A noisy
StuartLandau example visualizes current fields and phase
partitions across parameter regimes. This framework clar-
ifies the relationship between MRT and spectral phase no-
tions and points toward extensions to coupled stochastic
oscillators and data-driven phase coordinates.

Yangyang Du
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Taking Advantage of Advanced Placement (ap)
Statistics for College Admission: A Study of High
School Students in the Houston Area

This project explores the Advanced Placement (AP) Statis-
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tics test scores of high school students across various dis-
tricts in the Houston area. It compares them to local
colleges’ minimum score requirements for college admis-
sion and course equivalency. Through this analysis, the
study highlights trends and differences in how colleges ac-
cept AP Statistics scores for credit. Based on the findings,
the project provides recommendations to the University
of Houston-Downtown (UHD) regarding appropriate min-
imum AP Statistics scores for college credits and course
equivalency. These recommendations aim to help UHD es-
tablish clearer policies that better align AP credit with the
expectations of college-level courses, benefiting both stu-
dents and the institution.
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PP1

Analyzing Algorithmic Reliability for Breast Can-
cer Detection Using Tumor Shape Analysis

There are numerous solutions for detecting breast cancer
in mammograms using deep learning algorithms with dif-
ferent degrees of accuracy and prediction reported. How-
ever, these algorithms are trained and tested in specific
datasets that are not easily available, and with rare excep-
tions the node weights and full network architecture are
provided. Furthermore, there are normally no reports for
the full set of instances in which the algorithm has pro-
duced either false positive or false negative results. Thus,
it is difficult to systematically evaluate algorithmic reliabil-
ity and obtain accurate statistics for prediction variability.
In this work, we generated a set of segmented tumors that
have been geometrically and phenotypically characterized
using elastic shape analysis. This data set provides a large
collection of artificially generated tumors to be placed in
mammograms that would be fed into a given deep learn-
ing algorithm for cancer detection or classification. Given
that this methodology gives control over specific geometric
shape changes in tumors (e.g., rotations or reflections), and
it is known that some deep learning algorithms are prone
to be challenged for simple geometric transformations, this
methodology provides a quantitative solution to analyze
the variability of predictions and ultimately obtain statis-
tics to assess the reliability of a deep learning algorithm.
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PP1

Transcritical Bifurcation Analysis and Burr Distri-
bution Fitting in a Dynamic Model of Suicide Risk

Suicide is a complex phenomenon characterized by hetero-
geneous transitions from ideation to consummated acts.
This work proposes a deterministic nonlinear dynamic
model to analyze the evolution of suicide risk in Colombia,
distinguishing between vulnerable, treated, and untreated

susceptible subpopulations. Methodology: We formulate
a risk rate function calibrated with official data (DANE,
SIVIGILA), demonstrating that the age-distribution of sui-
cide attempts follows a Burr distribution. A system of ordi-
nary differential equations is derived to capture population
interactions. Results: Stability analysis reveals diverse dy-
namic scenarios, including stable foci, nodes, and saddle
points. We establish analytical conditions for a transcriti-
cal bifurcation, which governs the coexistence of equilibria
and the persistence of endemic risk. Numerical simulations
and 3D vector field analysis suggest that controlling relapse
rates and increasing treatment coverage are critical mech-
anisms for shifting the system toward a suicide-resistant
state.
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PP1

Curriculum-Based Reinforcement Learning for Ef-
ficient Hyperparameter Adaptation in the No-U-
Turn Sampler

Sampling from complex posterior distributions is a cen-
tral challenge in Bayesian inference. Hamiltonian Monte
Carlo (HMC) and its No-U-Turn Sampler (NUTS) improve
upon basic Markov chain Monte Carlo methods, but their
efficiency depends critically on effective hyperparameter
tuning. As model complexity increases, likelihood evalua-
tions become costly and divergences more frequent, making
adaptation difficult. Current adaptation schemes, such as
dual averaging, are reinitialized for each new model and fail
to leverage transferable strategies or model-specific struc-
ture. We propose a reinforcement learningbased frame-
work for adaptive hyperparameter tuning of NUTS. An
agent is trained across a curriculum of models with increas-
ing complexity, learning strategies that generalize across
posterior geometries. The approach focuses on two key
hyperparametersthe step size and the target acceptance
ratereplacing model-specific tuning strategies with policies
learned through interaction with complex posterior geome-
tries. This enables transferable adaptation strategies while
retaining flexibility to respond to model-specific features.
We evaluate the method on benchmark and complex poste-
rior distributions, demonstrating reduced divergence rates,
improved convergence diagnostics, and lower runtime rela-
tive to standard NUTS adaptation. Our results provide a
scalable strategy for improving efficiency and reliability in
Bayesian computation.
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PP1

Proper Maps of Annuli

We study proper holomorphic maps of annuli in complex
Euclidean spaces, domains with U(n) as the automorphism
group. Such maps are always rational and extend to proper
maps of balls. We first prove that a proper map of annuli
from n dimensions to N dimensions where N <

(
n+1
2

)
is

always unitarily equivalent to an affine embedding. This
inequality is sharp as the homogeneous map of degree 2
satisfies the boundary point. This yields the first gap in-
terval for proper holomorphic maps between annuli, which
surprisingly is much longer than the well-known first gap
interval (n, 2n−1) for ball maps. Finally, we give complete
classification of proper maps of annuli of degrees 1 and 2.
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PP1

A Compartmental Model of An Opioid Epi-
demic: How Treatment Adherence Reduces Over-
dose Deaths

Opioid epidemics can be studied using compartmental epi-
demiological models that are based on ordinary differential
equations (ODEs). Such models provide a quantitative
framework for evaluating treatment strategies for opioid-
use disorders. We develop a mathematical model consist-
ing of five ODEs to examine how treatment adherence in-
fluences epidemic dynamics, in terms of both reduction in
epidemic peaks and overdose deaths prevented. The model
represents addiction through two distinct mechanisms: so-
cial transmission and prescription-driven use. Analytical
results of the model show that addiction always persists
at an endemic steady state. Specifically, no addiction-
free equilibrium exists, and hence no basic reproduction
number (R0), as long as prescription-driven initiation is
present. Numerical simulations investigating treatment ad-
herence show that the epidemic peak and the steady state
level of addictions are lower with higher levels of adher-
ence. Further, achieving at least 60% treatment adher-
ence yields approximately 30% fewer cumulative overdose
deaths. These results highlight the importance of develop-
ing interventions to mitigate opioid-related harm.
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PP1

Robustness and Stability in a Closed-Loop Respi-

ratory Network with Heterogeneous Populations

The pre-Btzinger complex (preBtc) serves as the kernel for
the mammalian inspiratory rhythm. While single-neuron
models capture fundamental pacemaking properties, they
fail to account for population-level dynamics within the
closed physiological feedback loop. This study extends the
closed-loop breathing framework of Diekman, Thomas, and
Wilson (2017) by replacing their single-neuron controller
with a heterogeneous population of N = 20 Butera-Rinzel-
Smith bursting neurons. The model couples conductance-
based differential equations for neuronal voltage to first-
order motor kinetics and gas exchange dynamics. We
analyze the system’s homeostatic robustness against in-
creasing metabolic demand (M). In homogeneous networks,
closed-loop chemosensory feedback flattens the response
curve, maintaining eupnea across a broad metabolic range
before a sharp bifurcation leads to tachypneic collapse.
We demonstrate that recurrent excitatory synaptic cou-
pling significantly extends this stability margin by enhanc-
ing integrated inspiratory drive. Furthermore, introducing
Gaussian parameter heterogeneity (coefficient of variation
≈ 3%) transforms the failure mode from a sharp ”cliff” to a
distributed, sigmoidal threshold. The system also exhibits
robust period-n alternans and irregular recruitment pat-
terns near stability boundaries. These findings provide a
mechanistic account of how intrinsic diversity and network
topology may modulate respiratory resilience in vivo.
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PP1

