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Abstract

This report summarizes the technical work of the Mathematical and Computational Sciences Di-
vision (MCSD) of NIST’s Information Technology Laboratory. Part I (Overview) provides a
high-level overview of the Division’s activities, including highlights of technical accomplish-
ments during the previous year. Part II (Features) provides further details on nine particular pro-
jects with accomplishments of particular note this year. This is followed in Part III (Project
Summaries) by brief summaries of all technical projects active during the past year. Part IV (Ac-
tivity Data) provides listings of publications, technical talks, and other professional activities in
which Division staff members have participated. The reporting period covered by this document
is October 2005 through December 2006.

For further information, contact Ronald F. Boisvert, Mail Stop 8910, NIST, Gaithersburg, MD
20899-8910, phone 301-975-3812, email boisvert@nist.gov, or see the Division’s web site at
http://math.nist.gov/mcsd/.

Cover photo. Mathematician Howard Hung experiences a quantum dot in MCSD’s immersive
visualization environment. This photo appeared in the photo gallery of the online interactive edi-
tion of June 2006 issue of National Geographic associated with the feature article “Nano’s Big
Future.” See http://www7.nationalgeographic.com/ngm/0606/feature4/gallery2.html. Photo by
Mark Thiessen / National Geographic Image Collection.

Acknowledgement. We are grateful to Robin Bickel for collecting the information and organiz-
ing the first draft of this report.

Disclaimer. All references to commercial products in this document are provided only to docu-
ment how results have been obtained. Their identification does not imply recommendation or
endorsement by NIST.
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Introduction

There is now very widespread recognition of the critical role of applied mathematics and compu-
tation to both the advancement of science and engineering and to industrial innovation. Indeed, a
recent report' of the President’s Information Technology Advisory Committee (PITAC) states

“Computational science is now indispensable to the solution of complex problems
in every sector, from traditional science and engineering domains to such key ar-
eas as national security, public health, and economic innovation.”

In a similar vein, a report” prepared on behalf of the National Science Foundation states

“Simulation-based engineering science ... is a discipline indispensable to the na-
tion’s continued leadership in science and engineering. It is central to advances
in biomedicine, nanomanufacturing, homeland security, microelectronics, energy
and environmental sciences, advanced materials, and product development. There
is ample evidence that developments in these new disciplines could significantly
impact virtually every aspect of human experience.”

The importance to industry is also clear. According to the Council on Competitiveness’, “high
performance computing is not only a key tool to increasing competitiveness, it is also a tool that
is essential to business survival.”

The disciplines of applied mathematics, statistics, and computer science are the founda-
tion for computational science and engineering. Research in mathematical and statistical analy-
sis, numerical algorithms, software tools, high performance computing, and visualization provide
the basis for mathematical modeling, computational simulation, and data analysis in all fields. In
this regard, close cooperation between mathematicians, computer scientists, and application sci-
entists are critical. As the PITAC report states, “the 21st century’s most important problems ...
are predominantly multidisciplinary, multi-agency, multisector, and collaborative.” Indeed,
much of the most innovative research is now occurring at the intersection of mathematics, com-
puter science, and applications, e.g., in areas like nanotechnology, bioinformatics, and quantum
information.

Information Technology at NIST. The mission of the National Institute of Standards and
Technology (NIST) is to promote U.S. innovation and industrial competitiveness by advancing
measurement science, standards, and technology in ways that enhance economic security and
improve our quality of life. In particular, the NIST Measurement and Standards Laboratories
conduct research that advances the nation's technology infrastructure and is needed by U.S. in-
dustry to continually improve products and services. The NIST Information Technology Labora-
tory (ITL) has the broad mission of supporting U.S. industry, government, and academia with
measurements and standards that enable new computational methods for scientific inquiry, as-
sure IT innovations for maintaining global leadership, and re-engineer complex societal systems
and processes through insertion of advanced information technology. Through its efforts, ITL
seeks to enhance productivity and public safety, facilitate trade, and improve the quality of life.

! Computational Science: Ensuring America’s Competitiveness, President’s Information Technology Advisory
Committee, June 2005.

2 Simulation-based Engineering Science: Revolutionizing Engineering Science Through Simulation, Report of the
National Science Foundation Blue-Ribbon Panel on Simulation-based Engineering Science, February 2006.

3 Study of US Industrial HPC Users, Council on Competitiveness, 2004.
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The other measurement science laboratories and research centers within NIST are also
important customers of ITL. Indeed, NIST’s measurement science research program has been
transformed by the advent of computational science and engineering. Nearly every NIST pro-
ject, both theoretical and experimental, typically now has critical computational components. In
addition, an increasing number of NIST “products™ are techniques, tools, and reference data to
enable modeling, simulation, and data analysis in particular application domains.

