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Cardiovascular Blood Flow Simulation:
From Computation to Clinic
By Alison L. Marsden

Cardiovascular blood flow simulations 
offer non-invasive means to quantify hemo-
dynamics in the heart and major blood 
vessels for patients with cardiovascular 
disease. This  data is not readily available 
from standard clinical measurements, yet it 
can offer key insights into disease progres-
sion and subsequent physiologic response, 
and thus aid in clinical decision-making. In 
much the same way that simulations have 
impacted aeronautical design, they now 
bring — for the first time — quantitative, 
predictive tools to surgical and treatment 
planning for a range of cardiovascular dis-
eases in children and adults.

Simulations are performed in a multi-
step process involving a rich and diverse 
array of mathematical techniques. The 
process generally starts with analysis of 
medical imaging data and proceeds through 
model construction, meshing, solution of 
the governing equations, boundary con-
dition assignments, data assimilation and 
error propagation, and statistical correlation 
with clinical outcomes. A wide variation of 
mathematical and computational disciplines 
must be integrated throughout this modeling 

process. Simulations are already showing 
an impact in the clinical setting, and have 
the potential to improve outcomes for both 
children and adults affected by a multitude 
of diseases.

Patient-specific cardiovascular simu-
lations typically begin with acquisition 
and processing of medical imaging data. 
Computed tomography (CT) or magnetic 
resonance imaging (MRI) is generally seg-
mented using 2D or 3D level set, thresh-
olding, or region-growing algorithms, 
which often necessitate manual interven-
tion. Recent efforts to improve automated 
segmentation algorithms have focused on 
machine-learning algorithms, including 
deep learning and shape analysis. These 
improvements are crucial to enabling high-
throughput processing of models for large 
patient cohorts in clinical studies. The seg-
mented data allows for the construction of a 
3D anatomic model that represents a region 
of interest of a particular patient’s vascu-
lar anatomy. Model construction requires 
care to ensure that boolean and smoothing 
operations maintain fidelity to the original 
image data.

Figure 1. Patient-specific model and coupled system of boundary condition equations govern-
ing cardiovascular physiology (left) and simulated wall shear stress acting on vessel walls for 
coronary artery bypass graft surgery.

Computational Plate Tectonics and the 
Geological Record in the Continents
By Louis Moresi

Earth scientists recently celebrated the 
fifty-year anniversary of the theory of plate 
tectonics. The notion that the Earth’s sur-
face is composed of a small number of 
slowly but continually-moving ‘rigid’ plates 
floating on a convecting, fluid interior is 
now firmly established as the foundational 
concept of the discipline. And in the last 
decade, it has become routinely observable 
thanks to space geodesy (see Figure 1). If 
the plates can be considered rigid, then they 
are merely boundary conditions on a global 
circulation problem. 

The theory of plate tectonics is actu-
ally a kinematic description of plate motion 
that describes how the plates move, but it 
does not tell us why they move as they do. 
Neither does it explain how and why new 
boundaries form or show what happens in 
the continental regions where deformation 

is more diffuse. We don’t know how or 
when plate tectonics began, or why plate 

motions are only observed on Earth and 
not on other planets or moons in the solar 
system. Addressing these questions requires 
a fully-dynamic theory of plate motion and 
constitutive behaviour.

The contours of the strain rate in Figure 
1 show some regions where plate boundar-
ies are relatively diffuse, meaning that the 
plates are not rigid there. Most of these 
regions occur in the continents; particularly 
obvious is the regional deformation associ-
ated with the collision of India and Eurasia 
which produced the Himalayan mountain 
belt (see Figure 2). The realization that the 
plates are not rigid is the first step towards 
addressing one of the most enduring and 
significant challenges facing the Earth sci-
ences: the development of a coupled model 
of deep circulation, plate motions, and con-
tinental deformation.

Developing a global circulation model 
for the solid Earth is a grand challenge 
problem. Rock rheology, the manner in 
which rocks deform under tectonic stress, 

Figure 1. A map of surface velocities shows that the surface motions are organised into a strik-
ingly simple pattern of surface “plates” that are almost rigid bodies. The surface strain rate–
coloured contours—is concentrated at the plate boundaries. The map also displays the second 
invariant of the strain-rate, which is vanishingly small in the plate interiors and large at the plate 
boundaries. The arrows are colored by their angle to ‘North’ as a means of distinguishing the 
different plates. The scale is such that the longest vector represents 10cm/yr.

Figure 2. One of the most dramatic departures from plate-like deformation on Earth occurred 
where the Indian subcontinent collided with the Eurasian continent. The map on the left is a 
satellite image with the flow lines from the plate motion vector field drawn in red. On the right 
is the same region showing 50 years of earthquake data for events larger than magnitude 4.5, 
colored by depth and superimposed on the strain rate.

See Plate Tectonics on page 3

See Blood Flow Simulation on page 4
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a Mass Media Fellow

	 Applied mathematics gradu-
ate student Anna Lieb recaps 
her time as a SIAM-sponsored 
AAAS Mass Media Fellow. 
During 10 weeks at NOVA 
Next, the website of PBS Nova, 
Lieb wrote features and news 
stories on a diverse array of top-
ics, interviewed professionals 
in the field, and learned how to 
present scientific information in 
a readable and engaging manner. 
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and professional career. 
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	 techniques and modeling on 
decision-making, he outlines 
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benefits and pitfalls of the 
sharing of raw data between 
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out the ethical reasons in sup-
port of sharing raw data. 

10 Professional Opportunities
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In DMS Mathematical Sciences 
Research Institutes Update (SIAM News 
October 2015) Michael Vogelius, NSF 
Mathematical Sciences Division Director, 
defends the decision to eliminate the 
Institute for Mathematics and 
its Applications (IMA) and 
the Mathematical Biosciences 
Institute (MBI), while pre-
serving the Institute for 
Computational and Experimental Research 
in Mathematics (ICERM), the Institute for 
Pure and Applied Mathematics (IPAM), 
and the Mathematical Sciences Research 
Institute (MSRI), following  review of 
noncompetitive renewal proposals by the 
DMS’ Institute Management Team. Of the 
five institutes under consideration, all those 
serving wholly or in part the interests of the 
pure mathematics community are to be fully 
funded, while those principally supporting 
the applied mathematics community are 
to be shut down. Dr. Vogelius does sug-
gest that MBI could continue receiving 

DMS Questions its Impact as Innovation Engine
partial funding from DMS if it can find, in 
effect, matching funds from the National 
Institutes of Health (NIH) or the NSF 
Directorate for Biological Sciences (DBS). 
By weakening its investment in applied 

mathematical research, Dr. 
Vogelius weakens the case 
for support of the Division 
of Mathematical Sciences 
as a whole.

The DMS has a $225M annual budget 
for 2015. Dr. Vogelius’ statement justi-
fies the DMS’ existence in part because 
it “promotes interdisciplinary connections 
across all fields of science, engineering, 
and technology” and because its activities 
“are essential components of the innovation 
engine that drives the nation’s economy in 
the 21st century.”  

Dr. Vogelius’ statement also mentions 
that recent budget pressures have reduced 
the funding rate from rates “in the low 30s” 
circa 2012 to 26.8% in 2014. But funding 
rates for proposals submitted to the NIH 

and the DBS are even smaller: 24% at DBS1 
and from 8-20% at NIH.2 The suggestion 
that MBI might find matching funds from 
these sources appears either naïve or dis-
ingenuous.  

If Congress, through the Government 
Accountability Office, were to investigate 
the actual impact of DMS as an “innovation 
engine,” it seems more likely that elimina-
tion of MSRI, ICERM, or IPAM would be 
called for. Or, perhaps, elimination of the 
entire Division of Mathematical Sciences.  
By pursuing a policy of retrenchment and 
weakening its investment in applied math-
ematics, Dr. Vogelius undermines the basis 
for supporting the entire division. 

— Peter J. Thomas, associate professor 
in the Department of Mathematics, Applied 
Mathematics and Statistics at Case Western 
Reserve University.

1   h t t p : / / w w w . n s f . g o v / d i r / i n d e x .
jsp?org=BIO

2  http://report.nih.gov/success_rates/

Regaining Control in our Electric Grid
By Sean Meyn

The power grid in the U.S. and many 
regions of the world is implementing new 
technologies in an effort to realize the 
“smart grid” vision. Smart meters and a 
smarter grid will likely lead to more effi-
cient use of our infrastructure. In addition, 
increased renewable energy integration has 

the potential to provide power at low cost. 
This optimism may be justified, but 
only if experts in control theory play 
a leading role.

Within the next decade it is 
expected that renewable energy will 
be ubiquitous, exposing the grid to 
levels of volatility it has never expe-
rienced before.  As consumers install 
more solar panels and energy storage 
devices, dynamic models of the grid 
will require revision. 

Presented with so many changes, 
it is an exciting and daunting time to be in 
charge of the grid. But the challenges faced 
by tomorrow’s grid operator are manage-
able, as long as we keep in mind a basic les-

son of engineering: our models of the grid 
and of human behavior are only approxima-
tions of reality. 

Volatility from Renewables
Figure 1 shows power from wind genera-

tion in the Bonneville Power Administration 
(BPA) region in the Pacific Northwest dur-
ing the first days of 2015. The vertical 

axis is measured in giga-
watts.  The first day of the 
year was completely calm, 
with virtually no energy 
from wind, yet the maxi-
mum power on January 5 
is similar to the output of 
four typical nuclear reac-
tors. In addition to this 
fluctuation in wind energy, 
the sun also brings vola-
tility: California’s rush to 
increase solar energy pen-
etration may mean that the 
net load1 will be near zero 
during lunchtime on sunny 

days. This is great news, in the sense that 

these energy sources are clean, domestic, 
and renewable. The question, however, is, 

1  Power demand minus renewable genera-
tion

how do we deal with this massive distur-
bance to the grid?

One of several proposed resources is bat-
teries. Southern California Edison (SCE), 
which supplies electricity to much of 
Southern California, recently announced the 
“largest battery in the world.” The SCE bat-
tery is a 6,300 square-foot facility capable 
of storing 32 MWh (megawatt-hours) of 
energy. This is not a lot. It would take one 
hundred times this amount of storage to 
address the ramps seen on January 4 and 
5 at BPA. In addition to their enormous 
investment cost and size, batteries do not 
“store for free.” They have a limited life-
time, and waste energy as they charge and 
discharge.