Deterministic Subspace Adequacy in Reduced-
Subspace LevenbergMarquardt Methods for Large-
Scale Nonlinear Least Squares Problems

The LevenbergMarquardt (LM) algorithm is the most
widely used method for solving nonlinear least-squares
problems, as it combines the robustness of steepest de-
scent with the fast local convergence of the GaussNew-
ton method. However, when solving large-scale inverse
problems, the LM algorithm can be prohibitively expen-
sive. In particular, repeated trust-region radius updates
may require many damped subproblem solves and inner
iterations. At the same time, many inverse problems are
effectively low-dimensional, since only a small number of
parameter-space directions are strongly informed by the
data. In this work, we propose a reduced-subspace Leven-
bergMarquardt (RSLM) algorithm by constructing a low-
dimensional subspace that captures descent-relevant infor-
mation and computes a spectrally damped LM step within
it. A key component of the method is a deterministic
subspace adequacy monitor that controls subspace expan-
sion and step acceptance follows a simple line-search rule.
Meanwhile, the ratio of predicted to actual reduction is
used exclusively to update the damping parameter. We
establish results on global convergence and local conver-
gence, including linear and superlinear convergence, un-
der appropriate assumptions. To evaluate practical perfor-
mance, we also implement both the classical LM algorithm
and the RSLM algorithm in a feedforward neural network
as a nonlinear function approximation and compare their
computational costs and convergence speeds.
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PP1

A Unified Theory for Universal Multiscale Closure

In multiscale modelling, the closure problem represents
the fundamental challenge of quantifying the influence of
small-scale fluctuations on large-scale change. We pro-
pose a Unified Theory for Universal Multiscale Closure:
a lossless mathematical framework that employs continu-
ous feedback loops to capture directional changes at their
micro-scale inception. By mapping this evolution to the
macro-scale with zero information loss in the causal chain,
this theory eliminates the reliance on historical bias and
provides an exact mathematical bridge across any scale,
preserving the structural integrity of the system from in-
ception to observation. To maintain computational effi-
ciency while projecting long-term changes, the framework
employs a recursive filtration process: 1. Detection: Mon-
itors the micro-scale at highest observable frequency to
identify the start of a new causal path at its most gran-
ular inception. 2. Propagation: Maps the signal across
the scale hierarchy to capture the transfer of information
from micro-fluctuations to macro-structures. 3. Filtration:
Filters preceding high-frequency noise once its causal tran-
sition is complete, solving the computational bottleneck. 4.
Validation: Synchronises across consecutively lower time-
frames to confirm topological consistency by verifying that
the micro-trajectory persists as it matures into macro-scale
resolutions.

Ade Jinadu
sumtyme.ai
ade.jinadu@sumtyme.ai

PP1

Bayesian Inference for Infectious Disease Model-
ing: An Sir Model Case Study

The SusceptibleInfectiousRecovered (SIR) model is a clas-
sical system of nonlinear ordinary differential equations
(ODEs) used to describe infectious disease dynamics in a
closed population. In this project, we adopt a Bayesian
inference framework to estimate the key epidemiological
parametersthe transmission rate (β) and the recovery rate
(µ)from observed epidemic data. The deterministic SIR
system is embedded within a probabilistic observation
model to account for measurement noise and partial ob-
servability, yielding a likelihood function defined implicitly
through numerical ODE integration. Posterior inference is
performed using a MetropolisHastings within Gibbs (MH-
within-Gibbs) sampling scheme. Conditional updates are
constructed for each parameter, with MetropolisHastings
steps employed where closed-form full conditional distribu-
tions are unavailable. This approach enables joint estima-
tion of parameters while quantifying uncertainty through
posterior summaries and credible intervals

Jacob Kapita
Louisiana State University
jkapit1@lsu.edu

PP1

Phase Transitions in Turnpike Theory For Mean-
Field Games

We study a translation-invariant mean-field game on the
flat torus with interaction F (x,m) = γ(K ∗ m)(x), where

K is smooth, even, and mean-zero. The interaction is of
potential type, arising as the first variation of a quadratic
energy, though the stationary system is not treated vari-
ationally. Linearizing around the uniform equilibrium
yields mode-wise 2 × 2 systems with dispersion σξ(γ) =

ν2(2π|ξ|)4+γ(2π|ξ|)2K̂(ξ). If K̂ is negative for some mode,
a finite threshold

γc = min
K̂(ξ)<0

ν2(2π|ξ|)2

|K̂(ξ)|

marks loss of stability; otherwise γc = +∞. Near criti-
cality, the spectral gap scales as ρ(γ) ∼ C∗

√
γc − γ. For

γ < γc, the uniform state is exponentially stable in the
turnpike sense for finite-horizon problems, with rate ρ(γ).
At γ = γc, the gap closes and, after phase fixing and center-
manifold reduction, one obtains algebraic midpoint decay
of order T−1/2. For γ > γc, a branch of nonuniform sta-
tionary solutions bifurcates via a pitchfork-type amplitude
equation, with translations generating the full family. Fi-
nally, under standard asymptotic-consistency assumptions
on symmetric N -player equilibria in the subcritical regime,
we obtain qualitative propagation of chaos, without quan-
titative rates.

Siddharth Karuturi
Illinois Mathematics and Science Academy
skaruturi@imsa.edu

PP1

Marine Heatwave-Aware Dual-Head Convlstm for
Improved Sst Forecasting

Marine heatwaves (MHWs), defined as prolonged anoma-
lously high sea surface temperatures (SST), have signifi-
cant ecological and economic impacts, particularly during
summer. Many deep learningbased SST forecasting models
minimize annual mean temperature errors; however, ex-
treme high-temperature events occur less frequently and
may receive limited emphasis during training. Conse-
quently, rapid summer SST increases may not be fully
captured. Improving the representation of summer SST
variability is therefore crucial for reliable marine heatwave
prediction. To address this issue, we propose an event-
aware dual-head ConvLSTM architecture that incorporates
MHW events as auxiliary supervision for SST forecasting.
SST regression is treated as the primary task, while binary
MHW classification serves as a complementary objective.
The model employs a shared spatiotemporal ConvLSTM
feature extractor with task-specific regression and classifi-
cation heads. This multi-task framework helps preserve ex-
treme high-temperature signals while maintaining overall
variability. Experimental evaluations conducted along the
east coast of Korea indicate that the proposed dual-head
ConvLSTM (DH-ConvLSTM) improves summer SST fore-
casting compared to single-task regression models, includ-
ing LSTM, CNN, and CNN-LSTM. These findings suggest
that integrating extreme-event information enhances SST
prediction during high-impact summer periods.

