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Overview

  Founded in 1984, the Supercomputing Institute is an interdisciplinary research program spanning all 
colleges of the University of Minnesota. The Supercomputing Institute provides supercomputing 
resources and user support to faculty and students and is a linchpin program in the University¹s broad-
based digital technology effort. The mission of the Supercomputing Institute is supercomputing 
research. This includes all aspects of high-performance computing and scientific modeling and 
simulation, as well as graphics, visualization, and high-performance network communications. 

  Supercomputing research is defined broadly to include a variety of research activities from many 
disciplines. This research involves the use of high-performance computing environments to address 



problems in science and engineering that could not otherwise be attempted. Such efforts often result in 
domain-specific algorithms and codes that exploit the available computing environments as well as 
visualization techniques to enhance insight, make displays more informative, and add multimedia value 
to communications and work environments. In many cases, these research activities may involve 
research aimed at the design or evaluation of high-performance computing hardware, operating 
systems, networking, and general-purpose algorithms and software. 

  The Supercomputing Institute's resources are available to researchers at the University of Minnesota 
and other post-secondary educational institutions in the State of Minnesota. In addition, the 
Supercomputing Institute organizes and hosts symposia, workshops, and seminars, and coordinates 
other educational and collaborative activities to promote supercomputing research, increase university-
industry collaboration, and promote technology transfer. 

Supercomputers

  In 1981, the University of Minnesota was the first American university to acquire a supercomputer (a 
Cray-1B). The Supercomputing Institute was created in 1984 to provide leading-edge, high-
performance computing resources to the University of Minnesota¹s research community. From its 
inception through mid-1998, the supercomputing resources offered to the University of Minnesota 
research community have included a Cray-2, an ETA 10, a Cray X-MP, an IBM 3090, a Cray M90, a 
Cray T3D, a twelve-processor Cray C90, and a Cray T3E-900. 

  The Supercomputing Institute has continued the strong tradition of providing University of Minnesota 
researchers with leading-edge, high-performance computing technologies and diversified programs that 
complement these technologies. In May of 1998, the Institute began offering its researchers access to a 
256-processor IBM SP Silvernode supercomputer with 192 GB of memory. This IBM SP 
supercomputer was a 64-node machine with four 332 MHz 604e processors and 3 GB of memory on 
each node. 

  In May 1999, the Institute upgraded the IBM SP by acquiring 80 WinterHawk nodes. Each of the 
WinterHawk nodes contained two 200 MHz Power3 processors sharing 1 GB of memory for a total of 
160 WinterHawk processors. In November 1999, 17 NightHawk nodes were added to the WinterHawk 
nodes. 

  In April 2000, the WinterHawk nodes were upgraded to WinterHawk+ technology. The Institute¹s 
IBM SP supercomputer currently comprises 390 processors with 663 GB of memory. It consists of 79 
four-processor and 3 two-processor WinterHawk+ nodes with 391 GB of memory and 17 four-
processor NightHawk nodes with 272 GB of memory. The NightHawk nodes utilize the 222 MHz 
Power3 processors and WinterHawk+ nodes utilize the 375 MHz Power3+ processor. In addition, the 
Institute has a 16-processor Silvernode IBM SP with 12 GB of memory. The Silvernode SP utilizes the 
332 MHz PowerPC 604e processor. The IBM supercomputer resources are available in coordination 
with the IBM Shared University Research (SUR) partnership. 

  In May 2001, the Supercomputing Institute installed two 96-processor SGI Origin 3800s. Each SGI 
Origin 3800 has 144 GB of memory. These supercomputers utilize 500 MHz R14000 processors. 

  The total amount of disk available to users of the IBM SP systems is 3.5 Terabytes. The total amount 
of disk available to users of the SGI Origin 2000 systems is currently 2.0 Terabytes. 



  The supercomputing resources are currently located at the Supercomputing Institute¹s facilities in the 
Minnesota Technology Corridor at the edge of the West Bank of the Minneapolis Campus of the 
University. In Winter 2002, the Institute will be relocating to the newly renovated Walter Library 
Digital Technology Center on the East Bank Mall of the Minneapolis Campus. 

  These IBM and SGI supercomputers offer the Supercomputing Institute¹s researchers access to state-
of-the-art, high-performance computing technology. In addition, the Supercomputing Institute is 
continuing its commitment to a diversified array of computing laboratories, collaborations, and 
programs. These include the Basic Sciences Computing Laboratory, the Scientific Development and 
Visualization Laboratory, the Medicinal Chemistry-Supercomputing Institute Visualization/ 
Workstation Laboratory, and interdisciplinary Ph.D. programs in Scientific Computing and 
Computational Neuroscience. 

Research Laboratories

Basic Sciences Computing Laboratory

  Since 1996, the Supercomputing Institute has provided high-performance work stations and 
visualization equipment to enhance the research capabilities of the University community through the 
Nils Hasselmo Hall, which is located on the East Bank campus of the University of Minnesota. The 
facility occupies approximately 1700 square feet that includes a workstation room, video/graphics 
room, machine room, and two offices. The laboratory houses state-of-the-art computing platforms and 
graphics workstations including a variety of SGI workstations and an IBM Intellistation. 

  The Supercomputing Institute provides technical support and user support for these high-performance 
computing resources, and the laboratory is available to all University of Minnesota researchers. This 
laboratory was overseen and guided during 200001 by the following committees: 

Executive Committee

Douglas H. Ohlendorf, Biochemistry, Molecular Biology, and Biophysics

Donald G. Truhlar, Supercomputing Institute Director, Chemistry,
    Chemical Physics, and Scientific Computation 

Steering Committee

Kevin Mayo, Biochemistry, Molecular Biology, and Biophysics, chair

Leonard J. Banaszak, Biochemistry, Molecular Biology, and Biophysics

David Live, Biochemistry, Molecular Biology, and Biophysics

Hans G. Othmer, Mathematics and Scientific Computation

Renata M. Wentzcovitch, Chemical Engineering and Materials Science

George L. Wilcox, Neuroscience and Scientific Computation



Scientific Development and Visualization Laboratory

  The Supercomputing Institute¹s Scientific Development and Visualization Laboratory, which is 
located in the Supercomputing Institute¹s facilities in the Supercomputer Center Building, provides 
front-end equipment, including SGI and IBM workstations, Macintosh workstations, an Intellistation 
from IBM running Windows NT, a color scanner, a CD writer, an SGI O2 workstation for the creation 
and manipulation of videos, and a Super-VHS VCR.

  The Institute provides user support services for supercomputer-related research using these general 
purpose systems. For 200001, the Scientific Development and Visualization Laboratory was guided by 
a faculty steering committee made up of:

Thomas W. Jones, Astronomy and Scientific Computation, chair

Henryk K. Stolarski, Civil Engineering

David A. Yuen, Geology and Geophysics and Scientific Computation

IBM Shared University Research Netfinity Cluster

  IBM, through its Shared University Research (SUR) Program, has provided an IBM Netfinity Linux 
cluster to the Supercomputing Institute. The Netfinity Linux cluster consists of 16 Netfinity 4500R 
nodes. Each node contains two 733 MHz Pentium III processors and 1 GB of memory. Myrinet 
networking products are used for interprocessor communications. For 200001 the IBM Shared 
University Research Netfinity Cluster Laboratory was guided by a faculty steering committee made up 
of:

Thomas W. Jones, Astronomy and Scientific Computation, chair

William B. Gleason, Laboratory Medicine and Pathology

Paul Kiprof, Chemistry, UMD

J. Ilja Siepmann, Chemistry and Scientific Computation

George L. Wilcox, Neuroscience and Scientific Computation

Darrin M. York, Chemistry

David A. Yuen, Geology and Geophysics and Scientific Computation

Medicinal Chemistry-Supercomputing Institute Visualization/Workstation Laboratory

  The Medicinal Chemistry-Supercomputing Institute Workstation/Visualization Laboratory is co-
sponsored by the Department of Medicinal Chemistry and the Supercomputing Institute. This 
laboratory is located in Weaver-Densford Hall and contains workstations that are used primarily for 
scientific visualization. This laboratory was overseen and guided during 200001 by the following 
committees: 

Executive Committee



Yusuf Abul-Hajj, Medicinal Chemistry

Donald G. Truhlar, Supercomputing Institute Director, Chemistry,

Chemical Physics, and Scientific Computation

Steering Committee

David M. Ferguson, Medicinal Chemistry and Scientific Computation, chair

David J. W. Grant, Pharmaceutics

Carston R. Wagner, Medicinal Chemistry

Graduate Programs

Scientific Computation Graduate Program

  The graduate degree program in scientific computation encompasses coursework and research on the 
fundamental principles necessary to use intensive computation to support research in the physical, 
biological, and social sciences and engineering. There is a special emphasis on research issues, state-of-
the-art methods, and the application of these methods to outstanding problems in science, engineering, 
and other fields that use numerical analysis, symbolic and logic analysis, high-performance computing 
tools, parallel algorithms, supercomputing and heterogeneous networks, and visualization.

  Scientific Computation is gradually emerging as an important field of its own in academia and 
industry. In the last decade, it has become clear that solving a given scientific problem often requires 
knowledge that straddles several disciplines. This interdisciplinary program provides a new 
combination of studies for solving today's scientific computational problems. It is a degree program 
that builds on the strength of existing programs at the University of Minnesota in formulating real 
problems based on the physical system or the traditional discipline, and it augments field-specific work 
relating to the mathematical and numerical modeling with state-of-the-art techniques for scientific 
computation in an integrated manner.

  The Scientific Computation Program offers Ph.D. and M.S. degrees.

Computational Neuroscience Graduate Program

  This program introduces students with diverse biological and quantitative backgrounds to the 
challenges of complex phenomena in the neurosciences and fosters interdisciplinary training and 
research efforts toward meeting these challenges. Graduate Programs in Scientific Computation and 
Neuroscience are united with the Supercomputing Institute to provide a new paradigm for training 
graduate students interested in the physical, chemical, and computational sciences. This lowers the 
barriers to interdisciplinary research, provides opportunities for neuroscientists to pose problems to the 
quantitative sciences, and provides a catalyst for the cross-fertilization of the two disciplines. The 
Computational Neuroscience Program is funded in part by a National Science Foundation Integrative 
Graduate Education and Research Training (IGERT) grant. 



Collaborative Programs

Laboratory for Computational Science and Engineering

  The Supercomputing Institute partners with the Laboratory for Computational Science and 
Engineering (LCSE) in support of the LCSE¹s participation in the National Center for Supercomputing 
Applications (NCSA) National Computational Science Alliance, which has been funded by the 
National Science Foundation. Through this partnership, Supercomputing Institute researchers are able 
to participate in the LCSE program.

  The LCSE encourages the participation of Supercomputing Institute researchers with applications that 
demonstrate or test new technologies under active development, applications requiring very large 
online data sets-particularly if they must be accessed at very high bandwidth, and applications requiring 
very high-resolution visualizations-particularly if image animations are needed. Distributed computing 
applications with tight coupling of computing resources on a fast network are also encouraged. 

Other Collaborators

  In addition, the Supercomputing Institute collaborates with many other companies, departments, 
colleges, government agencies, professional societies, and universities. The Supercomputing Institute 
has cosponsored various research projects, symposia, and workshops with the Aerospace Engineering 
and Mechanics Department; American Chemical Society; American Physical Society; Army High 
Performance Computing Research Center; Chemistry Department; Chemical Physics Program; College 
of Education and Human Development; Computational Neuroscience Program; Compaq Computer 
Corporation; Computer Science Department; Cray Inc.; Department of Energy; Federation of 
Behavioral, Psychological, and Cognitive Sciences; IBM; Institute for Mathematics and its 
Applications; International Union of Pure and Applied Physics; National Science Foundation; National 
Aeronautics and Space Administration; Office of Naval Research; Neuroscience Department; Office of 
the Provost and Executive Vice President; Office of the Vice President for Research and Dean of the 
Graduate School; SGI; Society for Industrial and Applied Mathematics; Theoretical Physics Institute; 
and the University of Waterloo.

  The Supercomputing Institute is also playing a central role in the University of Minnesota¹s digital 
technology initiative. This initiative includes technologies based on computers, electronics, and 
telecommunications. Key to this initiative is the renovation of Walter Library on the University¹s East 
Bank Campus into a Digital Technology Center. This renovation, which has been funded for $53.6 
million, will keep the library¹s historic 1920s decor intact while revamping the interior to include state-
of-the-art technology. The Supercomputing Institute will be one of the principal tenants of the Digital 
Technology Center occupying the fourth floor and a portion of the basement. Completion of the 
renovation is scheduled for Fall 2001 with occupancy in late Fall 2001 or early Winter 2002. As part of 
this initiative the University has hired three faculty to provide a focus for innovation and excellence in 
biological computational sciences: Jiali Gao, Chemistry; Alexander Grosberg, Physics; and Hans G. 
Othmer, Mathematics. 

Research Scholars



Supercomputing Institute Research Scholars

  In addition to providing state-of-the-art supercomputing resources to the University of Minnesota 
research community, the Supercomputing Institute offers a Research Scholarship Program that provides 
grants to enhance the supercomputing research programs of University of Minnesota faculty. These 
grants, which are peer reviewed and competitively awarded, are for the support of research associates 
who work closely with Supercomputing Institute principal investigators on their research projects. Over 
the past ten years, 172 Supercomputing Institute Research Scholarships have been awarded. These 
Research Scholarships have provided an important opportunity for the creation and pursuit of research 
projects that might not have otherwise been attempted. 

  Over the past two years (1999-2000), the Supercomputing Institute awarded research scholarships to:

Pavel Belík, University of Minnesota

Witold Dzwinel, Institute of Computer Science, A.G.H., Krakow, Poland

Anguang Hu, University of Minnesota

Thomas Ihle, University of Minnesota

Guido Kanschat, University of Heidelberg, Germany

Bijaya Karki, University of Minnesota

Yongho Kim, Kyung-Hee University, Korea

Leeor Kronik, University of Minnesota

Olivier Mouzin, National Institute of Applied Science in Lyon, France

Ilaria Perugia, Dipartimento di Matematica, Università di Pavia, Pavia, Italy

Gennadiy Poda, University of Minnesota

Jeffrey Potoff, University of Minnesota

Eli Kostadinova Stoykova, University of Sofia, Bulgaria

Undergraduate Interns

Supercomputing Institute Undergraduate Interns

  The Supercomputing Institute provides an Undergraduate Internship Program for undergraduate 
students (national, state, and University of Minnesota). The focus of the program is the application of 
computational approaches and visualization methods to supercomputing research. This includes digital 
simulation and advanced computation; it includes all aspects of high-performance computing and 
scientific modeling and simulation as well as graphics, visualization, and high-performance network 



communications. Supercomputing research is defined broadly to include a variety of research activities 
from many disciplines. This research involves the use of high-performance computing environments to 
address problems in science and engineering that could not otherwise be attempted. Faculty from 
various disciplines have contributed projects and supervise the undergraduate students in their daily 
work. This program provides an opportunity for a challenging and enriching educational experience for 
undergraduate students interested in pursuing graduate or professional education. The program has 
sponsored 392 interns in its twelve years of existence.

  Over the past two years (1999-2000), the Supercomputing Institute awarded internships to the 
following undergraduates: 

Sarah Alfano, Kent State University

Amy Beukelman, University of Minnesota

Joseph Cooley, University of Minnesota

Aron Cooper, University of Minnesota

David Dreytser, University of Minnesota

Sara Firl, University of Minnesota

Pedro Gautier, Universidad Metropolitana, Bayamon, Paraguay

Loren Gragert, University of St. Thomas

Brent Grocholski, University of Minnesota

Nicholas Koshnick, Dartmouth College

Andrea Lay, Tulane University

David Liebelt, Northwestern University

Corey Maley, University of Nebraska-Lincoln

Daniel Melendez, Universidad Metropolitana, Bayamon, Paraguay

Benjamin Miles, Indiana University

Aaron Miller, University of Minnesota

Thomas Miller, Texas A&M University

Peter Oman, University of Minnesota

Charles Park, Yale University



David Joseph Regelmann, Stanford University

Jocelyn Rodgers, Harvard University

Matthew Salomane, Northwestern University

Anna Saputera, University of Minnesota

Sundeep Shakya, University of Mississippi

Nathan Shultz, St. John's University and the College of St. Benedict

Timothy Sonbuchner, Gustavus Adolphus College

Karis Stenback, University of Minnesota

Christine Tratz, University of Oklahoma

Sekar Velu, Syracuse University

Andrew Watson, University of Minnesota

Thomas Wilson, University of Minnesota

Cody Zilverberg, St. John's University

Fellows of the Institute

Fellows



Daniel L. Boley
Graham Candler
James R. 
Chelikowsky
Bernardo Cockburn
Christopher Cramer
H. Ted Davis
Jeffrey Derby
David Du
David Ferguson
Efi Foufoula-
Georgiou
Jiali Gao
William Gleason
Alexer Grosberg
J. Woods Halley 

Dennis Hejhal
Thomas W. Jones
Daniel D. Joseph
Thomas H. Kuehn
Vipin Kumar
David J. Lilja
John S. Lowengrub
Mitchell B. Luskin
Alon McCormick
Douglas Ohlendorf
Hans Othmer
Suhas Patankar
George Rapp, Jr.
J. Ben Rosen 

Yousef Saad
L. E. Scriven
George Sell
J. Ilja Siepmann
Charles C. S. Song
Kumar K. Tamma
David D. Thomas
Donald G. Truhlar
Oriol T. Valls
Thomas Walsh
George Wilcox
Paul Woodward
David A. Yuen 

Adjunct Fellow

Philippe de 
Forcrand 

Associate Fellows

Larry D. Atwood
Leonard J. 
Banaszak
Charles E. 
Campbell
Robert W. Carr
Cynthia A. Cattell
John S. Dahler
Roger Fosdick
William W. 
Gerberich
Steven L. Girshick
Richard Goldstein
Anand Gopinath
Satish C. Gupta
Jerome Hajjar 

Franz Halberg
Joachim V. Heberlein
John R. Hiller
Wei-Shou Hu
Peter J. Hudleston
Steven R. Kass
Paul Kiprof
Katherine Klink
Joseph F. Labuz
James R. Leger
Perry H. Leo
Robert L. Lysak
Christopher W. 
Macosko 

Brian P. McCall
Peter H. McMurry
John Nieber
David Y.H. Pui
P. Paul Ruden
Lanny D. Schmidt
Terrence W. Simon
Friedrich Srienc
Heinz G. Stefan
Henryk K. Stolarski
Robert Tranquillo
Vaughan R. Voller
Renata M. 
Wentzcovitch 

National Advisory Board

  On November 20, 2000, the Supercomputing Institute for Digital Simulation and Advanced 
Computation hosted the biennial meeting of its National Advisory Board. The National Advisory 



Board, which is comprised of national experts in serveral areas of high-performance computing, met 
with Supercomputing Institute researchers and committee members during their visit.

  The National Advisory Board, pictured below, was made up of: 

• Dr. David Keyes, Lawrence Livermore National Laboratory (front row left)

• Professor Robert W. MacCormack, Stanford University (back row right)

• Dr. David W. Norcross, Harvard University (back row left)

• Dr. Albert F. Wagner, National Advisory Board Chair, Argonne National Laboratory (front row 
right)

Technical Support Staff

In general, Technical Support Staff are available 8:30 AM until 5:00 PM, Monday through Friday 
except University Holidays. 

Committee Members 1999-2001

Yusuf Abul-Hajj
Leonard J. Banaszak
Daniel L. Boley
Graham V. Candler
Cynthia A. Cattell
James R. Chelikowsky
Bernardo Cockburn
Christopher J. Cramer
Prodromos Daoutidis

David Live
Mitchell B. Luskin
Robert L. Lysak
Kevin Mayo
Brian P. McCall
Alon V. McCormick
Douglas H. Ohlendorf
Hans G. Othmer
Sudas V. Patankar



Jeffrey J. Derby
David M. Ferguson
Efi Foufoula-Georgiou
Jiali Gao
Sean C. Garrick
William B. Gleason
Gautam Gowrisankaran
David J. W. Grant
Satish Gupta
Thomas W. Jones
Deborah A. Kallick
Steven R. Kass
Paul Kiprof
Katherine Klink
Vipin Kumar
David G. Levitt 

Diana E. Richards
Yousef Saad
J. Ilja Siepmann
Friedrich Srienc
Henryk K. Stolarski
David D. Thomas
Donald G. Truhlar
Vaughan R. Voller
Carston R. Wagner
Renata M. Wentzcovitch
George L. Wilcox
Paul R. Woodward
Pen-Chung Yew
Darrin M. York
David A. Yuen 

Principal Investigator
 

Source of Funding

Ian M. Armitage
 

National Institutes of Health

Roger E. A. Arndt
 

National Science Foundation 
Office of Naval Research

Larry D. Atwood
 

National Institutes of Health

Leonard J. Banaszak
 

National Institutes of Health 
National Science Foundation

George Barany
 

National Institutes of Health

Victor H. Barocas
 

Whitaker Foundation

Victor Bloomfield
 

National Institutes of Health 
National Science Foundation

Linda M. Boland
 

National Institutes of Health

Charles E. Campbell

 

International Union of Pure and Applied Physics 
National Aeronautics and Space Administration  
National Science Foundation

Graham V. Candler  Air Force Office of Scientific Research  
National Aeronautics and Space Administration 



National Science Foundation

Robert W. Carr
 

National Aeronautics and Space Administration  
National Science Foundation

Cynthia A. Cattell

 

National Aeronautics and Space Administration  
National Science Foundation  
Research Corporation

Varadarajan V. Chari
 

National Science Foundation

James R. Chelikowsky

 

National Aeronautics and Space Administration 
Department of Energy  
National Science Foundation

Bernardo Cockburn
 

National Science Foundation

Robert F. Cook
 

Industrial Partnership for Research in 
   Interfacial and Materials Engineering

Christopher J. Cramer
 

National Science Foundation

Jeffrey J. Derby

 

American Chemical Society 
Army Research Laboratories  
Civilian Research and Development Society 
National Aeronautics and Space Administration  
National Science Foundation

Robert J. Dexter
 

American Institute of Steel Construction

Mark Distefano

 

American Cancer Society  
National Institutes of Health 
National Science Foundation

David M. Ferguson
 

National Institutes of Health 
R.W. Johnson Foundation

Roger Fosdick
 

National Science Foundation

Catherine W. French
 

Minnesota Department of Transportation

Efi Foufoula-Georgiou  National Aeronautics and Space Administration  
National Oceanic and Atmospheric  
   Administration 



National Science Foundation

Jiali Gao
 

National Institutes of Health 
National Science Foundation

Sean C. Garrick
 

National Science Foundation

Steven L. Girshick
 

National Science Foundation  
Semiconductor Research Corporation

Richard J. Goldstein
 

Department of Energy

David J. W. Grant

 

Inhale Therapeutic Systems 
Nutrasweet Kelco  
SmithKline Beecham Pharmaceuticals

Alexander Grosberg
 

North Atlantic Treaty Organization

John S. Gulliver
 

U.S Army Corps of Engineers, Engineering  
   Research, and Development Center

Bojan Guzina
 

Minnesota Department of Transportation  
National Science Foundation

Franz Halberg
 

Earl Bakken Fund  
National Institutes of Health

J. Woods Halley

 

Department of Energy  
National Aeronautics and Space Administration 
National Science Foundation

Shaul Hanany
 

National Aeronautics and Space Administration

Partick E. Hanna
 

National Institutes of Health

Joachim V. Heberlein

 

Department of Energy  
DuPont 
National Science Foundation

Stephen S. Hecht
 

American Cancer Society 
National Cancer Institute

John R. Hiller
 

Department of Energy

Wei-Shou Hu  National Aeronautics and Space Administration 



National Institutes of Health 
National Science Foundation

Thomas W. Jones
 

National Aeronautics and Space Administration 
National Science Foundation

Daniel D. Joseph
 

Department of Energy 
National Science Foundation

Steven R. Kass
 

American Chemical Society 
National Science Foundation

Michael P. Keane
 

National Science Foundation

Katherine Klink
 

National Science Foundation

Uwe R. Kortshagen
 

Department of Energy  
National Science Foundation

Daniel M. Kroll
 

American Chemical Society 
National Science Foundation

Thomas H. Kuehn

 

American Society of Heating, Refrigerating,  
   and Air Conditioning Engineers  
Center for Filtration Research

Vipin Kumar

 

Army Research Laboratories 
Army Research Office  
Department of Energy  
National Aeronautics and Space Administration 
National Science Foundation

Joseph F. Labuz
 

National Science Foundation

Alex J. Lange
 

National Institutes of Health

James R. Leger

 

CyberOptics 
Defense Advanced Research Projects 
   Administration

Perry H. Leo
 

Department of Energy

Kenneth Leopold
 

American Chemical Society 
National Science Foundation



David Levitt
 

National Institutes of Health

William Li
 

McKnight Foundation

David J. Lilja

 

IBM  
National Science Foundation  
Sun Microsystems

John D. Lipscomb
 

National Institutes of Health

John S. Lowengrub
 

Department of Energy 
National Science Foundation

Mitchell B. Luskin

 

Air Force Office of Scientific Research 
Army Research Office  
National Science Foundation

Robert L. Lysak
 

National Aeronautics and Space Administration

Chris W. Macosko
 

Army Research Office

Krishnan Mahesh
 

Department of Energy

Susan C. Mantell
 

National Renewable Energy Laboratories 
National Science Foundation

Patrick W. Mantyh

 

National Institutes of Health  
Merck Research Co. 
Veteranís Administration

Kevin Mayo

 

American Heart Association 
National Institutes of Health  
National Science Foundation

Alon V. McCormick

 

Industrial Partnership for Research in  
 Interfacial and Materials Engineering  
 ZirChrom Separations Inc.