Consumers in the Loop
Fred Schweppe’s vision of a grid in 

which primary control would be augmented 
by the action of loads ramping power con-
sumption up and down in response to local 
measurements inspired dreams of a better 
grid among academics [5]. He and many 
others have also argued for real-time prices 

to consumers as a mechanism for real-time 
control, putting consumers in the loop and 
introducing new dynamics. Both market 
analysis [4] and control considerations cast 
doubt on this approach to regulating the 
grid.     

This begs a multitude of questions. Do 
we expect consumers in Seattle to track 
the entirety or a portion of BPA wind gen-
eration? Where most of the loads are on/off 
devices, how can consumers be expected to 
track continuous regulation signals? Will 
uncertain consumer response, and delayed 
response, lead to an unstable feedback loop? 
What effect will this have on water heaters 
and refrigerators that are ramping up and 
down to service the grid? To answer these 
questions, we need to look more closely at 
the control problem faced by today’s grid 
operator. 

Grid Control Loop
 Figure 2 shows the grid from the view-

point of a typical balancing authority (BA), 
where grid operators are in charge of main-

Figure 1. Wind generation during a typical week at BPA.

Figure 2. Power grid control loop.

See Electric Grid on page 6
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is very nonlinear and history-dependent 
because it represents processes that occur at 
a much smaller temporal and spatial scale 
than plate motions. Such processes include 
the mechanics of faults formation and the 
manner in which they slip via the accumu-
lated effect of thousands of small earth-
quakes (see Figure 2 on page 1), combined 
with the effects of grain-scale deformation, 
metamorphism, and melting.

Another aspect of the grand challenge 
is determining how to find and use obser-
vations which can constrain the many 
additional degrees of freedom required by 
large-scale, dynamic circulation models. 
Appreciating the scale of this challenge 
requires recognition of the fundamental dif-
ference between the geological record of the 
ocean floor (the plates) and the geological 
record of the continental crust. The oceanic 
crust is part of the 3D, deep circulation pat-
tern of the solid Earth, with an overturn time 
of around 100 million years, comparable 
to the median age of the oceanic plates. 
The continental crust is buoyant enough 
to escape large-scale recycling and much 
more widely-distributed in age (ranging up 
to over three billion years).

Consider the Himalayan mountain belt, 
which is the result of subduction zone 
congestion by the buoyant and deformable 
continental crust. The continental colli-
sion results in the dramatic topography 
of the region as the crust is shortened 
and thickened (see Figure 3, and view an 
accompanying movie at sinews.siam.org). 
Examining the stratigraphy, cooling history, 
and metamorphism of the rocks allows one 
to infer the history of the uplifted surface, 
which is recorded by rocks in crumpled 
and overturned units. It is also indirectly 
recorded in the sedimentary record as rivers 
and glaciers carry material away from the 
mountain belts and into sedimentary basins.

In sedimentary basins, accumulated detri-
tus from the landscape stacks up, burying 
older material and creating a stratigraphic 
record of the topographic erosion. The dif-
ficulty in inverting this record to reveal the 
history of geological deformation is that the 
transport of eroded sediment can occur over 
long distances, is heavily dependent on the 
history of the topography, can be quite vari-
able in time and space, is sensitive to very 
small-scale processes, and is coupled to the 
large-scale deformation. For example, the 
lengthy, tortuous pathways that the major 
rivers draining the Himalayas have to take 
to reach the ocean are clearly influenced 
by the topography rising and translating 
beneath the streams and rivers as they cut 
their channels.

While global circulation models are 
needed to bring the power of plate tec-
tonic theory to the continental geological 
record, making these models meaningful 
will require embedding models which can 
reproduce observable aspects of the conti-
nental record.

Solving a simplified system of equations 
is necessary to model the flow  in the mantle 

and the plates’ response. A typical template 
for this problem uses the Stokes equation 
for an incompressible fluid (or nearly so) 
driven by thermal buoyancy due to plan-
etary cooling and deep radioactive decay: 

	  ⋅ − =τ p gpzÆz ̂          (1)           

	         ⋅ =u 0                    (2) 
	

DT
Dt

T Q= + ( )κ                                                       (3)

 Silicate rocks deform in the same way 
as extremely high-viscosity fluids on geo-
logical timescales, which eliminates the 
need to consider the effects of inertia and 
rotation. However, a significant complexity 
arises from the rheology, which is strongly 
dependent on deformation history and com-
position.
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The second term (red) in the constitutive 
law (4) is the effect of viscoelasticity, and 
the third term (blue) represents the effects 
of faulting and other forms of material 
failure as a non-isotropic and strain-depen-
dent plasticity. Neglecting elastic stresses is 
common at the large length and time scale 
of these models, but plate boundaries are 
represented through the plasticity term and 
these are central to the formulation.

The most successful algorithms for deal-
ing with the elliptic Stokes equation and 
the history-dependent rheology are hybrids 
with an Eulerian mesh suitable to build 
an efficient, parallel, multigrid solver for 
(1) and Lagrangian particles embedded in 
the fluid which record the stress and strain 
history required for (4). In the Underworld 
code [8], the particle properties map to the 
mesh via a finite element quadrature rule 
that must be constructed on-the-fly for the 
distribution of particles found in each ele-
ment at every timestep.

Dh
Dt

h h= ( )( )κ − +KA h hm n
basement

                                                       (5)
      A d= ∫

ξ

α ξ ξ
,

( )
upstream

  		
		                              (6)

It is only necessary to consider those 
processes contributing to erosion, sediment 
transport, and deposition that are important 
at scales of hundreds of kilometers and 
hundreds of thousands to millions of years. 
Consider the changing height of a simple 
surface described by h x t y t( , )( ) ( ) with the 
simplified description outlined in (5). The 
time derivative of the surface height is com-
puted as a balance between local, nonlinear, 
diffusion-like terms (red) and non-local 
terms related to the integrated upstream area 
for any point (6). Such terms occur because, 
for example, the available energy of a river 
in eroding the basement is expected to relate 
to both the local slope and the total amount 
of water in the river. To know how much 
sediment a river is carrying, the net erosion 
rate upstream must be known for every 
point along the river. Figure 4 illustrates 
the network that can be constructed from 

downhill flow pathway for a discrete set 
of points representing the surface and how 
integrating (5) produces a tree-like collec-
tion of pathways which cut into the sur-
face. Such pathways form narrow, localised 
channels that can be very stable. However, 
where deposition occurs (when the energy 
of the flow decreases in a flatter region, for 
example) then the reverse is true: flows tend 
to diverge and multiple pathways across 
low-relief surfaces develop. It is much 
harder to apply the ordered traversal of a 
tree that is diverging in this way. A prom-
ising approach in this case, which is also 
efficient for domain-decomposed parallel 

computation, is to use repeated applications 
of the adjacency matrix of the downhill-
directed graph corresponding to the flow 
network. Such approaches are needed when 
the surface is not modeled in isolation but as 
part of a large computation, such as the one 
shown in Figure 3.

Acknowledgments: The maps were pro-
duced using the cartopy plotting pack-
age (Met Office, 2010) with data from 
the following sources: Global topography 
and bathymetry from ETOPO1 [1], plate 
motions and strain rates from the global 
strain rate project [5], and satellite images 
from Mapbox (mapbox.com). Seismic data 
was obtained using the obspy package [2].

Further Reading
Many of the papers which first described 

the theory of plate tectonics are extremely 
accessible. Wilson’s 1963 paper [11] on 
continental drift and Heirtzler’s 1968 paper 
[4] on sea-floor spreading bracket the peri-
od of major discoveries.

A review of computational plate tec-
tonics [7] is written for a broad audi-

ence and  describes the methods 
discussed here with examples. 
Applications of adaptive mesh 
refinement to a solid Earth 
global circulation model with 
emergent plate boundaries are 
described in [10]. More back-
ground on Figure 3 and the 
movie can be found in [9].

To learn more about the 
large-scale interaction between 
mantle circulation and the sur-
face processes of erosion, sedi-
ment transport, and deposition, 
see [3].
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jupyter notebooks on his website). Figure 3. A low-angle view of a numerical model of continental collision using the Underworld particle-in-cell 

finite element code. The map (1) interprets the model in terms of the India-Eurasia collision. In the simulation, 
the Indian indentor heads towards the viewer and crumples the crust into a mountain belt in the foreground. 
In the background, the crust escapes away from the viewer pulled by the subduction zone. Snapshots from 
the movie: (2) pre-collision and (3) late in the collision.

Figure 4. Idealised erosion, transport and deposition models are based on computing height 
changes which depend on local slope, those dependent on long-range transport processes 
by rivers or glaciers, and motions due to large-scale tectonics. Long-range transport by rivers 
requires knowledge of information integrated from the entire upstream catchment of every 
point. Erosion tends to localise, whereas deposition has the opposite characteristic (1, 2). 
Upstream integrals can be calculated very efficiently with an appropriately-ordered traversal of 
the graph of downhill connectivity of the surface (3, 4). Parallel algorithms based on arbitrary 
spatial decompositions of the domain disrupt this efficient ordering.

Plate Tectonics
Continued from page 1 
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Patient-specific simulations usually 
require time-dependent solutions of the par-
tial differential equations (PDEs) governing 
blood flow, the Navier-Stokes equations, 
and complex geometries, which commonly 
require parallel, high-performance comput-
ing. Recent advances in simulation meth-
odologies have increased efficiency and 
enabled heightened physiologic realism. 
Yet the addition of fluid structure inter-
action (FSI) to model vessel wall defor-
mation makes simulations more challeng-
ing and computationally expensive. Finite 
volume or finite element methods with 
appropriate boundary and initial conditions 
allow the governing equations to be solved 
numerically. The cardiovascular commu-
nity widely uses finite element methods 
with unstructured meshes due to complex 
geometries and FSI. Much of the recent 
work has employed stabilized (streamline-
upwind/Petrov–Galerkin, or SUPG) meth-
ods with linear finite elements, but higher-
order spectral elements, unstructured finite 
volume methods, and immersed boundary 
techniques offer attractive alternatives.

