






generate and evaluate alternative redistricting 
schemes and compare them to each other on 
various notions of “fairness,” far exceeding 
human capabilities and analysis. No longer are 
we constrained to consider a plan in isolation. We 
have made considerable progress with the aid of 
the Blue Waters supercomputer and the superb 
support from the Blue Waters team, who initially 
created and enabled scalable computational 
software to support domain science research. 
We expect to access the next generation of 
Blue Waters to further develop our statistical 
and computational approach and achieve the 
capability of solving larger redistricting problems 
(e.g., census block-level redistricting with 0.5 
million problem variables).

PUBLICATIONS
Liu, Y.Y, W.K.T Cho, S. Wang (2015). A 

Scalable Computational Approach to Political 
Redistricting Optimization. Proceedings of the 
2015 Annual Conference on Extreme Science and 
Engineering Discovery Environment (XSEDE'15), 
July 26-30. St Louis, Missouri.

Liu, Y. Y. and S. Wang (2015), A Scalable 
Parallel Genetic Algorithm for the Generalized 
Assignment Problem, Parallel Computing, 46, 
pp 98-119.

FIGURE 2: An example redistricting plan found by the PEA and histograms of 

partisan gerrymandering measures, compared with two existing plans.
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and HII region photo-ionization pressure. Using 
these physical models of star formation and 
feedback we have found that the total stellar 
masses of massive galaxies are reduced and 
come into closer agreement with observations 
[4]. We also find that our simulated dwarf 
galaxies reproduce observations of rising rotation 
curves and increased star formation rates as late 
times [3]. In addition, examining the satellites 
of massive galaxies at redshift one has revealed 
a large spread in the stellar masses and total 
masses of satellite galaxies. These galaxies have 
varied star formation histories that increase 
in complexity with increasing stellar mass, in 
agreement with observations of Local Group 
dwarfs [5].

These results indicate that we are 
implementing physical processes that are able 
to produce galaxies with properties similar to 
observations across a wide range of mass scales. 
We are continuing this work by adding new 
simulations that will be run down to redshift zero 
in order to better compare with observations of 
the local universe.

WHY BLUE WATERS
Having access to Blue Waters and the staff at 
NCSA has been essential to the progress of this 
research. Examining dwarf galaxy evolution 
requires a large dynamic range of physical and 
temporal scales, which is impossible without 
high-performance computing. The conception 
and development of this project would not 
have been possible without the Blue Waters 
nodes with their large number of cores, large 
memory, quick I/O, and access to large amounts 
of short-term and long-term storage space. The 
Blue Waters Graduate Fellowship provided me 
with both the necessary node hours to run 
simulations of dwarf galaxies and access to 
knowledgeable staff members who assisted my 
code development projects.

EXAMINING THE EVOLVING 
PROPERTIES OF DWARF GALAXIES 
USING THE ART CODE

Kenza Arraki, New Mexico State University
2014-2015 Graduate Fellow

Kenza Arraki is in the fifth year of her Astronomy PhD studies at New 
Mexico State University, working with advisor Anatoly Klypin. She expects 
to graduate in May 2016 and hopes to obtain a software developer position 
that allows her to continue creating software to improve the dissemination of 
scientific results. 
 
“The Blue Waters Graduate Fellowship has provided me with many resources, 
including supercomputing time to complete my research project, mentors to 
assist with code development, and a community of peers and experts. Some 
the most unexpected support came from being exposed to the breadth of 
careers available to graduates from science PhD programs during SC14 and 
the Blue Waters 2014 and 2015 symposia,” Arraki says. “Access to these 
resources has fostered my career goals of contributing to software tools 
that simplify the ability to obtain and share research results. This includes 
improving how scientists manage, share, and access data products, as well as 
developing open-source analysis tools and visualization software.”

RESEARCH SUMMARY

The standard cosmological model has been 
successful in predicting many large-scale 
properties of the universe. Despite these 
successes, it faces problems explaining the 
number and structure of satellite and isolated 
dwarf galaxies. The inclusion of hydrodynamics 
is critical to understanding galaxy evolution 
and has repeatedly been found to improve the 
agreement between observations and simulations. 
However, including gas and stars in simulations 
is computationally expensive, and it has only 
recently become possible to simultaneously 
resolve sub-galactic scales and include physically 
motivated models for star birth and feedback.

Dwarf galaxies are by definition the smallest 
galaxies in the universe and, as such, they provide 
a window into how galaxy evolution proceeds 
at the extreme low-mass end. The interplay of 
gas, stars, and dark matter is very important for 
these small galaxies. Evolutionary differences that 
may be unimportant for more massive galaxies 
like our Milky Way, such as the rate at which 
supernovae explode, determine the fate of dwarf 
galaxies. Understanding dwarf galaxy evolution 
requires a sophisticated understanding of the 
many physical processes that are integral to 
galaxy formation. Therefore, creating simulations 
that reproduce observational properties is a good 

test of the robustness of the physical processes 
included in our simulations. By creating realistic 
galaxies at an extreme end of galaxy formation, 
we come closer to understanding galaxy 
evolution more generally. This is important 
not just for theoretical astrophysicists but for 
all astrophysicists, as understanding how the 
universe and galaxies evolved over time remains 
one of the most fundamental questions in 
astronomy.

In order to simulate galaxy formation and 
evolution we use the Adaptive Refinement Tree 
(ART) code. ART is an adaptive mesh refinement 
N-body+hydrodynamics code written by Andrey 
Kravtsov [1] and improved upon by Daniel 
Ceverino [2] and Sebastian Trujillo-Gomez [3]. 
ART uses the adaptive refinement technique of 
increasing spatial and temporal resolution by 
refining regions of interest in order to efficiently 
improve the dynamic range of simulations. This 
allows us to simultaneously have a cosmologically 
representative volume as well as resolve much 
smaller sub-galactic scales. This is especially 
important for studying dwarf galaxies, which 
require even higher spatial and mass resolution 
to properly examine.

The code includes a deterministic model of 
star formation, metal advection, and treatment 
of supernovae type II and Ia, radiation pressure, 
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WHY BLUE WATERS
Fluid simulations at high resolution and in 
3D must be performed on a machine like Blue 
Waters with fast processors, lots of memory, and 
a file system adept at handling many large files. 
What makes Blue Waters different from similar 
machines is not just the advanced hardware 
but the size of the community. Fewer groups 
using the machine means short queue times, 
which is good for testing changes to the code, 
and more responsive, detailed support, so any 
problems are quickly addressed.  Queue times 
on other machines can be quite long even for 
short jobs, which is very frustrating during 
development. The support staff also help with 
code optimization, profiling, etc. in addition to 
fixing problems. 

PUBLICATIONS
M. C. Bedford, N. V. Pogorelov, A Multi-ion 
Model of the Heliosphere with Secondary Charge 
Exchange, 2014. Poster presented at American 
Geophysical Union, San Francisco, CA.

ENERGY BALANCE BETWEEN 
THERMAL AND NONTHERMAL IONS 
IN THE SOLAR WIND FLOW

Matthew Bedford, University of Alabama in Huntsville
2014-2015 Graduate Fellow

Matthew Bedford is in the final year of his PhD studies at the University of 
Alabama in Huntsville, working with advisor Nikolai Pogorelov (who is also 
has an allocation on Blue Waters). He plans to graduate in spring 2016. 
 
“I plan to apply the skills I have developed in fluid modeling and high-
performance computing as a result of my work on Blue Waters to a career in 
HPC involving space science,” he says. “The Blue Waters staff has been very 
encouraging.  I was not exactly apprehensive about job prospects before, but 
now I am even more focused toward working with supercomputers. Whatever 
career I choose after this, it will involve supercomputing—not only because 
that is what I have trained for, but because I genuinely enjoy it.”

RESEARCH SUMMARY

The interaction of the solar wind (see region 3 in 
Figure 1) with the interstellar medium (region 1) 
is strongly affected by charge exchange between 
solar wind ions and interstellar neutral atoms, 
which produces hot “pickup” ions. Due to their 
much greater temperature, pickup ions must be 
modeled as a separate fluid. Observations from 
spacecraft such as Voyager and IBEX imply that 
pickup ions carry the bulk of the thermal energy 
in the solar wind plasma. Moreover, the sparsity 
of in situ measurements and large uncertainties 
in measured quantities make accurate numerical 
models essential to our understanding of the 
outer heliosphere (region 2). For pickup ions in 
particular, there are no measured quantities at 

all—everything we know about them is inferred 
from measurement of some other quantity. I use 
a multi-fluid magnetohydrodynamic approach 
with different sets of equations for the plasma 
mixture, pickup ions, interstellar neutral atoms, 
and additional neutral populations resulting 
from charge exchange. Physical processes at 
the termination shock (region 3 boundary) 
and charge exchange source terms govern 
the production of pickup ions, which in turn 
affects the size and shape of the heliosphere. 
This is important not only to space scientists 
but to anyone studying partially ionized plasma 
flows. Some of the same physical processes 
occur at different scales in, for example, fusion 
experiments.