Peter H. McMurry
 

Department of Energy  
National Science Foundation

Sharon E. Murphy
 

National Institutes of Health

Karin M. Musier-Forsyth
 

National Institutes of Health



John L. Nieber
 

Army Research Laboratories

Douglas H. Ohlendorf
 

National Institutes of Health  
Proctor & Gamble

Maria G. Paterlini
 

National Institute on Drug Abuse

Fernando Porte-Agel
 

National Aeronautics and Space Administration 
National Science Foundation

Philip S. Portoghese
 

National Institute on Drug Abuse

David Y. H. Pui
 

Department of Energy

Shri Ramaswamy
 

Department of Energy  
Hercules, Inc.

Ernest F. Retzel
 

National Science Foundation  
U.S. Department of Agriculture

Diana E. Richards
 

National Science Foundation

P. Paul Ruden

 

Georgia Institute of Technology 
National Science Foundation  
Office of Naval Research

Yousef Saad
 

Army Research Office 
National Science Foundation

Lanny D. Schmidt
 

Department of Energy  
National Science Foundation

L. E. Scriven
 

National Science Foundation

Carol K. Shield
 

Minnesota Department of Transportation

J. Ilja Siepmann

 

Alfred P. Sloan Foundation 
Department of Energy 
Merck Research Co.  
National Science Foundation 
Rohm & Haas Co.

Terrence W. Simon  Air Force Office of Scientific Research 
Department of Energy 
John Deere Product Engineering Center 



National Aeronautics and Space Administration 
National Science Foundation

Charles S. Song
 

Office of Naval Research  
Voith Hydro, Inc.

Friedrich Srienc
 

National Science Foundation

Heinz G. Stefan
 

Environmental Protection Agency

Henryk K. Stolarski
 

Local Road Research Bond 
Minnesota Department of Transportation

David D. Thomas
 

Muscular Dystrophy Association 
National Institutes of Health

Donald G. Truhlar

 

Department of Defense 
Department of Energy  
National Science Foundation 
Phillips Petroleum

Oriol T. Valls
 

American Chemical Society

Randall Victora
 

National Science Foundation 
National Storage Industry Consortium

Vaughan R. Voller
 

National Science Foundation

Carston R. Wagner
 

National Institutes of Health

John Weissman
 

National Science Foundation

Renata M. Wentzcovitch
 

Department of Energy 
National Science Foundation

George L. Wilcox
 

National Institute on Drug Abuse

Paul R. Woodward
 

Department of Energy 
National Science Foundation

Darrin M. York
 

American Chemical Society 
National Institutes of Health

David A. Yuen  Department of Energy 



National Science Foundation

Michael R. Zachariah
 

National Science Foundation

Sponsored Symposia

Workshop on Excited State Properties and Response Functions for Materials

November 13-14, 2000

Sponsors

Department of Energy

Supercomputing Institute for Digital Simulation and Advanced Computation 

Local Organizer

James R. Chelikowsky, University of Minnesota 

Computational Neuroscience 2000 NEURON Workshop and Symposium

September 27-29, 2000

Sponsors

National Science Foundation - Integrative Graduate Education and Research Training 
Program

Supercomputing Institute for Digital Simulation and Advanced Computation

University of Minnesota Graduate School, Institute of Technology, Medical School

Organizers

Robert Miller, University of Minnesota

Hans Othmer, University of Minnesota

Second Workshop on Mining Scientific Datasets

July 20-21, 2000

Sponsors

Army High-Performance Computing Research Center
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Ongoing and Recently Completed Research Projects from January 1, 2000 to 
March 15, 2001

University of Minnesota-Duluth Campus

College of Science and Engineering

Department of Chemistry

Paul Kiprof, Associate Fellow
Silene Cycloaddition Reactions

  The reaction of silicon-carbon double bonds with other 
molecules that have multiple bonds was studied at high 
levels of theory using ab initio molecular orbital theory. 
Research focused on the reaction of silene with 
acetylene and ethylene; this reaction poses a challenge to 
the understanding of cycloaddition reactions. The 
corresponding reactions of ethylene with aretylene and 
ethylene are known to proceed photo-chemically, 
whereas the reactions involving silene can be carried out 
thermally in the dark. The transition state of the silene 
reactions in the concerted type of this reaction was studied. These researchers were concerned with the 
alternative stepwise pathways of the reaction, which involve stable inter-mediates. 

  

Carbocations are 
reactive 
intermediates in  
organic chemistry.  
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Studies of the effects  
that heteroatoms,  
particularly oxygen 
atoms, have on the 
stability and 
chemistry of  
carbocations were 
conducted by the 
researchers.  
Carbocations  
stabilized by oxygen 
atoms-carboxonium 
ions-can achieve 
stability under 
normal, preparative 
conditions are 
interesting for  
synthetic  
applications such as 
the Criegee 
rearrangement. The 
structure of a 
directly observed 
cage carboxonium 
ion was predicted,  
while the observed 
NMR signals of this  
intermediate in 
solution could be 
assigned using 
Density Functional 
theoretical methods.  
This highly  
symmetric cation is  
significantly 
stabilized through 
the interaction of  
two oxygen atoms. 

Department of Physics

John R. Hiller, Associate Fellow
Nonperturbative Analysis of Field Theories Quantized on the Light Cone

  These researchers continued the development of nonperturbative techniques for the analysis of 
quantum field theories in the context of Yukawa theory and supersymmetric Yang-Mills theories. Light-



cone coordinates, for which ct + z plays the role of time, are used to allow separation of internal and 
external motions in relativistic systems. Successful techniques will eventually be applied to bound-state 
problems for the strong interaction, in order to understand the structure of protons, neutrons, and other 
hadrons.

  The field-theoretic bound-state problem reduces to a set of coupled integral equations for 
wavefunctions (of momentum) that describe states with a fixed number of particles. The complete 
eigenstate is an expansion in a set of states with different numbers of particles. The wavefunctions are 
the coefficients of this expansion and specify the probability distributions for quantum numbers such as 
spin and momentum. The eigenvalue of the coupled system is the square of the mass of the eigenstate.

  The bound-state problem is not automatically well defined and is usually plagued by infinities. Two 
approaches were studied to handle this. One was the use of Pauli-Villars regularization, which is 
accomplished by adding heavy particles to the basis and adding interaction terms to the Hamiltonian. 
The norm of the basis state is arranged to produce cancellations of the divergent contributions from the 
original interactions. Thus the masses of the Pauli-Villars particles act as regulators of the theory. Bare 
parameters are obtained as functions of these masses by imposing physical renormalization conditions. 
With the fit to physical conditions established, the regulators can be removed in an infinite-mass limit.

  The other approach taken by the researchers was to consider supersymmetric theories in which 
infinities typically do cancel automatically. Because the symmetries involved do not appear in nature, 
they must be broken in some way that retains the beneficial aspects. A theory with broken 
supersymmetry is analogous to a Pauli-Villars regulated theory, with heavy (unobserved) particles 
providing the regulation.

  The numerical treatment of the bound-state integral equations is based on discretization of the 
momentum integrals and Lanczos diagonalization of the resulting matrix problem. The matrices are 
very sparse, which makes the Lanczos algorithm an ideal choice. In the case of Pauli-Villars 
regularization, the matrix problem has an indefinite metric, with the negatively-normed particles 
providing the needed cancellations. An efficient variant of the bi-orthogonal Lanczos algorithm was 
specifically tailored to this situation.

  The development of nonperturbative techniques for the analysis of quantum field theories continued 
in the context of models useful for the understanding of Pauli-Villars regularization, scattering 
processes, and zero modes. Yukawa theory was investigated in a two-fermion truncation, and a single-
electron trancation of quantum electrodynamics was explored. 

  Renormalization conditions include constraints on 
scattering processes. Some effort was made 
towards collaborating in an exploration of 
supersymmetric theories with essentially the same 
numerical techniques. These are of interest because 
a supersymmetric form of Quantum 
Chromodynamics may turn out to be the best avenue of attack on the strong interactions. 
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University of Minnesota-Twin Cities Campus

College of Agricultural, Food, and Environmental Sciences

Biosystems and Agricultural Engineering

John L. Nieber, Associate Fellow
Simulation of Flow and Solute Transport and Dispersion in
Variably-Saturated Heterogeneous Porous Media 

  This work involved simulating the processes of flow and transport in porous media, with 
consideration for geochemical and biochemical reactions. This research was performed in cooperation 
with researchers at the Engineering Research and Development Center (ERDC) in Vicksburg, MS.

  Two specific problems were addressed bye the researchers. The first dealt with the characterization of 
the dispersion process based on the various levels of spatial heterogeneity that exist in natural porous 
media. Solute transport was simulated using a particle method in which the solute mass is represented 
by a very large ensemble of discrete solute parcels (or walkers) that move in the flow field. Both a 
deterministic step and a random step was imposed to define the parcel pathway. Applying this method, 
the researchers characterized the velocity covariance function (and apparent dispersion coefficient) that 
results from the transport of a conservative (non-reactive) solute within a steady-state heterogeneous 
flow field. Relating the velocity covariance function (and apparent dispersion coefficient) to measures 
of heterogeneity is expected to be of value to practitioners. From this work a low-resolution model was 
developed to simulate solute transport at a much smaller computational effort than required for high-
resolution simulations.

  For the second problem under consideration, the 
processes of geochemical reactions and 
biochemical reactions have been incorporated into 
the simulation of solute transport. Again, the 
particle method was used to simulate the solute 
migration. Examinations have focused on the fairly 
simple-but quite significant-process of equilibrium 
sorption of aqueous solutes to porous media solids. 
Of particular interest was the character of the 
equilibrium sorption isotherm. When this isotherm 
is nonlinear, the transport of a solute is affected 
significantly. Considerations have also been made 
of the condition where adsorption and desorption 
are not given by the same isotherm. This sorption 
hysteresis was found to dramatically affect the 
movement and spread of solute plumes in saturated 
porous media.

  In both of these problems it is necessary to 
perform simulations on highly resolved 
computational domains, with upwards of 106 grid 
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cells to define the flow field for two-dimensional domains. Three-dimensional flow fields are expected 
to have much larger requirements. According to the theory for the particle method, the larger the 
number of parcels, the more accurate the solution. Exact solutions require an infinite number of 
particles, but in practice the number of particles can be much less, depending on the particular problem 
being simulated. A particle number on the order of 106 proved generally sufficient in this work. The 
requirements to perform computations on these highly resolved grids with large numbers of particles 
naturally led to the use of the computational resources available at the Supercomputing Institute.

 
Solute plumes derived from (left) a simplified model of solute transport and (right) a highly  
resolved model of solute transport for a heterogeneous porous media. The simplified model  
treats the porous medium as being stochastically homogeneous, but yet is able to produce the  
long tailing and narrower plume observed in the detailed model result. For conventional  
models of solute transport the plume would have a gaussian distribution along the central  
axis of the plume. 

Soil, Water, Climate

Kenneth J. Davis, Principal Investigator
Modeling the Influence of Atmospheric Boundary Layer Processes on
Biogenic Hydrocarbon Mixing and Chemistry 

  This project addressed the question of how atmospheric 
boundary-layer processes influence ozone production, 
biogenic hydrocarbon oxidation rates, and the atmospheric 
distribution of biogenic hydrocarbons and their oxidation by-
products. The processes investigated included cumulus 
venting of boundary-layer air, forest canopy venting, hetero-
geneous source distributions of biogenic hydrocarbons, and 
gas-phase and aqueous-phase chemistry.

  The processes under consideration related to the boundary-
layer large-eddy simulation (LES) model that incorporates a 
gas-phase and aqueous-phase hydrocarbon chemical 
mechanism and a boundary-layer LES that includes a nested 
forest-canopy LES. The researchers attempted to distill the 
results of these microscale simulations into one-dimesnional, 
convective-layer scaling formulations, which could be 
expanded into parameterizations for larger-scale models. 
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College of Biological Sciences

Bioprocess Technology Institute

Friedrich Srienc, Associate Fellow
Cell Growth Dynamics of Unicellular Organisms Under Changing Environmental Conditions

  Cell properties such as mass, protein content, DNA content, and other cell components, are typically 
distributed among the cells of a population due to the operation of the cell cycle. Furthermore, cell 
growth exhibits very different patterns during each stage of the cell cycle. A mathematical model was 
developed by these researchers to take into account the distributed and staged nature of cell growth. 
The model consists of a system of population balance equations, each describing a different stage of the 
cell cycle, and an ordinary integro-differential equation accounting for substrate consumption. Using a 
time-explicit, finite difference scheme, the problem was solved for the case of a single variable and 
constant substrate concentration. A similar algorithm was also used to solve the single-variable, single-
staged model under conditions of changing substrate concentration.

  This research group worked on the extension of 
the numerical method in order to achieve the 
solution of the multi-staged, multi-variable cell 
population balance models in an environment of 
changing substrate concentration. Evolution has 
supplied biological organisms with a highly 
coupled network of hundreds of enzyme catalyzed 
reactions. Scientific advances in recent decades like 
polymerase chain reaction (PCR) have provided 
means of altering the topography of these reaction 
networks. For instance, enzymatic activities can be 
blocked by disrupting certain genes, or new 
reactions can be introduced through the expression 
of recombinant genes. Analysis of native and 
recombinant networks has been simplified by a 
number of theoretical tools.

  One such method is elementary mode analysis. An 
elementary mode is the simplest balanced combination of substrates, products, and reactions that 
enforces a no-accumulation restriction (dc/dt=0) on internal metabolites. The analysis program 
metatool determines all possible balanced elementary modes for a given reaction network (Pfeiffer et 
al., 1999). Such results can give information on product formation pathways and can determine basic 
parameters like maximum theoretical yield. Large, highly branched networks with multiple products 
and substrates often have numerous elementary modes. Determining all possible modes for these 
systems can result in significant computational burden. 

College of Biological Sciences and Medical School
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Biochemistry, Molecular Biology, and Biophysics

Ian M. Armitage, Principal Investigator
Structure/Function of Biomolecules Involved in Immune Suppression and
Cellular Metal Homeostasis 

  Computational resources of the BSCL 
were used by these researchers for the 
processing of multidimensional NMR 
data sets, the calculation of the three-
dimensional biomolecular structure, and 
the visualization of calculated structure.

  In addition, these researchers 
considered the structural refinement of 
glycopeptides. Proteins with mucin-like 
domains are significant components of 
the cell surface. The structure of model 
glycopeptides based on these were 
investigated by NMR methods to 
understand the protein organization. 
Computing resources were used to refine 
the structures based on experimental 
data. 
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Leonard J. Banaszak, Associate Fellow
Structure and Function Studies of Biological Macromolecules

  The link between the biological function and the conformation of protein molecules is still not well 
established. To make the connection and to understand the chemical properties of proteins, this research 
team studied the conformation of selected protein molecules by macromolecular x-ray crystallography. 
Such direct conformational determinations by x-ray diffraction methods are computationally intensive 
and require the use of supercomputer resources. However, the results proved startling in that thousands 
of connected atoms may be positioned according to their orientation in living organisms. Since each 
protein molecule has a specific task, studies continued to develop information on the structure: task 
relationship. Because a human being has somewhere between 30,000 or 40,000 different proteins, 
structural biology is divided into different areas related to the tasks of the various proteins.

  This team of scientists was made up of graduate and undergraduate students, post-doctoral fellows 
and staff scientists. A variety of studies were undertaken, each focusing on a structure: task problem in 
biology. In terms of their overall focus, three areas stand out: 

1.  Using the structural biology tools, lipid transport and metabolism were studied. Toward 
this goal, the researchers' efforts focused on understanding the atomic basis for fat transport 
and breakdown. Not only were molecular structures determined, but also attempts are now 



being made to redesign proteins that bind lipids, as well as to explain the result of certain 
genetic disorders.

2.  Many proteins are also classified as enzymes or living chemical catalysts. Once the 
molecular structure is determined, further studies may reveal the atomic mechanisms by 
which the chemical reactions are catalyzed and the molecular changes that are necessary to 
control the catalytic reaction.

3.  In cells found in higher organisms, both in plants and animals, some proteins are 
synthesized and then must be "directed and translocated" to an appropriate organelle. An 
organelle is a subparticle within a cell generally responsible for some overall physiological 
function. For example, chloroplasts in plants contain the proteins responsible for 
photosynthesis. In animals and plants, mitochondria are organelles responsible for energy 
production. Each contains a different array of proteins. Using x-ray crystallography, studies 
were made to determine how different proteins are sorted to their appropriate organelle 
within the cell. 

  In group (1), studies focused on adipocyte lipid binding protein (ALBP), cellular retinoic acid binding 
protein (CRABPI), lipovitellin (LV), microsomal triglyceride transfer protein complexed with protein 
disulfide isomerase (MTP:PDI). To illustrate the magnitude of the determination and visualization 
problem, lipovitellin is a molecule that contains 1500 amino acids of which there are 20 different kinds. 
The "average" amino acid contains seven atoms not including hydrogens. Hence, to determine the 
molecular structure, the positions of about 10,500 atoms must be located.

  Still in group (1) the researchers partially accounted for species variation and the accommodation of 
different ligands in the family of proteins, called the fatty acid binding proteins (ALBP, CRABPI, etc.), 
In the crystal structure of rat liver fatty acid binding protein (LFABP) and an alignment of amino acid 
sequences of all known species were used to demonstrate two groups of sub-classes. Based on 
estimates at neutral pH and the electrostatic field calculated using the crystal coordinates, some 
evidence of changes that occur in going from holo- to apo-forms was obtained. LFABP, unlike other 
family members, has two fatty acid binding sites. The two cavity sites were reviewed and arguments 
for interactions between the sites were developed. Finally, hypothetical models were built of complexes 
of LFABP and heme, and LFABP and oleoyl CoA. In both cases, the stoichiometry was one to one and 
the models exhibited why this is likely.

  By changing specific atoms in the overall structure, attempts have been made to understand how two 
protein homologues may have different binding affinity. For example, one family member may bind 
fatty acids (ALBP) while another prefers retinoic acid (CRABPI). By careful studies of the molecular 
structures, attempts have been made to change the properties of one protein into another.



 

    In the group (2) area, projects 
on the enzymes malate 
dehydrogenase (MDH), short 
chain L-3-hydroxyacyl CoA 
dehydrogenase (SCHAD), 
phosphoglycerate 
dehydrogenase (PGDH), 
isocitrate dehydrogenase 
(IDH), and isocitrate 
dehydrogenase 
kinase/phosphatase (IDHKP) 
were undertaken. With the 
goal of understanding the 
molecular basis for catalytic 
activity and catabolite control, 
a number of crystal structures 
have been determined and 
refined, taking advantage of 
the Supercomputing Institute's 
resource-the Biomedical 
Supercomputer Laboratory 
(BSCL). Each study was 
carried out by a team member 
and several aspects of the 
work were totally dependent 
on supercomputing time. 
SCHAD offers a good 
example of how a structural 
study proceeds. After the 
initial three-dimensional 
structure was determined, 
further studies focused on 
determining the binding sites 
for the compounds that are 
catalytically changed by the 
protein. A series of x-ray 
studies showed that a small 
rearrangement of the 
conformation took place 
during a catalytic cycle. It also 
described the molecular basis 
for human disorders that result 
from single site mutations in 
the enzyme.

  Enzymes may be regulated in 
different ways. In the case of 
the enzyme, IDH, it is 

Crystal structure of Bs-isocitrate dehydrogenase: an illustration of  
the enzyme isocitrate dehydrogenase from B. subtilis with bound 
citrate and propylene glycol. The dimeric molecule contains over  
7500 atoms excluding hydrogen. The ribbon representation simplifies  
viewing. The catalytic activity of IDH from E. coli is controlled by  
phosphorylation. Bs-IDH, which is structurally similar to the E. coli  
homologue, can be made inactive in vitro by E. coli IDH 
kinase/phosphatase. 



inhibited by phosphorylation. 
The organism senses the need 
to turn off the catalyst (IDH) 
and another protein modifies 
IDH by adding 4 additional 
atoms. Hence a catalyst 
containing thousands of atoms 
is temporarily inhibited by a 
relatively simple chemical 
modification. Computational 
resources of the 
Supercomputing 
Institute/BSCL were used 
extensively in the comparison 
of the IDH from different 
organisms. Another enzyme, 
PGDH, is controlled by 
binding the end product of the 
pathway. Studies describing 
three-dimensional changes that 
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Paula M. Dalessio, Department of Biochemistry and Molecular Biology, Pennsylvania State 
University, University Park, Pennsylvania

Ed Hoeffner, Staff

Amy Reese-Wagoner, Graduate Student Researcher

Ira J. Ropson, Department of Biochemistry and Molecular Biology, College of Medicine, 
Pennsylvania State University, Hershey, Pennsylvania

Satinder Singh, Graduate Student Researcher

James R. Thompson, Adjunct Faculty

Todd Weaver, Department of Chemistry, University of Wisconsin-La Crosse, La Crosse, 
Wisconsin

Brian C. Yowler, Department of Biochemistry and Molecular Biology, Pennsylvania State 
University, University Park, Pennsylvania 

Victor Bloomfield, Principal Investigator
Preferential Solvation: A Method for Obtaining Cosolvent and Water
Concentrations at a Macromolecular Surface

  Mixed solvent systems are important in the understanding of the structures and stabilities of 
macromolecules. For example, urea and guanidine HCI have long been used to study protein 
denaturation; alcohols are condensing agents for DNA. To understand cosolvent-macromolecular 
interactions, it is necessary to determine where cosolvents are-do they tend to lie within the bulk 
solvent or do they prefer to associate with the macromolecule? The preferential solvation (PS) 
measurement is a potential method for obtaining the water/cosolvent composition near a 
macromolecular surface. PS measures the amount of cosolvent and water in the environs of the 
macromolecule.

  PS data are available for many cosolvents with many proteins; the Bloomfield lab gathered further 
data on cosolvents with DNA. Unfortunately, interpreting PS data is not straightforward. Current 
theories are limited in their practicality and have yet to be tested against known solvent distributions. 
Despite the wealth of PS data, no one had yet used these data to determine where cosolvents lie. The 
goals of this project were to develop a practical method for obtaining the cosolvent/ water composition 
at a macromolecular surface from PS measurements and to test existing theories. Simulations are ideal 
for this purpose because it is difficult to obtain the solvent distributions from purely experimental 
methods.

  The first step toward understanding PS was to 
determine the excluded-volume contribution. When 
cosolvents and waters are differently sized, it is well 
known that the surface cosolvent: water distribution is 
not like that of the bulk solvent. What portion of   
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preferential solvation is due to size differences alone as opposed to interactions? To answer this 
question, these researchers followed their earlier work by running grand-canonical Monte Carlo 
simulations (using cell lists) of binary mixtures of two-dimensional hard circular disks up against a 
hard wall. They then studied mixtures of three-dimensional hard spheres. The researchers tested 
existing preferential solvation theories by simulating many size rations and compositions to mimic 
experimental systems. These simulations are cpu-intensive because of (i) large size ratios and (ii) low 
concentrations of the large disks/spheres.

  After determining the excluded-volume part of preferential solvation, the researchers added short-
ranged interactions-van der Waals and hydrogen-bonding interactions-and, later, long-ranged 
interactions such as electrostatics to understand how each of these interactions contribute to PS. 

Bianca M. Conti-Fine, Principal Investigator
Modeling the Folding of Human T Cell Receptors
That Recognize Unrelated Sequences

  The ability to recognize unrelated sequences is not uncommon among T cellreceptors (TCR). It may 
even be an intrinsic characteristic of all TCR. The TCR's ability to crossreact with different targets may 
be important for increasing the T cell repertoire. Also, it is possible that autoimmune phenomena are 
triggered by T cells activated by exogenous antigens, and able to crossreact with epitopes from self 
antigens.

  In this laboratory, the researchers propagated from 
healthy subjects mono-clonal CD4+ T cell lines 
that are able to recognize the same unrelated 
sequences. Each T cell clone expresses a different 
TCR, as judged by the sequence of their Va and Vb 
regions. These researchers identified the sequence 
of the Va and Vb regions of several such 
crossreactive TCRs.

  The goal of this project was to take advantage of the coordinates of the many solved TCR structures to 
model the sequences obtained, in an attempt to identify characteristics that would explain their 
crossreactivity with unrelated sequences. 