Since only a portion of a patient’s anat-
omy can be included in the 3D model 
—  both due to computational expense and 
limits of image resolution — boundary con-
ditions must be applied at inlets and outlets 
of the model to accurately represent the 
vascular network outside of the 3D domain. 
The choice of boundary conditions is of 
paramount importance in cardiovascular 
simulations, as conditions upstream and 
downstream of the 3D model greatly influ-
ence the local flow dynamics. The current 

state-of-the-art cardiovascular simulations 
implicitly couple the Navier-Stokes equa-
tions in the 3D domain with reduced-order 
models of circulatory physiology, forming 
a closed loop system. Electrical circuits, in 
which flow is analogous to electric current 
and pressure drop is analogous to voltage, 
offer a convenient analogy. Organ com-
partments, including the heart, systemic, 
and pulmonary circulations, are constructed 
from circuit elements, resulting in a system 
of ordinary differential equations (ODEs). 
Solution of this coupled PDE/ODE system 
poses numerical challenges. These chal-
lenges include flow reversal at the outlets, 
the need for specialized pre-conditioners 
for the linear system of equations, and ill 
conditioning arising from the dominance of 
a few eigenvalues coming from the coupled 
boundaries [4].

There is rising interest in clinical data 
assimilation and uncertainty quantification 
in cardiovascular simulations. Because phy-
sicians are unlikely to trust simulations for 
clinical use unless they are accompanied by 
confidence intervals on model predictions, 
models must account for myriad sources of 
uncertainty. These include noise in image 
data, measurement errors associated with 
cardiac catheterization, phase contrast MRI, 
and natural physiologic variation. One must 
first perform parameter estimation in the 
presence of uncertainty to assimilate clini-
cal data into models. Propagation to model 

outputs and uncertainty quantification for 
model outputs happens next. Bayesian 
approaches are particularly attractive for 
this purpose, including multi-level Monte 
Carlo methods and compressed sensing 
[5]. Application of optimization to design 
surgical geometries and devices, includ-
ing derivative free-pattern search meth-
ods incorporating surrogates, has proven 
to be particularly effective and efficient. 
Computational performance is of utmost 
importance in this context, as each function 
evaluation may require hours of run time 
on a parallel cluster, and algorithms can 
quickly become intractable without special 
care to maximize efficiency.

Clinical interest in patient-specific car-
diovascular modeling is rapidly acceler-
ating, with recent application to numer-
ous diseases in children and adults. These 
diseases include congenital heart disease, 
coronary artery disease, Kawasaki disease, 
cerebral and abdominal aneurysms, and 
medical device design. In 2014 the FDA 
granted the first approval of cardiovascular 
simulations for routine clinical use with the 
introduction of fractional flow reserve by 
computed tomography (FFRct), created by 
HeartFlow, Inc. FFRct is an assessment of 
the functional severity of coronary artery 
stenosis, and clinical trial results have dem-
onstrated excellent agreement with invasive 
measurements as well as a reduction in the 
number of invasive procedures performed 
on patients [1]. Current studies are examin-
ing surgical methods for coronary artery 
bypass graft surgery and causes of vein 
graft failure.

Simulations have also impacted pedi-
atric cardiology with the introduction of 
novel surgical methods for single ventricle 

heart patients, a severe condition in which 
a child is born with only one functioning 
heart ventricle. Surgical methods for the 
Fontan procedure (the third stage surgery 
performed in single ventricle palliation) 
were changed based on simulation results to 
adopt an offset design in order to avoid flow 
collision, and, more recently, a “Y-graft” 
design that improves flow distribution. The 
“Y-graft” was designed and optimized via 
simulations before translation to clinical 
use at Lucile Packard Children’s Hospital 
at Stanford University [3]. A recently-intro-
duced concept for stage-one single ventricle 
surgery, called the “Assisted Bidirectional 
Glenn,” now aims to improve outcomes in 
neonates by incorporating an ejector pump 
to increase pulmonary blood flow [2]. In 
this context, multiscale simulations provide 
a means to develop novel surgical methods, 
for which it may be ethically infeasible to 
test directly in patients.

Numerous challenges remain as tools for 
cardiovascular simulations mature. Among 
these is the ongoing challenge of validation 
against in vivo data, which is often hin-
dered by ethical considerations of invasive 
data collection, particularly in children. 
Future simulations should include far more 
detailed models of biological and physi-
ologic responses, such as the chemistry 
of blood clot formation, vascular growth 
and remodeling in response to changing 
mechanical loads, auto regulatory feedback 

mechanisms, and vascular mechanotrans-
duction. These mechanisms will require 
specialized numerical methods capable of 
handling increasingly-complex multiscale 
problems.

Finally, because cardiovascular software 
development is a complex undertaking, 
readers might benefit from the exploration 
of software tools available through the 
open source SimVascular project,1 which 
provides a complete open source pipeline 

from image data and patient-specific model 
construction to meshing, boundary condi-
tion assignment, and simulation results, and 
is freely available for academic purposes.

1 www.simvascular.org	

Figure 2. Simulation-based design, clinical translation, and postoperative imaging of a novel surgical approach for the Fontan surgery to treat 
children born with a single ventricle heart defect.
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Figure 3. Patient-specific blood flow simulation of the Fontan surgery performed to treat 
patients with single ventricle heart defects. Simulations can be used to predict a range of 
clinically-relevant parameters including flow distribution, shear stresses, oxygen delivery, and 
cardiac workload.
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Gromov’s Non-squeezing 
Theorem and Optics

A remarkable theorem discovered by 

Gromov ([1], [2]) states that it is impossible 

to map the unit ball q p q p1
2

1
2

2
2

2
2 1+ + + ≤  

in 

4  into a cylinder 
q p r1
2

1
2 2+ ≤  of smaller radius 

r <1  by a symplectic mapping.1 

This general statement has a sur-

prising implication in optics.

Any optical device (a system of lenses and 

mirrors) gives rise to a symplectic map in  


4  as follows. Placing the device between 

two parallel planes (Figure 1), we specify an 

incoming ray by the coordinates ( , )q q1 2  

of its crossing the first plane, and by the 

direction sines ( , ) ( , ).sin sin p pθ θ1 2 1 2=
The ray is thus characterized by the 

point  x q q p p= ∈( , , , )1 2 1 2 

4 . Let 
X Q Q P P= ( , , , )1 2 1 2  be the similarly-

defined “exit data” of the same ray. Now 

it turns out that the mapping ϕ  from x  to 
X  is symplectic, preserving the symplectic 

form ω  mentioned in the footnote. (An 

intuitive proof, along with a physical inter-

pretation of ω , can be found in [3]).

With such parametrization of rays, the 

unit ball in  4  can be seen on the left side 

of Figure 1: at each point q q q= ( , )1 2  we 

have a cone of rays whose direction sines 

satisfy p q2 21≤ −  (in particular, the cones 

become narrower near the edge of the unit 

disk). The cylinder Q P r1
2

1
2 2+ ≤  (Figure 

2) corresponds to the set of rays exiting 

through the slit | |Q r1 ″Q P r1
2

1
2 2+ ≤ r and confined to

the dihedral angle with 

| | | sin | .P r1 1
21= ≤ −Θ  Again, the aper-

1  More precisely, by the map preserv-
ing the form ω = ∧ + ∧dq dp dq dp1 1 2 2.  
Geometrically, this amounts to the require-
ment that for any infinitesimal parallelogram 
the sum of signed areas of its projections onto 
the planes ( , )q p1 1  and ( , )q p2 2  is preserved 
under the map.

ture of this angle decreases with the dis-

tance to the edge of the slit.

And thus Gromov’s theorem implies the 

surprising fact that no opti-

cal device can shepherd the 

unit “ball” of incoming rays 

(Figure 1) through a narrow 

slit and with a narrow dihe-

dral angle, as described more precisely in 

the preceding sen-

tence.

Speaking of 

applications, the 

first application of 

Gromov’s theo-

rem to PDEs can 

be found in the 

remarkable paper 

[4].
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taining stability and  reliability  in their 
region of the grid.  The measurement Y(t) is 
a sum of error signals, including deviation 
in grid frequency (60 Hz in the U.S.). In 
most cases, the compensator Gc is propor-
tional-integral (PI) control, designed by the 
grid operator to maintain supply-demand 
balance.

The actuation block H models the coop-
eration of many ancillary services acting 
in parallel, provided by the electric grid 
in order to facilitate and ensure the con-
tinuous flow of electricity so that supply 
will continually meet demand. Each service 
receives a command from a BA and adjusts 
power up or down in response. Resources 
providing ancillary service include respon-
sive generators and batteries.

The grid transfer function Gp takes as 
input power mismatch and output Y(t), as 
shown in Figure 2 (on page 2). We have 
many observations of the grid following 
a generation outage that can be used to 
construct a grid model. It is fortunate that 
these dynamics are quick, relative to distur-
bances from nature; the natural frequency 
in a second order model for Gp corresponds 
to timescales of less than 20 seconds [2]. 
The disturbances entering the grid from 
renewable energy evolve on much slower 

timescales, where the grid transfer function 
Gp appears as a static gain.

Demand Dispatch
When viewed as a centralized control 

problem, renewable energy integration does 
not appear to be a great challenge because 
grid dynamics are relatively tame on the 
timescales of disturbances introduced by 
solar or wind generation. The challenge lies 
in finding resources that can be harnessed 
to create the actuator block H in Figure 
2. If this is to be achieved using flexible 
demand, we must investigate what is meant 
by flexibility.

While consumers expect some guaran-
tees on quality of service (QoS), the grid 
operator at a BA desires reliable ancillary 
service obtained from inherent flexibil-
ity in the consumer’s power consumption. 
These seemingly-conflicting goals can be 
achieved simultaneously by local control; 
an appliance can monitor its QoS and other 
state variables, receive information from 
the BA, and adjust its power consump-
tion accordingly. Methods to create “virtual 
energy storage” (VES) from flexible loads 
offer reliable resources to grid operators 
without impacting the needs of consumers.