To respond to the needs of its customers in industry, academia, government, and within
NIST, ITL has developed a wide range of cross-cutting programs in areas such as information
discovery, use, and sharing; complex systems; identity management; scientific discovery; and
others. Applied mathematics and computational science plays an important role in these pro-
grams. This is clear from the four core competencies that ITL has identified as critical for it to
carry out its work: (1) IT measurement and testing, (2) mathematical and statistical analysis for
measurement science, (3) modeling and simulation for measurement science, and (4) IT stan-
dards development and deployment.

Mathematics and Computational Science at NIST. The Mathematical and Computational
Sciences Division (MCSD) is one of six technical Divisions within ITL. MCSD provides leader-
ship within NIST in the solution to challenging mathematical and computational problems. In
particular, we seek to ensure that the best mathematical and computational methods are applied
to the most critical problems arising from the NIST measurement science program. In addition,
we also engaged in highly leveraged research and development efforts to improve the environ-
ment for computational science and engineering at large.

To accomplish these goals, MCSD staff members engage in the following types of activi-
ties: (a) peer-to-peer collaboration with NIST scientists and engineers in a wide variety of criti-
cal applications, (b) targeted outreach efforts with particular external communities to advance the
state-of-the-art in their subfield, (c) development and dissemination of unique mathematical and
computational tools, and (d) research in targeted areas of applied mathematics and computer sci-
ence of high relevance to future NIST programs.

The technical work of the Division can be organized into eight general areas. We indi-
cate overall goals and approach of each of these below. Of course, there is considerable overlap
between these areas. Nevertheless, this breakdown provides a useful overview of Division
thrusts.

Mathematical Modeling of Mechanical Systems and Processes.
Goals: Enable effective mathematical and computational modeling of mechanical processes and
systems of critical importance to NIST programs. Improve the state-of-the-art in software for
modeling and simulation of mechanical processes and systems.
Approach: Develop techniques and tools to enable accurate, reliable, and efficient modeling and
simulation of mechanical processes and systems. Collaborate with NIST scientists and engineers
in the application of such techniques to critical NIST programs.

Mathematical Modeling of Electromagnetic Systems.

Goals: Enable effective mathematical and computational modeling of electromagnetic and
acoustic phenomena of critical importance to NIST programs. Improve the state-of-the-art in
software for electromagnetic and acoustic modeling and analysis.

Approach: Develop techniques and tools to enable accurate, reliable, and efficient modeling and
simulation of electromagnetic and acoustic phenomena. Work with external groups to improve
the state-of-the-art in electromagnetic modeling through the use of benchmarks (challenge prob-
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lems) and reference software. Collaborate with NIST scientists and engineers in the application
of such techniques to critical NIST programs.

Mathematical Modeling for Chemical and Biological Applications.

Goals: Enable effective mathematical and computational modeling for chemical and biological
applications of critical importance to NIST programs. Improve the state-of-the-art in software
for chemical and biological modeling and analysis.

Approach: Develop techniques and tools to enable accurate, reliable, and efficient modeling and
simulation of chemical and biological systems. Collaborate with NIST scientists and engineers
in the application of such techniques to critical NIST programs.

High Performance Computing.

Goals: Improve the quality and rate of scientific discovery through the effective use of parallel
and distributed computing resources.

Approach: Develop techniques and tools for parallel and distributed computing needed by
NIST. Collaborate with NIST scientists in the application of high performance computing to
high priority projects. Disseminate techniques and tools to the research community at large.

High Performance Visualization.

Goals: Develop an integrated environment that enhances scientific discovery at NIST by
enabling fast, effective, and collaborative visual analysis of large-scale scientific data.

Approach: Develop visualization infrastructure to enable agile and flexible use of available
visualization resources. Develop a virtual measurement laboratory based on an immersive visu-
alization environment, enabling scientific exploration, discovery, and measurement science.
Widely disseminate enabling tools for high-end visualization. Collaborate with NIST scientists
in the application of high performance visualization to high priority NIST projects.

Mathematics of Metrology.

Goals: Develop effective methods for the solution to critical mathematical problems arising in
metrological applications.

Approach: Anticipate needs of NIST in mathematical and computational methods for metrologi-
cal applications, e.g. inverse and ill-posed problems, dynamical systems. Develop fundamental
mathematical and computational techniques of widespread application. Galvanize interest within
the applied and computational mathematics community for the study of problems occurring in
measurement science.