Eric Eccleston, Principal Investigator
Determination of Chimeraplast Structure by Nuclear Magnetic Resonance

  In an ongoing collaboration with University of 
Minnesota researchers Betsy Kren and Clifford 
Steer, this research sought to determine the three-
dimensional structure of a chimeraplast molecule. 
These RNA:DNA hybrids are gene therapy's 
newest "magic bullet," allowing direct correction 
of single site mutational events in higher 

  During the past six months, Dr. Eccleston used 
the BSCL computers to build the structure 
program nab and the NMR program morass for use 
on this project and have worked on several model 
structures. He is currently using the program 
amber for molecular dynamics and energy 
minimization as well as for counterion addition 
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organisms. The computers and programs of the 
BSCL facility have been crucial in analysis of the 
two physical structure approaches being pursued: 
small molecule X-ray crystallography of a whole 
chimeraplast, and nuclear magnetic resonance 
(NMR) structural studies of model compounds 
containing key structural features. The NMR 
approach was combined with a direct modeling 
approach in order to elucidate the structure of these 
molecules in solution to aid in better design of 
chimeraplasts directed toward different targets. 

and buffer ionic strength simulation using the 
Point Mesh Ewald capabilities of the program 
following the amber tutorial by Thomas Cheatham. 
As a consequence of the Supercomputing 
InstituteÕs sponsorship of the CHARMm tutorials 
in the fall of 1999, Dr. Eccleston obtained an 
academic license for CHARMm and intended to 
use it for additional modeling of chimeraplasts 
(particularly for the unusual 2'-O-Methyl RNA 
derivatives in these molecules for which there is 
little direct structural data). 

Alex J. Lange, Principal Investigator
Description of Bisphosphatase Activity Modulations of the C-terminus in the
Bifunctional Enzyme 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase

  The bifunctional enzyme, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, plays a central role 
in the regulation of hepatic carbohydrate metabolism because it is the only enzyme that can synthesize 
or degrade fructose-2,6-bisphosphate. Fructose-2,6-bisphosphate is a potent allosteric activator of the 
glycolytic enzyme 6-phosphofructo-1-kinase and inhibitor of the gluconeogenic enzyme fructose-1,6-
bisphosphatase. These allosteric effects of fructose-2,6-bisphosphate provide a switch between 
glycolysis (high fructose-2,6-bisphosphate) and gluconeogenesis (low fructose-2,6-bisphosphate) in the 
liver. The hepatic content of fructose-2,6-bisphosphate is determined by the relative kinase and 
bisphosphatase activities (K/B ratio) of the bifunctional enzyme which proceed at distinct sites. The 
bifunctional enzyme is as a homodimer and the K/B ratio is controlled by 
phosphorylation/dephosphorylation at Serine-32. When Serine-32 is phosphorylated by cAMP-
dependent protein kinase the bisphosphatase is activated and the kinase inhibited producing a low K/B 
ratio and lowering the intracellular amount of fructose-2,6-bisphosphate. Dephosphorylation of Serine-
32 by a protein phosphatase (PP2A) has the opposite effect. When the level of fructose-2,6-
bisphosphate was modulated by adenovirus-mediated overexpression of the wild type or mutant 
bifunctional enzyme in cultured cells (FAO) or in the livers of living mice, the results confirmed that 
elevated fructose-2,6-bisphosphate levels could activate glycolysis and reduce hepatic glucose 
production. Because inappropriate production of glucose by the liver is a major contributor to the 
hyperglycemia that is characteristic of diabetes, these results strongly suggested that the liver 
bifunctional enzyme, especially the bisphosphatase active site, is a good target for the design novel 
antidiabetic agents. 

  In their research, this group attempted to determine the 
solution structure of the separate bisphosphatase domain by 
multi-dimensional nuclear magnetic resonance (NMR) 
spectroscopy. The NMR results provided a necessary 
complement to the X-ray crystallographic structures and 
allowed us to determine the molecular mechanism of the 
bisphosphatase. A detailed description of how the 
bisphosphatase activity is modulated by the C-terminus of the 
enzyme: this is essential for a complete understanding of the 
bisphosphatase. The insight gained from the expanded NMR 
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studies increases the understanding of how hepatic carbohydrate metabolism is controlled, facilitates 
the design of pharmacological inhibitors of the bisphosphatase, and aids in the reengineering of the 
bifunctional enzyme required for a gene therapy approach to ameliorate the hyperglycemia associated 
with diabetes.

John D. Lipscomb, Principal Investigator
Structure and Mechanism of Oxygenase Enzymes

  Oxygenase enzymes utilize molecular oxygen to oxidize a wide range of biological and manmade 
compounds with the incorporation of one or both atoms of oxygen from molecular oxygen in the 
products.

  In the first project undertaken by this group, a series of dioxygenase enzymes was studied. These 
enzymes attack aromatic substrates with two hydroxyl substituents. The products are ring-open 
compounds containing both atoms of oxygen from O2. Their products are easily degraded by bacteria, 

thus allowing the enormous amounts of carbon stored in aromatic compounds in the environment to 
reenter the carbon cycle. Also, the dioxygenases allow manmade aromatics, some of which are 
carcinogens, to be degraded. In collaboration with Dr. Ohlendorf's group, the researchers solved the 
crystal structures of three of these enzymes. The supercomputing facility was used to examine the 
crystal structures and plan ongoing, site-directed mutagenesis studies. 

  The second class of oxygenase studied was 
typified by methane monoxygenase. This enzyme 
catalyzes the oxidation of methane to methanol 
with the incorporation of one atom of oxygen. 
Methane is generated in large quantities in the 
environment and is a potent greenhouse gas. It is 
prevented from reaching the atmosphere by the 
action of methane monooxygenase.

  Again, in collaboration with Dr. Ohlendorf, the 
group solved the crystal structure of the critical 
hydroxylase component. The supercomputing 
facility was used to visualize the structure and plan 
mutagenesis studies.

David Live, Principal Investigator
Structural Refinement of Glycoproteins

  An important class of glycoproteins contains those 
with mucin-like domains, characterized by clusters 
of glycosylated serine and threonine residues. 
These are significant components on the cell 
surface. These researchers determined the structure 
of glycopeptide fragments by NMR methods in 
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order to understand mucin glycoprotein organization. Computing resources were utilized to aid in the 
structure refinement, using experimental constraints. 

Rex Lovrien, Principal Investigator
Ligand Design for Virus Removal (Computer Assisted Design)

  This research was expected to generat designs for ligands that interact with virus surface sites, 
enabling co-precipitation of viruses for removing them on large scale from cell cultures and blood 
samples. Two primary categories of information and computer modeling were needed:

1. a search for binding forces and optimum molecular ligand shapes that must bind to the 
virus target, and

2. taking into account the structural features, packing, kinds, and magnitudes of forces 
expressed by target sites on viruses, to promote mutual association (binding) of viruses with 
ligands.

  After the binding step, the complexes were 
expected to form an optimum lattice-a 
macrostructure-expel some water, aggregate, and 
precipitate. Most of the basic data for modeling and 
viewing virus surface protein sites at the atomic-
molecular level were to be obtained from the 
Protein Data Bank (PDB). Once the virus surface protein structures were optimized and visualized, 
ligands fitting both virus targets and the co-precipitating lattice could then be designed. Also, the 
ligands for the laboratory experiment with critical viruses were to be synthesized at the same time. 
Because of the large amount of information and 
detail pertaining to certain virus surface proteins, 
these researchers projected the need to carry on 
computer searching, imaging, and molecular 
maneuvering with virus surface protein 
oligopeptides, in order to form co-precipitates with 
candidate ligands. 

Kevin Mayo, Principal 
Investigator
Structure and Dynamics of Proteins and Peptides

  This group investigated the structure and 
dynamics of proteins and peptides by using nuclear 
magnetic resonance (NMR) spectroscopy. 
Following derivation of inter-nuclear distance and 
angular constraints from various NMR 
experiments, computational modeling was 
performed in order to derive the best set of 
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structures to the experimental data. Simulated annealing and molecular dynamics calculations were 
used in the protocol to derive the structure, and relaxation matrix calculations were used during 
structural refinement. Relatedly, this lab furthered the understanding of internal motions in proteins and 
peptides. Molecular dynamics simulations were used in conjunction with NMR relaxation experiments 
on isotopically enriched peptides and proteins, in order to derive information on the motional 
frequencies and amplitudes of backbone and side-chain bond vectors. 

Douglas H. Ohlendorf, Fellow
Structural Biology of Macromolecules

  In the Ohlendorf laboratory involves creating and refining structural models of macromolecules using 
diffraction data, geometric constraints, and/or structures of homologous molecules. The goal of this 
research was to produce models that are sufficiently accurate to gain insight into the structural 
foundations for their biological functions. The predictions made by these models were checked through 
biophysical analysis of complexes and mutants of targeted proteins.

  The structural analysis of macromolecules was carried out in order to understand the structural basis 
of how macromolecules function. The current focus was on seven proteins-protocatechuate 3,4-
dioxygenase (PCD), homoprotocatechuate 2,3-dioxygenase (HPCD), 1,2-catechol dioxygenase (CTD), 
toxic shock syndrome toxin-1 (TSST-1), streptococcal pyrogenic exotoxin A (SPEA), exfoliative toxin 
A (ETA), and exfoliative toxin B (ETB). The researchers used the computational resources of the 
Supercomputing Institute to refine structures of substrate and inhibitor complexes of PCD; to solve and 
refine the structures of HPCD, CTD, SPEA, ETA, ETB, and mutants to TSST-1, ETA, ETB, and PDC; 
and to model the structures of other dioxygenases and superantigens.

  Another project undertaken by this group was a description of the 1.8 Å Crystal Structure of Catechol 
1,2-Dioxygenase, work that revealed a novel hydrophobic helical zipper as a subunit linker. In this 
case, intradiol dioxygenases have been found to catalyze the critical ring-cleavage step in the 
conversion of catecholate derivatives to citric acid cycle intermediates. Catechol 1,2-dioxygenase (1,2-
CTDs) have a rudimentary design structure-a homodimer with one catalytic non-heme ferric ion per 
monomer, that is (aFe3+)2. This is in contrast to the archetypical intradiol dioxygenase protocatechuate 
3,4- dioxygenase (3,4-PCD), which forms more diverse oligomers, such as (αFe3+)2-12.

  The crystal structure of 1,2-CTD from Acinetobacter sp. ADP1 (Ac 1,2-CTD) was solved by single 
isomorphous replacement and refined to 2.0 Å resolution. The structures of the enzyme complexed 
with catechol and 4-methylcatechol were also determined at resolutions of 1.9 Å and 1.8 Å, 
respectively. While the characteristics of the iron ligands are similar, Ac 1,2-CTD differs from 3,4-
PCDs in that only one subunit is used to fashion each active-site cavity. In addition, a novel "helical 
zipper," consisting of five N-terminal helices from each subunit, forms the molecular dimer axis. Two 
phospholipids were unexpectedly found to bind within an 8 x 35 Å hydrophobic tunnel along this axis.

  Streptococcal pyrogenic exotoxin A (SPEA) from Streptococcus pyogenes. SPEA is the causative 
agent of toxic shock-like syndrome. This syndrome is 60-80% fatal and is the disease that killed the 
entertainer Jim Henson. Through analysis of the structure of SPEA in light of those of other 
superantigens (e.g., TSST-1), we hope to discover the structural foundations for biological activities.

  The helical zipper domain of Ac 1,2-CTD has no equivalent in other proteins of known structure. 



Sequence analysis suggests the domain is a common motif in all members of the 1,2-CTD family. 
Complexes with catechol and 4-methylcatechol are the highest resolution complex structures to date of 
an intradiol dioxygenase. 

  Furthermore, they confirm several observations 
seen in 3,4-PCDs, including ligand displacement 
upon binding exogenous ligands. The structures 
presented by these researchers represent the first of 
a new family of inradiol dioxygenases.

  The research group also developed implications 
for the mechanism of an intradiol dioxygenase for 
the structure Acinetobacter strain ADP1 Proto-
catechuate 3,4-dioxygenase at 2.2 . The crystal�  
structures of protocatechuate 3,4-dioxygenase from 
the soil bacteria Acinetobacter strain SDP1 (Ac 3,4-
PCD) were determined in space group I23 at pH 
8.5 and 5.75.

  Toxic shock syndrome toxin-1 (TSST-1), from 
Staphylococcus aureus, is the causative agent in 
toxic shock syndrome and is a member of a family 
of pyrogenic toxins that have been referred to as 
superantigens. Typically 0.0001%-0.01% of helper 
CD4+ T-cells respond when presented with an 
antigen. However, when a superantigen such as 
TSST-1 is present, as many as 20% of these helper 
T-cells respond by releasing large amounts of 
cytokines producing fever, vomiting, diarrhea, 
shock, and sometimes death. Through the 
production of mutants of TSST-1, the researchers 
hoped to be able to modulate these activities.

  Effoliative toxins A (ETA) and B (ETB) from S.  
aureus were also considered by the researchers. 
These toxins are the causative agents in 
staphylococcal scalded skin syndrome. Although 
they are superantigens, there is no structural 
homology with other superantigens. In addition, 
their exfoliative activities depend upon a putative 
proteolytic activity. 

Osha Roopnarine, Principal Investigator
Correlation of EPR Spectroscopic Dynamics and Computer Simulated
Molecular Dynamics of Mutations That Cause Heart Disease

  Several different point mutations in the myosin This would allow the researchers to develop an 
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heavy chain and light chains (LC) cause the human 
heart disease known as familial hypertrophic 
cardiomyopathy (FHC). The goal of these 
researchers was to understand the biophysical and 
biochemical basis of the mutant phenotypes by 
performing site-directed spin labeling (SDSL) and 
electron paramagnetic resonance (EPR) 
spectroscopy on FHC-mutant RLC in muscle 
fibers. The expectation was to determine the effect 
of the FHC mutations on the protein structure by 
simulating the mutations in crystal structures of 
myosin to ascertain whether or not the tertiary 
structure of the protein is affected by the mutation. 
Using the molecular modeling program Insight II 
to construct energy-minimized models for the LC 
domain containing these rat VRLC mutations, 
Professor Roopnarine looked forward to 
engineering cysteine residues on the crystal 
structures of the protein to determine if it is an 
appropriate site for minimal protein structural 
perturbation. 

experimental design of spectroscopic studies. The 
simulated Cys mutants were then to be used as the 
background for the FHC mutations. Following this 
work, the molecular dynamics program was 
expected to simulate the dynamics of a spin label 
attached to the Cys, in order to determine if the site 
for labeling would detect specific motional 
changes within the protein.

  Preliminary work with the FHC-RLC mutations 
would allow Professor Roopnarine to visualize 
probable structures and to perform molecular 
dynamics simulations to be compared directly with 
EPR spectroscopic data. The results of this were 
expected to suggest that the FHC mutation 
perturbs the flexibility of the region that connects 
the two principal lobes of the RLC. 

David D. Thomas, Fellow
Computational Simulation of Muscle Protein Dynamics



  Recent experiments using electron 
paramagnetic resonance (EPR) 
spectroscopy indicate a rotation of 
the myosin light chain domain 
during muscle contraction. EPR 
techniques measure the orientation 
of a spin label attached to the 
protein at any location. The 
researchers predicted optimal sites 
for labeling the myosin molecule by 
calculating an order parameter and 
simulating the EPR spectra based 
on the orientation of a spin label 
during molecular dynamics 
simulations. Simulations can also 
provide the orientation of the spin 
label with respect to the actin 
protein axis, while experiments are 
limited to describing relative 
changes in the molecule's 
orientation. These computational 
techniques improve experimental 
efficiency and further the 
understanding of structural changes 
in molecules during muscle 
contraction.

  As part of their study in muscle 
biomolecular dynamics, the 
research group set out to understand 
the molecular dynamics of force 
generation and movement in 
muscle. The group deduced the 
orientation and mobility of 
contractile proteins by examining 
and deconvoluting the EPR spectra 
and anisotropy decays of spin labels 
and optical probes attached to the 
particular components. 
Additionally, they and tested 
models of molecular motion by 
simulating the EPR spectra and 
anisotropy decays predicted by the 
models.

  Phospholamban (PLB), a 52-
amino acid protein, regulates the 
Ca-ATPase (calcium pump) in 
cardiac sarcoplasmic reticulum 
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(SR) through PLB phosphorylation mediated by adrenergic stimulation. The mobility of PLB in sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) indicates a homopentamer, and it has 
been proposed that the pentameric structure of PLB is important for its regulatory function. However, 
the oligomeric structure of PLB must be determined in its native milieu, a lipid bilayer containing the 
Ca-ATPase. Here the researchers used fluorescence energy transfer (FET) to study the oligomeric 
structure of PLB in SDS and dioleoylphosphatidylcholine (DOPC) lipid bilayers reconstituted in the 
absence and presence of Ca-ATPase. PLB was labeled, specifically at Lys 3 in the cytoplasmic domain, 
with amine-reactive fluorescent donor/ acceptor pairs. FET between donor-and acceptor-labeled 
subunits of PLB in SDS solution and DOPC lipid bilayers indicated the presence of PLB oligomers. 
The dependence of FET efficiency on the fraction of acceptor-labeled PLB in DOPC bilayers indicated 
that it is predominantly an oligomer having 9-11 subunits, with ~10% of the PLB as monomer; the 
distance between dyes on adjacent PLB subunits is 0.9 ± 0.1 nm. When labeled, PLB was reconstituted 
with purified Ca-ATPase, FET indicated the depolymerization of PLB into smaller oligomers having an 
average of 5 subunits, with a concomitant increase in the fraction of monomer to 30-40% and a 
doubling of the intersubunit distance. The researchers concluded that PLB exists primarily as an 
oligomer in membranes, and the Ca-ATPase affects the structure of this oligomer, but the Ca-ATPase 
binds preferentially to the monomer and/or small oligomers. These results suggest that the active 
inhibitory species of PLB is a monomer or an oligomer having fewer than 5 subunits. 

College of Liberal Arts

Economics

Varadarajan V. Chari, Principal Investigator
Computation and Estimation of Dynamic General Equilibrium Model with
Microeconomic Heterogeneity

  The goal of this project was to compute and estimate a dynamic, general equilibrium model of life-
cycle consumption with endogenous borrowing constraints. This project attempted to advance the 
understanding of computation, estimation, and economic behavior of dynamic general equilibrium 
models with microeconomic heterogeneity.

  Standard, complete markets models of consumption cannot explain the observed hump-shape pattern 
of consumption over the life-cycle. The research addressed this puzzle using a life-cycle model with 
durable goods and endogenous debt constraints. The key idea is that households' desire to accumulate 
durable goods at the beginning of their life cycle is limited by the enforceability of debt contracts. In 
case of default, durable goods used as collateral do not generally cover all outstanding payments 
because of their low liquidation value. Then the threat of exclusion from intertemporal trade must be 
used as an additional enforcement mechanism. These constraints change endogenously over the life-
cycle, forcing households to deviate from consumption smoothing and to delay investment in liquid 
assests, which generates in that way an endogenous distribution of agents. The main consequence is 
that, if the income profile follows a hump-shape, consumption will also follow this pattern.

  After a characterization of the equilibrium path, the model was estimated and simulated using data 
from the Consumer Expenditure Survey. The results will be compared with other recent papers that 
have tried to explain this puzzle using models where exogenous (and time invariant) borrowing 
constraints coexist with income uncertainty.



  The goal of a further project undertaken by this group was to estimate a model of the career decisions 
of U.S. politicians, focusing on Congressional careers. In this model, a politician first decides whether 
or not to run for the House of Representatives. If the person is elected, then in the next period he or she 
must decide whether to: 

• run for reelection,

• run for election to higher office (e.g., the Senate),

• exit politics for a private sector job, or

• retire from politics.

  If reelected, the politician faces the same set of choices in the next period.

  The key feature of this model is that the researchers 
recognized that the choice problem faced by politicians 
is "dynamic." By this is meant that each choice option 
not only generates current period rewards, but also 
future rewards. Specifically, the payoff to winning a seat 
in Congress is not only the wage and prestige that a 
person recieves from being in Congress for one term. It 
also includes the increment in expected future payoffs 
that accrue as a result of election. For example, election 
to Congress may enhance a person's chance of obtaining 
lucrative consulting opportunities once he or she exits 
Congress and enters the private sector. In such a 
situation, it is reasonable to model individuals as if they 
solve a discrete stochastic dynamic programming (DS-
DP) problem in order to make optimal current period 
decisions-that is, to model agents' behavior as if they 
forecast how their current decisions will affect their 
future payoffs.

  Unfortunately, although most economists would agree 
that a DS-DP problem is the proper way to model choice 
behavior in such dynamic environments, implementation 
of such models has been severely limited by the 
computational burdens involved. Estimation of this type 
of model requires the use of high performance computer 
facilities like the IBM SP.

  Congressional seat and on the career decisions of politicians. Such policies include the introduction of 
term limits, changes in the pension regime, changes in the wages of Congress, changes in the seniority 
rule for committee appointments, as well as other actions.

  Another research focus concentrated on developing new methods to solve and estimate descrete 
stochastic dynamic programming (DS-SP) models and use these to study occupational and educational 
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choices. In recent years it has become common in economics to model individuals who are making 
choices in dynamic environments as if they were solving a DS-SP problem to determine their optimal 
decisions. But empirical implementation of such models has been hampered because their solution and 
estimation requires that very high order numerical integrations be performed.

  This research investigated the use of simulation methods to circumvent these integration problems. 
These methods were employed in two substantive projects. The first was a model of life cycle decisions 
of young women; the focus was on their human capital investment (i.e., school attendance and work), 
fertility, and marriage decisions, and how these are affected by public welfare programs. After this 
model was completed, it was found to be useful for predicting the effects of changes in welfare rules on 
teenage childbearing and dropout rates, among other things. The second project was a model of 
decision-making under uncertainty about future prices, as applied to marketing problems. 

Gautam Gowrisankaran, Principal Investigator
Estimating Hospital Quality Using a Bayesian Selection Model

  In this project, the researchers estimate the quality 
of care for pneumonia patients being treated by 
hospitals in Southern California. Using Bayesian 
methods to control for patient selection based on 
severity of illness. The use of Bayesian methods 
has a number of advantages but is very 
computationally intensive. Because of the 
interactive nature of the Bayesian estimation 
algorithms, the researchers were able to parallelize 
the computation.

  This researcher sought to estimate the effects of 
competition for both Medicare and HMO patients on the quality decisions of hospitals in Southern 
California. It was found that increases in the degree of competition for HMO patients decrease risk-
adjusted hospital mortality rates. Conversely, increases in competition for Medicare enrollees are 
associated with increases in risk-adjusted mortality rates for hospitals. In conjunction with previous 
research, estimates by the researchers indicated that increasing competition for HMO patients appears 
to reduce price and save lives, and hence appears to be welfare improving. However, increases in 
competition for Medicare appear to reduce quality and perhaps reduces welfare. The net effect of a 
given merger on hospital quality depends on the geographic distribution of different payer groups. 

Marcel K. Richter, Principal Investigator
Quasilinear Utility Functions

  This research sought necessary and sufficient conditions for economical behavior, to be generated by 
what economists call "quasilinear utility functions." Mathematically, Professor Richter tested the 
existence of solutions for certain polynomial inequalities, using Mathematica code.

  "Mathematical Conditions" represented a further topic of study for this researcher. 
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Geography

Katherine Klink, Associate Fellow
Modeling Regional Climate-Vegetation Interactions During the Holocene
in the Upper Great Lakes Region

  Climate and vegetation in the Upper Great Lakes region 
(Minnesota, Wisconsin, and Michigan) have been influenced not 
only by continental-scale movement of air masses but also by 
substrate types and regional features such as the Great Lakes and 
the prairie-forest border. For a better understanding of Holocene 
climate-vegetation interactions in the Upper Great Lakes region, 
regional models of climate (RegCM2) and flora/vegetation 
(STASH and FORSKA) were used to evaluate land surface-atmosphere interactions for the present day 
and for 11,000 (11k), 6k, and 3k years ago. Output from these models was linked to a pollen dispersion 
model (POLLSCAPE), and the results compared to observed fossil pollen from a high quality, well 
dated regional pollen database. The similarity of predicted and observed pollen assemblages were used 
to evaluate climate predictions. When disagreements occurred, their patterns in space and time helped 
to identify sources of error, and sensitivity studies continued to be used to evaluate the modeling 
strategies. 

Political Science

Diana Richards, Principal Investigator
Arts: The Probability of Collective Choice with
Shared Mental Models for Large Choice Sets

  Complex decision-making typically involves many agents 
attempting to aggregate many alternatives. Yet in these large 
collective choice settings, cyclic outcomes are highly probable, if 
agents' preferences are unconstraned.

  In previous work, the researchers showed that a knowledge-
structure constraint on collective choice overcomes the aggregation 
paradox for small choice sets. Following this, the researchers 
expanded on these results to examine the probability of stable 
collective choice for large choice sets. The results will have 
implications for cognitive science, where an interpretation of sense 
data is made by aggregating information from a collective of brain 
modules; and for social choice, where a group decision is made by 
aggregating the preferences of a set of individuals.

  Further studies will be performed concerning the probability of stable collective choice for large 
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choice sets when players share a mental model of the choice context, as well as a study of the strategic 
manipulation of these mental models. 

Psychology

David J. Weiss, Principal Investigator
Estimation Methods for Correlation Matrices

  There is a growing understanding of the links between time factor 
analysis and item response theory (e.g., Lord & Novick, 1968; 
McDonald, 1967, 1999; Mislevy, 1986; Takane and de Leeuw, 
1987). Overlooked thus far is the utility of applying the estimation 
methods of item factor analysis (e.g., Christoffersson, 1975; 
Joreskog, 1990, 1994; Muthen, 1978, 1984) to the estimation of the 
parameters of the equivalent item response models. This project 
investigated parameter recovery of the unidimensional 2-parameter normal ogive item response model 
(and the equivalent unidimensional item factor analysis model) under a number of estimation 
methodsÑa number of which have not yet been studied for the item response model. Using computer 
simulated dichotomous item responses, factors such as sample size, test length, and item and person 
parameter distributions were manipulated in order to determine which of these estimation methods 
provide satisfactory estimates under given time response matrix conditions.