FIGURE 1: 
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tolerance seeks to mitigate SDC’s impact on 
HPC applications by various combinations of 
redundancy, invariant checking, and heuristics. 
Our approach to SDC inside AMG is threefold: 
1) define recovery points inside the application 
at three granularities (local function, hierarchy 
level, and iteration) to restart from when SDC 
is detected; 2) create a series of detectors based 
on heuristics and mathematical theory; and 3) 
combine recovery points and detectors in various 
ways to yield resilient versions of AMG with 
varying overheads. The three configurations we 
test include No Detectors (default AMG), Low 
Cost detection, which includes abnormal residual 
detection/recovery and local segfault recovery, 
and All, which includes everything from the Low 
Cost configuration and monitors the energetic 
stability of the problem being solved. Maximal 
overheads for the resilient schemes are 1% and 
19%, respectively, for the scales tested. We use 
the fault injector FlipIt, developed to support 
my Blue Waters Graduate Fellowship, to 
generate transient errors that can lead to SDC. 
When injecting a single fault, the probabilities 
of converging to the correct solution for the 
three configurations are 73.5%, 98.6%, and 99%, 
respectively. Although an unprotected AMG is 
not suitable for use in an environment where 
faults are common, paying even 1% in overhead 
yields a near perfect probability of convergence. 
In fact, our schemes have a >60% probability 
of converging when an average of 37 faults are 
injected.

Results from our AMG study show that current 
applications are not suitable in environments 
where transient errors are common. Paying 
even a modest amount of overhead for resiliency 

mitigates the effects of SDC, allowing AMG to 
retain a high probability of convergence even 
in extremely faulty scenarios. Going forward, 
application developers will need to address the 
impact of SDC on their applications not only to 
ensure jobs complete but also so the simulation 
results remain valid in spite of errors that could 
have occurred.

WHY BLUE WATERS
Blue Waters is a flagship of future HPC system 
design that allows me to test the efficacy of a 
myriad resiliency schemes at large scale. The 
project staff have been an invaluable source of 
information and help when working with Blue 
Waters. Going forward I plan to continue using 
HPC systems to devise and test low-overhead 
resiliency schemes to mitigate the effects of SDC 
on applications.

PUBLICATIONS
Calhoun, J., L. Olson, and M. Snir, FlipIt: An 

LLVM Based Fault Injector for HPC. In Euro-Par 
2014: Parallel Processing Workshops, 8805:547-
558, Springer International Publishing, 2014.

Calhoun, J., L. Olson, M. Snir, and W.D. Gropp, 
Towards a More Fault Resilient Multigrid Solver. 
High Performance Computing Symposium 2015 
(Society for Computer Simulation International, 
Alexandria, VA, April 12-15, 2015.

UNDERSTANDING THE IMPACT OF 
SILENT DATA CORRUPTION ON HPC 
APPLICATIONS

Jon Calhoun, University of Illinois at Urbana-Champaign
2014-2015 Graduate Fellow

Jon Calhoun is in the third year of his Computer Science PhD studies at the 
University of Illinois at Urbana-Champaign, working with advisors Luke Olson 
and Marc Snir. He anticipates graduating in August 2017 and then would like 
to teach at a university or work at a national laboratory. 
 
“The Blue Waters Graduate Fellowship has solidified my commitment to 
pursuing a career in HPC,” he says.

RESEARCH SUMMARY

High-performance computing (HPC) systems 
are becoming larger and more complex with 
each generation. With machines of this size 
and complexity, challenging issues related to 
resiliency emerge. One of the most damaging 
resiliency-related issues of current and future 
HPC systems is silent data corruption (SDC). 
SDC refers to any change in program state 
that is not due to normal program operation. 
SDC commonly occurs as alpha particles from 
chip packaging and neutrons from cosmic 
radiation interact with transistors, causing 
transient disruptions in their operation that 
can result in incorrect signals. The incorrect 
signals can propagate and manifest as bit-flips in 
combinatorial logic or storage cells. An example 
of SDC from the application’s point of view is 
when a value written to memory is not the same 
when it is read it back, or 2 + 2 = 5. 

Operating in such a bizarre environment may 
seem strange, but it is commonplace as every 
machine experiences SDC on a daily basis. Some 

machines suffer bit-flips from cosmic radiation 
every three to four hours [1]. Protection in 
hardware is often the cheapest option and is 
the reason why memories such as DRAM have 
error-correcting code (ECC). Chip logic can be 
protected but not as efficiently as memory and 
is thus largely unprotected on current systems. 
As we scale process technologies and see mass 
adoption of features such as near-threshold-
voltage (NTV), the rate of silent errors generated 
by logic is expected to increase [2]. Without 
protection in hardware these silent errors will 
propagate to program state, leading to SDC, 
which in turn can lead to application crashes or 
incorrect results.

Because SDC affects application state, 
understanding how much SDC applications 
can tolerate and how applications can detect 
it are open research questions. Figure 1 shows 
SDC can be masked by the application entirely 
or partially by not leading to a detectable event 
naturally (i.e., program crash). In this figure, as 
the linear solver algebraic multigrid (AMG) 
solves a 2D Laplacian, we flip a bit in the binary 
representation of a floating-point number during 
a residual calculation in iteration one. Flipping a 
bit in the mantissa has relatively no effect as we 
converge to the correct solution and in the same 
number of iterations. Only when we flip a bit in 
the exponent do we see effects of SDC emerge. 
Looking at the final converged solution, this error 
is masked as we converge to the correct solution, 
but when looking at the residual history we see 
that we require greater than 5x the number of 
iterations for some bit positions.

A multitude of SDC detection schemes have 
been proposed, most of which are application 
specific. Application- or algorithmic-based fault 

FIGURE 1: 
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causes an increase in the 

iterations until convergence, 

while a flipped bit in the 

mantissa or the sign bit, bit 63, 

has no effect as the application 
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updates to my model faster. Having access to 
a point of contact on the SEAS staff helped me 
think through issues that were too amorphous 
for the JIRA ticket system and helped me wade 
through myriad options to find tailored solutions 
for my problems.  The quick responsiveness of 
the Blue Waters staff through the JIRA ticket 
system allowed for limited interruption in 
progress when small issues or questions arose. 
My experience as a Blue Waters Graduate 
Fellow has been invaluable to my professional 
development. I plan to extend my allocation for 
the following academic year as I finish my degree 
and hope to make use of Blue Waters for the 
rest of its lifetime.

HIGH ACCURACY RADIATIVE 
TRANSFER IN CLOUDY 
ATMOSPHERES

Alexandra L. Jones, University of Illinois at Urbana-Champaign
2014-2015 Graduate Fellow

Alexandra L. Jones plans to complete her Atmospheric Science PhD in 
December 2015 and would like to then continue to conduct research in the 
field of atmospheric radiative transfer. Her advisor is Blue Waters Professor 
Larry Di Girolamo. 
 
“Blue Waters has opened my mind to and given me the credentials for a 
career path that keep me at the cutting edge of both high-performance 
computing and atmospheric science,” she says. “I strongly believe in the 
important role each play in driving the other forward. I want to remain in the 
scientific computing community and continue to promote and advocate for 
access to these resources to individuals and agencies who can benefit.”

RESEARCH SUMMARY

One of the most important roles clouds play 
in the atmosphere is in redistributing radiative 
energy from the sun and that is emitted from 
the Earth and atmosphere. Given the ubiquity 
of cloud coverage, it is imperative that we get 
the interactions between clouds and radiation 
correct if we want to accurately predict and 
observe weather and climate. However, radiative 
transfer in the atmospheric sciences is generally 
modeled crudely because of the perceived 
computational expense. Evidence of a bias due 
to these crude assumptions has been seen in 
satellite observed properties as well as modeled 
cloud properties. A Broadband 3D Monte Carlo 
Radiative Transfer model has been developed for 
massively parallel use on Blue Waters to quantify 
the relative importance of radiative heating and 
cooling in various atmospheric scenarios at 
higher accuracy than ever before. Such a highly 
accurate model has the capability to provide to 
the atmospheric radiative transfer community 
high spatial resolution radiative quantities such 
as volumetric heating rates, boundary fluxes, 
and top of atmosphere radiances that can act 
as standards of comparison for the less accurate—
but less computationally-expensive—radiative 
transfer models more commonly employed.

There is no publicly available 3D broadband 
Monte Carlo atmospheric radiative transfer 
model spanning the relevant portion of the 
electromagnetic spectrum. Through this 
project one has been developed starting from a 
monochromatic, forward solving, solar-source-
only community model [1] and will be provided 
back to the community so that improvements 
to simpler models and advances in scientific 
understanding can be made faster. A Monte Carlo 
model uses random sampling from a provided 
probability distribution to simulate a multitude 
of potential outcomes that, when aggregated, 
produce a mean result with a predictable standard 
error from the true solution that depends on 

the number of samples aggregated. In the case 
of a radiative transfer model this amounts to 
tracing the paths of bundles of radiative energy 
through the atmosphere, determining frequency 
of radiation, direction and distance to travel, 
and interaction mechanism all from provided 
probability distributions. As it interacts with 
the atmosphere its contribution to the radiative 
heating rate, flux, and intensity are accumulated 
to present an estimate of those quantities 
without solving the complex radiative transfer 
equation directly. Unlike the direct approach 
to solving the radiative transfer equation, the 
Monte Carlo approach has the potential to 
be embarrassingly parallel, since the random 
samples are independent of one another.