Miji Kim
Department of mathematics, Pusan National University,
Korea
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PP1

Generating Nurse Schedules Using Multi-
Objective Mixed-Integer Linear Programming
to Minimize Extra Shifts, Ensure Fairness, and
Maintain Consistent Care Quality

This study proposes a multi-objective mixed-integer lin-
ear programming(MO-MILP) model to optimize nurse
scheduling in the complex operating environment of a Ko-
rean hospital. To reflect fluctuations in available staff
caused by variations in bed utilization rates, nursing grade
regulations, and statutory holidays, minimum staffing re-
quirements are specified separately for weekdays, week-
ends, and holidays. The model simultaneously incorpo-
rates hard constraints, such as legal working-hour stan-
dards and minimum staffing levels, and soft constraints,
including nurses preferences, restrictions on consecutive
workdays, and fair workload distribution. By balanc-
ing these competing objectives, the framework generates
schedules that minimize unnecessary overtime while main-
taining continuity and stability in work patterns. Nu-
merical experiments demonstrate that the proposed model
produced feasible and well-balanced schedules under real
hospital conditions. The findings indicate potential im-
provements in operational efficiency, reduced fatigue and
burnout among nurses, and enhanced patient safety and
quality of care. Future work will further develop the frame-
work by incorporating additional human-centered con-
straints that reflect interpersonal and relational dynamics
in clinical settings. For example, integrating preferences
to collaborate with or avoid specific colleagues may enable
the model to address not only operational performance but
also team cohesion and workforce well-being.

Jihyeon Kim
Pusan National University
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PP1

Local Optimization of Weak Distance Between
Compact Surfaces on Special Euclidean Group

We consider local optimization of a weak distance between
two compact surfaces embedded in the three-dimensional
Euclidean space on its special Euclidean group. Identi-
fying those objects with the associated surface measures,
their discrepancy is quantified in terms of the inhomoge-
neous Sobolev norm of negative order via the Plancherel
theorem. Then, applying an isometry to one surface cor-
responds to pushforwarding its surface measure and the
distance can be regarded as a function on the Euclidean
group. With appropriate exponents of the Sobolev norm,
the second power of the function acquires sufficient dif-
ferentiability that allows to find its local minima in the
derivative-based framework. In numerical experiments, we
observe superlinear convergence in the optimization prob-
lem with the BroydenFletcherGoldfarbShanno method and
discuss its implications from a more geometric perspective.

Kazuki Koga
Institute of Science Tokyo
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PP1

Curvature-Guided Graph Sparsification for Scal-
able Community Detection

Understanding community structure in large-scale net-
works is a fundamental problem in network science.
Curvature-based methods, particularly Ollivier–Ricci cur-
vature (ORC), effectively identify inter-community bridges
and structural bottlenecks, but their computational cost
limits scalability on large graphs. We propose a two-
stage curvature-guided framework that combines Lower
Ricci Curvature (LRC) preprocessing with ORC and dis-
crete Ricci flow on a reduced graph. The LRC stage effi-
ciently filters weak edges using local triangle-based struc-
ture, significantly reducing graph size before transport-
based curvature computation. The framework is evaluated
on SNAP Facebook ego-networks, the SNAP YouTube so-
cial network, and synthetic networks. Results using Ad-
justed Rand Index (ARI), Normalized Mutual Information
(NMI), and runtime comparisons show that the combined
LRC–ORC approach achieves accuracy close to ORC-only
methods while substantially reducing computational cost,
providing an effective accuracy–runtime trade-off for scal-
able community detection.

Avin Kolahdooz, Avin Kolahdooz, Jose Garcia
The University of New Mexico
akolahdooz@unm.edu, akolahdooz@unm.edu, josejgar-
cia@unm.edu

PP1

A Vortex-Ring Description of Convective Clouds

A common description of atmospheric thermals and the
clouds following detonations is based on the assumption
that the rate of entrainment of ambient air is proportional
to the area of the buoyant volume and a characteristic ve-
locity of rise. Under additional assumptions of symmetry,
this results in a radial growth that is proportional to the
vertical displacement of the system, with the entrainment
parameter being the constant of proportionally. The dom-
inant structure in these flows tend to be a buoyant vortex
ring, for which the rate of radial growth can be formu-
lated as a function of its circulation and buoyant content,
without the need to prescribe an entrainment parameter.
We have developed a vortex ring formulation especially
adapted to clouds arising from high energy explosions in
the atmosphere, where the vortex cores tend to be thin
and can be approximated by vortex filaments. The model
consists of a set of ODEs for the temporal evolution of the
core radius, height and circulation, applicable until vortex
breakdown and cloud stabilization. We additionally devel-
oped parameterizations that relate the detonation fireball
to the initial conditions of the vortex ring, based on the en-
ergy released and the height of the explosion. Our model
also takes into account the creation of additional vorticity
as a result of atmospheric stratification and its effect on
the vortex ring evolution and stability.

Matthew J. Krupcale, Pablo Moresco
Oak Ridge National Laboratory
krupcalemj@ornl.gov, morescopd@ornl.gov

PP1

Hybrid Physics-Informed Neural Time-Steppers
for the One-Dimensional Inviscid Burgers Equation
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with Newton-Corrected Rollout Stability.

We investigate neural time-stepping for the one-
dimensional inviscid Burgers equation on a periodic do-
main using a spectral discretization and an implicit up-
date formulation. The study is designed as a progressive
comparison of four training strategies: data-only super-
vision, physics-informed residual minimization, a hybrid
data-physics loss, and a hybrid model augmented with a
Newton corrector. The neural network is trained to ap-
proximate the implicit solution mapping between consec-
utive time steps, where the physics loss enforces the dis-
crete PDE residual associated with the nonlinear flux term.
The primary objective is to examine how increasing lev-
els of physical structure influence accuracy, stability, and
long-horizon rollout behavior. Results show that data-
only models achieve reasonable short-term prediction but
suffer from error accumulation, while physics-only train-
ing improves physical consistency yet exhibits larger solu-
tion deviations. The hybrid loss consistently provides bet-
ter accuracy and stability by balancing numerical targets
with residual enforcement. Furthermore, incorporating a
Newton correction step significantly enhances multi-step
rollout fidelity and reduces residual errors, although with
higher computational cost. Overall, the work presents a
systematic and interpretable framework showing that hy-
brid physics-informed neural time-steppers with corrective
updates offer a robust surrogate for implicit integration of
nonlinear hyperbolic PDEs.