  One finding anticipated from this work was that the least squares approaches would provide more 
accurate estimates for smaller sample sizes and test lengths than the maximum likelihood and weighted 
least squares approaches. Should the item factor analysis approaches be shown to be viable methods of 
estimation for time response models, numerous alternative estimation methods would become 
available, in addition to the dominant marginal maximum likelihood approach. 

College of Natural Resources
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Shri Ramaswamy, Principal Investigator
Visualization and Characterization of Three-Dimensional
Bulk Structure of Porous Materials

  

Research Group

Michael Finger, 
Graduate Student 
Researcher 



 
  X-ray microtomograph 
images of paper sheet  
specimens in the x-y plane at  
three different refining levels 

College of Pharmacy

Medicinal Chemistry

David M. Ferguson, Fellow
Computer Modeling of Biomolecular Complexes and Ligand Recognition

  These researchers attempted to visualize and characterize the three-
dimensional bulk structure of paper and board using non-instrusive 
techniques. The effort, using Laser Scanning Confocal Microscopy 
(LSCM), showed that even though the technique is capable of non-
intrusively visualizing paper samples, it is limited by the depth or 
thickness that can be viewed. Further work using oil immersion 
lenses and LSCM showed that the quality of the images and 
interference from non-focal planes can be minimized. However, the 
researchers were still limited to approximately 50 mm thickness. 
Explorations were performed with the use of x-ray micro computed 
tomography (X-ray CT) to visualize the structure of porous 
materials.   This technique is far superior to other techniques, and the 
researchers were able to view the entire three-dimensional structure 
of thick (-300 mm) samples. These three-dimensional images were 
binarized (black and white) using methodologies developed by our 
group. This binarized image was then analyzed for pore structure 
characterization using Supercomputing Resources. Structural 
parameters of interest include pore size distribution, average pore 
diameter, porosity distribution and average porosity, tortuosity, 
available transfer surface area, and fiber-fiber bonded area. Also, 
numerical deconvolution of the three-dimensional images to sharpen 
the image, as well as to obtain better characterizations of the 
structure will also be conducted using Supercomputing Institute 
resources. Initial estimates of the structure characteristics indicate an 
immense potential for using this approach. 
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  The structure, function, and 
dynamics of macromolecules and 
macromolecular interactions were 
studied using a variety of 
computational techniques by these 
researchers. These included molecular 
graphics, empirical force fields, ab 
initio calculations, molecular docking, 
and molecular dynamics simulations. 
The primary emphasis of this work 
focuses on the development and 
application of structural models of G 
protein-coupled receptors (GPCRs) to 
ligand design.

  In particular, the researchers were 
concerned with developing highly 
selective opioid ligands with modified 
pharmacological properties. A second 
area of emphasis was placed on 
studying the structure, dynamics, and 
thermodynamic stability of modified 
nucleic acid complexes for use in 
antisense drug development. Both 
projects required significant force 
field parameterization, ab initio model 
calculations, and long time-scale 
molecular dynamics simulations, as 
well as graphics visualizations with 
the long-term goal of modeling 
molecular recognition processes 
reliably and confidently for use in 
drug design and development.

  This group developed research on 
the conformations landscape of 
selective m-opioid agonists in gas 
phase and in aqueous solution (the 
fentanyl series). Here, the 
conformational characteristics 
responsible for high affinity -opioid 
binding of a series of fentanyl analogs 
were investigated using a 
combination of molecular mechanics 
and molecular dynamics techniques. 
In general, the fentanyl analogs favor 
a conformation that is quite different 
in gas phase, and in the presence of 
explicit solvent or lattice packing 
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forces. The most active analogs were shown to possess an extended conformation, while fentanyl 
derivatives displayed reduced binding affinities are predicted to favor compact arrangements. A 
superposition of the proposed "bioactive conformations" across this ligand series identified the 
orientation of the N-phenethyl and the N-phenyl group to be a contributing factor responsible for the 
differential bind of the ohmefentanyl enantiomers, and other structural analogs. The 3-point 
pharmacophore model for the fentanyls also provided insights into the structure-activity relationship 
and served as a template for further QSAR and docking studies. 

Patrick E. Hanna, Principal Investigator
Design of Proteasome Inhibitor

  The proteasome is a multicatalytic protease 
complex that is involved in intracellular protein 
turnover in all three kingdoms of life. The 
proteasome is located in both the cytosol and the 
nucleus and acts in the degradation of abnormal, 
mis- folded, or improperly assembled proteins, in 
stress response, cell cycle control, cell differentiation, metabolic adaptation, and cellular immune 
response. It is also involved in many pathophysiological processes, such as inflammation and cancer, 
and constitutes a promising target for drug design.

  The crystal structure of the 20S proteasome from Saccharomyces cerevisiae revealed an overall 
assembly of the 28 subunits, which are arranged as a stack of four heptameric rings to form a 
cylindrical particle. Only three of the seven different subunits of one ring-i.e., 1, 2, and 5-are 
autoprocessed with the generation of the N-terminal nucleophile, the Thr1 residue essential for activity.

  The main purpose of this project was to design specific inhibitors targeting to Thr1 residue in the 
active site. Available crystal structure of proteasome makes structure-based rational drug design 
possible. In order to examine whether the designed compounds bearing conformations are similar to 
that of the natural substrate to proteasome, one needs a computational method, which is intended to 
help refine the design. 

Deborah A. Kallick, Principal Investigator
Molecular Simulations of Biomolecules

  Research in this laboratory used data derived from 
Nuclear Magnetic Resonance (NMR) Spectroscopy 
to supplement holonomic constraints in restrained 
molecular dynamic simulations of RNA 
(ribonucleic acid) and proteins. The majority of 
NMR spectroscopy laboratories determining 
structures of biological macromolecules in solution 
use approximations to the force field that lead to 
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errors, especially in the treatment of electrostatic interactions. Typically, the NMR spectroscopy 
laboratory simulates the molecule in vacuo and simply turns off electrostatics.

  A more realistic approach is to use the particle mesh Ewald method as implemented in amber, which 
has been shown computationally to result in stable simulations for large nucleic acids. The 
implementation of this method with the experimental restraints determined from solution NMR was 
applied to RNA. The goal was to generate more realistic structures of macromolecules using both 
experimental data and computational techniques.

  Other work performed by these researchers involved analysis of NMR data and correlation of 
chemical shifts with structure. Additional work included the calculation of protein structures using 
NMR and molecular simulations.

  All work performed by these researchers involved visualization and computation using the Basic 
Sciences Computation Laboratory (BSCL) and Visualization Workstation Laboratory (VWL). 

Daniel M. Kroll, Principal Investigator
Mesoscopic Models for Solvent Dynamics and Complex Fluids

  In self-assembling fluids, correlated mesoscopic 
structures exist even far from critical points. This 
structure leads to anomalous scaling behavior in the 
dynamic structure factor as well as anomalies in the 
shear viscosity and the attenuation and dispersion 
of sound. In flow, the deformation of these 
correlated domains gives rise to excess stresses 
which result in rheological behavior that is quite 
different from that of simple Newtonian fluids. 
Near phase boundaries, shear can lead to dynamical 
instabilities and new structures in these systems. Similarly, flow induced hydrodynamic stress on 
polymers or vesicles has a dramatic influence on both the shape of these networks as well as the 
rheology of suspensions. The objective of this project was to obtain a better understanding of the 
dynamics of complex liquids and the dynamical behavior of polymers and membranes in solvent. An 
essential component of this research was to develop and implement new algorithms based on 
generalizations of the lattice-Boltzmann method for the numerical simulation of the equilibrium and 
non-equilibrium dynamics to these systems. Unfortunately, the discrete nature of the velocity field in 
the lattice-Boltzmann approximation led to instabilities, which severely limit the usefulness of this 
method in a number of applications. This is particularly true when the method is extended to 
incorporate thermal fluctuations. For this reason studies were performed using a closely related 
mesoscopic model for solvent dynamics. This model utilized a synchronous, discrete-time dynamics 
with continuous velocities and local multiparticle collisions. The method is Galilean invariant, stable, 
and easy to implement on parallel architectures. Furthermore, all conservation laws were obeyed 
exactly, with fluctuations included. It can also be extended to model binary mixtures and more complex 
mixtures. The algorithms were developed for a wide range of applications in basic science and 
engineering.

  

Research Group

Thomas Ihle, Research Associate

Antonio Lamura, Institut für 
Festkorperforschung, 
Forschungszentrum Jülich, Jülich, 
Germany 



  Another study undertaken by these researchers focused on the statistical mechanics of the freezing, 
undulations, and topology fluctuations of membranes. These are two-dimensional sheets of molecules 
that are embedded and fluctuate in three-dimensional space. The shape and out-of-plane fluctuations of 
tensionless membranes are controlled by their bending rigidity. Due to their out-of-plane fluctuations, 
flexible membranes exhibit very different behavior to flat two-dimensional systems.

  Three properties of membranes were considered: 

1. the renormalization of the bending rigidity in fluid membranes due to undulations on 
short length scales;

2. the suppression of the crystalline phase, and the hexatic-to-fluid transition; and

3. the lamellar-to-sponge transition in systems with variable topology.

  The researchers focused on simulation studies, which are based on the numerical analysis of 
dynamically triangulated surface models.

  The researchers also performed pore-scale simulations of dispersion. In these simulations, tracer 
dispersion was simulated in three-dimensional models of regular and random sphere packings for a 
range of Peclet numbers. A random-walk particle-tracking (PT) method was used to simulate tracer 
movement within pore-scale flow fields computed with the lattice-Boltzmann (LB) method. The 
simulation results illustrated the time evolution of dispersion, and they corroborated a number of 
theoretical and empirical results for the scaling of asymptotic longitudinal and transverse dispersion 
with Peclet number.

  Comparisons with NMR spectroscopy experiments showed agreement on transient, as well as 
asymptotic, dispersion rates. These results support NMR findings that longitudinal dispersion rates are 
significantly lower than reported in earlier experimental literature, as well as the fact that asymptotic 
rates are observed in relatively short times by techniques that employ a uniform initial distribution of 
tracers, like NMR. 

Maria Germana Paterlini, Principal Investigator
Studying G-protein Coupled Receptors by Using Molecular Modeling

  G-protein coupled receptors (GPCR) are 
membrane proteins involved in signal transduction, 
where the signal cascade is triggered by the binding 
of a large variety of ligands, from ions to 
hormones, to small proteins. GPCRs are 
characterized by a helical bundle whose structure is 
believed to contain a common triggering 
mechanism leading to activation.   Resources at the 
Supercomputing Institute were used to study two 
GPCRs: the chemokine receptor CCR5 and the 
lutropin/chorionotropin (LH) receptor. Models of 
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CCR5 were constructed and examined in relation with available experimental data on the binding of 
chemokine-derived peptides. This study was complemented by simulations and NMR experiments of 
these peptides. Using the structural model of CCR5, researchers examined the binding of novel 
antagonist ligands using automated docking procedures. The LH receptor is a glycoprotein hormone 
receptor whose naturally occurring activating mutations result in gonadal dysfunction. The majority of 
these mutations occur in regions of the receptor undergoing conformational changes upon hormone 
binding. Characterization of the activating mutations therefore enhance our understand of GPCR 
function. Computations were used to correlate structural changes observed during the simulations with 
the effect of such mutations on receptor activation. Additional resources were used to generate a lipid 
model to be used in future simulations of membrane-bound peptides and proteins in explicit lipid 
systems. 

Philip S. Portoghese, Principal Investigator
and Maria Germana Paterlini, Co-Principal Investigator 
Modeling of Opioid and Chemokine Receptors with Their Ligands

  The transmembrane region of opioid 
receptors was reconstructed based on a 
previous structural template and recent 
experimental data on rhodopsin. The 
intracellular and extracellular loop 
regions were also modeled by these 
researchers. These regions, ranging from 
0.9 to 25 amino acid residues in length, 
were studied using a previously 
developed conformational search 
algorithm for loops, together with 
indirect sturctural information obtained 
through site-directed mutagenesis data, 
secondary structure prediction and 
homology modeling. The models were 
then used to study the binding mode of 
both endogenous opioid peptides and 
alkaloids and to suggest possible 
mechanisms of receptor activation. 
Following this, the modeling effort was 
extended to structural models of 
chemokine receptors implicated in HIV 
infection. These receptors are 
homologous to opioid receptors and can 
be modeled based on sequence 
homology and available experimental 
data. Modeling results were used to propose a possible mode of interaction between these receptors and 
chemokine opioid ligands. 
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Carston R. Wagner, Principal Investigator
Modeling of Opioid and Chemokine Receptors with Their Ligands

  These researchers coupled two 
molecules of methotrexate via a 
methylene linker. Characterization of this 
compound indicated a highly folded 
conformation in an aqueous 
environment. Hydrophobic collapse and 
internal hydrogen bonding may provide 
the necessary stability for our 
methotrexate dimer's three-dimensional 
structure. By utilizing molecular 
modeling software, the researchers 
hoped to gain a grasp of the linker's 
contribution to the compound's solution 
structure and thus predict the effect that a change in the linker may have on the methotrexate dimer's 
folded structure. The folded structure of methotrexate, free of any linker, was also investigated. 

 
Modeling of the solution structure of two methotrexate dimers that contain 
either a 9 or 12 methylene linker. 

Pharmaceutics

David J. W. Grant, Principal Investigator
Effects of Impurities Incorporated During Crystallization on the Crystal Properties ofL
Some Therapeutic Agents; Effects of Salt Form and Crystal Habit on Tableting
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  Trace amounts of impurities present in the 
crystallization medium exert profound effects on 
the nucleation, growth, morphology, and properties 
of the crystals obtained. Structurally related 
impurities may be incorporated into the crystal 
lattice leading to changes in the crystal properties. 
These researchers set out to investigate: 

1. the effects of a diastereomeric impurity on 
the crystal properties of a chiral compound;
2. the influence of structurally related impurities on the stability of hydrates and on their 
solid-state reactivity; and
3. the influence of crystallization conditions on impurity uptake and their subsequent 
effects on crystal properties of the host.

  The observed effects of incorporated impurities on the properties of the host were related to the 
molecular interaction in the solid-state between the host molecule and the impurity molecule. The 
molecular modeling tool was applied in these studies to view the crystal structures and hydrogen bond 
networks, and to calculate the lattice energy and intermolecular interaction energies.

  A related area of study looked at trace amounts of impurities present in the crystallization medium. 
These exert profound effects on the nucleation, growth, morphology and properties of the crystals 
obtained. Structurally related impurities may be incorporated into the crystal lattice leading to changes 
in the crystal properties. 

  Another body of research developed by the researchers involved the effects of salt form and crystal 
habit on tableting. Tableting is an important yet very complex process in the pharmaceutical field. This 
project studied the effects of salt form and crystal habit on the tableting properties of some 
pharmaceutical compounds. The Cerius2 program was employed for analyzing the crystal structure, 
and for calculating the attachment energy, theoretical powder X-ray diffraction patterns, crystal shape, 
crystallographic planes, and for identifying the slip planes, an important factor in the control of the 
mechanical (tableting) properties of powders.

  These researchers also worked with eprosartan mesylate. This is used in the treatment of hypertension, 
and exists as an anhydrate, monohydrate, and dihydrate. The single crystal structures of the anhydrate 
and dihydrate were visualized and various interatomic distances and intermolecular energies were then 
calculated in order to assist in understanding, and ultimately in visualizing, the physicochemical 
properties and phase transitions of eprosartan mesylate. 

Curtis L. Carlson School of Management

Finance

Luca Benzoni, Principal Investigator
Estimating Jump Diffusion for Equity Returns

  Much asset and derivative pricing theory is based on diffusion models for primary securities, 
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including equities. In contrast, there are hardly any empirical estimates of satisfactory continuous-time 
models for equity returns. For daily observations on the Standard & Poor 500 Index, the obstacles 
facing empirical work are perhaps best illustrated by the striking rejections of the standard discrete-
time stochastic volatility (SV) models by Fallant, Hsieh, and Tauchen (1995), and the corresponding 
strong rejections of standard diffusion models by Gallant and Tauchen (1997).

  This researcher extended the class of stochastic volatility diffusion mechanisms explored in the 
literature to allow for Poisson jumps in returns. Estimation was performed via a careful implementation 
of the efficient method of moments, generating powerful model diagnostics and specification tests. 
Every variant of stochastic volatility diffusions without jumps fails to jointly accommodate all 
prominent features of the daily S&P 500 returns, while the SV jump diffusion provides an overall 
acceptable characterization. The researcher inferred that satisfactory continuous-time models for equity 
returns must incorporate both stochastic volatility and discrete jumps in order to provide a relatively 
accurate empirical representation. The results indicated an average of five jumps per year, with a jump 
of 3% not being uncommon. Alternative specifications of the stochastic volatility factor were explored, 
and implications for derivative pricing were then illustrated. 

Valery Polkovnichenko, Principal Investigator
Stockholdings and Asset Prices in an Economy with Heterogen Agents

  Conventional macroeconomic models use simplistic approaches for modeling individual consumers. A 
typical assumption of homogeneous agents and complete markets allows for simple aggregation. While 
this representative agent approach is convenient, it is well known that implications of such modeling, 
with regard to the asset holdings distribution and asset prices, are at odds with empirical evidence. In 
recent years a substantial literature emerged researching the impact of the heterogeneity and market 
incompleteness on asset prices.

  This literature was augmented by the researcher's concentration on portfolio choice aspects of the 
agent's hetero-geneity. At the current stage, the implications of heterogeneity for stock holdings occupy 
the primary focus of this work. In particular, the researcher worked on an explanation of puzzling 
phenomena of the limited stock market participation, the upshot of which is that a substantial part of 
the population does not invest in the stock market. Factors considered included risk aversion and 
stochastic labor income, which may explain heterogeneity of stock holdings.

  A general equilibrium asset pricing model was developed in this work, in order to address three main 
issues: 

1. to endogenize the concentration of stock holdings in the absence of any frictions,

2. to explain limited participation under reasonable assumptions about participation cost, 
and

3. to evaluate the effect of limited stock market participation on asset prices. 



Industrial Relations

Michael P. Keane, Principal Investigator
Estimation of Discrete Stochastic Dynamic Programming Models of
Economic Behavior Using Monte Carlo Integration

  The goal of this research was the development of 
new methods to solve and estimate descrete 
stochastic dynamic programming (DS-SP) models, 
using these to study occupational and educational 
choices. In recent years it has become common in 
economics to model individuals who are making 
choices in dynamic environments as if they were 
solving a DS-SP problem to determine their 
optimal decisions. But empirical implementation of such models has been hampered because their 
solution and estimation requires that very high order numerical integrations be performed. These 
researchers investigated the use of simulation methods to circumvent such integration problems.

  These methods were applied in two projects. The first was a model of life cycle decisions of young 
women. The focus was on their human capital investment (i.e., school attendance and work), fertility 
and marriage decisions, and how these are affected by public welfare programs. This model will be 
useful for predicting the effects of changes in welfare rules on teenage childbearing and dropout rates, 
among other things. The second project was a model of decision making under uncertainty about future 
prices, which was applied to marketing problems. 

Brian P. McCall, Principal Investigator
Applications of Life History Methods in Economics and Education

  This research applied newly developed statistical 
methods for analyzing life history data to economic 
problems. Specifically, new estimation techniques 
for multi-spell hazard and competing risks models-
including those models which adjust for possible 
selectivity bias-were applied to examine college 
dropout and reemployment following job displacement, among other things. Model estimates were 
used in policy simulations. At the same time, the bootstrap standard errors of the policy simulations 
were calculated.

  This research yielded a hazard model with endogenous waiting for college dropout statistics. Here, 
Professor McCall used data from the National Longitudinal Survey of Youth to investigate the college 
attendance, dropout, and graduate behavior of high school graduates. Bivariate duration models were 
developed, which allow for the unobserved heterogeneity across durations to be correlated. These were 
used to study the impact of waiting time through the period where college enrollment increases 
significantly-when the chances of dropping out of college parallel this increase-and reduces the 
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probability of attaining a four-year degree. Among those who first enroll in four-year institutions, 
waiting one year from high school graduation before enrolling reduces the chances of graduating with a 
four-year degree approximately 25 percent. 

Operations and Management Science

William Li, Principal Investigator
Robust Supersaturated Designs

  This group developed an algorithmic approach to 
the construction of model robust response surface 
design and the implementation of algorithms on the 
Internet. Combined with other related work in 
computer-aided algorithms, this research changed 
the method of selecting experimental designs in 
both academia and industry, i.e., shifting from traditional approaches that rely on design tables to 
algorithmic approaches that can better address the flexibility and design efficiency in today's world.

  In particular, the researchers considered response surface designs that are efficient on the whole model 
space (a set consisting of all possible models). Since the response surface design considered not only 
linear effects but also quadratic effects, both the number of terms included in the model and the number 
of possible models were expected to be very large. Thus, the problem remained extremely 
computationally intensive. 

Kevin Linderman, Principal Investigator
Economic Design of Control Charts

  Designing a control chart means making fundamental decisions about the control chart parameters. 
Traditionally, practitioners select design parameters using ad hoc procedures or general guidelines such 
as those provided by Ishikawa (1976). Academic research has been challenging this tradition by 
introducing more rigorous criterion for selecting the design parameters. These methods include 
selecting control chart designs based on economic and economic-statistical criteria. This researcher 
developed the concept of Robust Economic Design of control charts so that it selects the best design 
parameters across a wide verity of scenarios. 

School of Public Health

Epidemiology

Larry D. Atwood, Fellow
Complex Genetic Analysis of Blood Pressure
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  A major problem in the genetics of blood pressure is the detection and location of the genes that cause 
hypertension (high blood pressure). This is a daunting task, as it is widely believed that blood pressure 
is under the control of multiple genes and that these genes interact with each other and with the 
environment in complex ways. Current methods are either incapable of modeling this complexity or, if 
they do have the theoretical capability, they require large databases and are computationally 
demanding.

  These researchers had a large dataset at their disposal: the San Antonio Family Heart Study is 
composed of approximately 1000 Mexican Americans organized in 25 large families. Each individual 
has undergone an extensive data gathering protocol in a clinical setting. An extensive database of blood 
pressure and other variables on diet, exercise, and medication was available to the researchers. Each 
individual was genotyped for 400 highly polymorphic markers,0 evenly distributed across the 22 
chromosomes.

  Using this dataset, the researchers used the Supercomputing Institute's resources to analyze three 
measures of blood pressure (systolic, diastolic, and pulse) in the San Antonio Family Heart Study. 
Given this large dataset and the power of the supercomputer, it was possible to consider models whose 
complexity had heretofore been thought impractical. Specifically, this approach computed an optimal 
model at each of the 400 markers, thus reducing the gene-gene complexity. This optimal model 
included gene-environment interactions, thus reducing environmental complexity.

  A secondary concern of this group was the comparison of methods in genetic epidemiology. The 
major problem in Genetic Epidemiology was the detection and location of genes that cause common 
diseases in humans, for example, heart disease, diabetes, obesity, cancer. It is commonly accepted that 
multiple genes cause these diseases and that these genes interact with each other and with the 
environment. Several competing methods attempt to solve this problem. The relative performance of 
these methods is largely unknown; close form solutions to problems do not exist, so that power 
analyses must be performed by simulation. However, simulation is difficult due to the problem of 
testing a large number of genetic models that might adequately represent the actual range of genetic 
architecture underlying these complex traits. Also, these methods are all family-based, but the optimal 
family type (sibling-parent, nuclear, extended, etc.) is largely unknown.

  This research used the supercomputer to determine the conditions under which each methodological 
approach is preferable. A broad range of genetic models and family structures was examined. For each 
model-family combination, the two most popular methodological approaches were used to detect and 
localize genes affecting a simulated trait. These two approaches fall largely into two areas: model-
based analysis and model-free analysis (or parametric and non-parametric). The question-which 
method, under which conditions?-while important to this field, is so computationally daunting that it 
has previously gone largely unexplored.

  The group's research covered several aspects of the general research area. One focus, producing a 
genome-wide linkage analysis of blood pressure in Mexican-Americans, considered the genetic 
mechanisms that control variation in blood pressure level are largely unknown. One of the first steps in 
understanding these mechanisms is the localization of the genes that have a significant effect on blood 
pressure. The researchers performed genome scans of systolic (SBP) and diastolic blood pressure 
(DBP) on a population-based sample of families in the San Antonio Family Heart Study. A likelihood-
based Mendelian model incorporating genotype-specific effects of sex, age, age2, body mass index 
(BMI), and blood pressure (SBP or DBP, as appropriate) as covariates was used to perform two-point 
lodscore (Z) linkage on 399 polymorphic markers. Results showed that the genotype-specific covariate 



effects were highly significant for both SBP and DBP. Linkage results showed that a quantitative trait 
locus (QTL) influencing DBP was significantly linked to D2S1790 (Z=3.92, θ=0.00) and showed 
suggestive linkage to D8S373 (Z=1.92, θ=0.00). A QTL influencing SBP showed suggestive linkage to 
D21S1440 (Z=2.82, θ=0.00) and D18S844 (Z=2.09, θ=0.00). Without the genotype-specific effects in 
the model, the linkage to D2S1790 as not even suggestive (Z=1.33, θ=0.09), thus genotype-specific 
modeling was crucial in detecting this linkage. A comparison with linkage studies based in other 
population showed that the significant linkage to D2S1790 has been replicated at the same marker in 
the Quebec Family Study. The replicated significant linkage at D2S1790 may begin to establish the 
locations of the genes that significantly affect blood pressure across several human ethnic groups.