Experiments conducted at the University 
of Florida have shown that loads in com-
mercial HVAC systems can provide regu-
lation at timescales of one to 20 minutes 

through manipulation of the fans in the 
ventilation system; a local feedback loop 
ensures that the power deviation provided to 
the grid tracks the desired regulation signal. 
The cost is negligible, with no impact on 
building climate [1]. Installation is simple, 
because these commercial buildings are 
already equipped with building automa-

tion systems. The aggregate capacity of 
ancillary service obtained is on the order of 
gigawatts in this frequency range.

 Many loads that can provide VES in 
lower frequency ranges consume power at 
discrete values. Figure 3 shows power con-
sumption for a typical residential refrigera-
tor. The lighter plot shows the power con-
sumption deviation that would be observed 
using local control for VES. These minor 
variations in cycling are not expected to 

impact QoS to the refrigerator owner. But 
how can this be useful for the grid?

Through several layers of local control, 
a collection of many refrigerators can pro-
vide VES in a frequency range near the 
natural frequency of the loads (in this case, 
corresponding to a period of one hour). A 
randomized control architecture creates the 

degrees of freedom required to track the 
regulation signal received from the balanc-
ing authority [3]. The aggregate of loads 
will appear as a perfect battery, subject to 
constraints on the frequency range of ancil-
lary service it provides. Of course, residen-
tial refrigerators are only a tiny fraction of 
the flexible loads that can be harnessed in 
this way.

In conclusion, there is incredible value 
in placing consumers in the loop. This is 

only possible through careful design 
of local control loops to ensure that 
both the consumer and the grid receive 
what they need. Naturally, even if 
there is no cost or loss of QoS, the 
consumer needs incentives to par-
ticipate. Contracts between BAs and 
ancillary service providers are highly 
successful today. Fixed payments for 
engagement and regular payments 
proportional to “services rendered” 
may incentivize more flexibility from 
consumers, leading to a more robust 
grid that can manage greater levels of 
renewable energy.
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Figure 3. Nominal power consumption of a residential refrigerator is approximately periodic.
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actually an important component of applied 
mathematics, whether we’re communicat-
ing results to peers or applying for grants. 
The opportunity to focus on writing will 
thus prove very useful within the context 
of my field, and likely the fields of other 
scientists. I’m also coming back to my 
Ph.D. program with a new appreciation for 
the importance—and challenge—of com-
pellingly communicating science and math-
ematics to the general public.

If you are a student (undergraduate or 
graduate) and any of this piques your inter-
est, I encourage you to apply to be a Mass 
Media Fellow in 2016. Applications are 
due January 15th: http://www.aaas.org/pro-
gram/aaas-mass-media-science-engineer-
ing-fellows-program.

Anna Lieb is a fifth-year Ph.D. student 
in the Department of Mathematics at the 
University of California, Berkeley. She is 
interested in fluid mechanics, numerical 
methods, optimization, and applications, 
and works on modeling urban water distri-
bution under intermittent supply.

Communicating Science as a Mass Media Fellow
By Anna Lieb

As an applied mathematics Ph.D. can-
didate, it is not inconceivable that I would 
need to learn about one of the following: the 
hydrology of dam removal,1 the algorithms 
behind computer-generated surrealist art,2 
the subtleties of friction3 at small scales, 
or the population dynamics of sex-reversed 
lizards.4 But during the summer of 2015, 
as a SIAM-sponsored AAAS Mass Media 
Fellow, I had the remarkable opportunity 
to explore all of these subjects and more 
by spending 10 weeks writing features and 
news stories for NOVA Next,5 the website 
of PBS NOVA.

The AAAS Mass Media Science & 
Engineering Fellows6 program places stu-
dents in science, engineering, and math-
ematics at science desks in media outlets 
around the country. The program seeks to 
foster stronger communication skills among 
scientists and promote public understanding 
of science. I am quite keen on both of these 
things, and for the past three years have 
spent much of my free time writing and 
editing for the Berkeley Science Review,7 
a University of California, Berkeley pub-

lication with similar goals. I was therefore 
delighted at the prospect of working with 
and learning from professional science writ-
ers and editors as a Mass Media Fellow.

On my first day at NOVA Next, I arrived 
a touch disheveled after unwittingly bik-
ing through half of Boston. My editor got 
me started writing immediately. I covered 
advances in ecology, physics, medicine, 
computer science, and astronomy, among 
other topics. One day I’d be chatting with 
a physicist about how to make graphene;8 
the next I’d be traipsing through a field 
to get a look at the oldest dam1 in the 
US. I enjoyed seeing numerous facets of 
scientific research and exploring how they 
related to history, economics, and policy. I 
had cause to call up to all sorts of fascinat-
ing people and request a conversation—and 
they were usually happy to oblige. I spoke 
with dozens of scientists, the Director of the 
California Academy of Sciences, and even 
the Deputy Secretary of the Department of 
the Interior.

Covering these diverse subjects solidified 
my conviction that effectively presenting 
scientific information to the general public 
is a challenging and intriguing endeavor 
in its own right. Writing for popular audi-
ences is not simply a matter of “dumbing 

1 http://www.pbs.org/wgbh/nova/next/
earth/dam-removals/

2   http://www.pbs.org/wgbh/nova/next/
tech/left-to-their-own-devices-computers-cre-
ate-trippy-surrealist-art/

3 http://www.pbs.org/wgbh/nova/next/
physics/friction/

4 http://www.pbs.org/wgbh/nova/next/
nature/when-it-gets-hot-out-there-these-liz-
ards-turn-into-ladies/

5     http://www.pbs.org/wgbh/nova/next
6   http://www.aaas.org/program/aaas-mass-

media-science-engineering-fellows-program
7     http://berkeleysciencereview.com/
8  http://www.pbs.org/wgbh/nova/next/

tech/graphene/

down” complex material. Distilling the key 
ideas in a scientific finding—and reporting 
them without the crutches of equations or 
jargon—is no small task. My training in 
applied mathematics complicates my efforts 
as a writer; due to many years of course-
work and research, my vernacular and 
frame of reference contain elements that are 
quite foreign to most people. For example, 
when covering the science of friction3 at 
small scales, I nonchalantly explained that 
the ratio of atomic spacings in two differ-
ent surfaces was an irrational number. My 
editor pointed out that many NOVA readers 
would not immediately know what the term 
“irrational number” meant, even if they 
were actually familiar with some irrational 
numbers like π. I extended my description 
and added a visual representation,9 making 
the article more readable and thus more 
accessible.

I learned to step outside of my own expe-
rience in order to see the broader appeal 
in a scientific story. In that regard, my 
colleagues were especially helpful. I was 
just around the corner from the office of 
the “Gross Science” team, whose entire job 
consisted of digging up disgusting (but also 

fascinating) scientific topics and making 
short videos. These folks, and the rest of the 
NOVA Next team, helped me understand 
how to present a story in a way that was 
compelling or humorous without sacrificing 
accuracy. For example, when I struggled to 
come up with titles, my editor reminded me 
that titles are “promos, not promises.”

I did sneak some math into my writing— 
for example, in my first feature10 I used 
published findings to calculate the average 
number of long-tailed macaques a consumer 
would save if he/she paid a 60-cent premi-

9 http://www-tc.pbs.org/wgbh/nova/
n e x t / w p - c o n t e n t / u p l o a d s / 2 0 1 5 / 0 8 /
superlubricity_2048x1152.jpg

10 http://www.pbs.org/wgbh/nova/next/
earth/putting-a-price-on-nature/

um for sustainably-sourced palm oil (spoiler 
alert: it’s on the order 10-6 macaques for 
every 500 mL of oil). The piece contained a 
link11 to an iPython notebook that tabulated 
the assumptions and ran the numbers, an 
addition some readers thoroughly enjoyed. 
I found that although general audiences may 
approach mathematics with some hesitation, 
well-chosen numbers provided compelling 
details that made a story really stand out. I 
kept this in mind while writing my piece on 
the science of dam removal1, where I illus-
trated the distribution of US dams with both 
numbers and interactive maps.12

My summer as an AAAS Fellow taught 
me how to vary my writing from the crisp, 
energetic tone of a reporter to the more 
musing style of an essayist. I learned to size 
up my audience and offer them engaging 
material as compensation for the time they 
devoted to reading my words. Writing is 

11 http://nbviewer.ipython.org/gist/
anonymous/7ec291a0dece212110f1

12 https://liebannam.cartodb.com/
viz/26214abe-3fa7-11e5-8401-0e0c41326911/
public_mapFigure 1. In an article entitled "Friction Fighters," Lieb discussed the subleties of friction and 

the fact that even the smoothest surfaces resemble mountain ranges up close. Photo credit: 
John Town/Flickr (CC BY-NC-ND).

Figure 2. In Lieb's first feature, an article about sustainably-sourced palm oil, she reported on 
extensive mangrove forests in the Sundarbans (pictured above) that protect the region from 
coastal flooding. Photo credit: Wikimedia Commons.

Anna Lieb as a  Mass Media Fellow for 
NOVA Next, the website of PBS NOVA. 
Photo credit: Tim De Chant.

Since the first German SIAM Student Chapter was established at Universität Trier in 2008, 
there has been a rapid growth in SIAM student chapters in the country. In order to facilitate 
a regular exchange among students in the region as well as in various disciplines of applied 
mathematics, the chapter organized an annual symposium in Trier in 2012, which was fol-
lowed by meetings in Heidelberg in 2013 and Magdeburg in 2014. 

The fourth symposium of German SIAM Student Chapters took place this past August 
in Trier. Chapters across Germany, including Aachen, Berlin, Hamburg, Heidelberg, 
Magdeburg, and the Czech chapter from Prague were invited to the event, as were mathemati-
cians from the Fraunhofer Institute for Industrial Mathematics in Kaiserslautern.

Scientific sessions covered a broad range of topics in computational optimization, discrete 
optimization, and numerical analysis, including mathematical models to study risk of bat 
populations and the cutting of gemstones in an optimal way. 

The Trier chapter also organized an excursion to Bayer AG, a life science company at 
Leverkusen, in September. As a large chemical and  pharmaceutical company, Bayer uses 
applications of mathematics in the optimization of chemical processes, as well as for financial 
management, and students got a firsthand look at these applications in addition to a tour of 
BayKomm, the company’s communication centre.