Throughout the development process 
each stage of model development has been 
rigorously evaluated against analytical solutions, 
canonical values from the literature [2,3,4,5], 
and other models[5,6] that have previously 
acted as standards of comparison. Challenges 
in development have included finding the right 
balance between dynamic load management and 
communication latency. The ultimate goal of this 
work is to produce highly accurate 3D broadband 
benchmark simulations of radiative quantities 
to be used to evaluate and improve models 
making simplifying approximations, using the 
ample computational resources of Blue Waters, 
in the process creating a community model that 
can be used to address scientific questions about 
the interactions of clouds and realistic radiative 
transfer.

WHY BLUE WATERS
Radiative transfer has a reputation as one of the 
most computationally expensive components of 
modeling the dynamics of earth’s atmosphere; it 
is generally considered too expensive to compute 
as frequently or accurately as other physics. 
Blue Waters enables me to develop and run a 
highly accurate radiative transfer model that 
returns results in a reasonable amount of real 
time for the scope of my project.  Simulations 
do not wait long in the queue, and the model 
was easily parallelized across many nodes to 
reach completion faster. Access to top-of-
the-line debugging and profiling tools, such as 
CrayPat and DDT, allowed me to streamline the 
development process to guide and implement 
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chemical systems. By developing a more efficient 
and highly parallelized electronic structure 
method for the study of light absorption, 
researchers will be able to use THC-EOM-CC2 
to further research in areas such as solar cell 
design, photoreceptor proteins, and materials 
development. This work also illustrates an 
approach to developing software that uses GPUs 
in high-performance computing and a new 
approach to scaling coupled-cluster algorithms 
across nodes.

WHY BLUE WATERS
Blue Waters is one of the few supercomputers 
with many GPU nodes and large amounts of 
memory. Without this combination, some of 
the chemical system sizes would be inaccessible 
due to either limitations of CPUs or memory. 
Determining an absorption spectrum requires 
extensive sampling. The use of Blue Waters 
allowed us to simultaneously carry out 
calculations of many different configurations.

Additionally, this is the first time I have 
used a supercomputer. The Blue Waters staff 
suggested different debugging strategies, ways 
to improve efficiency, and data management 
approaches, all of which have helped me learn 
how to develop software for supercomputers. 

This research would not have been possible 
without their support. I plan to continue to 
develop electronic structure programs designed 
for high-performance computing. In addition 
to developing software, I am interested in using 
supercomputing to study chemical systems that 
are too computationally demanding for typical 
computing resources.

PUBLICATIONS
Kokkila, S.I.L., E.G. Hohenstein, et al., Tensor 

Hypercontraction Second-Order Møller-Plesset 
Perturbation Theory: Grid Optimization and 
Reaction Energies. JCTC, submitted

DEVELOPMENT OF A GPU 
ACCELERATED ALGORITHM TO 
STUDY THE ABSORPTION OF LIGHT 
BY THE PHOTOACTIVE YELLOW 
PROTEIN

Sara Kokkila Schumacher, Stanford University
2014-2015 Graduate Fellow

Sara Kokkila Schumacher is in the fourth year of her Chemistry PhD program 
at Stanford, working with advisor Todd Martínez, and expects to graduate in 
spring 2016. She then plans to complete a postdoctoral position researching 
electronic structure methods and molecular dynamics and ultimately aims to 
become a professor at a liberal arts college, where she would like to develop 
a course that introduces high-performance computing to science majors. 
 
“The Blue Waters Graduate Fellowship has helped me develop parallel 
programming skills, especially in the area of adapting programs to make 
use of GPU accelerators,” she says. “The insight I have gained through this 
fellowship will help me develop parallel quantum chemistry programs for 
future areas of research.”

RESEARCH SUMMARY

The photoactive yellow protein (PYP) is 
a photosensor found in the bacterium 
Halorhodospira halophila [1,2]. When this 
protein absorbs blue light, it undergoes an 
isomerization and initiates a photocycle that 
involves a few key intermediates. This protein 
has become the model system for studying 
photoreceptor proteins (see Figure 1) [3]. Since 
the absorption of light is an inherently quantum 
mechanical process, the computational study of 
this property necessitates the use of electronic 
structure methods. However, there are very few 
electronic structure methods that are efficient 
enough and accurate enough to study the 
absorption of light in PYP or other large chemical 
systems.

To study the absorption of light in large 
chemical systems, there is a need for accurate and 
computationally inexpensive methods. In this 
work, I have developed an algorithm based on 
the equations-of-motion approximate singles and 
doubles coupled-cluster (EOM-CC2) method, 
which is often used as a reliable benchmark 
method to study the absorption of light [5,6]. 
Unfortunately, EOM-CC2 has a computational 
cost of O(N5) which limits its usefulness as the 
size of the chemical system is increased. By 
incorporating the tensor hypercontraction (THC) 
approach into the EOM-CC2 method, a new 
algorithm was designed with the computational 
cost of O(N4) [7-9]. Further efficiency can be 
achieved by formulating the algorithm in a way 
to accelerate the method via the use of graphical 
processing units (GPUs). This new algorithm is 
not only useful for the study of PYP’s spectral 
properties; it is a general algorithm that can be 
used to study the absorption of light of molecular 
systems.

I have developed a GPU-accelerated version 
of the THC-EOM-CC2 method. Timings 
indicate that the new algorithm does achieve 
a computational cost of O(N4). Comparing the 
timings of THC-EOM-CC2 on a single GPU 
to the timings achieved on a single CPU, this 
approach achieves an 8-15 times speedup over 
the CPU-based implementation of THC-EOM-
CC2 with timing variations due to the size of the 
chemical system and the type of CPU or GPU 
used. Additionally, the CPU-based version of 
THC-EOM-CC2 was shown to accurately predict 
the excited states for a wide variety of molecules 
[9].

We are in the process of using the GPU-
accelerated THC-EOM-CC2 method to study 
the absorption spectra of PYP and its photocycle 
intermediates. Initial gas phase results show 
that this new approach predicts the absorption 
maxima to be within 0.04 eV of the experimental 
absorption peak. The initial results indicate that 
the THC-EOM-CC2 approach can be used to 
accurately predict the absorption spectra of PYP 
and its photocycle intermediates. Further work 
includes investigating the influence of different 
quantum mechanical regions on the predicted 
absorption spectra and computations with the 
solvated protein.

The GPU-accelerated THC-EOM-CC2 
method is a new approach that can be used to 
study the absorption of light in many different 
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the full experimental Reynolds number is the use 
of a wall model in conjunction with the LES. The 
wall model alleviates the severe grid resolution 
requirement imposed by the small eddies in the 
near-wall region by accounting for their effects 
with a RANS-type turbulence model.

To solve for the aero-optical distortion, an 
efficient parallel aero-optics code was developed 
and used to compute the optical path length 
(OPL) in almost 300 viewing directions over 
the whole turret surface. In all, the simulation 
generated over 40 TB of optical and flow data 
that will be analyzed to guide the design of aero-
optic mitigation strategies. Beyond classical 
statistical approaches, we look to use data-
mining techniques like Proper Orthogonal 
Decomposition (POD) and Dynamic Mode 
Decomposition (DMD) to more fully explore 
the dynamics of the turret aero-optics.

WHY BLUE WATERS
Beyond the processing power, the ability to 
generate large quantities of data and efficiently 
process it on Blue Waters has been vital to 
our research. We have been able to scale our 
simulations to a higher level of fidelity and 
have created a large database that we will 
use to shed light on important aero-optic 
phenomena. Because of Blue Waters, we have 
the unique capability of analyzing the entire 
flow field to extract important statistics that 
are computationally demanding due to large 
I/O and memory requirements. Additionally, 
using a system like Blue Waters effectively would 
not have been possible without the help of the 
Blue Waters and NCSA staff, especially on the 
use of the Lustre file system and visualization. 
With their help we were able to successfully 
accomplish our simulation goals.

HIGH REYNOLDS NUMBER 
COMPUTATIONAL AERO-OPTICS

Edwin Mathews, University of Notre Dame
2014-2015 Graduate Fellow

Edwin Mathews is a fourth-year Aerospace Engineering PhD student at 
the University of Notre Dame, working with advisors Meng Wang and Eric 
Jumper. He expects to graduate in 2016 and hopes to continue conducting 
research in computational fluid mechanics. 
 