  Similar work was carried out on the linkage of blood pressure to D21S1440 in Mexican Americans. 
This project aimed to perform a genome scan to detect chromosomal regions that are linked to both 
SBP and DBP blood pressure in Mexican Americans. A random subset of 10 of families from the San 
Antonio Family Heart Study was genotyped for 399 polymorphic markers (approximately 441 
individuals with marker data). A bivariate likelihood-based Mendelian model in which the two traits 
were SBP and DBP and incorporating sex-specific and genotype-specific effects of age, age2, and BMI 
as covariates was evaluated on the full dataset. The Mendelian model assumed a single-locus with two 
alleles in Hardy-Weinberg equilibrium. Effects of high blood pressure medication were incorporated 
into the model by using a threshold value. The resulting model was used to perform two-point lodscore 
analysis on all markers. 

  The results of this analysis showed that sex-
specific and genotype-specific effects of age, age2 

were each significant (p<.005) for both SBP and 
DBP. For SBP, BMI had six-specific effects 
(p=.008) but not genotype-specific effects (p=.054). 
For DBP, BMI had neither sex-specific (p=.116) 
nor genotype-specific effects (p=.194), but did have 
a constant effect (p<.0001). The genome scan 
showed significant evidence for linkage of blood 
pressure to D21S1440 (lodscore=3.35, 
recombination fraction (θ) was 0.02). There was 
suggestive evidence for linkage to D8S1100 
(lodscore=2.07, θ=0.13).

  As this was the first report of a significant linkage 
for both systolic and diastolic blood pressure in a 
population-based sample, the group expected to 
continue its work within this important research 
area.

  The researchers continued to examine blood 
pressure and expand the research scope to include 
other cardiovascular phenotypes, such as 
cholesterol. This expansion also included the 
NHLBI Family Heart Study. 
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Aerospace Engineering and 
Mechanics

Graham V. Candler, 
Fellow
Simulation of Reacting Flows

  The current research focuses on 
the development and testing of 
computational fluid dynamics 
methods for the simulation of high-
temperature reacting flows. An 
implicit computational method has 
been developed for use on message-
passing multiprocessors. This 
method has been optimized for use 
on the SGI Origin 2000, and has 
undergone modification for use on 
the IBM SP architecture. The 
method is then used to simulate 
various high-temperature reacting 
flows, including planetary entry 
flows, rocket motor plumes, jet 
interaction flows, atmospheric 
pressure plasma flows, and 
hypersonic turbulent boundary 
layers. This work will lead to a 
better understanding of the 
interaction of finite-rate chemical 
reactions and fluid motion.

  A number of specific issues related 
to this research have been 
investigated and experiments 
conducted by the researchers. These 
include: multi-block large-eddy 
simulations of turbulent boundary 
layers; a detailed simulation of 
nitrogen dissociation over a sphere; 
and experiments and simulations of 
direct current (DC) and pulsed 
discharges in air plasmas.

  Time-developing turbulent 
boundary layers over an isothermal 
flat plate at free-stream Mach 
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numbers of 0.3 and 0.7 are computed using an explicit finite-difference method on structured multi-
block grids. The size of each block is adjusted depending on the dimension of the largest structures 
present locally in the flow. This alleviates the cost of calculations in which the wall layer is resolved, 
and (if several layers are used) may result in substantial savings of memory and CPU time. In the 
calculations presented, the near-wall region is computed using a domain with a spanwise length, which 
is sufficient to contain several streaks. The outer layer, which contains larger structures, is computed 
using a domain that is twice as wide (L = + 0 1640). Although the flow at the interface between the 
blocks has a periodicity length determined by the inner-layer block, within a few grid points longer 
wavelengths are generated. The velocity statistics and root mean square intensities compare well with 
single-block calculations that are substantially more grid points.

  Experiments were conducted with atmospheric air plasmas at temperatures around 2000 K in order to 
increase the electron number density to approximately 1013 cm-3 by means of an applied DC discharge 
and an electric pulse in parallel to the DC discharge. In the pulsed experiments at the end of the 10 
nanosecond pulse, ionization level was measured to be about 1013 electrons/cm3. Following the pulse, 
the electron number density decreased to 1012 cm-3 approximately 12 ms, in good agreement with the 
chemical kinetics model. This result suggests that elevated electron number densities of the order of 
1013 cm-3 can be maintained in low temperature air plasmas by means of repetitively pulsed 
discharges. The computational model uses the Stanford two-temperature chemical kinetics model for 
the plasma, as well as finite-rate models for vibration-electronic energy relaxation and electron 
translational energy relaxation. The computational results are in good agreement with the measured 
electron concentration, temperatures, and cathode fall. 

 
Temperature contours in a spanwise slice (flow is beyond the edge of this  
illustration) of a Mach 4 turbulent boundary layer. High temperature (white) gas  
near the wall is lifted by turbulent motion, increasing heat transfer. 



Roger Fosdick, Associate Fellow
Dynamic Phase Transitions, Singularities
and Coexistent Phases in Elasticity

  Purely mechanical theories of phase transitions require admissibility hypotheses-so-called "kinetic 
relations"-to be solvable. These kinetic relations, while ensuring uniqueness, have questionable 
physical justification. A thermomechanical model that includes capillarity, viscosity, and thermal 
conductivity is a more appropriate setting, and it is the preferred framework for this investigation.

  In this setting, the idea is that the limiting solutions, as the capillarity, viscosity, and thermal 
conductivity approach zero in a suitable manner, are physically relevant. Because the free energy is 
nonconvex, the governing equations are of mixed type; hyperbolic in regions of pure single phase and 
elliptic in the intervening spinodal region. Continuing computations and analysis showed that this is a 
promising method of calculating dynamic phase transitions. However, further investigations, including 
the determination of dependence on numerical methods, were pursued. 

  Several finite difference and finite 
element methods were implemented for 
solving these equations, and their own 
approach was developed. Part of the 
difficulty concerns optimizing the 
computations and addressing the 
questions of parallelization and alternate 
numerical techniques.

  This program of research also 
considered singularities in elastostatics. 
The nonlinear theory of elasticity is more 
promising for the investigation of 
coexistent phase phenomena and singular 
behavior in the mechanics of materials 
than its linear counterpart. For solids, 
there are contemporary computational 
developments, iteration procedures, 
adaptive methods, and continuation 
techniques that are already being used 
successfully in the computation of 
regular boundary value problems that 
arise from such nonlinear theories. Some of these ideas were used in these investigations, but the 
emphasis of this program has been on the role of singularities in problems where solutions are not 
regular. The injectivity of the deformation map was of major concern here.

  Finally, the researchers began to develop a program to consider coexistent phases in nonlocal 
elasticity. The goal of this program was to carry out a theoretical and computational investigation of 
stable, equilibrium coexistent phase structures in solids when subject to external load, environmental 
temperature, or electrical simulation. The long range plan adopted by these researchers was to turn to 
dynamical issues in this nonlocal theory. 
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Ashley James, Principal 
Investigator
Numerical Simulations of Liquid-Fluid 
Interface Flows with Topological Transitions

Interfacial fluid flow is simulated to gain an 
improved understanding of how topological 
transitions of liquid-fluid interfaces occur. An 
interfacial flow solver has been developed to 
investigate the use of vertical vibration to 
cause droplet ejection. Continuing work in 
this area targeted understanding the role in the 
ejection process of craters that sometimes 
form on the interface, and of stagnation points 
on the axis of symmetry. Modifications to the 
solver performed by the researcher improved 
its accuracy and extended its capabilities for 
the analysis of other physical systems. A 
module to incorporate soluble surfactant was 
developed. This capability was used to 
determine the effect of soluble surfactant on a 
bubble in a shear flow. Finally, molecular 
dynamics simulations of interfacial breakup 
and coalescence were performed with the aim 
of developing models of these processes for 
use in continuum-scale simulations. 

Daniel D. Joseph, Fellow
Direct Numerical Simulation and Modeling of 
Solid-Liquid Flows

  This group continued its work to develop 
scalable, highly efficient parallel finite-
element codes, called "particle movers," for 
the direct numerical simulation of the motion 
of solid particles in Newtonian and 
viscoelastic fluids, in both two and three 
dimensions. Development of two separate 
particle movers was the prime focus. One 
method to achieve this-the Arbitrary 
Lagrangian-Eulerian (ALE) particle mover-is 
a generalization of the standard Galerkin 
finite-element method that used an 
unstructured mesh, and the ALE scheme to 
handle the time-dependent domain. The 
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second-the disordered local moment (DLM) particle mover-is a fictitious-domain method, in which the 
fluid flow equations are enforced inside, as well as outside, the particle boundaries. Both methods use a 
combined fluid-particle weak formulation in which the hydrodynamic forces and torques are 
eliminated. The researchers proceeded with their efforts to improve the performance of particle movers 
by developing improved preconditioners, and continued their computational investigations into the 
fundamental dynamics of fluid-particle motions. Work was conducted to develop models of the lift-off 
of particles from solid surfaces, which can then be used in making practical decisions in engineering 
applications, including sand transport in fractured oil reservoirs.

  The researchers considered many specific topics during this period, of which one was the fluidization 
of 1204 spheres, their simulation and experiment. In this study, the fluidization of 1204 spheres in a 
three-dimensional silt bed using the method of distributed Lagrange multipliers for solid-liquid flow. In 
the direct simulation the fluid motion is resolved numerically and the forces which move the particles 
are computed rather than modeled. Numerical method based on a fixed grid in which the portions of the 
fluid occupied by solids is forced to move as a rigid body by a distribution of Lagrange multipliers was 
also used in this process. The results of the simulation were in satisfying agreement with results 
obtained by experiments.

  Another study, on slip velocity and lift, considered the lift force on a circular particle in plane 
Poiseuille flow by direct numerical simulation and by explicit mathematical analysis of a long particle 
model. The model lead to a formula for the particle velocity that was in excellent agreement with 
simulation values for the circular cylinder. The value of the Poiseuille flow velocity at the point in the 
particle's center when the particle is absent is always larger than the particle velocity; the slip velocity 
is positive equilibrium (at steady flow). The angular slip velocity Ωs= γ/2-Ωp, where γ/2 is the angular 

velocity of the fluids at a point where the shear rate is γ and Ωp is the angular velocity of the particle, is 
always positive at equilibrium. The particle migrates to its equilibrium position and adjusts Ωp so that 

Ωp 0 is nearly zero because of Ωp  γ/2. No matter where the particle is placed, it drifts to an 

equilibrium position with a unique, slightly positive equilibrium angular slip velocity. The slip angular 
velocity discrepancy defined as the difference between the slip angular velocity below the position of 
equilibrium and negative above it. This discrepancy is the quantity that changes sign above and below 
the equilibrium position for neutrally buoyant particles, and also above and below the lower 
equilibrium position for heavy particles.

  Still another focus of this research group were post-failure micromechanisms in shear banding of 
rock. Here, laboratory and field observations indicate that failure of intact rock is associated with a 
rupture surface or shear band, where deformation is concentrated in a narrow zone; displacements 
occur with decreasing stress within the shear band, while outside the band the material remains more or 
less intact. When localization of deformation occurs within a rock structure, the global load-
displacement behavior appears as a softening response. Understanding the initiation and propagation of 
the shear band is of fundamental concern. The study of localized failure under controlled conditions 
can be accomplished within a laboratory setting with the University of Minnesota Plane-Strain 
Compression Apparatus (U.S. Patent 5,063,785). This device provides an opportunity to compare the 
displacements from microseismic events with the global measurements.

  Lift forces acting on a fluidized particle play a central role in many important applications, such as the 
removal of drill cuttings in horizontal drill holes, sand transport in fractured reservoirs, sediment 



transport and cleaning of particles from surfaces. The problem of lift was studied using direct 
numerical simulations. Lift formulas that respect the fact that the lift must change sign on either side of 
the "SegrŽ-Silberberg" radius are discussed. An accurate analytical expression for the slip velocity of 
circular particles in Poiseuille flow was derived. The lift-off of single particles and many particles in 
horizontal flows was shown to follow laws of similarity, power laws, which may be obtained by 
plotting simulation data on log-log plots. Data from slot experiments on bed erosion for fractured 
reservoirs was processed (for the first time) in log-log plots. Power laws with a parameter dependent 
power emerged as in the case of Richardson-Zaki correlations for bed expansion. 

 
  a. Snapshots of the fluidization of lift of 300 circular particles rp = 1.01 g/cm3 when h = 1 poise (R = 5.4,  
R2 /RG = 1.82). The flow is from left to right. The gray scale gives the pressure intensity and dark is for  
low pressure. At early times particles are wedged out of the top layer by high pressure at the front and low  
pressure at the back of each and every circle in the top row. The vertical stratification of pressure at early  
times develops into a "periodic" horizontal stratification, a propagating pressure wave. The final inflated  
bed has eroded, rather tightly packed at the bottom with fluidized particles at the top.

  b. Fluidization of 300 particles (R = 120, R2 /RG = 0.08). 

Perry H. Leo, Associate Fellow
and John S. Lowengrub, Co-Principal Investigator
Computational Problems in Multi-Component/Multi-Phase Elastic Materials

  The studies performed by this 
group focused on 
microstructures formed in 
crystalline alloys. Continuing 
their dual approach of using 
sharp and diffuse interface 
methods-as well as developing 
a finite element method and 
hybrid sharp/smooth method-
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the researchers focused their simulations on multiparticle coarsening, morphologically unstable 
particles (particle splitting), and problems in which the diffusional transformation occurs 
simultaneously with a change in crystal structure. 

Thomas S. Lundgren, Principal Investigator
Drop Breakup

  This study centered on the deformation and breakup of liquid drops in high speed gas streams by 
means of boundary integral numerical methods. The application sought to demonstrate the secondary 
breakup of fuel spray droplets in high pressure gas turbine combustion chambers. 

  The researchers also developed a new method for 
closing the equation for the probability density 
function (pdf) for isotropic, homogeneous turbulent 
flow. This first order partial differential equation in 
6 variables, plus time, is a generalized Boltzmann 
equation, which can be solved by numerically 
integrating its characteristic equations backward in time to the intersection with initial specified data. 
The method of closure along with the solution method ensured that the pdf remains positive. 

Krishnan Mahesh, Principal Investigator
Large-Eddy Simulation of Turbulent Flow in Complex Geometries

  These researchers developed the computational capability to perform large-eddy simulation (LES) of 
turbulent flows in realistic engineering geomeries. Large-eddy simulation is a computational approach 
where one filters the unsteady Navier-Stokes equations, and numerically solves for the large-scales 
while modeling the effect of the smaller scales that have been filtered out. It is a solution approach that 
provides unsteady spatial data, in contrast to the popular Reynolds-averaged Navier-Stokes equations 
(RANS). LES is, however, more computationally intensive. Also, LES has traditionally been restricted 
to simple geometries, such as channels, backsteps, mixing layers, jets, etc. The advent of massively 
parallel computers has allowed for the development of LES to a level at which it can be applied to 
engineering flows. In particular, predicting internal flows such as those found in gas-turbine 
combustors is a particularly appealing area, since the Reynolds numbers in internal flows are relatively 
low, and furthermore, the combustion process is dominated by mixing, which LES has been shown to 
predict considerably more accurately than RANS. Due to the broadband nature of turbulence, the 
numerical methods used to compute the RANS equations cannot be directly applied to simulate 
turbulence; in particular, the numerical schemes used for LES cannot be dissipative. Numerical 
dissipation competes with the dissipation that the LES model is trying to provide, so the LES model 
usually has no effect. 

  In this research, a nondissipative, numerical algorithm for 
turbulent flow on unstructured grids was performed. The use 
of unstructured grids allows arbitrarily complex geometries to 
be efficiently gridded. The algorithm is an extension of the 
Harlow-Welch algorithm on structured grids. These 
researchers validated the algorithm for constant density flow 
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in simple geometries. It was then used to compute an extremely complex geometryÑthat of a gas-
turbine combustor. Simulations in a cross-section of this industrial combustor where performed, and 
three-dimensional simulations will be performed in future. Furthermore, the algorithm required 
variable density flow, and now needs to be validation and testing. 

Alzheimer's Research Center

William H. Frey, Principal Investigator
Improvement or Binding Site Modeling of the Muscarinic ML Receptors

  These researchers performed work aimed at the 
improvement of binding site modeling of the muscarinic 
milliliter receptor in light of recent refinements of G-protein 
coupled receptors, understanding oxidative inactivation of the 
receptor through disulfide bond formation, mediated by 
GSH/Heme/H2O2, and defining the molecular details 

underlying muscarinic receptor function. 

Department of Astronomy

Thomas W. Jones, Fellow
Numerical Studies of Particles and Fluids in Astrophysics
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  These researchers continued their pioneering 
effort in the study of the acceleration and 
progagation of high energy charged particles in 
cosmic plasmas and supporting work in the 
dynamics of compressible, magnetized fluids. They 
conducted two groups of large three-dimensional 
magnetohydrodynamical simulations. The first 
simulated giant radio galaxies, powered by the 
propagation of a hypersonic plasma jet (these are 
the first three-dimensional simulations of this 
phenomenon that include the acceleration and 
transport of the energetic electrons responsible for 
the observed emission from these key astrophysical 
objects). The second three-dimensional effort 
introduced the same particle acceleration physics 
for the very first time into cosmological evolution 
simulations.

  Recent cosmological simulations revealed 
unexpectedly rich, very large and strong shock 
structures. Relativistic particles produced there may 
play a significant dynamical role in the formation 
of galaxies and their clusters. Since the researchers 
alone have the tools to model this physics and to 
examine radiant emission porperties expected from 
such structures, the simulations were expected to be 
extremely important. Each of these projects 
provided the core material for a Ph.D. thesis, in 
progress.

  In addition, these researchers also continued 
performing analogous high resolution two-
dimensional simulations of supernova remnants, 
which were then extended to three dimensions. 
Building on this work, the researchers developed 
new computational methods for treatment of 
particle acceleration at shocks, and studies of the 
evolution of those shocks.

  Another area of study was the propagation of 
magneto-centrifugally launched jets. In this work, 
simulations of the propagation of magnetized jets 
were produced. This work differed from previous 
studies in that the cross-sectional distributions of 
state variables were derived from an analytical 
model for magneto-centrifugal launching from a 
source rotator. The jets in these simulations were 
considerably more complex than the "top-hat" 
constant density profiles used in previous work. 
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Density and magnetic field stratification (with radius) found in the jet led to new behavior, including 
the separation of an inner jet core from a low density collar. The group's methodology afforded 
comparison between MGD jets from different types of sources whose properties could ultimately be 
derived from the behavior of the propagating jets.

  Winds and shocks in galaxy clusters were also analyzed by these researchers. Focusing on shock 
acceleration on an intergalactic scale, the researchers considered the possible roles of large-scale 
shocks as particle accelerators in clusters of galaxies. Recent observational and theoretical work has 
suggested that high energy charged particles may constitute a substantial pressure component in 
clusters. If true, this would alter the expected dynamical evolution of clusters and increase the 
dynamical masses consistent with hydrostatic equilibrium. Moderately strong shocks are probably 
common in clusters, through the actions of several agents. The most obvious of these agents include 
winds from galaxies undergoing intense episodes of starbursts, active galaxies, and cosmic inflows, 
such as accretion and cluster mergers. The research performed by the group was derived from 
simulations of large scale structure formation, in which, for the first time, passive components of high 
energy particles were explicitly included. Having found that shocks associated with these large-scale 
flows can lead to nonthermal particle pressures big enough to influence cluster dynamics, the 
researchers also learned that the same simulations allowed them to compute nonthermal emissions from 
the clusters. Thanks to this research, predictions of g-ray fluxes could be displayed.

  Still another area of interest for these researchers was time dependent cosmic-ray shock acceleration 
with self-consistent injection. One of the key questions to understanding the efficiency of diffusive 
shock acceleration of the cosmic rays (CRs) is the injection process from thermal particles. A self-
consistent injection model based on the interactions of the suprathermal particles with self-generated 
magneto-hydrodynamic waves has been developed recently by Malkov (1998). By adopting this 
analytic solution, a numerical treatment of the plasma-physical injection model at a strong quasi-
parallel shock was devised and incorporated into the combined gas dynamics and the CR diffusion-
convection code. In order to investigate self-consistently the injection and acceleration efficiencies, the 
researchers applied this code to the CR-modified shocks of both high and low Mach numbers (M=30 
and M=2.24) with a Bohm type diffusion model. Both simulations were carried out until the maximum 
momentum (pmax/mpc) ~1 was achieved to illustrate early evolution of a Bohm type diffusion. The 
research group found that the injection process was self-regulated in such a way that the injection rate 
reached and remained at a nearly stable value after quick initial adjustment. For both shocks, about 10-3 

of the incoming thermal particles are injected into the CRs. The weak shock has reached a steady state 
within our integration time and ~10% of the total available shock energy is transferred into the CR 
energy density. The strong shock achieved a higher acceleration efficiency of ~20% by the end of the 
simulation, but had not yet reached a steady-state. With such efficiencies, shocks do not become CR-
dominated or smoothed completely during the early stages when the particles are only mildly 
relativistic. Later, as the CR pressure becomes dominated by highly relativistic particles that situation 
should change, but it is difficult to compute, since the maximum CR momentum increases 
approximately linearly with time for this model. In the near future the researchers will extend such 
shock simulations as these to include much higher CR momenta, using an adaptive mesh refinement 
technique currently under development.

  A novel computer code was designed by these researchers to follow the evolution of cosmic-ray 
modified shocks, including the full momentum dependence of the particles for a realistic diffusion 
coefficient model. In this form the problem was technically very difficult, because one needs to cover a 
wide range of diffusive scales, beginning with those slightly larger than the physical shock thickness. 
With most finite difference schemes for Euler's equations, the numerical shock thickness is at least one 



zone across, so this provides a lower bound on the physical scale for diffusive transport computation. 
The code used here utilized sub-zone shock tracking (LeVeque and Shyue 1995) and multi-level 
adaptive mesh refinement (Berger and LeVeque 1998) to provide enhanced spatial resolution around 
shocks at modest cost compared to the coarse grid and vastly improved cost effectiveness compared to 
a uniform, highly refined grid.

  These researchers also carried out a review of basic issues in cosmic article acceleration. Cosmic-rays 
are ubiquitous, but their origins are surprisingly difficult to understand. This review presented some of 
the basic issues common to cosmic particle accelerators and arguments leading to the likely importance 
of diffusive shock acceleration as a general explanation. The basic theory of diffusive shock 
acceleration was considered, as well as some of the key issues that still prevent astronomers from a full 
understanding of its outcomes. A summary of recent insights was also developed in order help direct 
ultimate resolution of uncertainties in this area of research. 

 
Left: Volume-rendered images of the shock structure (ru) in the simulated jet flow of superheated plasma from a black 
hole. The inset shows the situation at t = 0:7, prior to breakup of the terminal Mach disk, where the background has 
not been altered out in order to make the bow shock visible. The main image shows the "shock-web complex" at t = 
4:0, for zones containing only jet-supplied material (Cj > 0:99). The small square in the lower right marks the jet 
orifice, and the orientation corresponds to the jet pointing just outside the image.

Right: Volume-rendered jet velocity magnitude (juj) at t = 4:0. The orientation is the same as in the top illustration, 
and ambient material has been filtered out (Cj > 0:99). 

Paul R. Woodward, Fellow
Computational Astrophysics



  Over the last several years, this research 
group has been involved in extensive and 
detailed studies of turbulent convection 
in stars and also of the nature of 
compressible turbulence in its own right. 
This work involved collaborations with 
the research groups of Juri Toomre at the 
University of Colorado, Boulder, and of 
Annick Pouquet at the Observatory of 
Nice. Recently, these researchers 
extended their work to include 
collaborations with the research groups 
of Bob Rosner at the University of 
Chicago, Bill Dannevik at the Lawrence 
Livermore National Laboratory (LLNL), 
and Karl-Heinz Winkler at Los Alamos. 
This research group undertook a NASA 
Grand Challenge project specifically 
centering on simulations of 
magnetoconvection and 
magnetohydrodynamical (MHD) 
turbulence using a new piecewise-
parabolic method (PPM) MHD code. 
The key to this approach was to exploit 
the extreme parallel nature of the PPM 
computation on uniform Cartesian grids 
together with this code's very high 
accuracy and very low effective 
viscosity. This approach enabled the 
researchers, using very fine grid 
resolutions of up to 8 billion grid cells, to 
reach regimes of very low effective 
viscosity, which are essentially 
unparalleled in this field. The data sets 
from these simulations, which are 
multiple terabytes in size, therefore 
contain uniquely detailed information. 
The researchers carried out simulations 
of homogeneous, compressible 
turbulence; of compressible, turbulent 
mixing of fluids at unstable multi-fluid 
interfaces; and simulations of 
compressible convection in stars. Large data sets from these simulations were analyzed and visualized 
using Laboratory for Computational Science and Engineering (LSCE) equipment, exploiting the new 
400 MB/s Fibre Channel network connection to the Supercomputing Institute. In future, these 
researchers expect to carry out tests of their newly developed out-of-core computation model, 
exploiting the new Supercomputing Institute-LCSE network connection. 
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Department of Biomedical Engineering

Victor H. Barocas, Principal Investigator
Simulation of Controlled Intraocular Drug Delivery

  The vitreous and retinaÑthe two primary components of the posterior eyeÑare particularly difficult to 
treat with pharmaceutical agents because of poor access by standard delivery techniques. Systemic 
delivery is impeded by the blood-retinal barrier, topical delivery via eyedrops is prone to washout by 
the tear film and aqueous humor, and repeated direct intraocular injection is understandably 
unattractive to many patients. As a result, controlled release systemsÑsuch as drugs entrapped in 
degradable polymers or micropumps attached to drug reservoirsÑhave emerged as an alternative. 
Determining the optimal location and delivery rate from the source is a problem that requires three-
dimensional simulation of the release, transport, and kinetics of the drug.