Quantum Information Theory.

Goals: Develop fundamental understanding of potential of quantum mechanical systems for
computation and communication.

Approach: Collaborate closely with the NIST Physics Lab and Electronics and Electrical Engi-
neering Lab to demonstrate the information processing capabilities of quantum systems, includ-
ing ion traps and optical systems. Develop architectural concepts for quantum information
systems, including error control strategies promoting fault-tolerance. Develop techniques and
tools enabling the analysis of behavior of quantum mechanical systems.

Mathematical Knowledge Management.

Goal: Enable the effective representation, exchange, and use of mathematical data.

Approach: Disseminate mathematical reference data for use by the technical research commu-
nity. Develop technologies, tools, and standards to improve the presentation and exchange of
mathematical reference data.
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Fundamental Mathematical Software Development and Testing.

Goal: Improve the efficiency, reliability, case-of-development, and portability of technical
computing applications, and related commercial products.

Approach: Develop fundamental mathematical software components to ease development of
efficient, reliable, and portable applications at NIST and in the technical computing community
at large. Work with external groups to develop standard interfaces for mathematical software
components to promote interoperability and performance portability. Develop test methods,
data, and reference implementations to support testing and evaluation of mathematical software
and underlying methods. Disseminate techniques and tools to the community at large.

Crosscutting Themes. Several crosscutting themes indicative of current industrial trends have
emerged in the Division technical program. In particular, as NIST measurement science increas-
ingly begins to focus on nanoscale phenomena, so have the modeling and simulation needs of
NIST scientists. As a result, increasing numbers of Division projects are related to hanotech-
nology. For example, MCSD staff members are developing techniques for the improvement of
scanning electron microscope images, software for the modeling of nanomagnetic phenomena,
and parallel computing and visualization techniques for models of optical properties of nanos-
tructures.

A second crosscutting theme of MCSD research is virtual measurements, i.e., the use of
mathematical modeling and computational simulation to supplement, and even to replace, com-
plex or expensive physical measurements. One example is the integration of computer simulation
with physical measurement. Our OOF software for the finite element analysis of materials with
complex microstructure enables analyses based on micrographs of real material samples, a capa-
bility useful in manufacturing quality control applications. We are also developing technologies
to enable accurate interactive measurements during the analysis of data from physical measure-
ment in immersive visualization environments. These tools have already seen application in the
evaluation of prototype standard polymer scaffolds for the growth of human tissue. Looking fur-
ther into the future, if computer models are to be used as a proxy for physical measurement, then
it is necessary to be able to rigorously characterize the uncertainty in results from computer
simulations, something that is rarely done today in any formal way. We are working to develop
such methodologies in collaboration with NIST scientists.

Another recurring theme in our work is he need for the automated analysis of complex or
large-scale scientific data sets, whether obtained from physical measurement or computer simu-
lation. Often such data takes the form of images. In many cases the data is highly noisy. Recent
areas of study here include object recognition in laser ranging (LADAR) data, sequence align-
ment problems in bioinformatics, and automated peak identification in mass spectral data. Visu-
alization techniques provide an important means for scientists to make sense of large volumes of
scientific data; our immersive scientific visualization lab, along with its associated software tools
and environment, provide unique capabilities in this regard.

Highlights

In this section we identify some of the major accomplishments of the Division over the past year.
We also provide news related to MCSD staff. Details can be found in subsequent sections.
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Technical Accomplishments

MCSD has made significant technical progress in a wide variety of areas during the past year.
Here we highlight a few examples. Further details are provided in Part II (Features) and Part III
(Project Summaries) of this document.

Imaging and visualization technology and tools were behind a number of the Division’s
major accomplishments for the year. In some cases this involved the development of new imag-
ing technologies themselves. For example, we worked with scientists in the NIST Electronics
and Electrical Engineering Laboratory (EEEL) to evaluate the potential of optical coherence to-
mography as a diagnostic tool for cancer. One of the distinguishing features of this imaging mo-
dality is that both the intensity and phase fields can be measured. In a paper published in Optics
Express, the team showed that optical phase offers potentially new diagnostic information on
biological scatterers of interest in cancer detection. Algorithms and software tools for electro-
magnetic modeling developed by Andrew Dienstfrey of MCSD enabled the theoretical verifica-
tion of these results.