“Far beyond aero-optics, computational fluid dynamics has a vast range 
of applications across several fields, and LES and hybrid LES/RANS 
methods represent the next generation of CFD techniques for engineering 
applications. With techniques like wall-modeled LES, resolving unsteady 
turbulent flows can become practical and bring previously intractable 
scientific and engineering problems into the domain of possibility,” Mathews 
says. “In the future, I believe the use of these methods coupled with data-
mining methods to explore databases of large CFD simulations will empower 
the design of complex fluid systems. The Blue Waters Graduate Fellowship 
has enabled my growth in these fields and has been an invaluable experience 
in working effectively at the petascale level.”

RESEARCH SUMMARY

The distortion of an optical beam caused by 
turbulent air surrounding a projecting or 
receiving aperture, known as aero-optics, is a 
major impediment to applications of airborne 
optical systems for communication, imaging, 
targeting, and directed energy systems. When an 
initially planar optical wavefront is transmitted 
through a compressible turbulent flow over the 
aperture, it is distorted due to the non-uniform 
speed of light resulting from density fluctuations. 
Even small amplitude distortions in the near field 
can cause severe performance degradation, as 
seen in Figure 1.

My research is aimed at improving the 
predictive capability for, and understanding of, 
aero-optics at realistic Reynolds numbers and 
Mach numbers by using wall-modeled large-eddy 
simulations (LES). To accomplish this, the flow 

over the optical turret (a hemisphere on a short 
cylinder mounted to a flat surface) used by the 
Airborne Aero-Optical Laboratory (AAOL) at 
Notre Dame was simulated at the actual Reynolds 
number of 2,300,000 and Mach number of 0.4 
on a mesh of over 200 million control volumes. 
To date, this represents the largest aero-optic 
simulation of a turret and one of the highest 
Reynolds number wall-modeled large-eddy 
simulations performed.

The flow was computed using the unstructured 
mesh, finite volume compressible LES code 
CharLES, developed at Cascade Technologies, 
Inc. CharLES, similar to other LES solvers, 
computes the spatially filtered Navier-Stokes 
equations along with the continuity and energy 
equations. To account for the effect of small-scale 
fluid motions not resolved by the computational 
mesh, a subgrid-scale stress model is used. A key 
component in the ability to simulate the flow at 
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explore the use of matrix splitting techniques 
[4], [5]. This allows us to exploit inherent sparse 
structure in power systems in order to calculate 
the next Newton iteration in a distributed way.  
This distinct sparsity patterns stems from the fact 
that power systems follow Kirchhoff’s current 
and voltage laws. We have shown this method 
to be advantageous with respect to convergence 
speed and memory requirements [3].

Matrix splitting allows an iterative approach 
for solving linear systems, Ax = b. Namely, 
decomposing a matrix into a difference, A = M - 
N, we have the following iterative scheme: xk+1 = 
M-1Nxk + M-1Nb. In [3], we show a construction 
for M and N, which guarantees convergence and 
allows for distributed calculation with limited 
communication. Different matrix-splitting 
schemes exhibit different trade-offs between 
the amount of computation done per process 
and the amount of communication required 
between processes. Characterizing how the rate 
of convergence and the robustness to imperfect 
communication depend on this trade-off is an 
interesting question for the field of distributed 
estimation algorithms.

In Figure 1 (b), we compare how the 
computation and communication time scales 
with the size of the power network. The 
implementation of our algorithm assigns each 
bus, or vertex, in the power network a separate 
MPI process. We see that for network sizes 
requiring more than one node on Blue Waters, 
the communication time remains constant, 
which is a favorable scaling. We aim to continue 

improving the speed of the computation time 
in order to make the algorithm of greater use 
in real-time.

WHY BLUE WATERS
Working with Blue Waters has allowed me to 
develop and test our distributed estimation 
algorithm on large-scale realistic power systems 
using thousands of processes. Such simulations 
are infrequent in academic papers for this 
particular problem, and I find this to be an 
exciting aspect of my work. In the near future, 
we are interested in using supercomputing to 
test new parallel, iterative algorithms we are 
developing for 1) fault detection and 2) optimal 
power flow problems in power systems. I would 
like to acknowledge the NCSA staff for their 
help in sorting out a variety of issues, including 
building certain software on Blue Waters and 
overcoming hurdles encountered while scaling 
my algorithms up for testing on larger systems.

PUBLICATIONS
Minot, A. and N. Li, A Fully Distributed State 

Estimation Using Matrix Splitting Methods, 
American Control Conference (AACC, Chicago, 
Illinois, July 1-3, 2015).

Minot, A., N. Li, and Y. M. Lu, A Distributed 
Newton Method for Power System State 
Estimation, Submitted to IEEE Trans. on Power 
Systems (2015).

DISTRIBUTED STATE ESTIMATION 
ALGORITHMS FOR ELECTRIC 
POWER SYSTEMS

Ariana Minot, Harvard University
2014-2015 Graduate Fellow

Ariana Minot works with advisors are Na Li and Yue Lu and expects to 
graduate from Harvard with a PhD in Applied Mathematics in May 2016. After 
completing her graduate studies, she hopes to be a researcher at a national 
lab. 
 
“I have a strong interest in interdisciplinary research in applied mathematics 
and scientific computing with applications to electric power systems,” she 
says. “The support of the Blue Waters Fellowship has enabled me to pursue 
this interest and to begin developing new algorithmic tools for transforming 
power systems operation.”

RESEARCH SUMMARY

Until recently, the use of high-performance 
computing for advancing the electric power 
grid has received relatively limited attention. 
The electric grid is a complex interconnected 
system with an aging infrastructure spread over 
thousands of miles. For environmental and 
economic reasons, it is imperative to improve the 
operation of the electric grid, and computational 
science will be essential to addressing these 
challenges [1]. 

One key aspect of reliable power system 
operation is state estimation, which monitors 
the state of the grid by estimating the voltage 
magnitudes at each bus, or node, in the network. 
With the growth in penetration of renewable 
energy, it is becoming more demanding 
to estimate the system state promptly and 
accurately. There have been increasing research 
efforts in developing and integrating new 
sensor technology, called Phasor Measurement 
Units (PMUs), to create a more advanced state 
estimation system. Introducing PMUs leads to 
both an increase in the dimension of the data and 
in the sampling rate that will require using high-
performance computing resources [2].

Our research focus is designing decentralized 
algorithms for coordination of power systems. 
In distributed approaches, information 
communication occurs only between neighboring 
processors rather than via a centralized processor, 
as depicted in Figure 1 (a). Advantages of 
distributed approaches include increased 
robustness as well as reduction in computation, 
communication, and memory requirements 
per area. In recent work, we proposed a new 
fully distributed Newton-type algorithm for 
state estimation of electric power systems [3]. 
In contrast to gradient-based methods, Newton 
methods are of interest due to their convergence 
rate, which is usually quadratic. The difficulty is 
that Newton methods require solving a matrix 
inversion at each iteration. This presents a 
challenge for developing a distributed method, 
since in general global information of the matrix 
entries is needed to invert a matrix. Furthermore, 
when the system size is large, solving a large 
matrix inversion may be time-consuming or 
even prohibitive. To overcome this challenge, we 

FIGURE 1: (a) Nodes 1-3 

represent different control 

areas, or distinct groups 

of buses, in the power grid. 

(b) Using the same number 

of iterations, compare 

how computation and 

communication scale with 

power network size.
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metrics, to determining intrinsic community 
structures. Novel insights were obtained into 
the structure of the web. One such insight was 
that community sizes followed a power law with 
a possible heavy tail distribution, similar to prior 
observations of other degree and connectivity 
distributions [3].

Hopefully, this work will allow several directions 
for future efforts. Using the optimization 
strategies identified through this work, more 
complex algorithms might be implemented for 
continued analysis of the aforementioned web 
crawl and other similar networks. Additionally, 
further scaling in the future to larger networks as 
they become available might provide additional 
novel insights using Blue Waters. Finally, in the 
forthcoming years, as both larger networks are 
available for analysis and larger computational 
systems become available for doing such analysis, 
some of the strategies identified might become 
critical to enable scalable and efficient analyses 
of these networks on these systems.

WHY BLUE WATERS
Blue Waters was important for this research 
for two reasons. Firstly, the GPUs that power 
Blue Waters' accelerated nodes were important 
for the study of many-core optimizations that 
composed the first parts of this research effort. 
Secondly, the high-performance I/O and intra-
node communication were crucial to allow the 
efficient study of the web crawl at scale. 

PUBLICATIONS
Slota, G. M., S. Rajamanickam, and K. Madduri, 

High Performance Graph Analytics on Manycore 
Processors. Proceedings of the 29th IEEE 
International Parallel and Distributed Processing 
Symposium (IPDPS15), (IEEE, Hyderabad, India, 
May 25-29, 2015).

Slota, G.M., K. Madduri, and S. Rajamanickam, 
Parallel Graph Algorithms on Modern Systems. 
PhD Forum Poster at the 29th IEEE International 
Parallel and Distributed Processing Symposium 
(IPDPS15),  Hyderabad, India, May 25-29, 2015.