  This group expected to develop a preliminary model for release from a point source at a set location. 
This projected work would include techniques being developed in the lab of Dr. T. W. Olsen of the 
Department of Ophthalmology. 

  At the same time, the research group expected to work 
on two high-performance computing projects within the 
area of Computational Biomechanics. The first project 
was to deal with coupled mechanics of the Newtonial 
fluid comprising the aqueous humor, and the iris, an 
elastic solid, in the anterior portion of the eye. Having 
previously developed a two-dimensional simulation of 
this system that can play an important role in certain 
forms of glaucoma, the researchers looked forward to 
extending their model to three dimensions. While they 
would focus on two specific, three-dimensional 
problemsÑchanges to the aqueous humor flow field 
when a hole is burnt into the iris by a laser and coupled 
heat and momentum transfer in the aqueous humor due 
to evaporative cooling of the corneaÑthe research group 
also would seek a novel macroscopic-microscopic finite 
element approach to the modeling of fibrillar tissues. 
This approach, although computationally intensive, 
should offer the potential to provide much more insight 
into the mechanical behavior of tissues and tissue 
equivalents, as formed by cells entrapped in a 
reconstituted biogel. Having demonstrated the 
effectiveness of their approach on a test problem using 
workstations, the researchers looked forward to studying real systems, and to performing their work 
using much greater mesh refinement in three dimensions. 

David J. Odde, Principal Investigator
Computational Modeling of Microtubule Lattice Structure
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  Microtubules are linear filaments of the cytoskeleton, an array of self-assembled protein structures 
inside the cells of higher organisms including humans. They self-assemble from the protein tubulin in a 
nonequilibrium process called "dynamic instability" whereby individual microtubules switch 
stochastically between alternating states of assembly and disassembly. Dynamic instability is important 
for many cellular processes including cell division since some of the more effective cancer drugs (e.g., 
taxol and vinblastine) specifically interfere with microtubule assembly and disassembly during mitosis. 
In addition, various molecules (including taxol) can modulate the flexural rigidity of microtubules, 
indicating a relationship between microtubule assembly and microtubule mechanical properties.

  To better understand this relationship, this research group worked to develop a mathematical model 
for tubulin-tubulin interactions to be used to predict mechanical and chemical properties of 
microtubules. In addition, they developed a model for intermolecular potentials based on literature 
values for binding/unbinding kinetics of tubulin and on lattice structures observed by electron 
microscopy. An initial model was developed and implemented that adjusts the relative orientations of 
tubulins with respect to each other, in an attempt to minimize the total energy stored in the lattice as 
intermolecular interactions. 

  The project was built on computational 
approaches to microtubule dynamics-the model has 
been extrapolated to other self-assembling 
biomolecular systems (e.g., actin and collagen) to 
predict their mechanical propeties and structure by 
specifying only the intermolecular potentials of the 
monomers as a function of the nucleotide and/or 
postranslational modification state. In addition, 
considering the wide interest in relating the model 
to the recently determined crystal structure of 
tubulin, new collaborations were cultivated with 
University researchers with an interest in molecular dynamics simulations of protein-protein 
interactions. 

Department of Chemical Engineering and Materials Science

Robert W. Carr, Associate Fellow
Atmospheric Chemistry of the Chlorine-Containing Organic Compounds

  Supercomputing Institute resources were used to complement experimental research on atmospheric 
chemistry of CFCl2CH2O, CF3CFHO, and CH3O radicals and on GaN chemical vapor deposition. By 

performing ab initio calculations on reactions of NO and O2 with CFCl2CH2O, CF3CFHO, and CH3O 

radicals, the researchers predicted optimized geometries, vibrational frequencies, and total energies of 
re-actants, products, and transition states for Rice-Ramsperger-Kassel-Marcus (RRKM) calculations. 
Comparisons were made between the computations and experimental results. Comparison of the 
estimated and experimental rate coefficients permitted the development of rate coefficient models that 
are accurate over the entire range of atmospheric conditions, which is much wider than the range of 
conditions accessible by the set experimental methods.

  A second research project focused on the homogeneous gas-phase reactions that occur during 
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chemical vapor deposition (CVD) of GaN from NH3 and trimethylgallium (TMG). Both experimental 

and theoretical studies are necessary to develop a physically based detailed CVD reactor model for 
GaN deposition.

  These researchers carried out a series of experiments to measure the equilibrium constant for the 
formation of Lewis acid-base pair between TMG and ammonia. An extensive set of ab initio and 
Density Function Theory calculations was performed on the Supercomputing Institute's IBM SP 
supercomputer at different levels of theory using a variety of basis sets. The best theoretical estimation 
for the reaction enthalpy, -15.6 kcal/mol, is in excellent agreement with experimental results (-15.2 ± 
1.5 kcal/mol). 

  In the second part of this project, the researchers 
used pulsed laser powered homogenous pyrolysis 
to accurately determine the rate coefficients for 
elementary gas-phase reactions in NH3TMG 

system. Using the IBM SP to obtain 
thermodynamic data for reactions of the atomic and 
free radical fragments formed from TMG pyrolysis, 
the researchers then used this data to develop a 
detailed chemical kinetics mechanism for GaN deposition. To this end, the researchers utilized the 
chemkin program, available on the SGI Origin 2000. 

James R. Chelikowsky, Fellow
High Performance Algorithms for Electronic Materials
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  Investigation of electronic materials by this group 
continued in 2000. The materials considered 
include dielectrics-such as silica-and 
semiconductors-such as silicon, germanium, 
gallium arsenide, and cadmium telluride. A major 
part of this program sought to develop and 
implement new and novel algorithms for examining 
the electronic and structural properties of complex 
systems. In previous work, the group developed 
algorithms based on higher-order finite difference 
methods and ab initio pseudopotentials for 
predicting the structural properties of localized 
systems such as clusters, quantum dots, and point 
defects.

  The research group developed algorithms and 
efficient codes for time dependent density 
functional methods. These methods can be used to 
predict the optical properties of localized 
condensed matter systems such as clusters and 
quantum dots.

  The group investigated electronic and structural 
properties of the As vacancy on the (110) surface of 
GaAs. They found that relaxed atomic structure 
reveals an inward relaxation of the neighboring 
surface Ga atoms regardless of the vacancy charge 
state. The stable charge state is determined to be 
(+1) in p-type material from the formation energies. 
Three vacancy states were identified, two of which 
were located within the band gap. The character of 
the vacancy wavefunctions was described in detail 
and discussed in connection with the charge-state 
dependent relaxation. Despite the inward relaxation 
of surface Ga neighbors, the theoretical scanning 
tunneling microscopy topography shows enhanced 
tunneling into these sites, which is in agreement 
with existing experiments. The origin of this 
apparent contradiction is attributed to the nature of 
the wavefunction for one of the unoccupied 
vacancy states.

  Similarly, oxygen configurations in silica were 
examined by the group, with the result that a new 
transition state for oxygen in silica was proposed. 
This state was produced by the insertion of an 
oxygen molecule into the Si-O-Si bond (i.e., it 
consists of producing a Si-O-O-O-Si bond). This 
state allowed molecular oxygen diffusion in silica 
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without breaking the molecular O2 bond and it is energetically more stable than a peroxy configuration. 

This configuration may allow for exchange of molecular oxygen with the oxygen in the silica 
framework.

  Another area of research, concerning the evidence of a re-entrant Peirerls distortion in liquid GeTe, 
was studied from the point of view of the local atomic order of semiconducting liquid GeTe, using first-
principles molecular-dynamics simulations. This work pointed out a high degree of alternating 
chemical order in the liquid and demonstrates the presence of a Peierls distortion close above the 
melting temperature. This distortion, absent in the high temperature crystalline structure of NACl type, 
is a remnant of the atomic arrangement in the A7 low temperature crystalline phase. It disappears 
slowly with temperature, as the liquid evolves from a semiconducting to a metallic state.

  Spectroscopic evidence for the tricapped trigonal prism structure of semiconductor clusters served as 
yet another topic of study, wherein the researchers interpreted photoelectron spectra (PES) for silicon 
cluster anions with up to 20 atoms. Spectra for an extensive set of low-energy Sin- isomers found by a 
global search have been simulated using density functional theory and pseudo-potentials. Except for 
n=12, calculations for Sin- ground states agree with the measurements. This did not hold for other 
plausible geometries. Hence PES data validated the tricapped trigonal prism morphologies for medium-
sized Si clusters. 

Robert Cook, Principal Investigator
Slitting of Coated Webs

  Many coated products are formed by first coating 
a wide (but thin) web or film and then slitting, 
cutting, or punching the web to yield a narrow tape 
or other shape much smaller than the orginal. 
Examples include: thin polymer films coated with 
magnetic materials that are slit to form magnetic 
recording tape; thin polymer films coated with 
optically-sensitive emulsions that are slit and punched to form photographic film; paper multi-layer 
structures that are slit, cut, and punched to form adhesive labels; and metal-coated polymer-ceramic 
composite sheets cut and punched to form multilayer chip capacitors or semiconductor substrates. A 
general problem of the slitting process associated with these coated products is maintaining or 
achieving a defect-free cut edge. Such edges are crucial for yielding products that maximize the useful 
surface area of the slit component.

  This group's work focused on the investigation of the slitting process so as to generate materials and 
process guidelines that optimize the edge quality of tapes formed by slitting. The investigation took 
place in collaboration with Imation, as part of the University of Minnesota Industrial Partnership for 
Research on Interfacial and Materials Engineering (prime) who have appointed an Industrial Fellow to 
work on this project and who will implement several ABAQUS finite element models. The models 
included those for "slitting" (two- and three-dimensional) with different cutting mechanisms (e.g., 
mode-III fracture, plastic flow), a mode-III fracture model to simulate the crack in the magnetic 
supported layer, and a plane-strain mode-II "sliding" fracture model to study delamination.
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  Explicit quasi-static analysis was performed ABAQUS for some of the proposed "slitting" models. 
Elastic and viscoelastic material laws were used in these models. The project also included testing of 
the different mechanical, fracture, and ad-hesive properties of the films which were studied; ABAQUS 
finite element models were used to complement the experimental work. 

H. Ted Davis, Fellow
Fluid Physics for Technologies

  Research on the fluid physics and associated phenomena underlying current and future process 
technologies using Supercomputing Institute resources. A concomitant to this research was the 
development of efficient computational mathematics and numerical methods for the problems and 
machines at hand. The problems are typically nonlinear and multidimensional, often involving coupled 
partial differential and integral equations, and also frequently have time dependence. The mathematical 
methods principally employed are the following: (i) those of subdomains adaptive sub-domaining, and 
finite element basis functions, (ii) isoparametric mapping into a computational domain (iii) Newton 
iteration with continuation, (iv) vectorized calculation of the coefficients of basis functions, (adaptive 
time-stepping and iterative diagonalization of large Hermitian matrices. Usually the structure of the 
solution space-folds, bifurcations, etc.-that is, the number of solutions and their stability-is much more 
important than individual solutions. Most of the problems are not excessively large but have to be 
solved many times to map solution space. Transient behavior is often important and typically multiplies 
by two orders of magnitude the number of times the basic problem must be solved. The problems are 
usually highly vectorizable. 
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Jeffrey J. Derby, Fellow
Materials Processing Fundamentals

  Large-scale numerical modeling is employed to study several materials processing systems. On the 
continuum level, these systems are characterized by nonlinear interactions between field and inter-
facial phenomena. These phenomena-specifically, the transport of momentum, heat, and mass and 
effects of solidification and capillarity-are analyzed via finite element computations.

  On the atomistic level, this research group performed ab initio simulations (in collaboration with 
Professor James Chelikowsky, CEMS) to study phenomena that affect the microscopic properties of 
materials. Specific research areas included the modeling of the growth of several crystalline materials, 
ceramics sintering systems, the microwave heating of food, and polymer fluid mechanics.

  Several topics were addressed specifically during the research period herein described. For example, 
sup-pressing convection in Bridgman crystal growth, with an emphasis on the effects of microgravity, 
magnetic fields, and crucible rotation, has been performed using numerical modeling. In this way, the 
effectiveness of several strategies for mitigating the deleterious effects of buoyancy-driven convection 
in Bridgman crystal growth can be evaluated. Models are based on finite element methods that utilize 
both serial and parallel computational techniques to compute two- and three-dimensional, transient 
fluid flow and mass transfer.

  In another study, transient polymeric drop extension and retraction in uniaxial extensional flows were 
considered. Results were obtained by researchers from modeling the deformation of a viscoelastic drop 



suspended in another viscoelastic fluid subjected to uniaxial extensional flow using the DEVSSG-
FEM. Viscoelasticity was implemented using the Oldroyd-B constitutive relation for both the drop and 
surrounding matrix fluids. To allow efficient solution of the discretized problem, the researchers 
employed an implicit temporal integration scheme with an accelerated quasi-Newton method. 
Important nonlinear viscoelastic effects for both drop deformation during extensional flow and drop 
retraction following cessation of flow were elucidated. Viscoelastic drops in a Newtonian matrix 
lengthen less at steady state extension than Newtonian drops because of the accommodation of stress 
by elasticity. However, the stored elastic effects cause 
rapid tip retraction during the recovery of polymeric 
drops. Drops stretched in a viscoelastic exterior flow 
were enhanced in length compared to those in a 
Newtonian matrix because of first normal stresses from 
the matrix. During recovery, drops in a viscoelastic 
matrix were found to exhibit significant lengthening 
upon cessation of extensional flows, causing additional 
strain before retraction. This behavior is strongly 
dependent on the details of the exterior flow. 

  Still another focus of interest for these researchers was 
in three-dimensional computations of transport and 
growth for crystal growth systems. Here, the researchers 
described three-dimensional computations of fluid 
dynamics and transport for several crystal growth 
systems. Examples of how large-scale numerical 
simulations have been used to gain insight to the 
workings of several processes were presented, 
specifically the melt growth of oxide crystals by the 
Czochralski process and the solution growth of 
nonlinear optical crystals. These systems are 
characterized by nonlinear interactions between field 
and interfacial phenomena-the transport of momentum, 
heat, and mass coupled with solidification kinetics. 
Modern finite element methods show great promise to 
provide the understanding needed to optimize these 
processes.

  The researchers also performed axisymmetric, time-
dependent simulations of the high-pressure vertical 
Bridgman growth of large-diameter cadmium zinc 
telluride. These simulations were performed to study the 
effect of accelerated crucible rotation (ACRT) on crystal 
growth dynamics. The model includes details of heat 
transfer, melt convection, solid-liquid interface shape, 
and dilute zinc segregation. Application of ACRT greatly 
improves mixing in the melt, but causes an overall 
increased deflection of the solid-liquid interface. The 
flow exhibits a Taylor-Görtler instability at the crucible 
side wall, which further enhances melt mixing.
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  Relatedly, modeling and dynamical analysis of the vertical Bridgman process for the growth of single 
crystals were performed during this period. Using this research to discern complex dynamics within the 
vertical Bridgman crystal growth process, the researchers also developed a distributed parameter model 
comprised of balance equations for energy, mass, and momentum transport. The Galerkin finite 
element method was employed for the numerical solution of the model equations. Numerical 
simulations of the system revealed that, as the crystal is grown, the melt evolves from a nearly chaotic 
to a time-dependent to a laminar regime. The key process variable here is the Rayleigh number, a 
dimensionless measure of flow intensity that bears a fourth order dependence on melt height. The 
discovery of these rich dynamics in the vertical Bridgman model presents exciting new challenges with 
respect to materials processing, nonlinear dynamics, and control. 

William W. Gerberich, Associate Fellow
Modeling of Micro- and Nanoindentation of
Solidified/Solidifying Polymeric Coatings

  This research aimed at developing an efficient 
model for micro- and nano-indentation of 
solidified/solidifying polymeric coatings and to 
probe mechanical properties of polymers with both 
nanoindentation technique and the model. In the 
previous stage of this research, two- and three-
dimensional explicit finite difference models of 
elasto-plastic micro- and nanoindention and 
microscratch with large deformation were 
developed and run successfully on the Crays. 
  Most recently, this research was extended to the 
modeling of micro- and nanoindentation of 
viscoelastic polymers using specially developed 
code on SGI Origin 2000 and IBM SP. The model 
was applied to relaxation and creep responses in 
viscoelastic nanoindentation. Three kinds of 
indenters are of interest to these researchers: strip, 
flat-ended cylindrical, and spherical. It was 
expected that the model would consider both 
compressible and incompressible polymeric 
coatings, and that this model would assist in applying nanoindentation technique to data acquisition of 
viscoelastic materials more efficiently. 

Wei-Shou Hu, Associate Fellow
Study of Hepatocyte Spheroid Formation

  The study of tissue formation in vitro requires the use of noninvasive tools. To that end, these 
researchers used confocal microscopy in conjunction with image analysis to observe the mechanical 
behavior of hepatocytes during their self-assembly in round aggregates or spher-oids and to probe their 
functions within these three-dimensional structures. The out-of-focus informationÑas well as the 
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electronic noise introduced during image acquisitionÑcan result in artifacts and impede further data 
analysis and volume reconstruction. Subsequently, the processed images were transferred for three-
dimensional reconstruction to the SGI workstations in the Basic Sciences Computing Laboratory 
(BSCL).

  In this work, the group developed an assay, which requires the use of confocal microscopy and image 
analysis, for in situ assessment of CYP2B1/2 activity in three-dimensional tissue-like structures of 
primary hepatocytes. The images taken at different time points and the subsequent reconstruction 
revealed the spatiotemporal bioactivity of hepatocytes in the aggregate. The visualization of cellular 
and subcellular activities during the formation of tissue-like structures is crucial in elucidating aspects 
of the mechanisms that cells employ during these phenomena. Better understanding of these 
phenomena has a great impact in tissue engineering and drug screening applications.

  A second area of research concerned plant regeneration via somatic embro-genesis. This represents a 
major step towards the large-scale production of genetically modified plants. As a complement to the 
groupÕs experimental program on carrot and Douglas-Fir embryos, the researchers studied the 
dynamics of growth and development by computer simulations of a mechano-chemical model.

  Having shown that the model can represent the general trends of morphological change, the group 
continued its work studying embryo interactions. An image acquisition and processing system was 
developed to capture embryo images and generate a corresponding set of Fourier and size features. 
Classification of the multivariate data thus generated was carried out by statistical analysis, using linear 
and quadratic discriminant analysis. 

  The group also performed a mech-anistic study of 
hepatocyte spheroid formation. Hepatocyte spheroid self-
assembly has a significant impact in hepatic tissue 
engineering. Due to the prolonged cell viability and high 
liver-specific functions, these hepatic cell aggregates have 
numerous applications ranging from drug screening studies to 
implantation and utilization in bioartificial liver devices. 
However, the self-assembly mechanism is not yet fully 
understood. In addition, the factors that affect the level and 
spatial distribution of cellular functions within these 
aggregates are still unknown. In order to address these issues, 
non-invasive techniques such as confocal microscopy were 
implemented by these researchers. However, due to the 
presence of out-of-focus information in confocal 
micrographs, real-time analysis, and three-dimensional reconstruction remains difficult. The 
application of parallel deconvolution techniques allows dealing effectively with these problems. The 
researchers used parallel deconvolution algorithms to analyze and better understand the mechanism of 
tissue-like structure formation and function. 

Chris W. Macosko, Associate Fellow
Modeling Area Generation in Polymer Blending

  Recent experimental work has revealed that viscoelastic drops suspended in another viscoelastic 
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medium tend to flatten considerably when exposed to shear flow. This mode of area generation holds 
potential as a means for more easily creating polymer barrier materials, among other possible 
applications. An exploration of this phenomenon, from a fluid dynamics approach by solving the 
governing transport equations using the Finite Element Method (FEM), was the next step in this 
group's research trajectory.

  The key features and challenges of the problem included the following: full three-dimensionality, two-
phases, one or both phases being viscoelastic, time-dependent flow, and the drop shape defined by a 
moving boundary. While FEM is ideally suited to such a problem, difficulties arise in choosing or 
developing a numerically stable variation of FEM, which allows for large departures from Newtonian 
fluid behavior. In addition, the three-dimensional aspect of the problem requires special attention to 
deal with problem size and computation time. 

  A study produced by these researchers 
served to highlight this focus. The first, 
concerned with modeling multiphase flows 
using a novel three-dimensional adaptive 
remeshing algorithm, presented a novel three-
dimensional adaptive meshing algorithm, 
which was then applied to finite-element 
simulations of multiphase fluid flows. A three-
dimensional domain enclosing another phase 
was discretized by an unstructured mesh of 
tetrahedra constructed from a triangulated 
surface of the phase boundaries. Complete 
remeshing was then performed after each time 
step. The boundary mesh was reconstructed 
using an existing algorithm employing 
element addition/subtraction edge swapping; 
this was based on Delaunay triangulation and 
spring-like dynamical relaxation. The volume 
mesh was then generated from the boundary 
using the commercial software hypermesh. 
The resulting adaptive discretization 
maintained resolution of prescribed local 
length scales. In particular, this method 
utilized finite-element simulations of deformable drops subjected to simple shear under Stokes flow 
conditions. Steady drop shapes in agreement with experimental data, as well as the evolution of slender 
fluid filaments characteristic of drop breakup, were accurately described in this research. 

Alon McCormick, Fellow
Modeling of Three-Dimensional Linear Viscoelasticity; Molecular Scale Chemical Reaction
Engineering of Materials Synthesis; Visualization of Sorbates in Zeolite Pores

  The microscopic network of a linear viscoelastic material is mechanically equivalent to a network of 
linear viscous and elastic elements. The space occupied by a homogeneous viscoelastic material can be 
subdivided into rectangular parallelopipeds of equal dimensions such that the microscopic structure 
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within and passing through the surface of each parallelopiped is identical. Using the force-extension 
relationships for the different elements, the stresses developed in such a network under strain can be 
estimated. These researchers were interested in studying curing systems. In such systems, the 
properties-modulus and viscosityÑof the elements change as the curing proceeds. Graphics and 
visualization software are used to understand how the gradients in cure translate into gradients in 
stresses in the network. The researchers also tried to study the volume relaxation and changing 
mechanical properties in curing systems. By using appropriate constitutive relationships, these changes 
were modeled to predict the stress development in curing coatings. 

  Thirdly, these researchers performed 
molecular simulations, which were a potent 
tool in studying the behavior of molecules in 
nano-confined spaces-for example, in small 
and medium pore zeolites. They were used to 
study mobility of the molecules, their 
adsorption dynamics and separations based on 
the behavior mentioned above-all of which 
may be very different from what one would 
expect from their bulk properties. In the past, 
simple spherical molecules or those that could 
be approximated reasonably as spheres were 
studied. The researchers began their work 
with an observation of aromatics-a set of 
molecules with complex geometry, as well as 
their packing behavior, mobility, and 
adsorption dynamics-using Molecular 
Dynamics and Monte Carlo simulations. 
Using simulations of adsorption of shaped 
molecules in zeolite pores of different types, 
they identified certain principles of shape 
selectivity. The next step in this research 
called for a study of how shaped molecules 
diffuse differently in zeolite pores. The 
researchers planned to use the results of their 
studies to develop separation techniques for these compounds-a very important and economically 
driven need for the petroleum and petrochemical industry. From these studies, the researchers expected 
to put forward a technique for economical, good separation of very similar compounds-something 
demanded by the pharmaceutical and specialty chemicals industries. 

David C. Morse, Principal Investigator
Computational Polymer Physics
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  The program of research performed by these 
researchers comprised computational polymer physics, 
which focuses on elucidating molecular origins of both 
equilibrium and dynamics behavior of polymer fluids. 
Research was conducted in two areas: 

1. statistical dynamics and vascoelastic behavior of 
solutions of semi-flexible polymers, studied by 
Brownian dynamics simulation, and

2. statistical thermodynamics of self-assembling 
structures of block copolymers, studied by a self 
consistent field theory. 