Rakesh Kumar
University of Massachusetts Dartmouth
rkumar5@umassd.edu

PP1

EigenWave: An Optimal O(N) Method for Com-
puting Eigenvalues and Eigenvectors by Time-
Filtering the Wave Equation

An algorithm, named EigenWave, is described to com-
pute eigenvalues and eigenvectors of elliptic boundary value
problems. The algorithm, based on the recently developed
WaveHoltz scheme, solves a related time-dependent wave
equation as part of an iteration. At each iteration, the
solution to the wave equation is filtered in time, resulting
in updated initial data. The time-filter is designed to pro-
mote the contributions of eigenmodes in the solution near
a chosen target frequency (target eigenvalue). The ability
to choose an arbitrary target frequency enables the com-
putation of eigenvalues anywhere in the spectrum, without
the need to invert an indefinite matrix, as is common with
other approaches. Furthermore, the iteration can be em-
bedded within a matrix-free Arnoldi algorithm, which en-
ables the efficient computation of multiple eigenpairs near
the target frequency. The time-dependent wave equation
can be solved with implicit time-stepping, and only about
10 time-steps per period are needed. When the (definite)
implicit time-stepping equations are solved with a multi-
grid algorithm, the cost of the resulting EigenWave scheme
scales linearly with the number of spatial grid points N as
the mesh is refined, giving an O(N) algorithm. The ap-
proach is demonstrated by finding eigenpairs of the Lapla-
cian in complex geometry using finite-difference approxi-
mations on overset grids. Results in two and three space
dimensions are presented.
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PP1

Quantifying Immunity Gaps and Optimizing Inter-
vention Timing Via Data Assimilation

Large-scale non-pharmaceutical interventions (NPIs) for
COVID-19 suppressed endemic infections, interrupting
natural exposure and generating structural immunity gaps.
After NPI relaxation, many diseases showed amplified
and shifted resurgences, making threshold-based warning
systems reactive and insufficient. We develop a data-
assimilative epidemic control framework integrating joint
stateparameter inference, probabilistic regime classifica-
tion, and cost-based intervention timing. Immunity gaps
are quantified by estimating states and parameters of a
transmission model using a Dual Ensemble Kalman Filter
(EnKF). Latent susceptible populations and time-varying
transmission rates are inferred simultaneously, and vari-
ability in posterior trajectories provides an indicator of ac-
cumulated susceptibility. Severity regimes are identified
using a Gaussian Mixture Model (GMM), yielding proba-
bilistic levels instead of fixed thresholds. Intervention tim-
ing is formulated as a cost minimization problem combin-
ing GMM-based severity probabilities with immunity-gap
metrics, balancing resurgence risk and intervention burden.
Simulation results show that early moderate interventions
triggered by this criterion reduce outbreak peaks compared
to delayed strategies. The framework is illustrated using
hand, foot, and mouth disease data in South Korea and
provides a generalizable approach for adaptive control un-
der immunity-gap conditions.

Sieun Lee
Pusan National University
Innovation Center for MathScience Research & Education
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PP1

Traveling Fronts in a Singularly Perturbed Lotka-
Volterra Reaction Diffusion Model with Transcrit-
ical Singularity

This project is motivated by the study of coexistence states
in interspecies ecosystems. We investigate the existence
and persistence of bistable traveling front solutions in a
singularly perturbed competitive LotkaVolterra reaction-
diffusion system. The wide separation of diffusion scales
introduces a fastslow structure, enabling the use of ge-
ometric singular perturbation theory. We first establish
the existence of a heteroclinic orbit connecting two steady
states in the singular limit. The primary difficulty arises
from loss of hyperbolicity where two critical manifolds in-
tersect along a curve of transcritical bifurcations. To re-
solve this degeneracy, we apply geometric desingularization
to analyze the slow passage through the transcritical sin-
gularity and establish persistence of the traveling front.
This framework provides a geometric mechanism for un-
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derstanding wave propagation in competitive systems with
multiple time scales and extends to broader classes of fast-
slow reactiondiffusion models.
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PP1

Classical-Quantum Algorithm for Solving Stochas-
tic Programs

Stochastic programming provides a rigorous mathemati-
cal framework for making decisions under uncertainty in
a risk-aware manner. Two-stage stochastic programming
is, perhaps, the simplest form of this framework. Here the
first-stage variables represent decisions that must be made
“here and now” in the face of uncertainty, while the second-
stage variables are decisions made after uncertain events.
However, the broad adoption of stochastic programming
has been hindered by computational challenges caused by
the two-stage stochastic programming formulation which
requires solving an ensemble of optimization problems. Us-
ing quantum amplitude estimation (QAE), quantum com-
puters have shown the theoretic ability to compute ex-
pectations with Monte-Carlo methods with quadratically
fewer samples than classical methods. In this work, we
present a quantum algorithm for computing the expecta-
tion term using QAE for given first-stage decisions. Fur-
ther, we detail methods of computing gradient information
from the quantum calculation enabling the application of
classical gradient-based optimization techniques. The re-
sult is a classical-quantum hybrid method of solving two-
stage stochastic programs. These techniques are demon-
strated with computational experiments based an engineer-
ing optimization problem.
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PP1

Out-of-Core Linear Algebra for High-Dimensional
Statistics: Streaming Pca and Pls with Bounded
Memory

Large-scale PCA and PLS regression can be framed

as linear-algebra problems whose bottleneck is form-
ing and factorizing Gram and cross-product matrices.
We present two implementationsbigPCAcpp (PCA/SVD)
and bigPLSR (PLS)that address the applied-mathematics
challenge of computing these decompositions efficiently
when the data matrix is too large for RAM. For PCA,
bigPCAcpp operates directly on file-backed bigmem-
ory::big.matrix allocations and supports centering/scaling
with blockwise passes through the data, enabling score gen-
eration without materializing dense copies. It also pro-
vides robust PCA / robust SVD routines intended to mit-
igate outlier influence while preserving numerical stability.
For supervised dimension reduction, bigPLSR implements
SIMPLS and NIPALS solvers and extends to kernel-style
PLS variants. Its core design is a set of streamed cross-
product operators (XtX/XtY and XXt/YX), coupled with
chunked BLAS and an automatic strategy that selects be-
tween algorithmic regimes depending on (n, p) and a user-
specified memory budget. We discuss memory-bounded
complexity trade-offs (passes over data versus Gram costs),
wide XXt formulations, and reproducibility via determinis-
tic tests and benchmarks suitable for modern applied-math
pipelines.
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PP1

A Coupled Hodgkin-Huxley-Lotka-Volterra Model
of Functional-Structural Interactions of Neurons

Neuronal synchronization is essential to various brain pro-
cesses like motion control and some brain disorders like
epilepsy. The functions and synchronization of neurons
are fulfilled through complex interlinked dynamics of ac-
tion potentials, chemical neurotransmitters and mechani-
cal responses of neurons that depend on neuronal struc-
ture and interactions of neurons with their shared envi-
ronment. Action potentials propagation and synchroniza-
tion may be modeled using coupled Hodgkin-Huxley mod-
els. These equations depict ion transport across neuronal
membranes but ignore neuronal mechanics although exper-
iments show that neuronal functions are highly sensitive to
changes in neuronal volume. Homeostatic mechanisms con-
serving neuronal volume are facilitated by the mechanical
interactions of neurons with the cerebrospinal fluid sur-
rounding them. This work proposes a mathematical model
of functional-structural interactions of two adjacent syn-
chronized neurons. Neuronal functions and synchroniza-
tion are described by a fractional Hodgkin-Huxley model
where ion channels behave mechanically as variable-order
fractional Maxwell linear viscoelastic materials. The cou-
pled volumetric dynamics is depicted by a modified coupled
Lotka-Volterra model where the rates depend on action
potentials and regulatory volumetric processes are repre-
sented as MichaelisMenten-like terms. Computer simula-
tions suggest that synchronized neurons experience coop-
eration, competition, and predator-prey regimes.
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PP1