 — The SIAM Student Chapter at Universität Trier

Annual Symposium Brings Together 
SIAM Chapters Across Germany

Universität Trier chapter students on their field trip to Bayer AG in Leverkusen, Germany. (First 
row, from left): Martin Siebenborn, Julian Wagner, Patrick Groetzner, Martin Rupp, Dennis 
Kreber, and Philip Rosenthal. (Second row, from left): Van Nguyen, Laura Somorowsky, Kathrin 
Welker, Heinz Zorn, Christina Schenk, Bernd Perscheid, and Ulf Friedrich.
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Villani’s Birth of a Theorem
Birth of a Theorem: A Mathematical 
Adventure. By Cédric Villani, Farrar, Straus 
and Giroux, New York, 2015, 272 pages, 
$26.00.

Cédric Villani’s newly-translated popular 

work, Birth ofa Theorem: 
a
m  athematical 

Adv(en)ture, is a book without precedent. It 
was apparently born of an encounter with 
Olivier Nora, who suggested to Villani that, in 
the wake of his 2010 Fields Medal, the general 
public would be fascinated to have the oppor-
tunity to read anything accessible he might 
be able to write on the nature of his award-
winning work. The author took this to mean 
not only the mathematical content of what 
was produced, but also the process by which 
it was achieved, including the daily life and 
modus operandi of a leading mathematician. 
In response to this challenge, Villani offers the 
reader a window into the three years of his life 
during which he collaborated with Clement 
Mouhot on the problem of Landau damping. 
The result is equal parts diary, documentary, 
collage, stream of consciousness, mathemati-
cal history, biography, and exposition. The 
translator notes that “The book is meant 
chiefly as a work of literary imagination...The 
technical material, though not actually irrel-
evant, is in any case inessential to the story.”

The story opens in the laboratory of the 
Ecole Normale Superiere de Lyon on a 
Sunday afternoon. Mouhot and Villani are in 
the latter’s office to discuss prospects for the 
Boltzmann equation, which describes the sta-
tistical evolution of a colliding gas. By the end 
of the conversation and several pages later, 
Villani has reconstructed a positivity result 
for a collisionless gas, which he had heard 
about from a postdoctoral fellow at Princeton 
University. Mouhot wonders aloud whether 
the argument might be relevant to some con-
troversies  concerning  the longtime behavior 
of a charged plasma interacting electrodynam-
ically. This is followed by a two page aside on 
Ludwig Boltzmann, which displays his equa-
tion and his entropy law and relates the two 

by observing that the latter behaves monotoni-
cally along the dynamics of the former (exhib-
iting one particular mathemati-
cal incarnation of the second law 
of thermodynamics). The aside 
describes its subsequent impact 
and recalls some tragic details 
from Boltzmann’s life.  There is 
also a depiction of Boltzmann, the first of a 
dozen or more sketches produced by Claude 
Gondard that tie together Villani’s story and 
illustrate many 
of its principal 
characters, living 
and dead.  The 
sketches provide 
a sense of his-
torical evolution 
in mathematics, 
portraying great 
minds revisiting 
persistent ques-
tions century 
after century, 
building on each 
other’s insights 
to peel back lay-
ers of some of 
the most pro-
found mysteries 
in science. For 
example, why 
did structure 
emerge in the 
universe, and on 
what time scale?

The second 
chapter flashes 
back to a lunch 
at Oberwolfach 
two years earli-
er, during which 
a conversation 
with a pair of 
experts about the Landau damping phenom-
enon in plasma physics piques Villani’s curi-
osity. The discussion concerned a paradox 
Landau predicted based on a linearization of 

dynamics. In the paradox, the Vlasov equa-
tion (which gives a statistical description 
of a Coulomb gas — either attractive in the 
case of gravity, or repulsive as in the case of 
electrically-charged particles), despite being 
reversible in time, possesses certain equilibria 

which are stable, in the sense 
that the equation drives nearby 
initial  data back to them both 
as t → +∞ and t → −∞  .  
Many experiments observed 

this damping phenomenon, while there were 
others that seemed to violate it. Conservation 
of the Liouville measure precludes such 

behavior for a 
finite dimension-
al Hamiltonian 
system, but the 
Vlasov dynam-
ics describe an 
infinite dimen-
sional (statisti-
cal) limit. During 
a subsequent 
visit to Brown 
U n i v e r s i t y , 
Mouhot learned 
that the math-
ematical crux 
of the matter, 
which had never 
been resolved, 
was whether or 
not linearization 
correctly pre-
dicted the non-
linear dynamics, 
and if so, in what 
sense.

Their com-
bined eventual 
resolution of 
this problem 
was among the 
principal contri-
butions that gar-
nered Villani his 

Fields Medal. (For those who want to know 
the answer: they show that the nonlinear equa-
tion indeed produces the local damping effect, 
but only for analytic or near-analytic initial 
data. For such data, the dynamics smooth the 

spatial density while producing oscillations in 
the velocity variable; the convergence back to 
equilibrium occurs in a weak topology which 
does not see these oscillations.)

However, the book attempts to trace the 
actual, meandering trajectory Villani traversed 
during the years he spent searching for this 
result, the many random (and some less ran-
dom) encounters which shaped his thinking 
on this problem. There are certainly excur-
sions into a variety of far-flung mathemati-
cal realms, including questions in number 
and graph theory, which have no relation to 
Landau damping. But there are equally many 
excursions to faraway conferences, children’s 
music lessons, a semester at the Institute for 
Advanced Study, a change in employer, and 
explorations of the author’s taste in poetry 
(e.g. William Blake), music (e.g. Catherine 
Ribiero), and books (e.g. Japanese comics). 
Also reproduced throughout the text are email 
correspondences from the period in question 
— many between Villani and his collaborator, 
Mouhot, but also others tangential to Villani’s 
story (including one from yours truly). Further 
additions include pages from a few different 
math papers, excerpts from Villani’s book 
on optimal transport, a figure illustrating 
one of the reviewer’s theorems, and slides 
from a lecture on an unrelated topic. Birth of 
a Theorem is a charming insider’s guide to 
a mathematician’s world, meant to convey 
the mystery, excitement, agony, ecstasy, and 
quotidian that seduce mathematicians into the 
profession. Designed to be accessible to out-
siders, the original was a bestseller in France, 
titled Théoréme Vivant, meaning Living (the) 
Theorem or Theorem Alive! Insiders will find 
it delightful as well. Birth of a Theorem offers 
readers not only the chance to tag along with 
a future recipient of the Fields Medal as he 
does some of his best work, but also a delight-
ful glimpse into the foreign land in which 
mathematicians seem to spend so much of 
their time.

Robert McCann (mccann@math.toronto.
edu) is a professor of mathematics at the 
University of Toronto. He is the originator of 
displacement convexity and an authority on 
optimal transport. He has also co-authored 
publications on kinetic equilibration in granu-
lar media with Cédric Villani.

BOOK REVIEW
By Robert McCann

Cédric Villani, recipient of the 2010 Fields Medal and 
author of the newly-translated Birth of a Theorem: A 
Mathematical Adventure. © Fusina Dominik.
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Professional  Opportunities

Georgia Institute of Technology
School of Mathematics

The School of Mathematics at Georgia Tech 
is accepting applications for faculty positions at 
all ranks and in all areas of Pure and Applied 
Mathematics and Statistics. Applications by high-
ly qualified candidates, and especially those from 
groups underrepresented in the mathematical 
sciences, are particularly encouraged. See www.
math.gatech.edu/resources/employment for more 
details and application instructions.

Baylor University
Department of Mathematics

The Department of Mathematics invites appli-
cations to fill the Jean and Ralph Storm Chair 
of Mathematics. The successful candidate, who 
is expected to be at the full-professor level, will 
be an excellent mathematician, with national and 
international recognition for scholarship, demon-
strated excellence in teaching at the undergradu-
ate and graduate levels and a history of successful, 
sustained grantsmanship. This endowed position 
provides an annual discretionary research fund 
to the successful candidate. Applications in all 
areas of mathematics will be considered. Active 
research areas in the department are in the general 
areas of algebra, analysis, differential equations, 
mathematical physics, numerical analysis, com-
putational mathematics, representation theory, 
and topology. Several faculty in the department 
are engaged in interdisciplinary research with 
other departments on campus. Baylor encourages 
women, minorities, veterans and individuals with 
disabilities to apply. Detailed information about 
the department can be found at the http://www.
baylor.edu/math.  

To ensure full consideration, complete 
applications must be submitted by 02/15/16. 
Applications will be reviewed immediately after 
this date and will be accepted until the position 
is filled. 

We encourage all applicants to submit their 
materials online at http://www.mathjobs.org/jobs. 
Candidates should possess an earned doctorate 
in the appropriate field of study. A complete 
application includes a cover letter of application 
(please refer to the job number BQ 34499), at 
least three letters of recommendation, a current 
curriculum vitae, original doctoral transcripts, 
and a statement of support for Baylor’s Christian 
mission (see http://www.baylor.edu/profuturis/), 
indicating your religious affiliation and a few 
brief statements about your faith. Alternatively, 
candidates can arrange for their application 
materials to be sent directly to: Dr. Lance L. 
Littlejohn, Department of Mathematics, Baylor 
University, One Bear Place #97328, Waco, TX 
76798-7328.

Baylor University is a private Christian uni-
versity and a nationally ranked research insti-
tution, consistently listed with highest honors 

among The Chronicle of Higher Education’s 
“Great Colleges to Work For.” Chartered in 1845 
by the Republic of Texas through the efforts of 
Baptist pioneers, Baylor is the oldest continu-
ously operating university in Texas. The univer-
sity provides a vibrant campus community for 
over 15,000 students from all 50 states and more 
than 80 countries by blending interdisciplinary 
research with an international reputation for 
educational excellence and a faculty commitment 
to teaching and scholarship. Baylor is actively 
recruiting new faculty with a strong commitment 
to the classroom and an equally strong commit-
ment to discovering new knowledge as we pursue 
our bold vision, Pro Futuris (www.baylor.edu/
profuturis/).

Baylor University is a private not-for-profit 
university affiliated with the Baptist General 
Convention of Texas. As an Affirmative Action/
Equal Opportunity employer, Baylor is com-
mitted to compliance with all applicable anti-
discrimination laws, including those regarding 
age, race, color, sex, national origin, marital 
status, pregnancy status, military service, genetic 
information, and disability. As a religious edu-
cational institution, Baylor is lawfully permitted 
to consider an applicant’s religion as a selection 
criterion.