  In application of this research program, the group 
studied the linear viscoelasticity of dilute solutions of 
semiflexible polymers, by means of Brownian dynamics 
simulation and theoretically. The shear relaxation 
modulus G(t) for chains that are shorter than their 
persistence length exhibits three time regimes: at very 
early times, when longitudinal deformation is affine, 
G(t) and the tension both decay; over a broad 
intermediate regime, during which the chain length relaxes, G(t) decays as t-5/4; at long times, G(t) is 
similar to that of rigid rods. L. E. Scriven, Fellow

Physics of Fluids in Processing Technologies
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  These researchers performed pioneering research into 
computational aspects of continuum and network 
theories of fluid physics and transport in film and in 
porous media structures.

  This research formed a part of two coordinated 
research programs on the fundamentals of liquid 
structure, flow, and transport in commercially important 
process technologies, such as precision coating, drying 
and curing of liquid films, injection molding, and 
multiphase contacting in packed beds. The problems are 
typically multidimensional and frequently time-
dependent, resulting in systems of coupled partial 
differential equations which are solved using finite 
element techniques with Newton iteration and 
parametric continuation for mapping of the solution 
space. The stability of these solutionsÑwhich leads to 
eigenanalysisÑas well as their response to small 
sinusoidally forced disturbances is also important. To 
obtain comprehensive results, the basic problem must be 
solved many times, this demands the speeds offered by 
high-end workstations or massive parallelization 
capabilities of the same. For the majority of the 
problems solved, the size is 5,000Ð15,000 unknowns 
per single steady state solution, though very large two-
dimensional and three-dimensional problems are 
occasionally needed.

  These researchers considered problems such as the 
development of a computational approach to predicting 
the experimentally observed blade wear rate caused by 
particle impact in suspension coatings. The primary goal 
of this study was to model theoretically the wear of 
doctor blades and examine the hypothesis that the blades 
wear into the steady-state wear profile. The approach 
taken differs from traditional formulations, in that it 
treats the wear as an erosion problem rather than 
abrasion, thus explaining in particular the wear around 
the heel. This approach relies on computer experiments 
with impacting particles rather than empirical relations 
between wear rates and average fluid velocity. The 
results from both the theoretical calculations as well as 
the experiments were the primary focus of the 
researchers. The liquid in the coating suspension was 
treated either as a Newtonian or as shear thinning, using 
a Carreau type equation to describe the latter. 
Differences in the flow field behavior were explored. To 
validate the calculations, blade samples from both a pilot 
and an off-machine coater were collected at a variety of 
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time intervals. The blade samplesÑincluding 
tips with such different materials as steel, 
ceramic, and elastomericÑaided not only in 
the establishment of the wear rates and 
confirmation of the steady wear hypothesis, 
but also in the identification of the drastically 
different wear patterns. 

L. E. Scriven, Fellow
Physics of Fluids in Processing Technologies

  These researchers performed pioneering 
research into computational aspects of 
continuum and network theories of fluid 
physics and transport in film and in porous 
media structures.

  This research formed a part of two 
coordinated research programs on the 
fundamentals of liquid structure, flow, and 
transport in commercially important process 
technologies, such as precision coating, drying 
and curing of liquid films, injection molding, 
and multiphase contacting in packed beds. 
The problems are typically multidimensional 
and frequently time-dependent, resulting in 
systems of coupled partial differential 
equations which are solved using finite 
element techniques with Newton iteration and 
parametric continuation for mapping of the 
solution space. The stability of these 
solutions-which leads to eigenanalysis-as well 
as their response to small sinusoidally forced 
disturbances is also important. To obtain 
comprehensive results, the basic problem 
must be solved many times, this demands the 
speeds offered by high-end workstations or 
massive parallelization capabilities of the 
same. For the majority of the problems solved, 
the size is 5,000-15,000 unknowns per single 
steady state solution, though very large two-
dimensional and three-dimensional problems 
are occasionally needed.

  These researchers considered problems such 
as the development of a computational 
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approach to predicting the experimentally observed blade wear rate caused by particle impact in 
suspension coatings. The primary goal of this study was to model theoretically the wear of doctor 
blades and examine the hypothesis that the blades wear into the steady-state wear profile. The approach 
taken differs from traditional formulations, in that it treats the wear as an erosion problem rather than 
abrasion, thus explaining in particular the wear around the heel. This approach relies on computer 
experiments with impacting particles rather than empirical relations between wear rates and average 
fluid velocity. The results from both the theoretical calculations as well as the experiments were the 
primary focus of the researchers. The liquid in the coating suspension was treated either as a Newtonian 
or as shear thinning, using a Carreau type equation to describe the latter. Differences in the flow field 
behavior were explored. To validate the calculations, blade samples from both a pilot and an off-
machine coater were collected at a variety of time intervals. The blade samplesÑincluding tips with 
such different materials as steel, ceramic, and elastomericÑaided not only in the establishment of the 
wear rates and confirmation of the steady wear hypothesis, but also in the identification of the 
drastically different wear patterns. 

Robert Tranquillo, Associate Fellow
Finite Element Analysis of Traumatic Brain Injury; Rational Design of Magnetically Aligned
Collagen Nerve Conduits and Delivery of Neurotrophins in Peripheral Nerve Regeneration

  Supercomputing resources were used to conduct two different projects by these researchers.

  The first was a three-dimensional finite element analysis of traumatic brain injury in the rat. The 
objectives of this research were to:

1. characterize the intracerebral bio-mechanical response of the brain to the applied 
traumatic loading conditions; and

2. identify parameters and values that define blood-brain barrier injury threshold criteria. 

  A novel experimental injury model that induces cerebral contusions of programmable severity has 
been developed and used to determine the dependence of blood-brain barrier injury-a hallmark feature 
of contusions-on the magnitude and rate of the applied loading conditions.

  To achieve the goals listed above, the researchers executed a finite element model at the loading 
conditions used in the complementary experiments, then compared the predicted intracerebral response 
to injury maps of blood-brain barrier damage on an element-wise basis using a logit analysis. The FEM 
is based on the three-dimensional geometry of the rat brain and skull and is executed with 
abaqus/Explicit, a commercial FEA package that employs a time integration algorithm which is ideal 
for modeling large deformation problems that include frictional contact. Based on the experimental 
data, the researchers hypothesized that traumatic, mechanical injury to the blood-brain barrier is a 
strain-dependent, rather than stress-dependent event. Understanding the mechanical tolerance of brain 
tissue will lead to improved safety standards and equipment, and will help define appropriate loading 
conditions for future experimental in vivo and vitro injury models.

  These researchers focused on a second problem, that of implantable conduits to bridge gaps in nerve 
transection injuries; these offer a variety of cues to the regenerating nerve. A functional trophic cue is 
the presence of neurotrophins in the conduit lumen. Since conduits with semipermeable walls have 



been shown to be superior to those with impermeable walls, an interesting problem of neurotrophin 
retention develops. Nerve growth factor (NGF) present in the lumen will have a tendency to diffuse out 
of the conduit. It is important to establish a model to predict what rate of NGF delivery to the lumen 
interior is necessary to sustain NGF levels at biologically active concentrations. Current forms of NGF 
delivery include: 

1. an initial bolus dosage,

2. controlled release from manufactured microspheres, and

3. release from Schwann cells, or from fibroblasts transfected to produce NGF. 

  An analytical solution for the diffusion equation in a 
membrane-less cylinder with an internal source of NGF was 
determined, and a finite-element model for a cylinder with a 
membrane was then established. Both models allow for the 
determination of the requisite tare of NGF production by the 
source in order to maintain biologically relevant 
concentrations. This allows for prediction of the microsphere 
of cell loading necessary to provide trophic support to the 
nerve throughout the regenerative process. 

Renata M. Wentzcovitch, Associate Fellow
First Principles Simulations of Materials Under Pressure; Ab Initio
Study of Magnetic Oxides Heterostructures

  This group's research dealt with the development 
and application of first principles electronic 
structure methods, emphasizing the study of solids 
at high pressures and temperatures. It is very 
difficult to create high pressure and temperature 
conditions in controlled laboratory experiments; 
however, reliable and predictive simulations are 
possible using first principles constant pressure 
molecular dynamics and high performance 
computing. Simulations of solids at high pressures 
are of extraordinary importance to earth science, 
since such simulations predict the structural and 
elastic properties of earth forming materials. Their 
knowledge is required to provide a consistent basis 
for a discussion of the chemistry and physics of the 
earth's interior.

  From a fundamental point of view, high presssure 
studies can extend scientific understanding of 
atomic bonding. Examples of other problems of 
interest in the Wentzcovitch group included press-

  

Research Group

Ben Rosner, Research 
Associate

David Schreiber, Research 
Associate 

  

Research Group

Stefano Baroni, International School 
for Advanced Studies (SISSA), 
Trieste, Italy

Alexander Dobin, Graduate Student 
Researcher

Stefano de Gironcoli, International 
School for Advanced Studies 
(SISSA), Trieste, Italy

Bijaya Bahadur Karki, 
Supercomputing Institute Reseach 
Scholar

Christopher Perrey, Graduate Student 
Researcher 



induced amorphization, superhard carbon nitrides, magnetic oxides, silica, alumina, earth silicates, and 
alumino-silicates. 

Department of Chemistry and Chemical Physics Program

George Barany, Principal Investigator
Design and Characterization of Biomolecules:
From Protein Core Modules to Cyclic PNA

  These researchers studied the engineering of 
stable, folded, and functional biomolecules, and 
were particularly interested in the design, synthesis, 
and characterization of protein core modules and 
cyclic PNA.

  In globular proteins, core motifs can be identified 
and their elements combined in suitable peptides to 
construct native-like modules. The designed 
peptides consist of core elements from BPTI and/or 
GB1 linked by natural or designed sequences, and 
they contain a strategically placed crosslink to limit 
conformational space to more collapsed 
conformations. The studies carried out by these 
researchers exemplified new appoaches to the 
protein folding problem.

  Cyclic PNAs are promising candidates for 
generating nanotubular structures. Such 
nanotubular reagents can be useful as new 
catalysts, wire conductors, or drug transport systems. Cyclic PNAs were designed by means of 
molecular modeling studies that assess the viability of cyclization, as well as the molecular recognition 
mechanism between cyclic units.

  Design and characterization studies in this field are computationally intensive. Fortunately, useful 
software was available for use by the researchers. Once the designed molecules are synthesized, they 
are the subject of nuclear magnetic resonance (NMR) spectroscopic studies, from which structural 
features can be calculated. 

Christopher J. Cramer, Fellow
Computational Chemistry
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  These researchers are involved in a 
wide variety of modeling studies. In the 
first of these they addressed the atomic 
mutagenesis of transfer RNA (tRNA) 
tetraloop analogs. These can be used to 
better understand the properties of 
charging RNA with appropriate amino 
acid. Mutagenesis of a tRNAAla tetraloop 
analog structure (solved by NMR, 
Varani) to C1:G70 has been shown does 
not charge the RNA with alanine. The 
dynamic behavior of the wild type and 
the mutant in simulations were compared 
to better understand their different 
biological activity. These simulations 
included the full environment (water, 
counterions, etc.), taking advantage of 
recently developed simulation 
technology (parallel simulation code, 
Particle Mesh Ewald accounting for 
long-range electrostatics, etc.).

  Work in the development and 
application of computational chemistry 
was also performed for the purposes of 
investigating phenomena of biological 
and environmental interest.

  This project served to combine both 
ongoing research and new projects that 
was developed during this time period. 
Focus areas include (i) predicting the 
dynamical properties of RNA tetraloops, 
(ii) including solvation effects in 
quantum chemical calculations, (iii) 
calculation of accurate multiple splittings 
in open-shell systems, (iv) understanding 
the structure and reactivity of 
phosphorus-containing molecules, (v) 
characterization of organometallic 
systems with respect to structure and 
reactivity.

  The group developed a number of new 
studies in this research period. Among 
them was a method of quantum chemical 
characterization of cycloaddition 
reactions between 1,3-butadiene and 
oxyallyl cations of varying 
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electrophilicity. Hydroxyallyl cation and lithium and sodium oxyallyl cations were predicted to react 
with 1,3-butadiene both in a stepwise fashion and via concerted [4 + 3] cycloaddition with so-called 
extended stereochemistry. With hydroxyallyl cation, the stepwise process is preferred and subsequent 
second bond closures generate products equivalent to those that would arise from concerted [4 + 3] or 
[3 + 2] cycloadditions. For lithium and sodium oxyallyl cations, concerted, asynchronous processes 
were predicted to be preferred over stepwise processes, with [3 + 2] cycloaddition to generate a 3H-
dihydrofuran followed by Claisen rearrangement of that intermediate being the lowest energy pathway 
for formation of a seven-membered ring. In the case of uncharged 2-oxyallyl, only transition state 
structures for concerted cycloadditions appeared to exist. The researchers inferred that for [4 + 3] 
cycloadditions, concerted pathways are preferred over stepwise pathways provided that the separation 
between the electrophilicity of the allyl component and the electrofugacity of the 4p component is not 
too large. The Hammond postulate was shown to rationalize variations in free energies of activation for 
different processes as a function of allyl electrophilicity. Factors influencing the stereochemical 
outcome of different cycloadditions were discussed. 

  A further area of study by these researchers concerned perspective sugar anomerism. This work 
presented the first conformational analysis of the anomeric effect within the context of molecular 
orbital theory, discussed the utility of Fourier decomposition of a torsional co-ordinate as a method for 
analyzing disparate electronic influences on that coordinate, and helped settle debate on the nature of 
anomeric stabilization.

  In another study, the researchers demonstrated the feasibility of computational electrochemistry, 
specifically the calculation of the aqueous one-electron oxidation potentials of substituted anilines. 
Here, the emphasis was on semiempirical molecular orbital theory and density functional theory as 
used to compute one-electron oxidation potentials for aniline and a set of 21 mono- and di-substituted 
anilines in aqueous solution. Linear relationships between theoretical predictions and experiment were 
constructed, providing mean unsigned errors as low as 0.02 V over a training set of 13 anilines; the 
error rises to 0.09 V over a test set of eight additional anilines. A good correlation was also found 
between oxidation potential and a simple computed property, namely the energy of the highest 
occupied molecular orbital for neutral anilines in aqueous solution. For the particular case of the 
substituted anilines, a strong correlation between oxidation potential and pKa was found, in conjunction 

with a still stronger cor-relation between oxidation potential and physical organic descriptors for 
aromatic substituents, albeit over a reduced data set.

  Another project involved the prediction of soil sorption coefficients using a universal solvation model. 
Here, using a database of 440 molecules, the researchers developed a set of effective solvent 
descriptors that characterize the organic carbon component of soil and thereby allow quantum 
mechanical SM5 universal solvation models to be applied to partitioning of solutes between soil and 
air. Combining this set of effective solvent descriptors with solute atomic surface tension parameters 
already developed for water/air and organic solvent/air partitioning allows one to predict the 
partitioning of any solutes composed of H, C, N, O, F, P, S, Cl, Br, and I between soil and water. The 
researchers also presented linear correlations of soil/water partitioning with 1-octanol/ water partition 
coefficients using the same database. The quantum mechanical calculations have the advantages that 
they require no experimental input and should be robust for a wide range of solute functionality. The 
quantitative effective solvent descriptors can be used for a better understanding (than with previously 
available models) of the sources of different partitioning phenomena in cases where the results exhibit 
significant fragment interactions. From this work, the researchers anticipated that the model would be 
useful for understanding the partitioning of organic chemicals in the environment between water and 



soil or, more generally, between water and soil or sediments (geosorbents). A measure of partitioning 
between soil organic matter and water, normalized to organic carbon content, was taken for analysis. 
The availability of measured values of KOC for a large number of organic compounds has prompted 

many efforts to develop predictive models for this quantity. Such models are useful in providing 
estimates that may avoid the need for experimental measurements or assist in optimizing the 
methodology employed for those measurements as well as for environmental modeling. Linear 
correlations between KOC and other measured solute properties (and nonlinear correlations between 

KOC and Po/w or other solute properties) were also developed. 

Mark Distefano, Principal Investigator
Design of Semisynthetic Enzymes Based on Fatty Acid Binding Proteins

  The objective of this work was to 
develop enanatioselective catalysts 
based on protein cavities. This 
approach for catalyst design 
combines elements of host-guest 
chemistry with a highly flexible 
protein scaffold that can be 
manipulated by both chemical 
modification and recombinant DNA 
methods. The ability to prepare 
such catalysts could have a 
significant impact on the 
manufacture of a wide variety of 
specialty chemicals. The specific 
aims of this project were to: 

1. improve the efficiency and 
control the specificity of 
transaminating catalysts based 
on protein cavities using site 
directed mutagenesis;

2. assess whether changes in 
cofactor structure can be used 
to modulate the properties of 
transaminating catalyst based 
on protein cavities; and

3. expand the chemistry that can be performed using protein cavity based catalysts to 
include C-C bond formation. 

  Computer modeling was central to the accomplishment of the aims of this project. 

  

Research Group

Lin Chen, Research Associate

Dietmar Haring, Research Associate

John Hsieh, Graduate Student Researcher

Tamara Kale, Graduate Student Researcher

Hao Kuang, Graduate Student Researcher

Evelyn Mayaan, Undergraduate Student 
Researcher

Dongfeng Qi, Graduate Student Researcher

Matt Rose, Graduate Student Researcher

Amy Tann, Graduate Student Researcher

Tammy Turek, Graduate Student Researcher

Kent Zhao, Research Associate 



Craig Forsyth, Principal Investigator
Inhibition of Protein Phosphatases by Okadaic Acid
and Related Natural Products

  Protein phosphatases maintain proper levels of 
protein phosphorylation and thus regulate a variety 
of important cellular processes, including cell 
proliferation and protein synthesis. Protein 
phosphatases 1 and 2A (PPI and PP2A) are 
inhibited by several natural products including 
okadaic acid and microcystin. Inhibition results in a 
number of important biological effects such as 
tumor promotion. The crystal structure of PP1 co-
crystallized with microcystin-LR is known, and can be used to generate a model of PP1-microcystin. 
Here, the researchers used Insight software to build the model and to create models of PP1 and PP2A 
with other inhibitors. These models were useful to study potential binding contacts between inhibitor 
and protein and to identify important structural features required for inhibition. These modeling studies 
supported the larger research program by assisting in the design of inhibitors based on okadaic acid. 
These novel compounds were synthesized and tested in the laboratories. 

Jiali Gao, Fellow
Computer Simulations of Chemical and
Biochemical Systems in Solution

  In this group, a multi-faceted computational project is directed to the study of 

1. solvent effects on chemical reactions and interactions in condensed phases, and

2. the dynamics and mechanism of enzyme-catalyzed reactions. 

  The approach adopted by the group was based on statistical mechanical Monte Carlo and molecular 
dynamics simulations, making use of a combined quantum mechanical and molecular mechanical 
(QM/MM) potential. The first project area focused on the development of novel computational 
techniques in combined QM/MM calculations and applications to modeling the thermolysis of a-
chloroethers and the hydrolysis of model compounds for glycosyl derivatives. The second project area 
involved molecular dynamics simulations of enzymatic reactions including the dephosphorylation 
reaction of human protein tyrosin phosphatase 1B (PTP1B) and the squalene to hopene conversion by 
squalene cyclase. In addition, the vibrational population relaxation of an azide ion in the active site of 
carbonic anhydrase II was investigated. These studies provided a deeper understanding of enzyme-
substrate interactions and are expected to help in the design of better cholesterol-lowering drugs and 
therapeutic agents for treatment of cancer, diabetes, and obesity.

  Ab initio QM/MM simulations with a molecular orbital-valance bond (MOVB) method constitute the 
core of another investigation. In this work, a mixed molecular orbital and valence bond (MOVB) 
method was combined with ab initio AM/MM simulations of the SN2 reaction of C1-+CH3C1 C1CH3 
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+ C1- in water. The method is based on the construction of individual charge-localized, diabatic states 
using a block-localized wavefunction approach, followed by configuration interaction calculations to 
obtain the adiabatic potential energy surface. To examine the performance of MOVB method, modern 
ab initio VB calculations were performed. The MOVB gas phase results are found to be in reasonable 
agreement in the overall potential energy surface in comparison with Hartree-Fock, MP2, and ab initio 
VB calculations. The only exception is that the activation energy was predicted to be about 4 kcal/mol 
higher in MOVB than other methods. This was attributed to the configuration interaction procedure, 
which does not further optimize orbital coefficients in MOVB calculations, and it emphasizes the 
importance of orbital optimization in there calculations. The adiabatic ground state potential surface 
can also be approximate by other quantum chemical models in Monte Carlo QM/MM simulations. At 
the HF/6-31G(d) level, the calculated activation free energy of 26 kcal/mol in water is in good 
agreement with experiment and with previous computational results. Importantly, the MOVB method 
allows for the solvent reaction coordinate to be used to define the reaction path in ab initio QM/MM 
simulations.

  Another aspect of this group's research focused on hydrogen-bonding interactions in the active site of 
a low molecular weight protein-tyrosine phosphatase. In this work, molecular dynamics simulation of 
the Michaelis complex, phospho-enzyme intermediate, and the wild-type and C12S mutant have been 
carried out to examine hydrogen-bonding interactions in the active site of the bovine low molecular 
weight protein-tyrosine phosphatase (BPTP). It was found that the Sy atom of the nucleophilic residue 
Cys-12 is ideally located at a position opposite from the phenylphosphate dianion for an in-line 
nucleophilic substitution reaction. In addition, electrostatic and hydrogen-bonding interactions from the 
backbone amide groups of the phosphate-binding loop strongly stabilize the thiolate anion, making 
Cys-12 ionized in the active site. In the phospho-enzyme intermediate, three water molecules are found 
to form strong hydrogen bonds with the phosphate group. In addition, another water molecule can be 
identified to form bridging hydrogen bonds between the phosphate group and Asp-129, which may act 
as the nucleophile in the subsequent phosphate hydrolysis reaction, with Asp-129 serving as a general 
base. The structural difference at the active site between the wild-type and C12S mutant has been 
examined. It was found that the alkoxide anion is significantly shifted toward one side of the phosphate 
binding loop, away from the optimal position enjoyed by the thiolate anion of the wild-type enzyme in 
an SN2 process. This, coupled with the pKa value of an alcoholic residue, makes the C12S mutant 
catalytically inactive. These molecular dynamics simulations provided details of hydrogen bonding 
interactions in the active site of BPTP, and a structural basis for further studies using combined 
quantum mechanical and molecular mechanical potential to model the entire dephosphorylation 
reaction by BPTP.



  The researchers also engaged in a 
simulation of chemical reactions in 
solution, using an ab initio molecular 
orbital-valence bond model. This mixed 
MOVB method has been developed and 
applied to chemical reactions. In the 
MOVB method, adiabatic or valence 
bond (VB) state is defined with a block-
localized wavefunction (BLW). 
Consequently, the adiabatic state can be 
described by the superposition of a set of 
critical adiabatic states. Test cases 
indicated that the method is a viable 
alternative to the empirical valence bond 
(EVB) approach for defining solvent 
reaction coordinate in the combined 
quantum mechanical and molecular 
mechanical (QM/MM) simulations 
employing explicit molecular orbital 
methods.

  The combined QM/MM method has 
been applied to study several biological 
processes. In collaboration with 
Professor Truhlar's group, this research 
group reported a simulation of the 
reaction rates and kinetic isotope effects 
of the hydride transfer reaction catalyzed 
by the enzyme liver alcohol 
dehydrogenase. The calculations agree 
with experimental results kinetic isotope 
effects, and they provide an 
interpretation of the highly nonclassical 
effects observed experimentally, which 
can be explained by quantum 
mechanical tunneling by hydride. The 
combined QM/MM method was also 
used to investigate the opsin shift in 
bacteriorhodopsin by molecular 
dynamics simulations of the 
transmembrane protein. The predicted 
bathochromic shift of 5200 cm-1 for the 
transfer of retinal protonated Schiff base 
from methanol solution to 
bacteriorhodopsin is in good accord with 
experiment. The combined QM/MM 
method in this study provides an 
opportunity to accurately model the 

  

A graphic representation of the Schiff base region in  
bacteriorhodopsin, including protein counter ions, internal  
watermolecules and polar residues. The structure is taken 

from the last configuration of the molecular dynamics  
simulation, which is as arbitrary a snapshot as any  

configurations generated in the calculation. 



photoisomerization process in 
bacteriorhodopsin. 
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Thomas R. Hoye, Principal Investigator
Design of Peptidomimetics as Anti-HIV and
Antiangiogenic Antitumor Agents

  Molecular modeling is a powerful tool for guiding the 
design of new targets for organic synthesis. Identification of 
novel biologically active agents is one valuable application.

  This research group engaged in designing non-peptidic 
analogs based on known, active peptidic lead compounds. 
Representative examples of projects where such approaches 
benefit this research are: 

1. The design of a new class of enzyme inhibitors as 
potential anti-HIV agents. These were based upon 
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structural information available from crystallographic studies of complexes between 
various peptidic agents (cyclo-sporin A and p55gag fragments) and human cyclophilin A. It 
is clear that the latter, host-cell protein must be recruited into new HIV virions to render the 
latter infective.

2. The design of new antiangiogenic antitumor agents. These were based upon knowledge 
of a requirement for certain side chain substituent nature and relative orientation in known 
antiangiogenic polypeptidic agents. 

  Design of structures built on scaffolds displaying these residues in similar fashion were guided by 
modeling studies. 