MASSIVELY PARALLEL GRAPH 
ANALYTICS

George M. Slota, The Pennsylvania State University
2014-2015 Graduate Fellow

George M. Slota is now in the third year of his Computer Science and 
Engineering PhD studies at The Pennsylvania State University. His advisors 
are Kamesh Madduri, Penn State, and Siva Rajamanickam, Sandia National 
Labs. He expects to graduate in May 2016 and then plans to pursue a post-
doctoral position at a national lab, in academia, or in industry. 
 
“Blue Waters has helped me achieve these goals by giving me access 
to such a large-scale system necessary for me to succeed in a lot of my 
research efforts,” he says. “The research I've accomplished during this 
fellowship undoubtedly strengthens me as a candidate for a position at the 
aforementioned places.”

RESEARCH SUMMARY

Large-scale and highly irregular graphs, such 
as those arising from biological systems, social 
networks, and the general topology of the web, 
require special treatment when analyzed using 
parallel and distributed algorithms. This is 
primarily the result of two characteristics of real-
world graphs. First, most real-world graphs have 
what is termed a highly skewed vertex degree 
distribution, where some vertices in the graph 
have orders-of-magnitude greater coincident 
edges than other vertices. This can create a large 
work imbalance across threads and tasks when 
considering work distribution on a per-vertex 
basis (i.e. a 1 million degree vertex assigned to 
task A will take considerably longer to process 
than a 100 degree vertex assigned to task B; task B 
will sit idle waiting for task A to finish processing). 
Second, many irregular real-world graphs also 
have what is called a small-world structure. That 
is, the number of edges between any two arbitrary 
vertices in the graph is very low relative to the 
size of the graph—think "Six degrees of Kevin 
Bacon" or how, based on Facebook and Twitter, 
there is only an average of about 4.5 degrees of 
separation (edges) between any two Internet 
users on the planet. This small-world nature 
makes scalable partitioning of graph workloads 
across a distributed memory environment 
extremely challenging.

Considering these two challenges, work during 
this fellowship established a methodology for 
parallel graph algorithm implementation at 
various computational levels, including per-
core, per-node, and per-system level. Using the 
techniques and optimizations gleaned from these 
efforts, a complex analysis of the largest publicly 
available web crawl [1] at about 3.5 billion pages 
and 129 billion hyperlinks was performed on Blue 
Waters.

Initial work focused on optimizing at the 
task and node level, specifically for the GPUs 
on Blue Waters’ accelerated nodes. The focus of 
this initial research effort sought to answer the 
question: "Given a highly irregular input graph 

and some X thousand processing elements (such 
as a GPU), how can one efficiently parallelize 
graph algorithms to ensure high performance 
under these conditions?" It was observed that 
a large number of common graph analytic 
algorithms follow a certain algorithmic template. 
Prior art considered parallelization over a certain 
part of this template, and while this works for 
a small number of processing elements, greater 
degrees of parallelism require more complex 
and direct work-balancing methods. Through 
explicit implementation of a known compiler 
optimization technique termed the "Manhattan 
Collapse" [2], an even work balance across all 
work to be performed with a minor overhead cost 
was achieved. Multiple common graph analytic 
subroutines were implemented using this collapse, 
along with several general GPU optimizations. 
Performance comparisons to highly optimized 
CPU code demonstrated at or better than state-
of-the-art execution times despite minimal to 
no per-algorithm optimizations outside of the 
general ones following the aforementioned 
methodology. Up to 3.25x speedups were 
achieved using this methodology.

The second phase of work expanded the 
optimization methodology to a multi-node 
setting, using 16 to 64 nodes on Blue Waters. 
An efficient means of both work distribution, data 
ordering, and parallel communication for general 
(irregular) graph algorithms was investigated. 
Under consideration was the tuple (per-node 
parallelization and data ordering, per-dataset 
work distribution across nodes, per-algorithm 
communication methods) to determine what 
is most performant across several simple to 
complex graph analytic algorithms. Multiple 
vertex partitioning strategies in terms of 
objectives and constraints were considered. 
Additionally, multiple intra-task vertex ordering 
strategies were investigated. The effects of 
varying partitioning and ordering strategies were 
considerable. Up to 5x improvement versus naive 
methods with an intelligent partitioning strategy 
and up to 1.5x improvement with an intelligent 
ordering strategy was noted.

Using knowledge gained from these previous 
efforts, an analysis of the largest publicly available 
web crawl was undertaken using more than 
16,000 cores of Blue Waters. The web crawl was 
analyzed at various levels of complexity, from 
simple structural characteristics, to identifying 
the most important web pages using various 
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to study photovoltaics made from thin-film 
perovskites, which are currently skyrocketing 
in efficiency and showing a possible way toward 
cheap, abundant photovoltaics. As with any 
code development, I am also excited to see how 
the BerkeleyGW user community will use this 
new functionality to study new and interesting 
systems I have not imagined, perhaps achieving 
breakthroughs in understanding that will enable 
other improvements in electronics, photovoltaics, 
and other applications.

WHY BLUE WATERS
The Blue Waters system is second to none in 
terms of the combination of the scale of jobs one 
can perform on the machine and the productivity 
it allows with its rapid queue times (itself a 
byproduct of the large scale and quality of the 

machine). I have never gotten more important 
work done quickly than I did on Blue Waters. 
Indeed, I think the Blue Waters system enables 
groundbreaking science to be done more than 
any other machine I have worked on. The Blue 
Waters staff is also wonderful, very responsive in 
requests for help on running codes optimally on 
the system. More than anything, the Blue Waters 
team seems to care the most about its users than 
any other system I have used, pulling out all the 
stops to help the science teams use the machine 
to do their important work. I cannot say enough 
about how impressed I have been with both the 
Blue Waters machine and staff. I will apply for 
an allocation on Blue Waters in the future, as I 
will continue to push the level of parallelism in 
the calculation of excited-state properties using 
BerkeleyGW and related codes. Access to Blue 
Waters will be crucial in this endeavor.

REDUCED COMMUNICATION 
AND IMPROVED SCALING OF THE 
CALCULATION OF DIELECTRIC 
SCREENING IN NANOSTRUCTURES, 
MOLECULES, AND SOLIDS

Derek Vigil-Fowler, University of California, Berkeley
2014-2015 Graduate Fellow

Derek Vigil-Fowler is in the sixth year of his Physics PhD studies at the 
University of California, Berkeley, working with advisor Steven G. Louie. 
He graduated in August 2015 and has begun a Director’s Postdoctoral 
Fellowship at the National Renewable Energy Laboratory. 
 
“My goal is to continue developing physical approximations and algorithmic 
improvements, especially those that will allow increased parallelism and 
scaling, to access the physics of the increasingly complicated systems 
relevant to technological applications, especially photovoltaics and 
photocatalysis,” he says.  “The Blue Waters Graduate Fellowship supported 
me in this endeavor at a critical time in my young career, helping me establish 
myself in this area, and for that I will always be grateful.”

RESEARCH SUMMARY

In short, the dielectric response encodes all the 
information about how electrons in a material 
respond to the presence of one another in the 
material and to external stimulation by light or 
an electric field. The dielectric response is needed 
to compute the energy levels of quantum states, 
which are needed for understanding energy flow 
through solids, molecules, and nanostructures. 
Understanding the dielectric response is thus 
crucial for applications of semiconductors, 
metals, and combinations of these materials in 
devices like transistors or photovoltaics.

The dielectric response is encoded in a 
frequency-dependent matrix that must be 
calculated using sums over quantum states in the 
system, making this is a very large problem that 
has to be parallelized to scale to big systems. Our 
code, BerkeleyGW, was previously optimized 
when frequency dependence was calculated 
using a model from a single matrix and the matrix 
inversion step was inexpensive. With frequency 
dependence, this matrix inversion became a 
bottleneck, since the size of the matrix was not 
large enough to saturate the processors that were 
used earlier (in operations on the quantum states) 
and there were many frequencies done serially. 
My approach was to give each processor a larger 
piece of this matrix, but give each processor only 
a subset of frequencies to calculate. This allows 
more processors to work in parallel during the 

matrix inversion, reduces communication, and 
allows BerkeleyGW to scale to bigger system sizes.

My approach was very successful, showing 
speedup for all system types, but especially for 
more complicated systems. For the systems 
tested thus far, e.g. bulk semiconductors, like 
silicon, and molecules, my scheme showed a 
linear reduction in the time for communication 
and for the matrix inversion with the number 
of frequencies computed in parallel. This 
improvement has reduced the time to perform 
two components of the calculation so thoroughly 
that they are no longer the biggest part of the 
computation by an order of magnitude but 
instead are on par with other parts of the 
computation. For systems with big unit cells, like 
molecules and crystals with many constituent 
elements, the reduction of the time for inversion 
and communication is so dramatic as to allow the 
computation of whole new classes of molecules 
and crystals that were previously unreachable.