California Institute of Technology
Department of Computing and Mathematical 
Sciences

The Computing and Mathematical Sciences 
Departmnet (CMS) at Caltech invites applica-
tions for a tenure-track faculty position. Our 
department is a unique environment where 
innovative, interdisciplinary, and foundational 
research is conducted in a collegial atmosphere. 
We will consider candidates in all areas of 
computing, broadly defined; research areas of 
particular interest include (but are not limited to) 
learning and computational statistics, security 
and privacy; robotics and autonomous systems; 
networked and distributed systems; optimization 
and computational mathematics. Additionally, 
we are seeking candidates who have demon-
strated strong connections to other fields, includ-
ing the physical, biological, mathematical, and 
social sciences.

A commitment to high-quality teaching and 
mentoring is expected. The initial appointment 
at the assistant-professor level is for four years 
and is contingent upon the completion of a 
Ph.D. degree in Computer Science, Applied 
Mathematics or related field. 

To ensure the fullest consideration, applicants 
are encouraged to have all their application mate-
rials on file by November 1st, 2015. For a list of 
documents required and full instructions on how 
to apply on-line, please visit http://www.cms.
caltech.edu/search. Questions about the applica-

tion process may be directed to: search@cms.
caltech.edu.

Caltech is an Equal Opportunity/Affirmative 
Action Employer. Women, minorities, veterans, 
and disabled persons are encouraged to apply.

Southern Methodist University
Department of Mathematics

Applications are invited for the Clements 
Chair of Mathematics (position no. 00050961) 
to begin in the fall semester of 2016. The 
department is searching for senior scholars with 
outstanding records of research in computational 
and applied mathematics as well as a strong com-
mitment to teaching, including an established 
history of advising doctoral students.  We are 
seeking candidates whose interests align with 
those of the department and who would con-
tribute in a substantial way to the university’s 
initiatives in high performance computing and 
interdisciplinary research. In addition we expect 
the Clements Chair to provide leadership in the 
further development of our graduate and under-
graduate programs. 

The Department of Mathematics offers grad-
uate degrees in Computational and Applied 
Mathematics and includes 17 tenured or tenure-
track faculty researchers, all of whom work 
in application areas. Visit http://www.smu.edu/
math/ for more information.  To apply send a 
letter of application with a curriculum vitae, a 
list of publications, research and teaching state-
ments, and the names of three references to: 
The Faculty Search Committee, Department of 
Mathematics, Southern Methodist University, 
P.O. Box 750156, Dallas, Texas, 75275-0156.  
The Search Committee can also be contacted by 
sending e-mail to mathsearch@mail.smu.edu. 
(Tel: (214)768-2452; Fax: (214)768-2355). 

Applications received by December 15, 2015 
will receive full consideration, but will con-
tinue to be accepted until the position is filled.  
A Ph.D. in applied mathematics or a related field 
is required.  Applicants will be notified when the 
search is concluded.

 SMU, a private university with active graduate 
and undergraduate programs in the sciences and 
engineering, is situated in a quiet residential sec-
tion of Dallas. The Dallas-Fort Worth Metroplex 
is America’s fourth largest metropolitan area, and 
residents enjoy access to world-class cultural and 
entertainment activities.

Southern Methodist University will not dis-
criminate in any program or activity on the 
basis of race, color, religion, national origin, 
sex, age, disability, genetic information, veteran 
status, sexual orientation, or gender identity and 
expression. The Executive Director for Access 
and Equity/Title IX Coordinator is designated 
to handle inquiries regarding nondiscrimination 
policies and may be reached at the Perkins 
Administration Building, Room 204, 6425 Boaz 

Lane, Dallas, TX 75205, 214-768-3601, accesse-
quity@smu.edu.  

Hiring is contingent upon the satisfactory 
completion of a background check.

Boston University
Department of Mathematics and Statistics

The Department of Mathematics and Statistics 
invites applications for a tenure-track Assistant 
Professor level position in Number Theory. Ph.D. 
required. The position will begin July 1, 2016. A 
strong commitment to research and teaching at 
the undergraduate and graduate levels is essential. 
A complete application will consist of a cover let-
ter, CV, research statement, teaching statement, 
and four letters of recommendation, at least one 
of which addresses teaching. Please submit all 
materials online to mathjobs.org. Alternatively, 
please have hardcopies mailed to Number 
Theory Search, Department of Mathematics and 
Statistics, Boston University, 111 Cummington 
Mall,  Boston, MA 02215. The application dead-
line is December 15, 2015.  We are an equal 
opportunity employer and all qualified applicants 
will receive consideration for employment with-
out regard to race, color, religion, sex, national 
origin, disability status, protected veteran status, 
or any other characteristic protected by law. We 
are a VEVRAA Federal Contractor.

Colorado School of Mines
Department of Applied Mathematics and 
Statistics

The College of Engineering and Computational 
Sciences’ Department of Applied Mathematics 
and Statistics at the Colorado School of Mines 
(Mines) invites applications for an open rank 
faculty position in applied mathematics.  Multiple 
appointments or appointment at a more senior 
level may be considered for exceptional can-
didates. We seek candidates excited to share 
in our mission to address the challenges of a 
sustainable global society by educating the next 
generation of leading engineers and scientists and 
by expanding the frontiers of knowledge through 
research. Preference will be given to those with 
expertise commensurate with departmental needs 
in applied mathematics research and teaching. 
Faculty research areas in the department are: 
applied mathematics, applied analysis, compu-
tational mathematics, numerical analysis, and 
statistics.

For the complete job announcement, full 
statement of qualifications, and directions on 
how to apply, visit: http://inside.mines.edu/
HR-Academic-Faculty.  

Mines is an EEO/AA employer and is com-
mitted to enhancing the diversity of its campus 
community.  Women, minorities, veterans, and 
individuals with disabilities are encouraged to 
apply.

The Models are Incomplete, the Intuitions are Unreliable  
By Karl Kempf

Business decision–making is the focus 
of my work. I am especially interested in 
those business decisions where the differ-
ence between a good answer and a poor one 
is a billion dollars or more. Although such 
decisions are relatively common today, they 
have only been so for roughly the last 140 
years. The Industrial Revolution set the 
stage for the so-called “big company.” Old 
businesses merged and reorganized while 
entrepreneurs formed new businesses to 
leverage the confluence of mass production 
and mass distribution, meant to stimu-
late mass consumption. Standard Oil was 

established in 1870 and quickly became the 
largest oil refining company in the world. 
General Electric resulted from the merging 
of two small companies in 1892 and grew 
to become one of the 12 original compa-
nies included in the Dow Jones Industrial 
Average. In 1901, the combination of 
three companies resulted in U.S. Steel. 
Capitalized at $1.4B, it was the world’s first 
billion-dollar corporation, and at one point 
the largest corporation in the world. The 
flow of new technologies continued to grow 
throughout the 20th century and is expand-
ing even more rapidly today. At $486B, 
Sinopec Limited (the China Petroleum and 
Chemical Corporation) topped the 2014 

list of largest companies. 
Even at Intel Corporation, 
whose 2014 revenue was 
only $56B, billion-dollar 
decisions are made on a 
regular basis. Such deci-
sions include determining 
what features to incor-
porate in the next prod-
uct, when and where to 
build the next factory, 
how much inventory to 
hold, and where to hold it, 
among others.

Over this 140-year 
time span, the intuition 
of senior management has 
played a major role in 
making big-business deci-

sions. In this case, “intu-

ition” refers to the bringing of one’s entire 
life experience and learned heuristics to 
bear on current circumstance. This capa-
bility has been developed for millions of 
years in the limbic or emotional layer of the 
human brain, augmented only in the last few 
hundred thousand years by the neocortex or 
rational layer. These two layers, or systems, 
are so interconnected that it is impossible to 
use them independently. It is also important 
to note that, as most people have likely 
experienced, sometimes intuition is useful 
and sometimes it is not. Experts have arrived 
at a consensus on this point [1]. When a) the 
situation under consideration has structure, 
b) decisions made can be evaluated after 
the fact by some feedback loop, and c) the 
person supplying an intuitive response has 
experienced many repetitions, intuition can 
be very valuable. But when one or more of 
these conditions are violated, as they are in 
the vast majority of big-business decisions, 
intuition is unreliable.

Applied mathematicians would likely 
recognize that many big-business decisions 
involve large-scale stochastic combinato-
rial optimization problems. Instead of the 
emotional brain, the rational brain, or a 
combination of both, why not use today’s 
high-speed digital hardware to solve strong 
algorithms encoded in modern software? 
Mathematical optimization techniques can 
solve large problems in minutes or hours. 
Powerful search techniques, like genetic 
algorithms and simulated annealing, can 
also provide near-optimal solutions. But 

there are issues. The Turing machine of 
1937 became practical with the invention 
of the transistor in 1947 and the integrated 
circuit in 1959. The circuit then begat the 
2,300 transistor microprocessor of 1971, 
which morphed into the multibillion tran-
sistor processor of today. Similar timelines 
exist for algorithms and software. However, 
a few decades of development for the 
computational approach versus the develop-
mental timeline for purely mental decision-
making is apparently inadequate to convert 
senior managers. This is especially true of 
those who believe that their superb business 
intuition propelled them to their current 
positions. Another issue concerns model-
ing. Although optimization techniques may 
quickly return an optimal or near-optimal 
solution to the model of the business prob-
lem, senior managers are correct in thinking 
no model can possibly include all important 
factors or relationships. Their skepticism is 
well founded.

The work of two Nobel Laureates begins 
to bridge the gap between unreliable intu-
ition and incomplete models. Theoretical 
economists had assumed that humans exhib-
it perfect rationality in decision-making, 
collecting all relevant data and consider-
ing all rational alternatives. Herbert Simon 
showed, specifically in business decision-
making, that our rationality in considering 
possibilities is bounded by incomplete data 
and inadequate computational resources 
(mental or electronic), as well as the urgen-

Figure 1. Wafer with Intel® Xeon® processor E7 v2 family 
chips, each made of 4.3 billion 22nm transistors. Credit: Intel 
Newsroom. See Models are Incomplete on page 12
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Colorado School of Mines
Department of Applied Mathematics and 
Statistics

The College of Engineering and Computational 
Sciences’ Department of Applied Mathematics 
and Statistics at the Colorado School of Mines 
(Mines) is seeking a dynamic and enthusiastic 
leader to head the Department. We seek candi-
dates excited to share in our mission to address 
the challenges of a sustainable global society 
by educating the next generation of leading 
engineers and scientists and by expanding the 
frontiers of knowledge through research. 