Machine Learning Force Fields for Gas Phase Con-
densation of Refractory Species

Processes involving evaporation are ubiquitous in natural
settings and industrial applications. When refractory ma-
terials are involved, these transformations occur at high
temperatures and are difficult to study experimentally.
Molecular dynamics simulations using accurate force fields
provide a means to investigate the nucleation and growth
of a condensed phase in those conditions, as well as to
determine material properties such as reaction rates and
thermodynamic potentials. At high temperatures, atomic
clusters can adopt configurations that are not accessible in
cooler conditions, making it necessary to use descriptors
that can resolve this wider range of configurations. While
many approaches are based on fixed-length descriptors ob-
tained by projecting the configurations onto a basis, in this
work we build the descriptors using the Cholesky decompo-
sition of the Gram matrix formed by the relative-position
vectors of the atoms in the configuration. By specifying an
ordering for those vectors, an array of 3N-6 unique num-
bers is obtained for N atoms, preserving the number of
degrees of freedom of the system under translational and
rotational invariance. We have employed these descriptors
in the study of systems composed of silicon and oxygen
atoms using a machine-learning force field trained on Den-
sity Functional Theory calculations. We present results of
the evolutions of atomic clusters in the gas phase and the
evaporation of SiO2 particles.
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PP1

The Snapshot Problem for Wave Equations on Ho-
mogeneous Trees

By definition, a wave on a homogeneous tree X is a solu-
tion to the discrete wave equation on X; that is, a family
{fk}k∈Z of complex-valued functions on X satisfying the
partial difference equation µ1fk = (fk+1 + fk−1)/2 for all
k, where µ1 is the mean value operator on X of radius 1.
The function fk is called the snapshot of the wave at time
k. For k ≥ 2, we will show that there exist infinitely many
waves having given snapshots at times 0 and k, but that
all such waves have the same snapshots at times which are
multiples of k. For integers ℓ > k > 0, we then consider
necessary and sufficient conditions for the existence and
uniqueness of a wave with given snapshots at times 0, k, ℓ.

Adelaide Nebeker
North Carolina State University
anebeke@ncsu.edu

PP1

Nuclear Waste Disposal: Maximum Loading in Ma-
terials

The safe disposal of iodine-129, a long-lived fission prod-
uct with low economic value and high abundance, remains
a significant challenge in nuclear waste management. This
work explores computational and data-driven approaches
for maximizing iodine loading in glass-ceramic waste forms

while maintaining chemical durability and long-term sta-
bility. By analyzing compositionproperty relationships and
constraints associated with waste-form design, we investi-
gate strategies to optimize iodine incorporation and min-
imize the concentration of additional stabilizing elements
required for containment. The study highlights how mod-
eling and materials informatics methods can guide the de-
sign of waste forms with reduced leaching behavior and
improved performance for deep geological disposal appli-
cations.
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PP1

Traveling Fronts in a Three-Component, Multi-
Species Klausmeier-Type Model for Dryland
Ecosystems

Motivated by the coexistence of multi-species, such as
grass and trees, in drylands, we study a three-component
Klausmeier-type reaction-diffusion model describing two
vegetation species competing for a limiting resource, wa-
ter. The two species differ in parameter values includ-
ing growth, harvesting, and diffusion rates, yet exhibit the
same qualitative ecological dynamics. It creates a natural
hierarchy between them with one acting as a fast-spreading
colonizer and the other as a locally superior competitor.
Each component is assumed to diffuse at a distinct rate,
modeled through two asymptotically small parameters ϵ
and δ, which introduces a separation into three spatial
scales. We construct a traveling wave solution connect-
ing states in which one or more species are present and
examine the resulting interspecific competition for the lim-
iting resource using the geometric singular perturbation
theory (GSPT) with multiple spatial scales along with the
exchange lemma.
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PP1

Exponential Nystrm Integrators for Stiff and
Highly Oscillatory Differential Equations

Second-order differential equations arise naturally in many
physical and biological applications, including molecular
dynamics, string vibration, and spatial discretization of
wave equations. For their time integration of such sys-
tems, classical Runge-Kutta-Nystrm integrators and their
extended variants are widely used. While effective for
small-scale or nonstiff problems, these methods often suffer
from stability restrictions and inefficiency when applied to
large, stiff, or highly oscillatory systems. To address these
limitations, we develop and analyze a new class of time
integration methods, termed exponential Nystrm (expN)
methods. These methods permit significantly larger time
steps without sacrificing accuracy. Within the framework
of strongly continuous semigroups on a Banach space, we
prove convergence results up to fifth-order accuracy, with
error bounds independent of the stiffness or high frequen-
cies of the system. Our numerical experiments demon-
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strate that the proposed expN methods outperform exist-
ing Nystrm-type integrators in both efficiency and accu-
racy.
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PP1

A Modified Multi-Objective Chaos Game Opti-
mization Algorithm

The Chaos Game Optimization (CGO) is a metaheuristic
algorithm that was proposed by Azizi and Talatahari in
2020 to solve optimization problems. Traditionally, chaos
games are random and iterative processes that form frac-
tals when played. The CGO is based on some principles of
chaos games in which the configuration of fractals alongside
the fractals self-similarity issues are in perspective. This
game theory-based algorithm formulation has been novel
when solving multidimensional objective functions and dis-
played promising results. The multi-objective chaos game
optimization (MOCGO) was proposed by Khodadadi et
al. which uses the main mechanisms found in the CGO to
solve multi-objective optimization problems. This project
implements improved versions of the CGO and MOCGO
algorithms and introduces new and more practical stopping
criteria to address the limitations of traditional methods
like relative error and a fixed number of iterations in both
the single and multi-objective algorithms. Ultimately, this
work provides a robust and efficient framework for applying
both the CGO and MOCGO to complex optimization prob-
lems, demonstrating their enhanced performance through
automated analysis of objective functions.
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PP1

Propagation of Plasmons on a Graphene Sheet

Graphene is a highly conductive two-dimensional material
that can be modeled in the bulk as a conductive sheet.
The sheet supports current flow, which couples the elec-
tromagnetic waves on either side of it. Plasmons are elec-
tromagnetic fields which are localized near and propagate
along the sheet. We consider the situation where the Drude
weight of the graphene sheet is a constant plus a small per-
turbation that is spatially and temporally dependent. In
this case, the model reduces to a single partial integro-
differential equation (PIDE) for the current density in the
sheet. This allows for a perturbational approach where we
apply a spatial Fourier transform and solve the resulting
integral equation for each wave number. We show that
the resulting problem is well-posed. Additionally, we per-
form numerical simulations to explore the behavior of the
solution under various Drude weight perturbations.
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PP1

Mathematical Modeling of Energy Expenditure
During Treadmill Exercise

Despite the widespread use of wearable technology, esti-
mating energy expenditure (EE) solely from heart rate
(HR) remains a challenge due to the physiological lag be-
tween cardiac response and metabolic demand. Existing
commercial algorithms and conventional estimation models
often fail to capture the nonlinear dynamics of oxygen con-
sumption (V O2) and carbon dioxide production (V CO2),
particularly during rapid changes in exercise intensity. To
address this, we propose a novel first-order ordinary differ-
ential equation (ODE) model that utilizes the percent of
heart rate reserve (HRR%) as a single input. A key inno-
vation of this framework is the application of phase-specific
time constants (τ) for exercise onset and recovery periods,
designed to mathematically reproduce the hysteresis loop
arising from the distinct physiological kinetics between ex-
ercise and recovery phases. Validated against a large-scale
dataset of treadmill graded exercise tests (GET), the pro-
posed model demonstrated a high degree of agreement with
indirect calorimetry measurements. The results indicate
that the dynamic model effectively reduces estimation er-
rors compared to conventional models by accounting for
physiological transient responses. Our findings suggest
that incorporating physiological kinetics into a mathemati-
cal model enables accurate and interpretable EE estimation
without the need for additional sensors.
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Abstract Group Recovery from Orbit-Generated
Gram Matrices