This work could be adopted in other contexts 
in high-performance computing that involve 
matrices that have a third index in addition to 
the usual two and that have operations performed 
in parallel on the different matrices indexed by 
this third index. Additionally, I think this work 
will open up the computation of the dielectric 
response to whole new classes of materials, 
which could be used for exciting applications 
in photovoltaics and next-generation transistors.  
I personally am excited to use this improved code 
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SENSITIVITY OF AVAILABLE 
POTENTIAL ENERGY TO CHANGES 
IN SURFACE FORCING IN THE 
SOUTHERN OCEAN

Varvara Zemskova, University of North Carolina at Chapel Hill
2014-2015 Graduate Fellow

Varvara Zemskova is in the fourth year of her Oceanography PhD studies at 
the University of North Carolina at Chapel Hill, working with advisor Brian 
White. She expects to graduate in May 2017 and then plans to continue 
research in physical oceanography with a focus on numerical simulations.

RESEARCH SUMMARY

Although the global ocean is on average stably 
stratified, horizontal, and even more importantly 
vertical, mixing exists due to differential heating 
and cooling by the atmosphere at the ocean 
surface. These motions distribute heat and 
nutrients throughout the globe. Vertical mixing 
is essential because it supplies dissolved oxygen 
from the surface to the deep waters and brings 
nutrients that result from bacterial decomposition 
back to the surface, where they can be used by 
organisms. If the ocean-atmosphere interactions 
change, both directly in form of heat exchange 
and indirectly in form of winds at the ocean 
surface, the amount of vertical mixing in the 
ocean will be affected. Quantifying the changes in 
vertical mixing is one of the important questions 
in oceanography today.

The Southern Ocean, part of the global ocean 
between the Antarctic continent and 60°S 
latitude, is an ideal place to study the relative 
contributions of differential surface heating and 
surface wind stress to mixing. The Antarctic 
Circumpolar Current, which is driven by eastward 
winds, goes around Antarctica unobstructed by 
continents, unlike currents in other ocean basins. 
Because of such predominantly unidirectional 
flow, it can be modelled in a periodic domain 
that decreases computational demand without 
sacrificing completeness of the problem. This 
region also experiences significant differential 
buoyancy forcing, such that surface waters near 
the Antarctic continent are cooled, making them 

denser and causing them to sink, and surface 
waters at the northern end are warmed and 
become less dense. Therefore, this problem can 
be studied in a form of horizontal convection, a 
model of a fluid flow forced by differential surface 
buoyancy forcing. 

Three surface boundary conditions were 
investigated in this preliminary study. The first 
simulation was conducted only with differential 
buoyancy forcing with higher density near the 
Antarctic continent (to model cooling) and 
lighter fluid at the northern end of the domain 
(to model heating). The second simulation had 
the same differential buoyancy forcing as the 
first simulation, but unidirectional eastward wind 
stress was added at the surface to model the trade 
winds in the Southern Hemisphere. The third 
simulation had the same differential buoyancy 
forcing but divergent wind stress at the surface, 
with eastward trade winds in the northern part 
of the domain and westward polar winds in the 
southern part. The simulations have to be run to 
a steady state before terms in the energy cycles, 
such as the generation of kinetic and potential 
energies and transfers between energy reservoirs, 
and vertical mixing can be quantified.

WHY BLUE WATERS
The computational resources of Blue Waters 
were essential for this research because I was 
able to run simulations that have sufficiently 
large resolution and aspect ratio of the domain 
to capture forward and inverse energy cascades. 
Such simulations are very computationally costly, 
and the allocation on Blue Waters allows me 
to compare results from multiple simulations 
with varying boundary condition. With my 
continuing allocation I plan to extend this project 
by connecting the Southern Ocean to the rest of 
the global ocean and to analyze the sensitivity 
of vertical mixing at mid-latitudes to changing 
boundary conditions in the Southern Ocean.
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system in the world, as we collect more than 3 
billion monitoring data points every day. These 
metrics guide us in providing a reliable, consistent 
high-performance computing environment that 
accelerates scientific discovery, from biology to 
materials science to geophysics to particle physics 
to astronomy and across many other domains. 
For its second year of operations, the Blue Waters 
project met or exceeded the expectations for the 
large majority of our stringent control metrics.  
The metrics are reported for 11 months from 
July 1, 2014 to May 30, 2015.

SYSTEM AVAILABILITY
System availability has significant impact on 
the productivity of Blue Waters’ partners. 
For this reason, we use criteria that are more 
stringent than typical. For Blue Waters a service 
interruption is any event or failure (hardware, 
software, human, or environment) that disrupts 
the system’s services level for a specified time 
period. Most of the outages we report are 
for failover events that take too long, where 
applications continue to process for the most 

part but the system is not completely serviceable.  
We call these events unscheduled if partners have 
less than 24 hours’ notice of an interruption; our 
target is to provide at least seven days’ notice. The 
duration of an outage is calculated as the time 
during which full functionality of the system is 
unavailable to users, from first discovery to full 
return to service. Partial or degraded service 
is counted as part of the outage, or is listed as 
degraded service.

Blue Waters met or exceeded all but one 
of its stringent system availability metrics for 
the year (Table 1). For example, Blue Waters 
significantly exceeded its target of 5 days for 
mean time between systemwide failure (MTBF, 
computed by dividing the number of hours the 
system was available in a month by the number 
of system-wide interrupts (or 1 if there are no 
interrupts) and then converting to days) with a 
MTBF of 11.2 days. The measured MTBF was 
above the target 10 of the 11 months in the 
reporting period (Figure 2), which is remarkable 
for a system that is 45 percent larger than any 
other system Cray has delivered. The system has 
been remarkably trouble free, with two months 

BLUE WATERS:
AN EXTRAORDINARY
RESOURCE,
EXCEPTIONAL
PERFORMANCE

Blue Waters is one of the most powerful 
supercomputers in the world—and given its 
balanced architecture and generous allocation 
strategy, it may be the most productive system. 
Many of the science and engineering projects 
enabled by Blue Waters would be impossible 
to carry out elsewhere. Researchers across the 
country are pushing the boundaries of a wide 
range of disciplines thanks to Blue Waters; 
many of them are graduate students who are 
leveraging the power of Blue Waters to open up 
new investigative opportunities and to launch 
their careers. 

This year, a wide range of disciplines benefitted 
from use of Blue Waters. Astronomy and 
Astrophysics and Particle and Nuclear Physics 
each consumed slightly more than a quarter of 
the node-hours (Figure 1), followed by Biology, 
Biophysics & BioMedicine  at 19 percent of the 
node hours and Atmospheric & Climate Science, 
Materials Science, and Physics and Chemistry, 
each of which use 4 to 6 percent of system time.

The Blue Waters project tracks multiple 
metrics—from usage to downtime to service 
requests—to ensure that excellent service is 
provided to our science team partners. In fact, 
Blue Waters may be the most instrumented 
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FIGURE 1: Distribution of annual actual usage by discipline

METRIC	 TARGET PY2 7/1/2014-5/31/2015

Scheduled Available 
Computing Time

≥ 92% 91.0%

BELOW EXPECTATIONS

Mean Time Between 
System Wide Failure 

≥ 5 day 11.2 days

SIGNIFICANTLY EXCEEDS EXPECTATIONS

Service requests 
are recorded and 
acknowledged in a 
timely manner

95% of partner service requests are acknowledged by a 
human-generated response within four working hours of 
submission

96% of partner service tickets had a human 
response within four business hours

MEETS EXPECTATIONS

Most problems 
are solved within a 
reasonable time

80% of partner service requests are addressed within three 
working days, either by 
 - resolving them to the partner’s satisfaction within three 
working days, or, 
 - for problems that will take longer, by informing the partner 
how the problem will be handled within three working days 
(and providing periodic updates on the expected resolution)

80% of partner service requests were resolved 
within three business days 

MEETS EXPECTATIONS

The majority of 
computational time 
goes to capability jobs

40% of all computational time will go to capability jobs 75.1%

EXCEEDS EXPECTATIONS

Capability jobs are 
provided excellent 
turnaround

Expansion factor is less than 10 6.6

EXCEEDS EXPECTATIONS

TABLE 1: System availability metrics
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as Not Large (those using less than 1 percent of 
the system), Large (using from 2 to 20 percent 
of the system), and Very Large (using more than 
20 percent of the system). The Large and Very 
Large categories make up the capability job 
classification. Note that even a Not Large job 
on Blue Waters can be larger than a full-system 
job on many other systems since they can be up 
to 16,352 integer cores. Very few systems in the 
world have more than 20 percent of the number 
of nodes on Blue Waters, and most of them have 
slower processors. 

Looking at capability performance in another 
way, this year two science and engineering teams 
used more than 136 million node-hours on 
Blue Waters (more than 4.3 billion integer core 
equivalent hours).

The job size median corresponding to 50 
percent of the actual usage is 1,250 nodes (40,000 
integer cores) for the XE portion and 360 nodes 
for the XK portion of the Blue Waters system, 
marked using horizontal lines in figures 6 and 7. 
Note that the horizontal scale on both of these 
figures is logarithmic. The median is modestly 
smaller than last year, which is expected since 
some of the smaller allocation categories (e.g. 
Training accounts) are more numerous. Overall 
the XK nodes delivered 15 percent of the node-
hours, which is about their relative fraction of 
the overall compute node count.