Techniques for the post processing of image data to compensate for unwanted effects of
imaging systems has long been a need for NIST measurement science, and MCSD has led in the
development of such techniques. One particularly effective technique is the APEX method for
real-time blind deconvolution developed by Alfred Carasso. It is blind in that the point-spread
function (PSF) causing the blur is not known a priori. The PSF is taken from a class of 2-D
heavy-tailed probability density functions whose parameters are estimated from the image itself.
Once the PSF is determined, the deconvolution proceeds by marching a diffusion equation
backwards in time. With FFTs as its computational kernel, it is highly efficient, even for large
images. The method has been shown to be effective on a wide range of imagery, including medi-
cal images and scanning electron microscope images. In a paper published in the October 2006
issue of Optical Engineering, Carasso describes an extension of the technique to color imagery,
which he applies to enhance a wide range of Hubble Space Telescope and other astronomical
data. The journal editors featured one of these enhanced images on the October issue’s cover.

Highly useful scientific data can be extracted from images in many other ways. The OOF
(Object Oriented Finite element) system enables the direct computational study of structure-
property relationships in materials with complex microstructures through highly sophisticated
image analysis. When running OOF, a user assigns material properties to the features in an im-
age of a material’s microstructure, and then performs virtual experiments on the material (to ob-
tain stress-strain fields, for example). Unlike commonly available commercial finite element
codes, OOF features both a powerful suite of tools for adapting a finite-element mesh to the mi-
crostructural geometry of an image, and a modular and extensible scheme for adding new or cus-
tomized property data to the underlying model. This year a major new version of OOF was
released. With a design that is highly modular and extensible, OOF2 enables a much wider
range of applications than the original. A workshop for OOF users held at NIST in September
2006 to introduce the new system attracted some 40 researchers from around the world. OOF2
was developed by Stephen Langer and Andrew Reid of MCSD, in cooperation with the NIST
Materials Science and Engineering Laboratory (MSEL).

Other measurement science applications are not necessarily as amenable to completely
automated processing. In these cases a more hands-on approach is necessary. We are pioneering
the use of immersive visualization for the interactive measurement and analysis of properties of
physical systems which have been captured using three-dimensional imaging technologies. In
doing so we are developing the tools needed to create a true virtual measurement laboratory. For
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example, we have worked closely with
MSEL scientists to characterize stan-
BIOMAT E RIALS Y dard reference materials (e.g., polymer
scaffolds) for the growth of tissue en-
gineered products. To do so, three di-
mensional images that were generated
with X-ray micro-computed tomogra-
phy (uCT) were segmented and con-
verted to a polygonal representation for
the virtual environment. We then used
interactive measurement and analysis
tools we developed to compare an ide-
alized “as designed” scaffold with an
actual manufactured scaffold to deter-
mine differences in strut properties.
This work was featured in a cover arti-
cle in the fourth quarter 2006 edition of
Biomaterials Forum.

Another type of virtual meas-
urement is the prediction of physical
properties of matter entirely through

Figure 1. MCSD work on quantitative interactive material measurement in
an immersive visualization environment was featured on the cover of the 4" X o
quarter 2006 issue of Biomaterials Forum. (This image used Courtesy of the computation based on first pr1n01ples.

Society for Biomaterials.)

In a paper published this year in the
Journal of Chemical Physics, James
Sims of MCSD and Stanley Hagstrom of Indiana University announced a new high-precision
milestone for the calculation of the disassociation energy of the hydrogen molecule (H;). Accu-
rate to 1 part in 100 billion, these are the most accurate energy values ever obtained for a mole-
cule of that size, 100 times better than the best previous calculated value or the best experimental
value. While very precise calculations have been done for systems of just three components such
as helium (a nucleus and two electrons), Sims and Hagstrom are the first to reach this level of
precision for H, with two nuclei and two electrons. The calculation requires solving an ap-
proximation of the Schrédinger equation using a series approximation. To make the problem
computationally practical, Sims and Hagstrom merged two earlier algorithms for these calcula-
tions—one which has advantages in ease of calculation, and one which more rapidly achieves
accurate results—into a hybrid with some of the advantages of both, known as the Hy-CI varia-
tional method. To enable the computation they developed specialized multi-precision arithmetic
capabilities and a new parallel large-scale generalized matrix eigenvalue solver. The final calcu-
lations were run on a 147-processor parallel cluster at NIST over the course of a weekend—on a
single processor it would have taken close to six months.

Large scale parallel computational methods developed by MCSD are also enabling the
understanding of the properties of cement-based materials. William George and Judith Terrill of
MCSD, along with Nicos Martys and Edward Garboczi of the NIST Building and Fire Research
Laboratory were awarded 1,000,000 CPU ho