We investigate an inverse problem for Gram matrices aris-
ing from orbits of vectors under finite group actions. When
a finite group acts on a Hilbert space and the orbit of a sin-
gle vector forms a frame, the associated Gram matrix lies
in the group algebra and commutes with the left regular
representation. As a first step, we show that such orbit-
generated Gram matrices necessarily satisfy cubic trace
identities that encode the algebraic structure of the group
action. We then address the inverse problem: given a Gram
matrix, can one recover the underlying (abstract) group
structure encoded by the Gram data? This work empha-
sizes abstract group recovery, as distinct from the concrete
problem of recovering a specific group action. In this set-
ting, we show that recovery of the group can be phrased
as an optimization problem over orthogonal matrix fam-
ilies, linking representation-theoretic structure with com-
putational reconstruction from orbit Gram data.

Reshma Sabnam
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PP1

Integrating Weather Shocks and Environmental
Shifts in a Stochastic Eco-Epidemiological Frame-
work of Zoonotic Spillover

Environmental variability and extreme weather events
strongly influence species interactions and zoonotic dis-
ease emergence, yet most eco-epidemiological models fail
to jointly capture gradual environmental change and
abrupt weather shocks. We develop a stochastic eco-
epidemiological framework coupling multi-species compet-
itive Lotka–Volterra (CLV) dynamics with Susceptible–
Infectious–Recovered (SIR) disease processes in wildlife
populations. The model incorporates spatial dispersal
through reaction–advection–diffusion mechanisms and in-
cludes both wildlife-to-human and environment-to-human
transmission pathways to quantify exposure dose and
spillover risk. Chronic environmental variability is modeled
using Gaussian white noise, while sudden extreme weather
events are represented by Poisson-driven Lévy jumps. For
reduced model forms, we establish analytical conditions for
stochastic persistence, extinction, partial coexistence, and
competitive exclusion among wildlife species. For the full
spatial system, we prove global existence, uniqueness, and
positivity of the mild solution, derive a stochastic basic re-
production number R0, and perform sensitivity analyses.
Numerical simulations show that prolonged environmental
stress, combined with abrupt weather events, can destabi-
lize wildlife communities, promote disease persistence, and
increase zoonotic spillover risk, highlighting the nonlinear
effects of coupled climatic and environmental disturbances.

Barsha Saha
University of Missouri-Kansas City
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PP1

Representation-and System-Agnostic Auto-
mated CAD Interoperability Testing and GAT-
Autoencoder-Based Image Categorization via
Proxies

In this paper, we present theoretically-supported frame-
works to test CAD system interoperability based on shape
comparison criteria. We introduce a command line tool
that provides indirect, representation-independent com-
parisons of CAD models via abstract proxies and query-
based interpretations. Our frameworks support local com-
parisons using differential properties and offer a broad
range of global comparisons. We allow testing for generic
CAD software designed for different operating systems or
scripting languages. Users can specify tolerance values for
testing, ensuring accuracy. This approach bridges CAD
model representations, enabling effective interoperability
evaluation across diverse systems without requiring in-
depth knowledge of CAD software or representations. We
also demonstrate how our proxy-based approach can be
applied to image categorization using GAT autoencoders.

Duygu Sap
University of Pittsburgh
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PP1

Observation Region Sensitivity Experiments for

4D-Var in the East Sea (Sea of Japan)

Data assimilation is a technique for improving the accu-
racy of state estimation by integrating observational data
into numerical models. Ocean observations, especially
subsurface observations such as water temperature and
current velocity, require ship operation and use of non-
recoverable equipment, which is time-consuming and eco-
nomically costly. Due to these constraints, how to effi-
ciently allocate and utilize limited observation resources is
a critical issue in ocean data assimilation research. This
study applies the 4-Dimensional Variational method (4D-
Var) technique to the East Sea (Sea of Japan) and analyzes
the effect of the observation area selection on data assimi-
lation performance. For this purpose, the Regional Ocean
Modeling System (ROMS) was used, and the study area
was divided into quartiles based on the spatial variability
of the temperature field. By performing data assimilation
by selecting the same number of expendable bathythermo-
graph (XBT) observations from each area, the influence of
differences in the number of observations was eliminated
and the relative importance of the observation areas was
evaluated. Data assimilation performance was quantified
by the RMSE using independent XBT observations. This
study contributes to the establishment of an efficient ob-
servation area selection strategy under limited observation
resources and provides basic data for research on the East
Sea (Sea of Japan) ocean data assimilation and observation
network design.
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PP1

Conditional Neural Control Variates for Variance
Reduction in Bayesian Inverse Problems

Bayesian inference for inverse problems requires comput-
ing expectations under posterior distributions, typically via
Monte Carlo (MC) estimation. When the quantity of in-
terest varies significantly under the posterior, the MC esti-
mator has high variance, demanding many samples for ac-
curate estimates. We introduce conditional neural control
variates (CNCV), a modular variance reduction method
that learns amortized control variates from joint model-
data samples. Our method requires two ingredients: (i)
samples from the joint distribution of unknown parameters
and observed data—obtained by sampling the prior and
evaluating the forward model—and (ii) the posterior score
function, which can be computed from physics-based like-
lihood evaluations, neural operator surrogates, or learned
generative models. Once trained, the control variates gen-
eralize across observations without retraining. For multi-
dimensional quantities of interest, we introduce an ensem-
ble of hierarchical affine coupling layers, each operating on
a random permutation of the input dimensions, enabling
tractable divergence computation in a single forward pass.
Numerical experiments on Gaussian, Rosenbrock, and non-
linear inverse problems demonstrate considerable variance
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reduction, with consistent performance when the analyti-
cal score is replaced by a score learned from a conditional
normalizing flow.
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PP1

Variance and Higher-Order Moments for Tempera-
ture Fluctuations Arising from the Stochastic Heat
Equation

We investigate the distribution of instantaneous tempera-
ture fluctuations in mesoscopic solid systems (e.g., metal
rods) described by the stochastic heat equation. As the
length scale of the system decreases, the multiplicative na-
ture of noise in the stochastic heat equation becomes in-
creasingly significant due to the relatively small number of
atoms. This leads to temperature fluctuations that deviate
further from the Gaussian distribution predicted by the lin-
earized stochastic heat equation with additive noise. In this
physical regime, we aim to understand the non-Gaussian
characteristics of temperature fluctuations by analyzing
their variance and higher-order moments, and to construct
a computational setup for the spatial discretization of mul-
tiplicative noise, which yields the correct distribution of
temperature fluctuations. To this end, we derive analytical
expressions for the variance and higher-order moments of
temperature fluctuations under three boundary condition-
speriodic, Neumann, and Dirichletand systematically vali-
date these results through extensive stochastic simulations.
We also examine finite system-size effects on higher-order
moments and derive analytical expressions. This work pro-
vides new insights toward establishing a general theoretical
and computational framework for analyzing multiplicative
noise in mesoscopic modeling.
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PP1