Blue Waters is very responsive and provides 
exceptional turnaround to the teams for all job 
sizes. Expansion factor is an indication of the 
responsiveness of the resource management 
system to work submitted by partners. Expansion 
factor is defined as the time an eligible job 
waits in the queue plus the requested wall time 
divided by the requested wall time of the job. 
On many systems, larger jobs are typically more 
difficult for the system to schedule. However, on 
Blue Waters the emphasis is on ensuring that 
partners can take full advantage of the size and 
unique capabilities of the system. For example, 
the scheduler has been configured to prioritize 
Large and Very Large jobs, thus making it easy 
for the partners to run their applications at scale. 
Not Large jobs, particularly long running jobs, 
may wait in the queue for about the requested 
wall time, on average, independent of the node 
type. Large jobs take about one to three times the 
requested wall time to start running, with jobs 
on XK nodes starting sooner than those on XE 

FIGURE 5: Usage per job size category in terms of 
absolute millions of actual node-hours

FIGURE 6: Accumulated usage for the XE nodes per 
job size.  The key factor is half the time used 
on Blue Waters was for jobs larger than 40,000 
integer cores.

FIGURE 7: Accumulated usage for the XK nodes per 
job size. The key factor is half the time used on 
Blue Waters was for jobs larger than 360 GPUs.

having no systemwide outages at all (Actually 
at the end of writing this report, Blue Waters 
had been up for 98 consecutive days without a 
scheduled or unscheduled interruption!). 

Scheduled availability (Figure 3) gives an 
indication of how reliable the system is for 
science partners during the time the system 
is planned to be available; here Blue Waters 
narrowly missed its target of 92% availability 
(posting 91%). Two notable outages occurred 
in October and November 2014 respectively; one 
was related to a facility wide 13.8KVA to 480V 
power infrastructure problem over a weekend 
that required shipping in a unique replacement 
part.  The other was not an interruption per se 
but a severe regression in metadata performance 
that limited partner workloads that use the file 
system. The second issue was discovered while 
in service and all partner usage during the time 
of the degradation was not charged. Reducing 
that unscheduled outage remains a key focus of 
the NCSA and Cray teams.

Overall 87 percent of the total time in the year 
was made available to science teams (Figure 4). 
Sixty-six percent of the total time was actually 
used by science teams. The draining time refers 
to periods where nodes were idle, waiting on 
additional resources in order to start a large job. 
Draining time can be used for backfill jobs if 
workload of an appropriate size and requested 
duration is available. Time with no runnable work 
refers to periods where nodes are idle and have no 
future schedule jobs. There may still be queued 
workloads, but those workloads are not startable 
due to job dependencies or they require other 
specific resources.

PROCESSOR USE
Blue Waters is designed and allocated to 
enable partners to tackle the large, challenging 
computational jobs that: 1) cannot be performed 
in a feasible time period elsewhere; and 2) explore 
novel territory in their disciplines, forging a path 
for other researchers to follow. As shown in Table 
1, 75 percent of the Blue Waters workload is in 
the capability job category, that is jobs running at 
a scale that is difficult or impossible to achieve on 
most other resources (greater than 8,000 integer 
cores). 

Figure 5 presents another view of the usage 
per job size, where jobs have been categorized 

FIGURE 2: System wide mean time between failure 
for the entire Blue Waters system

FIGURE 3: Overall Scheduled System Availability

FIGURE 4: Breakdown of overall gross system 
time during the second year of operations. The 
blue shaded segments are the time available for 
science use.
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nodes. Very Large jobs wait in the queue for four 
to nine times the requested wall time while Blue 
Waters collects the massive resources required. 

As might be expected, the most common run 
time is the current queue maximum of 24 hours 
(Figure 8). XE jobs have a larger distribution 
of run times, likely due in part to their much 
larger node counts. Long run times are generally 
beneficial to partners since this reduces the 
overhead cost of job startup and teardown.

STORAGE USE
The Blue Waters system has three file systems— 
/home, /project, and /scratch—totaling 35 raw 
petabytes (~26 PB usable). Home directories 
default to 1 TB, and project directories default 
to 5 TB for each project. Both are managed with 
user/group quotas and backed up for disaster 
recovery and neither is purged. Partners can 
request more space in their project directory as 
needed. Additionally the partners have access to 
the world’s largest near-line tape storage system, 
with a capacity of 380 PB.

The /scratch file system consists of 21 PB of 
usable space. Files are purged if they have not 
been accessed within 30 days. This allows for 
very large quotas for many teams because not all 
teams are active all the time. The default quota 
for the scratch directory is 500 TB per project 
which is more than the total storage on many 
typical clusters; many teams are granted increases 
to the default limits for specified time periods 
by request.

As shown in Figure 9, there were multiple days 
when more than 5 PB of data was written or 
read to /scratch, with more than 9 PB written 
on the peak day for the year. Writing 9 PB of 
data in a day would be impossible on most other 
systems. The /project and /home file systems 
show similar variability, with much lower activity 
levels on the order of tens of terabytes in the 
home directories and hundreds of terabytes in 
the project directories, as expected.

At the time of this writing, there are 76 partners 
in 52 projects actively storing data in the Blue 
Waters near-line tape subsystem for a total of 25 
used PB of data and more than 123 million files 
(Figure 10). Two very large projects have stored 
more than 1.2 PB each.

FIGURE 8: Distribution of actual usage by job 
duration (data from July 2014-May 2015)

FIGURE 9: Scratch File System Daily Activity

FIGURE 10: Data storage growth in the Blue 
Waters near-line storage.  The dip in March 2015 
was the deletion of older backup data that was 
no longer needed.

FIGURE 11: Monthly Aggregated Network 
Utilization. 

FIGURE 12: Breakdown of partner service requests 
by type

NETWORKING
The Blue Waters system is a very large data 
source and data repository. That means that 
a significant amount of data is transferred to 
and from Blue Waters each month. Figure 11 
shows the aggregate monthly traffic to/from 
Blue Waters to external sources. This traffic has 
grown more slowly in this project year due in 
part to nearing the saturation point for some of 
the existing external 10Gb network links. During 
the next project year, those links will be upgraded 
to 100Gbps speeds to enable larger data transfers 
and higher flow rates.

A high-profile system such as Blue Waters 
with such excellent network connectivity is an 
attractive target for cyber-intruders, but the 
Blue Waters cybersecurity team has effectively 
detected and blocked these attempts and there 
have been no security incidents involving Blue 
Waters. There were approximately 150,000 
scans or other malicious connection attempts 
per month, which were automatically detected 
and the attacking host blocked from further 
communication with Blue Waters. 

SERVICE REQUESTS
Blue Waters staff focus on resolving partners’ 
issues effectively and quickly to ensure they are 
able to maintain high productivity. As shown 
in Table 1, Blue Waters met or exceeded goals 
for responsiveness to user requests. Eighty 
percent of all service requests were resolved in 
less than three business days. Some requests 
will always take longer than three days to 
resolve and can be very labor intensive, such 
as requests for additional software or for help 
with code optimization and re-engineering; the 
average time to resolution for these more time-
consuming requests was still a very reasonable 
eight business days. 

Figure 12 shows the relative frequencies of 
different types of service requests, including 
requests for advanced support, expanded 
assistance, added services, and suggestions. Of 
the 1,435 total requests, the two largest categories 
were Accounts & Allocations and Applications, 
which each made up slightly more than a quarter 
of the requests. 

CONCLUSION
Thanks to the dedicated efforts of the skilled 
Blue Waters team, the quality of service provided 
by the system is exceeding expectations. By 
measuring our performance against stringent 
metrics, we are able to assess and improve our 
performance to ensure that the hundreds of 
people across the country who use Blue Waters 
are able to maintain high levels of productivity 
and to achieve breakthrough science and 
engineering results.
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The University of Illinois at Urbana-Campaign is not 
just the home of Blue Waters—it’s also a powerhouse of 
computational research in a diverse range of fields. In an 
effort to attract and support more top-notch researchers, 
the University offers Blue Waters Professorships, which 
provide substantial allocations on Blue Waters. 

CURRENT BLUE WATERS 
PROFESSORS
Aleksei Aksimentiev, associate professor, 
Physics, has done pioneering work 
on nanoscale biological and synthetic 
motors, transmembrane transport, and 
DNA replication that has resulted in 
the development of new computational 
strategies for modeling nano-bio systems 
and technological breakthroughs in DNA 
sequencing. He is using Blue Waters to 
determine the molecular mechanism of a 
key step in the DNA repair process.

Daniel Bodony, associate professor, 
Aerospace Engineering, is a lead principal 
investigator for the DOE Center for Exascale 
Simulation of Plasma-Coupled Combustion, 
which will develop a multiphysics 
computational fluid dynamics code and 
software tools that use exascale-class 
computers. He uses Blue Waters to study the 
noise pollution caused by commercial and 
military aircraft in order to improve near-
airport community conditions and reduce 
hearing damage and its healthcare costs.