Department heads at Mines generally continue 
to teach undergraduate and graduate courses, 
mentor graduate students, and carry out research. 
Further, the successful candidate will be expected 
to work effectively in a collaborative, interdisci-
plinary environment within the Department and 
across the Mines.

Applicants must have a Ph.D. in one of 
the Department’s research areas and possess 
a distinguished record of accomplishment in 
scholarship, teaching and service. Administrative 
experience and evidence of successful personnel 
and financial management are highly desirable. 
Strong leadership qualities, including effective 
interpersonal communication and organizational 
skills, are a must. The successful candidate will 
have demonstrated high ethical standards and 
will be expected to operate in a transparent and 
collegial way.

For the complete job announcement, full 
statement of qualifications and directions on 
how to apply, visit: http://inside.mines.edu/
HR-Academic-Faculty . 

Mines is an EEO/AA employer and is com-
mitted to enhancing the diversity of its campus 
community.  Women, minorities, veterans, and 
individuals with disabilities are encouraged to 
apply.

California State University, Fullerton
Department of Mathematics

Applications invited for at least one tenure-
track position in applied mathematics. Candidates 
for these position(s) should be applied math-
ematicians with a background in computation, 
operations research, machine learning and math-
ematical modeling (with preference to statisti-
cal modeling). Responsibilities include teaching 
undergraduate and graduate courses in applied 
mathematics, conducting research resulting 
in publications in high-quality peer-reviewed 
journals, directing faculty-student collaborative 
research, and advising undergraduate students. 
The successful candidates will contribute to the 
mathematics community at Cal State Fullerton 
through teaching, research, professional activi-
ties, and service. In particular, they will be 
expected to solicit industrial consulting projects 
for students in the graduate program in applied 
mathematics, mentor the students in completing 
these projects, and participate in the transdisci-
plinary Center for Computational and Applied 
Mathematics (CCAM) within the College of 
Natural Sciences and Mathematics.

The qualified candidate must have a Ph.D. 
in applied mathematics or related field, plus at 
least one year of post doctoral experience either 

Professional Opportunities 
Continued from page 10

in research, teaching, or a related industrial field. 
For more details, please visit us at http://math.
fullerton.edu.

Applicants must submit their materials through 
www.mathjobs.org.  A full ad may be viewed at 
this site. Application Deadline is November 23, 
2015.

University of Michigan
Department of Mathematics

Pending approval, the University of 
Michigan’s Department of Mathematics is initi-
ating a multi-year search for anticipated appoint-
ments at the tenure-track assistant, associate, or 
professor levels. These will be university-year 
appointments for September 1, 2016 or 2017.  All 
ranks are encouraged to apply. Candidates should 
hold a Ph.D. in Mathematics or a related field 
(e.g. Statistics); have extraordinary credentials 
in any area of pure, applied, computational or 
interdisciplinary mathematics; and show out-
standing promise and/or accomplishments in both 
research and teaching. Salaries are competitive 
and are based on credentials. Junior candidates 
should furnish a placement dossier consisting of 
a letter of application, curriculum vitae and three 
letters of recommendation; senior candidates 
should send a letter of application, curriculum 
vitae and names of three references. In all cases, 
please provide a statement of teaching philosophy 
and experience, evidence of teaching excellence 
and a statement of current and future research 
plans. Application materials should be submitted 
electronically through the AMS website http://
www.mathjobs.org/. Alternatively, applications 
may be sent to: Personnel Committee, University 
of Michigan, Department of Mathematics, 2074 
East Hall, 530 Church Street, Ann Arbor, MI 
48109-1043. Applications are considered on a 
continuing basis but candidates are urged to apply 
by December 1, 2015. Inquiries may be made 
by e-mail to math-fac-search@umich.edu. More 
detailed information regarding the Department 
may be found on our website: http://www.lsa.
umich.edu/math/. Women and minority candi-
dates are encouraged to apply.  The University of 
Michigan is supportive of the needs of dual career 
couples and is an equal opportunity/affirmative 
action employer.

University of Michigan
 Department of Mathematics

The University of Michigan’s Department of 
Mathematics expects to have Lecturer positions 
for 2016-2017. These are not tenure-track but 
may be renewed, annually, for up to the first four 
years, and thereafter, for intervals of three to five 
years. These are 100% university-year appoint-
ments with an expected start date of September 1, 
2016. A typical full-time (100% effort) load for 
a Lecturer I in the College of Literature, Science, 
and the Arts is three courses per semester. 
Criteria for selection and for renewal is excel-
lence in the classroom. Interest and activity in 
pedagogical research is encouraged but not essen-
tial for reappointment. The successful candidate 
is likely to have substantial experience in teach-
ing mathematics and a doctorate in mathematics 
or a closely related area. Please submit a curricu-
lum vitae, a statement of teaching philosophy and 
experience, evidence of teaching excellence and 
the names of at least three references. Application 
materials should preferably be submitted elec-
tronically through the AMS website http://www.

mathjobs.org/. Alternatively, applications may be 
sent to: Lecturer Hiring Committee, University 
of Michigan, Department of Mathematics, 2074 
East Hall, 530 Church Street, Ann Arbor, MI, 
48109-1043. Applications are considered on a 
continuing basis but candidates are urged to apply 
by December 1, 2015. Inquiries may be made 
by e-mail to math-fac-search@umich.edu. More 
detailed information regarding the Department 
may be found on our website: http://www.lsa.
umich.edu/math/. Women and minority candi-
dates are encouraged to apply. The University 
of Michigan is an equal opportunity/affirmative 
action employer. This appointment is subject to 
the UM/LEO Agreement.

The University of Alabama
Department of Mathematics

The Department of Mathematics at the 
University of Alabama invites applications for 
a tenure-track Assistant Professor position in 
the area of Topology beginning on August 16, 
2016.  We are particularly interested in applicants 
researching low dimensional topology or knot 
theory and their connections with gauge theory, 
Floer theories, or symplectic/contact topology.  
However, applicants from other areas of topology 
or related areas in differential geometry may also 
be considered. The University of Alabama is a 
Learner Centered institution. The ideal candidate 
should be committed to providing stellar educa-
tion to undergraduate and graduate students. 
In addition, the successful candidate should be 
interested in supervising undergraduate research 
opportunities and graduate dissertations. The 
University is also pushing to improve its research 
position, and expects the successful candidate to 
develop a strong research program and to pursue 
external funding. 

Applicants should complete the online applica-
tion at https://facultyjobs.ua.edu/postings/37682. 
The application should include a letter of appli-
cation, a current curriculum vita, a research 
statement, a teaching statement, and four let-
ters of recommendation (one of which concerns 
teaching). The recommendation letters should be 
sent electronically to: math@ua.edu. Candidates 
must possess a doctoral degree in mathematics 
or a closely related field by August 16, 2016. 
Further experience in teaching and research is 
desirable. Applications will be reviewed on an 
ongoing basis starting December 12th, and will 
continue to be accepted until the position is 
filled. The University of Alabama is an Equal 
Opportunity/Affirmative Action employer and 
actively seeks diversity among its employees. 
Women, Hispanic, African-American and other 
minority candidates are strongly encouraged to 
apply. For more information about the depart-
ment and the university visit our website at math.
ua.edu.

Southern Methodist University
Department of Mathematics

The Department of Mathematics at Southern 
Methodist University invites applications to its 
MS and Ph.D. programs in Computational and 
Applied Mathematics. We offer high quality 
teaching in small classes focused on numerical 
analysis, high performance computing and math-
ematical modeling.  Students in our PhD program 
pursue research in close collaboration with facul-
ty in application areas including fluid dynamics, 

electromagnetics, computational physics, data 
analysis, and biology.

The department offers financial support in the 
form of teaching and research assistantships that 
include full tuition and a competitive stipend.  
For exceptionally qualified applicants we also 
offer a limited number of Gladwell-Shampine 
fellowships, as well as competitive University 
fellowships which provide an addition of up to 
$5,000 of annual stipend. Recent Ph.D. graduates 
have found employment in academia, national 
labs, and the private sector.

For further information visit http://www.smu.
edu/Dedman/Academics/Departments/Math/
Graduate.

University of Texas at Austin
Institute for Computational Engineering and 
Sciences

Opportunities for post-doctoral research 
in Computational Oncology job summary: 
Applications are invited for a Postdoctoral 
Research Fellowship in the Institute for 
Computational and Engineering Sciences at The 
University of Texas at Austin. The openings 
are for post-doctoral scholars to develop algo-
rithms and techniques for modeling and predict-
ing tumor growth and treatment response. The 
successful applicant(s) will join a highly col-
laborative, multi-disciplinary team (The Tumor 
Modeling Group, led by Dr. Tom Yankeelov) 
and have the opportunity to work on all aspects 
of tumor modeling, from theory to experiment.   
For more information on the position and proj-
ects of interest, please do not hesitate to contact: 
Thomas Yankeelov, Ph.D. W. A “Tex” Moncrief, 
Jr., Simulation-Based Engineering and Sciences 
Professorship II - Computational Oncology 
Institute for Computational Engineering & 
Sciences, Professor of Biomedical Engineering, 
The University of Texas at Austin, yankeelov@
ices.utexas.edu.

Qualifications: Applicants must have a Ph.D. 
in computational sciences, engineering, physics, 
systems/computational biology, or a related field 
with a strong background in numerical solutions 
of partial differential equations. Experience in 
biomedical imaging and/or cancer biology is 
highly desirable. 

How to Apply: Interested applicants should 
send a cover letter, 500 word statement of 
research interests, current CV, and a list of three 
references as a single PDF file to yankeelov@
ices.utexas.edu.