Hybrid Deep Learning for Bitcoin Volatility and
Value-at-Risk (VaR) Forecasting

Bitcoin’s extreme volatility and complex price dynamics

challenge traditional risk forecasting. Classical approaches
like GARCH and historical simulation often fail to cap-
ture nonlinear dependencies, regime shifts, and the rich
information in on-chain metrics. This thesis presents
a hybrid deep learning architecture combining modality-
specialized Transformer and LSTM encoders to forecast
Bitcoin volatility and Value-at-Risk (VaR) at multiple con-
fidence levels. The design leverages the distinct temporal
structures of market price data (sparse, event-driven) and
on-chain metrics (dense, cumulative), enabling specialized
representation learning. A multitask framework jointly op-
timizes volatility and quantile predictions, improving reg-
ularization and tail risk stability. Using 2,438 daily ob-
servations from May 2017 to May 2025, the hybrid model
outperforms both econometric and deep learning baselines,
achieving a 0.5% RMSE gain over standalone Transformers
and 94% over GARCH(1,1). Post-hoc calibration corrects
conservative quantile bias, aligning empirical and nominal
breach rates. Ablation shows a 4.8% gain over naive fea-
ture fusion, and Diebold-Mariano tests confirm significant
outperformance. The findings offer practical insights for
institutional cryptocurrency risk management.
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PP1

A Multi-Region Seir Model Incorporating Inter-
County Mobility and Time-Dependent Transmis-
sion Dynamics: Application to Covid-19 Disease
Outbreak Data in North Carolina.

Classical infectious disease compartmental models typi-
cally do not incorporate spatial heterogeneity or mobility.
We develop a multi-region susceptible-exposed-infected-
recovered (SEIR) model in which disease dynamics are cou-
pled via inter-region mobility and the transmission rate
is both region and time dependent. We calibrate the
model using rolling averages of daily COVID-19 data in
all 100 North Carolina counties. Mobility parameters are
prescribed using daily inter-county commuter data. The
number of transmission rate parameters is substantially re-
duced by hypothesizing that the dynamics correlate with
county-level population density. Parameter estimation is
carried out using several objective functions with error
terms at different scales. An additive combination of least
squares error at the county-level and the state-level, along
with a quadratic transmission rate polynomial, yields the
lowest overall error at both spatial scales. The calibrated
model is used to simulate regional effects of perturbing
disease transmission rates in adjacent counties and to illus-
trate effects of the state’s mobility infrastructure on disease
dynamics and spread for a new disease outbreak.
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PP1

Inference of Dynamic Rates Using Snapshots of Bi-
ological Cells

In our work, we bring statisticians perspective to what
would classically be an inverse Partial Differential Equa-
tion (PDE) problem, but the data exhibits intrinsic ran-
domness. Particularly, we have been working on static
snapshot data that capture the discrete spatial positions of
micro-particles whose motions are governed by a stochas-
tic differential equation. The observed particles, confined
within a single domain, ultimately follow a Poisson spatial
point process whose intensity function is actually a PDE
solution. The goal is to study the statistical properties of
the maximum likelihood estimator for the dynamic rates
appearing in the PDE using only these snapshot observa-
tions. In implementing this framework, a major challenge
stems from the fact that the associated PDE cannot be
solved analytically, prompting the use of an efficient nu-
merical method to approximate it before incorporating the
result into the likelihood function. We also investigate the
impact of heterogeneity and location information on the
efficiency of estimators and reveal that they enhance the
estimation quality.
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PP1

Generative AI Meets Dynamical Systems for Pre-
dictive Virtual Cell Modeling

Reconstructing continuous cellular dynamics from discrete,
sparse, high-dimensional, and unpaired single-cell omics
data is a central challenge for virtual cell modeling. We
study how static observations can be transformed into dy-
namical laws of cell-state evolution. Our framework com-
bines generative AI with dynamical systems, partial differ-
ential equations, and optimal transport to model temporal
changes in cell populations as continuous dynamics in a
high-dimensional distribution space. To capture prolifera-
tion, death, stochasticity, and cell-cell interactions, we in-
troduce regularized unbalanced optimal transport and un-
balanced mean-field Schrdinger Bridge formulations, and
relate them to diffusion-based generative modeling. We
also leverage generative-AI-inspired tools to mitigate the
curse of dimensionality in sparse, high-dimensional omics
data. We further extend the framework to spatiotem-
poral data, where spatially coupled dynamics are recon-
structed by incorporating cell-cell interactions. Applica-
tions to various single-cell datasets demonstrate the abil-
ity to infer cell fate transitions, developmental trajecto-
ries, and interaction-driven dynamics. Together, this work
illustrates how generative AI and mathematical modeling
can convert fragmented omics measurements into coherent,

predictive virtual cell dynamics.
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PP2

AWM Minisymposterium: Comparing Finite-
Difference and Continuous Galerkin Methods for
Atmospheric Dynamics: Idealized Numerical Ex-
periments

Atmospheric models employ various numerical discretiza-
tion schemes to solve the governing equations of fluid dy-
namics. This study compares the finite-difference method
in the Weather Research and Forecasting (WRF) model
with the continuous Galerkin spectral element method
in JExpresso through two idealized test cases: thermal
bubble/squall line simulations and two-dimensional Gaus-
sian hill flow. We conduct simulations across grid reso-
lutions (∆x from 200 m to 2000 m) and polynomial or-
ders (p = 4 to p = 6 for JExpresso) to assess conver-
gence and efficiency. The thermal bubble/squall line case
isolates buoyancy-driven flows and tests organized convec-
tion with microphysics, while the Gaussian hill evaluates
terrain-induced circulation and wave propagation. We an-
alyze energy conservation, phase errors, and small-scale
feature representation. Preliminary results show WRF
performs robustly across resolutions, while JExpresso ex-
hibits superior energy conservation at equivalent resolu-
tions with higher polynomial orders. However, the con-
tinuous Galerkin method is more sensitive to numerical
dissipation when microphysics is active. These findings
help choose the right numerical method for high-resolution
weather simulations that need to accurately show the ef-
fects of complex terrain and precipitation.
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PP2

AWM Miniposterium: Semi-Analytical Modeling
of Shifted Generalized-Gamma Waiting-Time Dis-
tributions in Random Porous Media

Anomalous transport of elongated and deformable par-
ticles in periodic and randomly packed beds is investi-
gated through a combined numerical and semi-analytical
framework. Immersed Boundary Method simulations gen-
erate pore-scale particle trajectories and transition statis-
tics. At the continuum scale, a probabilistic model based
on the Continuous Time Random Walk (CTRW) frame-
work is constructed to describe upscaled transport. The
model incorporates a memory functional represented by a
shifted generalized-gamma waiting-time distribution, cap-
turing particle trapping, deformation, and both Fickian
and non-Fickian behaviors arising from medium disorder
and fluidsolid interactions. The CTRW formulation yields
a modified Helmholtz equation in the Laplace domain,
solved using FourierBessel expansions. Semi-analytical so-
lutions are validated against finite element simulations.
Mean first passage time (MFPT) statistics are derived for
various memory parameters, revealing how pore geome-
try, filament deformability, and transition-time distribu-
tions influence anomalous transport scaling.