David Ceperley, Founder Professor of 
Physics, is one of the leading computational 
condensed matter theorists in the world; 
he is recognized for his pioneering work 
on developing computational methods 
applicable for treating many-body fermion 
and boson systems. His current research is 
related to the Materials Genome Initiative, 
the federally supported program to develop 
computational tools to design materials.

Bryan Clark, assistant professor, Physics, 
focuses on the application and development 
of computational methods to gain greater 
insights into many-body and strongly 
correlated physics. He is the co-author of 
the open-source Path Integral Monte Carlo 
Code (PIMC++), which is widely used to 
study finite-temperature systems at the 
quantum level. He joined the University in 
January 2014 after post-doctoral positions at 
the Kavli Institute for Theoretical Physics, 
Microsoft Research, and the Princeton Center 
for Theoretical Science.

Larry Di Girolamo, professor and Daniel 
Shapiro Professorial Scholar in Atmospheric 
Sciences, has a long history of successfully 
using high-end computing resources for both 
computational modeling and processing of 
large satellite data sets. He uses Blue Waters 
and an advanced Monte Carlo radiative 
transfer model that he has developed and 
coupled to a weather prediction model to 
improve weather predictions and satellite 
retrievals of cloud properties.

Paul Fischer, professor, Computer Science 
and Mechanical Science and Engineering, is 
well known for his research on numerical 
methods and software for computational 
fluid dynamics (CFD). His contributions 
have improved the accuracy and speed of 
complex CFD simulations. At Argonne 
National Laboratory he developed nek5000, 
a widely used CFD software package that can 
reliably scale to over one million processes, 
making it the most scalable software of its 
kind. He joined the University in July 2014 
as a professor of Computer Science and 
Mechanical Science and Engineering.

William Gropp, Thomas M. Siebel Chair in 
Computer Science, is known for his research 
in parallel computing, software for scientific 
computing, and numerical methods for 
partial differential equations. He uses Blue 
Waters for research on the effective use of 
extreme-scale systems, which may require 
new algorithms and programming systems.

Kaiyu Guan focuses on Natural Resources 
and Environmental Science. He is a 
computational environmental scientist whose 
current research emphasizes the impacts 
of hydro-climate change on vegetation 
dynamics and crop productivity in tropical 
and temperate regions. The goal of this 
research is to increase our society’s resilience 
and adaptability to sustain ecosystem services, 
food security, and water resources under the 
influence of climate change.

Sharon Hammes-Schiffer, Swanlund 
Professor of Chemistry, focuses on the 
development and application of theoretical 
and computational methods for describing 
chemical reactions in condensed phases 
and at interfaces. The objective of her 
research is to elucidate the fundamental 
physical principles underlying charge 
transfer reactions.  She has made important 
contributions to theories of proton-coupled 
electron transfer reactions, which play vital 
roles in a broad range of biological and 
chemical processes, including photosynthesis, 
respiration, enzyme reactions, and solar cells.

So Hirata, Alumni Research Scholar 
Professor of Chemistry, uses quantitative 
theories and computing technology to 
interpret and predict the properties and 
transformations of molecules, polymers, 
and solids. Using Blue Waters, he intends 
to predict a variety of properties of all 
molecular phases of ice and dry ice from 
first principles with expected impact on 
fields including high-pressure chemistry, 
geochemistry, and planetary science. He 
will also apply his newly developed, highly 
scalable stochastic algorithm of quantum 
chemistry to directly evaluate optoelectronic 
properties of molecules used in advanced 
organic materials, such as solar cells and 
light emitting diodes.

Athol Kemball, associate professor, 
Astronomy, uses Blue Waters to address 
problems in radio-interferometric image 
formation that are relevant to future large 
astronomical telescopes, such as the Square 
Kilometer Array. His team has developed 
a software framework implementing a 
novel solution to the problem of pixel-level 
uncertainty quantification and will deploy 
and optimize this framework for Blue Waters.

Sonia Lasher-Trapp, professor, Atmospheric 
Sciences. Lasher-Trapp plans to use Blue 
Waters to simulate entrainment, the process 
by which cumulus clouds bring dry air from 
outside the cloud inward. Entrainment 
initially favors precipitation formation, but 
eventually it dilutes the cloud and encourages 
its demise. A long-standing problem in 
meteorology has been to reproduce how 
quickly entrainment dilutes the cloud.

Vincent Le Chenadec, assistant professor, 
Aerospace Engineering. Le Chenadec 
develops and uses novel numerical methods 
that leverage computational geometry to 
solve a long-standing problem in simulating 
and modeling turbulent reacting high-
density-ratio liquid-gas systems. These 
developments make it possible to investigate 
the fundamental fluid dynamics of liquid 
jets injected into gas environments, which 
could improve the design of devices for 
fuel-air mixing and thereby improve engine 
efficiency.

Andre Schleife, assistant professor, Materials 
Science and Engineering, uses accurate and 
predictive computational first-principles 
methods to study ground states, excited 
electronic states, and their dynamics in 
various materials, with the ultimate goal of 
gaining the knowledge necessary to design 
new and better materials. He joined the 
University in December 2013 after a post-
doctoral position at Lawrence Livermore 
National Laboratory.

Klaus Schulten, Swanlund Professor of 
Physics, is world-renowned for developing 
and implementing powerful computational 
techniques for modeling and analyzing 
biomolecular structures that arise in 
living cells. He heads the NIH Center for 
Macromolecular Modeling & Bioinformatics 
and is co-director of the NSF Center for 
the Physics of Living Cells. He uses Blue 
Waters to simulate the physical and quantum 
physical properties of large-scale molecular 
assemblies, including recent work on the 
chemical structure of the HIV capsid, on the 
development of antiviral and antimicrobial 
drugs, as well as on the use of solar energy 
in photosynthetic organisms.

Diwakar Shukla, assistant professor, 
Department of Chemical & Biomolecular 
Engineering, focuses on developing and 
using novel atomistic simulation approaches 
for understanding complex biological 
processes. His work on Blue Waters focuses 
on plant kinases and phosphatases involved 
in response to these external stresses are 
investigated to elucidate the molecular basis 
of drought-resistance in plants.

Robert Jeffrey Trapp, professor, 
Atmospheric Sciences. Trapp uses Blue 
Waters to simulate severe thunderstorms 
and tornadoes under the weather and climate 
conditions predicted for the future. This 
will help address the impact that human-
generated climate change could have on 
hazardous weather.

BLUE WATERS 
PROFESSORS

BLUE WATERS ANNUAL REPORT 	 2015

214 215215214



OTHER 
BLUE WATERS 
PROJECTS

Bernholc, Jerzy 
Petascale Quantum Simulations of Nano 
Systems and Biomolecules 
Allocation Type: PRAC general

Campbell, Michael 
Rocstar Porting and Scalability 
Allocation Type: Industrial

Chaudhuri, Santanu 
Material Discovery Using Evolutionary 
Algorithms: Finding the Missing Ruthenium-
based Ternary Phases for Breakthrough 
Applications in Energy Technologies 
Allocation Type: Illinois general

Chew, Huck Beng 
Mechanics of Deformation in High Capacity 
Lithium-Ion Batteries 
Allocation Type: Illinois exploratory

Cox, Donna 
The CADENS Blue Waters Visualization 
Project 
Allocation Type: Illinois general

Gammie, Charles 
Resolving Accretion Disk Turbulence 
Allocation Type: Illinois general

Garzaran, Maria Jesus 
Enabling Large Scale Irregular Computations 
of Sparse Data 
Allocation Type: Illinois exploratory

Georgiadis, John 
Real-Time Magnetic Resonance Elastography 
via GPU-Accelerators 
Allocation Type: Illinois exploratory

Gupta, Indranil 
Should Datacenters Converge and 
Supercomputers Converge? 
Allocation Type: Illinois general

Le Chenadec, Vincent 
Petascale Simulation of Turbulent Two-Phase 
Flows 
Allocation Type: Illinois Blue Waters Professor

Leff, Laurence 
Genetic Algorithms and Participatory 
Democracy 
Allocation Type: Illinois exploratory

Nagamine, Kentaro 
Peta-Cosmology: Galaxy Formation and 
Virtual Astronomy 
Allocation Type: PRAC general

Rice, Gus 
High Density Mechanism Design 
Allocation Type: Industrial

Ricker, Paul 
Effects of Active Galaxy Feedback on the 
Evolution of Galaxy Clusters 
Allocation Type: Illinois exploratory

Sharma, Ashish 
Very High-Resolution Numerical Modeling for 
Climate Extremes in Midwest U.S. 
Allocation Type: GLCPC general

Snir, Marc 
Parallel Programming Language and Library 
Research on Multicore Clusters 
Allocation Type: Illinois exploratory

Sutton, Brad 
Improving the Resolution of Brain Blood Flow 
Imaging with Advanced MRI Acquisitions and 
Computation 
Allocation Type: Illinois exploratory

Takhar, Pawan 
Multiscale Modeling of Thermomechanical 
Changes in Food Biopolymers During Fluid 
Transport Processes 
Allocation Type: Illinois exploratory

Wang, Jue 
BAQUS Scalability Study 
Allocation Type: Industrial
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