The University of Texas at Austin is an Equal 
Employment Opportunity/Affirmative Action 
Employer. This job is a security-sensitive posi-
tion.
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cy of time [4]. Amos Tversky and Daniel 
Kahneman went even further and identified 
a wide variety of biases in human decision-
making [5]. Decision processes are not only 
bounded, but are also inescapably biased. 
Yet the Laureates left two important practi-
cal questions unanswered. How bad are the 
results from our bounded, biased processes, 
and (assuming the results are too bad) how 
can they improve?

A broad portfolio of decision support 
projects completed at Intel Corporation 
allows us to estimate, based on data, an 
answer to the question “how bad are we?” 
This is a measure of improvement achieved 
by migrating from weak methods, which in 
the vast majority of cases can be character-
ized as automating intuition with spread-
sheets to strong methods using power-
ful algorithms. We use these results when 
discussing new projects with our senior 
management. We commit to a range of 
10-15% in improvements to the quality of 
decisions; this is measured by increasing 
revenue, decreasing cost, or some combina-

tion of both. Regarding the amount of time 
required to reach a decision, we commit 
to a range stretching from a 5x decrease 
in process duration for exploring the tra-
ditional number of business scenarios to 
a 5x increase in the number of business 
scenarios explored in the traditional process 
duration. Our most successful projects have 
realized a 25% improvement in quality and 
a 10x reduction in duration of the decision 
process. 

When implementing these decision sup-
port systems, we have explored three dis-
tinct approaches to answering the ques-
tion “how do we do better?” Initially we 
employed strong algorithms in brute force 
mode to try to overwhelm intuitions. After 
users helped ratify initial conditions and 
specified goals, our system produced a 
solution for complex tactical problems, like 
factory floor execution, that was carried out 
without modification. With appropriate user 
training to understand the algorithm and 
feedback loops to improve it, this worked 
well. But upon addressing more strategic 
problems, such as demand forecasting, we 
began leveraging intuitions in our deci-

sion support systems 
in ways intended to 
reduce the impact of 
biases. For example, 
we employed “wisdom 
of crowds” and “deci-
sion markets” to great 
advantage. Recently, in 
building decision sup-
port systems for our 
most senior manage-
ment, we are making 
explicit use of intuition. 
We model and solve 
the business problem, 
ultimately providing a 
small set of very good 
solutions and a suite 
of graphical interroga-
tion and what-if tools. 
Users can apply their 
business intuitions 
to select between the candidates or gen-
erate and evaluate additional candidates. 
The analytics inform the intuitions and the 
intuitions inform the analytics. This third 
approach has generated very positive out-
comes on multi-billion dollar decisions [3], 
much improved over previous methods.

These are encouraging results, but we are 
still only in the early stages of understand-
ing how to optimally combine ancient and 
deeply-ingrained human mental processes 
with modern computers and algorithms [2]. 
The desire for faster, better decisions as a 
competitive business advantage drives our 
experimental work, but we continue to hope 
for a strong theory to offer guidance. 
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Figure 2. Intel's wafer fabrication facilities in Chandler, Ariz. were recently converted to high-
volume 14-nanometer processes, supporting a wide range of high-performance to low-power 
products including servers, personal computing devices and others for the Internet of Things. 
Credit: Intel Newsroom.

Figure 3. Intel's 300mm 45nm wafers like the one shown here 
are used to make it's newest dual and quad-core processors that 
are made up of hundreds of millions of the company's new 45nm 
transistors with Hafnium-based high-k metal gate silicon technology. 
Credit: Intel Newsroom.
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Ethics and Raw Data
By Ted Lockhart

Scientists have a well-established tradi-
tion of disseminating their research results.  
Those results often include collected data, 
which researchers are generally willing to 
share. There are limits, of course. If research 
involves human subjects, their privacy must 
be protected. If data contains trade secrets, 
employers may insist that researchers main-
tain confidentiality. And it is easy to imagine 
other exceptions, such as those related to 
human safety, legal requirements, business 
contracts, etc. However, scientists who do 
basic research — research intended to devel-
op, test, or extend general theories — are 
likely to have broad discretion concerning the 
use of their data. The following discussion 
will focus on this kind of scientist.

Although research scientists are accus-
tomed to sharing their research results, in 
some situations they may be reluctant to give 
others unrestricted access to their data. This 
can happen when scientists are on opposing 
sides of a political or ideological debate, 
such as climate change. When a scientific 
disagreement has important public policy 
ramifications, scientists can become as polar-
ized as the public itself. They may split 
into opposing camps and regard each other 
as competitors rather than colleagues. In 
extreme cases, they may even disparage each 
other’s integrity and competence. Conflict 
replaces cooperation in this atmosphere, and 
scientists may be as interested in discrediting 
other scientists’ research as they are in con-
ducting their own. 

One way in which researchers criticize 
other scientists’ work is to accuse them of 
ignoring or misinterpreting important raw 
data. Thus, if a scientist’s research is under 
attack, he/she may be tempted to make his/
her raw data off limits to opposing scien-
tists, or at least impede their access. But is 
a general policy of scientists denying other 
scientists access to their raw data justified? 
Or should researchers freely share all their 
data with other scientists? 

The so-called “Climategate” affair, which 
garnered significant press back in 2009, 
serves as a strong illustration of how the 
scientific community can become politicized 
and polarized. A large number of especially 
sensitive emails of the Climatic Research 
Unit (CRU) at the University of East Anglia 
were hacked and released to the public, 
prompting an intense and widespread reac-
tion. Climate-change skeptics charged that 
the emails revealed a conspiracy among 
climatologists to suppress and manipulate 
temperature data. Critics also used the emails 
to argue that climatologists were attempting 
to discredit and marginalize climate change 
skeptics. For example, they cited messages 
in which two CRU scientists discussed how 
to handle skeptics who asked to see their raw 
temperature data. In one email, a CRU sci-
entist mentioned that he was having trouble 
with a certain journal editor who had insti-
tuted a new policy requiring that authors of 
papers submitted for publication make their 
raw data available to reviewers. He declared 
indignantly that he would not submit any 
more papers to the journal unless the editor 
reversed his policy. 

It is not hard to sympathize with the CRU 
scientists. They had good reason to fear that 
skeptics would use their raw temperature data 
to mislead the public about the evidence for 
climate change. In the past, skeptical scien-
tists and their journalistic allies had exploited 
the fact that climatologists use “adjusted” 
temperature data to support their conclu-
sions. The skeptics called the climatologists’ 
use of adjusted data a “scandal,” an obvious 
attempt to perpetrate a fraud on the public 
and argued that the real data — i.e., the raw 
data — proved that global temperatures were 
not increasing at all. In their opinion, clima-
tologists were manipulating temperature data 
to make the data appear to support climate 
change when in fact the opposite was true.  
Even today, a number of conservative politi-
cians and commentators remain convinced 
that scientists are part of a vast conspiracy 
to manipulate and indoctrinate the electorate. 
One U.S. Senator has for years maintained 

that the entire climate change movement is 
a “hoax.” Unsurprisingly, such accusations 
resonate with many non-scientists, because 
increases in worldwide temperatures are 
apparent in the adjusted data but not in the 
raw data.

These are some of the challenges climate  
change proponents are up against. If they are 
to win the public policy debate, they must 
counter these attitudes and convince non-
scientists that adjusting data is a legitimate 
scientific practice. Again, let’s consider cli-
mate change. In order to study global climate, 
climatologists have measured temperatures 
at multiple locations around the globe and 
collected data over many years. During that 
time, newer, more accurate thermometers 
replaced older ones. Consequently, not all 
thermometer readings could be directly com-
pared. This meant that scientists needed a 
way to homogenize different sets of tempera-
ture data. For example, where simple mathe-
matical relationships existed among readings 
from different thermometers, it made sense 
to take the newest type of thermometer as the 
standard and calculate “equivalent” tempera-
tures for the older thermometers. This is a 
classic case of data adjustment. Furthermore, 
changes in the physical characteristics of the 
locations where scientists collected tempera-
ture data required another type of data adjust-
ment. For example, new buildings might be 
built near a particular thermometer and cast 
new shadows, change wind patterns, etc. It is 
perfectly reasonable to try to compensate for 
such changes by making suitable adjustments 
to the raw temperature data. Which adjust-
ments are suitable, however, might be very 
difficult to say, and scientists themselves 
might honestly disagree about which adjust-
ments are best. 

Considering the many ways skeptics can 
criticize how scientists adjust their raw data, 
one may wonder whether to allow anyone, 
scientists included, unrestricted access to it? 
Why not just make one’s raw data off limits 
to other scientists, especially those who are 
out to cause trouble? Although adopting such 
a policy might be tempting, there are compel-

ling reasons not to do so. Even though critics 
are sometimes unfair and insincere in their 
criticisms, it is often a good idea for scientists 
to reconsider and reevaluate the methods they 
are using to interpret their raw data. Doing so 
can help researchers avoid myopia, group-
think, and similar pitfalls. Of course, when 
a scientist’s research is entangled in heated 
political and ideological controversies and 
that research and the scientist’s integrity are 
attacked, sharing raw data with scientific and 
political opponents may feel like unilateral 
disarmament. Yet in the long run, withhold-
ing and suppressing raw data is likely to 
discredit scientists and their research in the 
eyes of the public. This happened in the 
Climategate affair to a considerable degree.

There are also deeper, ethical reasons why 
research scientists should freely share their 
data with other scientists. As a profession, 
scientists have an unstated but generally 
accepted mission in a free society. In a nut-
shell, this mission is to endeavor to identify 
and understand the fundamental “building 
blocks” and dynamics of the natural universe. 
Experience indicates that  facilitating and 
encouraging the flow of ideas and infor-
mation within the scientific community is 
the most effective way to do this. The free 
exchange of information and ideas is an ideal 
to which the vast majority of scientists aspire. 
It is the foundation of scientists’ ethical obli-
gation to allow each other unrestricted access 
to the results of their research, including their 
data. This obligation to share research results 
should always take precedence over extrane-
ous, competing considerations, such as politi-
cal or ideological allegiances or personal ani-
mosity toward other scientists. This is why 
it was wrong for the CRU scientists to put 
obstacles in the way of the researchers who 
requested access to their temperature data. As 
a general rule, scientific data, including raw 
data, should be available for everyone to see. 
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