Shomi Aktar
PhD Student



2026 SIAM Annual Meeting (AN26)	                                                    155154 AN26 Abstracts

saktar@crimson.ua.edu

Mojdeh Rasoulzadeh
The University of Alabama
The University of Alabama
mrasoulzadeh@ua.edu

PP2

AWM Minisymposterium: Doubly Nonlocal Image
Inpainting

Image inpainting is the process of restoring a missing or
damaged region of an image using information from the
surrounding pixels. By adding a source term to a classical
Cahn Hilliard equation, we can demix the disrupted pixels,
while maintaining the integrity of the rest of the image. In
this poster we propose a doubly nonlocal Cahn Hilliard
model for image inpainting that extends our prior binary
phase segregation work to a new application domain.
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AWM Minisymposterium: Water Flow in Porous
Media

A (unsaturated/saturated) Darcy flow model coupled to
heat transport is considered with a two-way coupling
through fluxes and viscosities. We develop a new analytical
solution as well as an algorithm combining conservative fi-
nite elements and finite volumes. We show methods to
decrease the consistency error and increase convergence.
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PP2

AWM Minisymposterium: SpectralSpatial Deep
Learning for Hyperspectral Image Analysis

This work presents an efficient deep learning framework for
hyperspectral image analysis that integrates spectral and
spatial information. Spectral data are transformed into
image-based structured representations that capture rela-
tionships among wavelengths, while convolutional networks
extract spatial features from local regions. This integration
improves accuracy, reduces boundary errors, and enhances
computational efficiency. The results show that combining
mathematical modeling and modern learning methods can
advance reliable tools for scientific imaging and remote-
sensing applications.
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PP2

AWM Minisymposterium: Combinatorial Opti-

mization Using Quantum Computing

This study explores quantum computing for combinato-
rial optimization through the Traveling Salesman Problem
(TSP), which aims to find a minimum-cost Hamiltonian cy-
cle visiting each city exactly once. Using Qiskit, we imple-
ment the Quantum Approximate Optimization Algorithm
(QAOA) on both simulators and quantum hardware, and
compare its performance with that of classical exact opti-
mization via the Gurobi solver. TSP instances are encoded
as Quadratic Unconstrained Binary Optimization (QUBO)
problems derived from the MillerTuckerZemlin formula-
tion, with degree and subtour constraints embedded using
quadratic penalties. Results indicate that QAOA consis-
tently generates feasible tours, but classical branch-and-
bound solvers outperform it in both solution quality and
runtime. On Noisy Intermediate-Scale Quantum (NISQ)
devices, the optimality gap grows with problem size, re-
flecting sensitivity to variational parameter tuning, penalty
scaling, and hardware noise. Among classical optimizers
for QAOA, COBYLA offers the most effective tradeoff be-
tween efficiency and noise tolerance. Overall, this work
establishes a reproducible quantum-classical workflow, pro-
vides performance baselines, and identifies critical factors
such as encoding design, optimizer choice, and error miti-
gation for improving near-term quantum heuristic perfor-
mance.
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PP2

AWM Minisymposterium: Multiobjectivizing
Nonlinear Single-Objective Optimization Problems

This work investigates a structural reformulation-and-
search framework for global optimization of constrained
nonlinear single-objective problems, grounded in the the-
ory of multi-objective optimization. We employ a low-
dimensional multi-objective surrogate representation to
capture the interaction between objective improvement
and constraint satisfaction meaningfully. The resulting
search procedure is instantiated within an evolutionary
optimization paradigm and is paired with a constraint-
informed mechanism for progressively contracting the ad-
missible region. Preliminary comparisons with many-
objective encodings and standard constraint-handling tech-
niques indicate improved robustness of feasibility recovery
and convergence on challenging benchmarks.
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PP2

AWM Minisymposterium: Neural Networks with
Local Converging Inputs (nnlci) for Solving the
Stokes Equations

Recently, deep neural network-based surrogate models have
become popular for solving fluid flow partial differential
equations. These models use global interpolation of train-
ing data, often requiring large, resource-intensive networks.
This study introduces a neural network with local converg-
ing input (NNLCI) for accurate predictions using unstruc-
tured data. By focusing on the local domain with con-
verging coarse solutions as inputs, it significantly reduces
computational cost and training time. In this project, we
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are doing the NNLCI approach applied to the stokes equa-
tion and aim to do several numerical tests.
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PP2

AWM Minisymposterium: Mathematical Model
Meets Conservation: Optimizing Invasive Species
Management

Invasive species like Chinese privet (Ligustrum spp.)
threaten native ecosystems by spreading through seeds
and vegetative root growth. We adapt a spatially ex-
plicit mathematical model to capture these biological dy-
namics and couple it with a constrained multi-period op-
timization framework to evaluate efficient removal strate-
gies under budget and operational constraints. The model
accounts for treatment thresholds, spatial prioritization,
and logistical limitations, identifying where and when in-
terventions are most effective. Simulation results show
that temporally coordinated, targeted actions substantially
reduce reinfestation compared to uniform or short-term
control, with early intervention in high-connectivity ar-
eas providing disproportionate long-term benefits by lim-
iting secondary spread pathways. This integrated frame-
work provides mathematically informed guidance for man-
agers, enabling comparison of alternative strategies, assess-
ment of cost-effectiveness trade-offs, and identification of
robust, evidence-based policies. Overall, it offers a prac-
tical decision-support tool for controlling invasive plants
while improving ecological outcomes and can be adapted
to other spatially spreading species.
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PP2

AWM Minisymposterium: Reconstructing Incom-
plete Surface Temperature Fields Using Graph At-
tention Networks

Incomplete and irregularly sampled climate records, such
as the HadCRUT surface temperature dataset, motivate
the need for robust data reconstruction methods. We
present a Graph Attention Network (GAT) framework
for climate field infilling that models Earths surface as a
geospatial graph, with edges encoding geodesic distance,
latitudinal, and elevational relationships. The attention
mechanism adaptively learns spatial dependencies to better
reconstruct surface temperature. Preliminary experiments
demonstrate improved accuracy over Kriging and greater
computational efficiency than GraphEM.
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AWM Minisymposterium: Discrete Superconver-
gence Analysis for Quantum Magnus Algorithms
of Unbounded Hamiltonian Simulation

Motivated by various applications, unbounded Hamilto-
nian simulation has recently garnered great attention.

Quantum Magnus algorithms, designed to achieve commu-
tator scaling for time-dependent Hamiltonian simulation,
have been found to be particularly efficient for such ap-
plications. When applied to unbounded Hamiltonian sim-
ulation in the interaction picture, they exhibit an unex-
pected superconvergence phenomenon. However, existing
proofs are limited to the spatially continuous setting and
do not extend to discrete spatial discretizations. In this
work, we provide the first superconvergence estimate in
the fully discrete setting with a finite number of spatial
discretization points N , and show that it holds with an
error constant uniform in N . The proof is based on the
two-parameter symbol class, which, to our knowledge, is
applied for the first time in algorithm analysis. The key
idea is to establish a semiclassical framework by identifying
two parameters through the discretization number and the
time step size rescaled by the operator norm, such that the
semiclassical uniformity guarantees the uniformity of both.
This approach may have broader applications in numerical
analysis beyond the specific context of this work.
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