Steven Kass, Associate Fellow
Understanding Organic Systems via Molecular Orbital Calculations

  Ab initio molecular orbital and density functional calculations were carried out on a variety of organic 
systems during this research period. Particular attention was paid to reactive intermediates (key 
intermediates in numerous chemical and industrial processes), antiaromatic compounds (potential 
substrates for the design of novel materials), and zwitterions (important species in biological 
processes). These results aided in the design and interpretation of experimental data.

  Specific work within this overall research focus produced a number of results. For example, the 
researchers considered the impact of fusing a strained ring onto benzene. The gas-phase acidities of the 
two aromatic sites in benzocyclobutene were measured in a Fourier transform mass spectrometer using 
a kinetic technique (i.e., the DePuy method). Fusion of a cyclobutane ring onto benzene was found to 
have a slight acidifying effect on the α-position (3.2 ± 1.7 kcal mol-1) and little, if any, influence on the 

β-site (0.8 ± 1.9 kcal mol-1). Energetic data (H°acid = 386.2 ± 3.0 kcal mol-1, EA = 0.84 ± 0.11 eV, and 

C-HBDE = 92 ± 4 kcal mol-1) for the benzylic position were obtained via the bracketing technique and 
application of a thermodynamic cycle. Differences in the reactivities of the three conjugate bases also 
were explored. Ab initio and density functional theory calculations were carried out to provide 
geometries, energies, and insights into the carbanions' electronic structures.

  Also in this period, benzocyclobutadienyl diazirine was synthesized and reacted with hydroxide ion in 
a Fourier transform mass spectrometer to produce the conjugate base of benzocyclobutadiene (1a). 
Authentication of the ion structure was carried out by a derivatiozation experiment (i.e., 1a was 
converted to benzocyclobutenone enolate, which has previously been studied), and its reactivity was 
explored. Thermochemical data for benzocyclobutadienene were obtained (H°acid (1) = 386± 3 kcal 

mol-1, EA(1r) = 1.8 ± 0.1 eV, and C-H BDE (1) - 114 ± 4 kcal mol-1), compared to MP2 and B3LYP 
calculations, and contrasted with a series of model compounds. Cyclobutadienyl radical appears to be 
quite different from benzocyclobutadienyl radical (1r) and worth further exploration.

  In another experiment, dodecahedryl anion (1a) was generated in a Fourier transform mass 
spectrometer by deprotonation of dodecahedrane (1). Examination of the acid and base behavior of 1 
and 1a, respectively, enabled the acidity of 1 to be determined (H°acid = 402 ± 2 kcal/mol). Good 

agreement is found with the 298 K computed MP2/6-31+G(d)//HF/6-31+G(d) value of 405.1 kcal/mol. 



In a similar manner, the electron affinity of dodecahedryl radical was measured (EA = 4 ± kcal/mol). 
These results were combined in a thermodynamic cycle to afford the C-H bond dissociation energy of 
dodecahedrane (BDE = 92 ± 3 kcal/mol), which is reasonably well reproduced (96.7 kcal/mol) at the 
MP2/HF level but leads to the suggestion that the reported heat of hydrogenation of dodecahedrene is 
in error. The DePuy kinetic method for measuring the acidity of 1 also was explored. It was found that 
this approach works well with triphenylsilyldodecahedrane but gives poor results with 
triethylsilyldodecahedrane. This latter failure is attributed to steric effects, and provides a rationale for 
several problem cases and a means to overcome these difficulties.

  Furthermore, benzocyclobutadiene radical anion (5) was synthesized by the researchers in the gas 
phase by three independent approaches: collision-induced dissociation (CID) of 1,2-
benzocyclobutenedicarboxylate, reaction of 2-trimethylsilyl-1-benzocyclobutenyl anion with neopentyl 
nitrite followed by CID of the resulting β-nitroso carbanion intermediate, and reaction of the same β-
silyl carbanion with molecular fluorine. The proton affinity and electron binding energy of 5 were 
measured (0.32 ± 0.05 eV and 368 ± 2 kcal mol-1 respectively) and combined in a theromdynamic 
cycle to obtain the heat of hydrogenation (49 ± 4 kcal mol-1) and the heat of formation (97 ± 4 kcal 
mol-1) of benzocyclobutadiene (1). These results were compared to model compounds as well as MP2 
and B3LYP calculations in order to 
assess the antiaromatic destabilization 
energy of 1. Based on this data, a 
predicted heat of formation of 
cyclobutadiene (102 kcal mol-1) was 
obtained. This work demonstrated the 
utility of dicarboxylates as radical anion 
precursors and the electron as a 
protecting group. 

  In addition to the projects described 
above, the research group generated 
dicarboxylates by electrospray ionization 
mass spectrometry and found that they 
lose carbon dioxide and an electron upon 
collision-induced dissociation to afford 
distonic ions. These radical anions can 
also be synthesized via laser desorption, 
chemical ionization, and electron 
ionization of dibenzyl esters. Subsequent 
fragmentation of the remaining CO2 

affords new radical anions corresponding 
to neutral reactive intermediates. By 
measuring the proton affinities and 
electron binding energies of these 
species, quantitative energetic 
information on carbenes, biradicals, and 
other transient molecules can be 
obtained. This approach was 
demonstrated by measuring the heats of 
formation of 2,3- and 2,6-
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dehydronaphthalene, ancillary thermochemical data also were derived, and the results were then 
compared to either o- or p-benzyne.

  Yet another project sought to probe electrostatic effects using the formation and characterization of 
zwitterionic ions and their "neutral" counterparts in the gas phase. A dipolar ion and its nonzwitterionic 
counterpart were generated and characterized in the gas phase. A single charge site was found to be 
sufficient to lower the energy of a zwitterion well below its neutral counterpart. Charge separation in a 
dipolar anion enables hydrogen-deuterium exchange to take place with acids over an extraordinarily 
large range. These results provide a basis for studying electrostatic effects and understanding mass 
spectroscopic processes involving large biological molecules. 

Kenneth Leopold, Principal Investigator
Computational Studies of Partially Bound and Hydrogen Bound Complexes

  Supercomputing resources were utilized by these researchers for the purpose of carrying out high-
level quantum chemical calculations on partially bonded molecules. The results of these studies served 
to enhance the group's ongoing experimental studies, both by providing detailed information 
concerning bond energies and medium effects, and also by allowing a more accurate prediction of 
molecular structure. 
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Eric Munson, Principal Investigator
Modeling Structures of Organic Molecules

  Understanding molecular 
conformations in crystalline organic 
compounds such as pharmaceuticals is 
important because drugs can exist in two 
or more crystalline phases that differ in 
the arrangement and/or conformation of 
the molecules in the crystal lattice. The researchers expected to use NMR chemical shifts of crystalline 
organic compounds such as drugs to study such molecular structure problems.

  This project's motivation was twofold. First, using theory to assist in the assignment of resonances in 
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solid-state NMR spectra, the researchers expected to address a significant problem: peaks are often 
shifted by 10 ppm or more from their solution-state values, and there may be several peaks for each 
nucleus due to several different conformations present in the crystal lattice. Second, the crystal 
structure of a drug needed to be determined from the solid-state NMR spectrum. An integral part of this 
strategy would be to use chemical shift calculations to predict torsion angles and bond distances for 
compounds based upon the isotropic and anisotropic chemical shifts in the solid state. By using a 
combination of single-crystal X-ray and powder X-ray diffraction (XRD and PXRD), chemical shift 
calculations, and solid-state NMR, the researchers would seek to develop a robust method for the 
determination of the crystal structure of pharmaceutically-relevant solids, for which no single-crystal 
data is presently available. The Cerius2 program at the BSCL and Med Chem facilities was used to 
model molecular structures and to predict PXRD patterns. 

Karin M. Musier-Forsyth, Principal Investigator
Importance of Discriminator Base Stacking Interactions: Molecular
Dynamics Analysis of A73 MicrohelixAla and MicrohelixHis Variants

  Transfer of alanine from Escherichia  
colial anyl-tRNA synthetase (AlaRS) to 
RNA minihelices that mimic the amino 
acid acceptor stem of tRNAAla was 
shown, by analysis of variant minihelix 
aminoacylation activities, to involve a 
transition state sensitive to changes in the 
"discriminator" base at position 73. 
Solution nuclear magnetic resonance 
(NMR) indicated that this single-
stranded nucleotide is predominantly 
stacked onto G1 of the first base pair of 
the alanine acceptor stem helix. These 
researchers observed the activity of a 
new variant with the adenine at position 73 substituted by its non-polar isostere 4-methylindole (M). 
Despite lacking N7, this analog is well tolerated by AlaRS. Molecular dynamics (MD) simulations 
show that the M substitution improves position 73 base stacking over G1, as measured by a stacking 
lifetime analysis. Additional MD simulations of wild-type microhelixAla and six variants reveal a 
positive correlation between N73 base stacking propensity over G1 and aminoacylation activity. For the 
two N7 variants simulated, the researchers found that the propensity to stack over G1 was similar to the 
analogous variants that contain N7, leading to the conclusion that the decrease in amino-acylation 
efficiency observed upon deletion of N7 is likely due to loss of a direct stabilizing interaction with the 
synthetase.

  These researchers also performed work in conformational analysis of histidine tRNA acceptor stem 
models. tRNAHis is unique in that its acceptor stem has only a single strand of three nucleotides rather 
than the four nucleotides common to most tRNAs. This is due to the fact that the discriminator base 
(C73) is paired with a G-1. Conformations of several tRNA acceptor stems have previously been 
studied to determine the role of the tRNA conformation in recognition by the cognate synthetase. 
However, the effect of a C in the discriminator position has never been studied and the conformation of 
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the unique tRNAHis acceptor stem sequence is unknown. The goal of this project is to determine the 
conformation of the acceptor stem model microhelixHis, both wild-type (with a G at position -1) and 
without the G-1. To date, the RNA samples have been prepared and solution NMR experiments have 
been completed. Constraint files were generated to model the acceptor stems using the program amber. 
Molecular dynamics simulations were carried out with the NMR generated distance constraints, 
solvated with explicit water. 

J. Ilja Siepmann, Fellow
Simulating Complex Chemical Systems

  The efforts of this research group were driven by the desire to learn about complex chemical systems 
on the microscopic level and to predict accurate thermodynamic data for these systems. The research 
performed by the group helped in the understanding of how molecular architecture and composition 
influence structure, phase behavior, and function of the resulting complex systems. The main research 
tool of this group is particle-based computer simulation, and the in-house development of efficient 
simulation algorithms and transferable force fields allows this group to address complex chemical 
systems, which are not amenable to conventional simulation approaches and for which experimental 
data are not readily accessible.

  Algorithm Development-This group proceeded on the development of three novel Monte Carlo 
algorithms that target the efficient sampling polymer systems, strongly associating fluids, and 
polarizable force fields. First, the self-adapting fixed-endpoint configurational-bias Monte Carlo 
(SAFE-CBMC) method enabled this group to carry out conformational changes for interior segments 
of chain molecules with strong intramolecular interactions. This CBMC method allowed for the 
efficient simulation of cyclic alkanes (or other ring structures), and was also instrumental for the 
sampling of polymeric molecules (with more than, say, 20 repeat units) where conventional CBMC 
would allow only for conformational changes close to the chain ends.

  Second, the aggregation volume bias Monte Carlo (AVBMC) method greatly increased the sampling 
efficiency for strongly associating fluids. These fluids exhibit large deviations from the ideal-gas or 
ideal-solution behavior and pose a special challenge for molecular simulation because aggregate 
formation leads to traps in phase space, i.e., configurations that have a very large Boltzmann weight 
associated with the large favorable energies of cluster formation. However, these "bonded" 
configurations represent only a small fraction of the total phase space compared to the large amount of 
non-bonded configurations.

  Third, the adiabatic nuclear and electronic sampling Monte Carlo (ANES-MC) method allows 
simulations using polarizable force fields. In close analogy to the revolutionary Car-Parrinello 
molecular dynamics method, the ANES-MC algorithm for polarizable force fields treats the molecular 
charge distributions as additional variables. While the Car-Parrinello molecular dynamics method is 
able to exploit an extended Lagrangian formalism and benefits from the faster motion of the electronic 
degrees of freedom, the ANES-MC algorithm allows for the sampling of nuclear and electronic degrees 
of freedom with different temperatures by sandwiching a sequence of electronic moves in between the 
nuclear trial displacement.

  Force Field Development-The success of molecular simulation in predicting thermophysical 



properties depends on the availability of accurate force fields. This group made progress in the 
devlopment of a multi-level force field, called "transferable potentials for phase equilibria" (TraPPE). 
The first-level force field, TraPPE-UA (united atom), employs the united-atom representation for alkyl 
segments and simple Lennard-Jones and Coulombic terms. In the second level, TraPPE-EH (explicit 
hydrogen), all atoms including alkyl group hydrogens and some lone-pair electron and bond-center 
sites are treated explicitly. In the third-level, TraPPE-pol (polarizable), both the van der Waals and 
electrostatic interactions can respond to changes in the environment. Whereas the first level is designed 
for simplicity and computational efficiency with good accuracy, the second level is aimed at improved 
accuracy for mixtures of non-polar or apolar non-hydrogen-bonding compounds. The third level is 
directed solely at the highest possible level of accuracy and transferability.

  Extensions were made to the TraPPE force fields as follows. TraPPE-UA models for alkenes, 
aromatics, alcohols, ethers, ketones, and aldehydes; TraPPE-EH model for dinitrogen, carbon dioxide, 
and linear alkanes (see Figure); and TraPPE-pol models for water.

  Applications-This group investigated the binary mixture of n-heptane and supercritical ethane. 
Pressure-composition and temperature-composition phase diagrams were computed using four different 
molecular models of increasing complexity. In the supercritical phase, preferential solvation of heptane 
by ethane is not observed. Analysis of the contributions of the liquid and the supercritical phase to the 
decrease of the Gibbs free energy of transfer of heptane with increasing pressure suggest that the 
enhanced solubility of heptane in high-pressure supercritical ethane can be attributed to two causes of 
roughly equal importance: "pulling" of heptane into the supercritical phase by an increased density of 
ethane that acts as a non-specific solvent, and "pushing" heptane out of the liquid phase by an increased 
concentration of ethane.

  

 

  

  Octanol-water partition 
coefficients are extraordinarily 
successful for correlating and 
predicting numerous processes 
of pharmacological and 
environmental importance. 
However, the structural details 
of the octanol phase and the 
reason why this phase can 
mimic the complexities of many 
different environments ranging 
from biomembranes to soil, are 
controversial. This group 
investigated the partitioning of 
normal alkane and primary 
alcohol solutes between water 
and (dry or wet) 1-octanol 
phases using the OPLS-UA and 
TraPPE-UA force fields. It was 
found that the TraPPE-UA 
model yields superior results 
(e.g., a dramatic increase in the 
mutual solubility of water in 
octanol). Comparison of the 

Ternary phase diagram for CO2/N2/propane at 270 K and 60 

bar. Square and diamonds depict the experimental data 
[Yucelen and Kidnay, J. Chem. Eng. Data.44, 926 (1999)] 
and the simulation data for the TraPPE-EH force field, 
respectively. 



partitioning between a helium 
vapor phase and dry and wet 1-
octanol established that water 
saturation affects mostly the 
partitioning of polar solutes, 
while differences for alkane 
partitioning were found to be 
negligible. Analysis of the 
microscopic-level structure of 
the wet 1-octanol phase shows 
preferential partitioning of short 
alcohols (methanol and ethanol) 
into the water-rich regions of 
the microheterogeneous solvent 
mixture, whereas 1-butanol 
solutes are found preferentially 

  Configurational-bias Monte Carlo simulations in the grand canonical ensemble with histogram 
reweighting were used to determine the vapor-liquid coexistence curves and critical parameters for a 
few linear and branched alkanes physisorbed on a flat gold substrate. Examination of the critical 
ordering operator distributions confirms that these systems exhibit critical behavior consistent with the 
two-dimensional Ising universality class. It was shown that a principle of corresponding states does not 
hold true between bulk fluids and adsorbed monolayers. The ratio of the two-dimensional to three-
dimensional critical temperatures was found to decrease with chain length for n-alkanes (from about 
0.38 for methane to 0.30 for n-hexane). In contrast to typical bulk fluid behavior, the branched isomers 
were found to have higher critical temperatures than their linear counterparts.



  Gas-liquid and reversed-phase liquid 
chromatography are the principal methods for 
the analysis and separation of organic and 
pharmaceutical molecules. Due to the 
complexity of chromatographic systems and 
the lack of microscopic-level information, 
however, many fundamental questions on the 
retention mechanisms remain unanswered. 
Accurate predictions of retention times, 
retention indices, and partition constants are a 
long sought-after goal for theoretical studies 
in chromatography. This group studied the 
retention of linear and branched alkanes and 
of alkylbenzenes in helium-squalane gas-
liquid chromatography. Configurational-bias 
Monte Carlo (CBMC) simulations in the 
Gibbs ensemble using the TraPPE-UA force 
field were carried out to obtain a microscopic 
picture of the partitioning of 10 alkane 
isomers and of benzene, toluene, o-, m-, and 
p-xylene between a helium vapor phase and a 
squalane liquid phase, a prototypical gas-
liquid chromatography system. The alkane 
solutes include some topological isomers that 
differ only in the arrangement of their 
building blocks (e.g., 2,5-dimethylhexane and 
3,4-dimethylhexane or the xylene isomers), 
for which the prediction of the retention order 
is particularly difficult. The Kovats retention 
indices, a measure of the relative retention 
times, were calculated directly from the 
partition constants and are in good agreement 
with experimental values. The calculated 
Gibbs free energies of transfer for the normal 
alkanes were shown to conform to MartinÕs 
equation which is the basis of linear free 
energy relationships used in many process 
modeling packages. Analysis of radial distribution functions and the corresponding energy integrals did 
not yield evidence for specific retention structures and showed that the internal energy of solvation is 
not the main driving force for the separation of topological isomers. This work was highlighted in 
"Analytical Currents" [Analytical Chemistry, March 1, 2000; p. 185 A] and described in terms of 
climbing "the Mt. Everest of separation science." 

Donald G. Truhlar, Fellow
Computational Chemical Dynamics
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  The researchers in this group conducted 
research into the structure, dynamics, 
and thermodynamics of few-body 
systems, the reaction dynamics of 
organic and metal-organic systems, and 
the influence of solvation on structure 
and dynamics. A combination of 
quantum mechanical, quantum statistical, 
semiclassical, and classical mechanical 
methods were used to perform the 
calculations. Research was performed 
using both serial computer codes and 
parallel codes designed to take advantage 
of the IBM-SMP and SGI-SMP 
architectures. While most of the codes 
were developed within the group, they 
also utilized commercially available 
electronic structure and molecular 
modeling packages, often with local 
enhancements.

  One project compared several 
approximate methods for calculating rate 
coefficients for the O(3P) + HCl reaction 
to presumably more accurate quantum 
mechanical calculations based on 
applying the J-shifting approximation 
(QM/JS) to an accurate cumulative 
reaction probability. All calculations for 
this work employed the recent S4 
potential energy surface, which presents 
a number of challenges for the 
approximate methods. The O + HCl 
reaction also poses a significant 
challenge to computational dynamics 
because of the heavy-light-heavy mass 
combination and the broad noncollinear 
reaction path. The approximate methods 
for calculating the thermal rate 
coefficient examined in this work were 
quasiclassical trajectories (QCT), 
conventional transition state theory 
(TST), variational transition state theory 
employing the improved canonical 
variational theory (ICVT), ICVT with 
microcanonical optimized 
multidimensional tunneling contributions 
(ICVT/µOMT), and reduced 
dimensionality quantum mechanical 
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calculations based on adiabatic bend and J-shifting (QM/AB-JS) approximations. It was found that 
QCT, TST, and ICVT rate coefficients agree with each other within a factor of 2.7 at 250 K and 1.6 at 
1000 K, whereas inclusion of tunneling by the ICVT/µOMT, QM/AB-JS, or QM/JS methods increased 
the rate coefficients considerably. However, the ICVT/µOMT and QM/AB-JS methods yielded 
significantly lower rate coefficients than the QM/JS calculations, especially at lower temperatures. In 
addition, calculations were performed for the state-selected reaction of O(3P) with HCl in the first 
excited vibrational state, as well as dynamics calculations. The researchers' new electronic structure 
calculations by the multi-coefficient Gaussian-3 (MCG3) method indicated that one possible source of 
disagreement between the QM/JS rate coefficients and experiment is that the barrier on the S4 surface 
may be too narrow.

  In a second project, the group developed a multi-coefficient correlation method based on quadratic 
configuration interaction with single and double excitations (MC-QCISD) and basis sets using 
segmented contraction and having the same exponential parameters in the s and p spaces. The results 
were comparable to a previous multi-coefficient correlation method based on coupled cluster theory 
with less efficient correlation-consistent basis sets, and they were better than a previous multi-
coefficient correlation method based on Møller-Plesset fourth order perturbation theory with single, 
double, and quadruple excitations with correlation-consistent basis functions. The mean unsigned error 
per bond of the MC-QCISD method is 0.74 kcal/mol. The new method should be very efficient for 
computing geometries of open-shell transition states.

  Another electronic structure method developed by these researchers was a new hybrid Hartree-Fock-
density functional (HF-DF) model, called the modified Perdew-Want 1-parameter model for kinetics 
(MPW1K). This model was optimized against a database of 20 forward barrier heights, 20 reverse 
barrier heights, and 20 energies of reaction. The results were then compared to other hybrid HF-DFT 
methods with the 6-31+G(d,p) basis. The new method reduces the mean unsigned error in reaction 
barrier heights by a factor of 2.4 over MPW1PW91 and by a factor of 3 over B3LYP.

  The group also made progress in developing new methods for photochemical reactions. First, they 
studied classes of semiclassical (mixed quantum mechanical/classical) methods for investigating multi-
electronic-state dynamics: the trajectory surface hopping (TSH) method and the time-dependent self-
consistent field (TDSCF) method. The recent availability of accurate quantum mechanical dynamics 
calculations for a variety of realistic three-body, two-state potential energy matrices allowed an 
assessment of the validity of semiclassical multi-surface dynamics methods that are applicable to larger 
systems. These studies indicate that Tully's fewest switches algorithm is the best available TSH method 
and that the Ehrenfest method is the best previously available TDSCF method. The fewest switches 
surface hopping method has relatively small errors, even when it is not the best method, while the 
Ehrenfest TDSCF method tends to have larger errors when it is not the best. However, the fewest 
switches algorithm involves unphysical discontinuities in momenta and the results may depend on the 
choice of representation. Furthermore, the surface hopping algorithm is frequently frustrated in its 
attempt to maintain ensemble-average self consistency. The Ehrenfest method removes all these 
troublesome aspects but at the cost of producing unphysical mixed states which are responsible for its 
larger errors in observables.

  An improved time-dependent self-consistent-field method for nonadiabatic dynamics was then 
developed. The method is a variant of the time-dependent self-consistent field method and is called 
"continuous surface switching." The algorithm combines the best features of the self-consistent-
potential trajectory-surface-hopping approach and the Ehrenfest classical-path self-consistent-potential 
approach without their relative disadvantages. Viewed from the self-consistent perspective, it 



corresponds to "on-the-fly histogramming" of the Ehrenfest method by a natural decay of mixing; 
viewed from the surface hopping perspective, it corresponds to replacing discontinuous surface hops by 
continuous surface switching. Accurate quantum mechanical scattering calculations carried out for 
three cases by a linear algebraic variational method, and the accurate values of reactive probabilities, 
quenching probabilities, and moments of final vibrational and rotational distributions were compared to 
the results of continuous surface switching, the trajectory surface hopping method in two 
representations, the time-dependent self-consistent-field method, and the Miller-Meyer classical 
electron method to place the results of the semiclassical methods in perspective.

  Another example of the work performed by this group was the development of a new potential energy 
surface for the gas-phase reaction Cl+CH4HCl+CH3. Based on the analytical function of Jordan and 
Gilbert for the analog reaction Cl+CH4HCl+CH3, it was calibrated by using the experimental thermal 
rate coefficients and kinetic isotope effects. The forward and reverse thermal rate coefficients were 
calculated using variational 
transition state theory with 
semiclassical transmission 
coefficients over a wide 
temperature range, 200-2500 K. 
The researchers found that 
excitation of C-H stretching modes 
and Cl-H stretching modes 
enhances the rate of both the 
forward and the reverse reactions, 
and excitation of the lowest 
frequency bending mode in the CH4 

reactant also enhances the rate 
coefficient for the lowest reaction. 
However, the vibrational excitation 
of the CH4 umbrella mode (lowest 

frequency mode in products) slows 
the reaction at temperatures below 
1000 K, while above 1000 K it also 
accelerates the reaction. 

Darrin M. York, 
Principal Investigator
Molecular Simulation of Phosphate 
Hydrolysis Reactions in 
Biomolecules

  This research group carried out 
molecular simulation and electronic 
structure calculations on enzyme 
systems that catalyze the hydrolysis 
of phosphates in biological systems. 
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In particular, simulations based on the HIV-1 reverse transcriptase (RT) and hammerhead ribozyme 
(HR) systems were studied. Molecular simulation studies were performed using recently developed 
linear-scaling methods for electrostatic interactions and polarizable ionic forces to explore the role of 
divalent metal ions in mediating the binding and stabilization of the transition state. Simulations were 
based on the recently published crystallographic structure of a covalently trapped catalytic intermediate 
of the phosphate hydrolysis reaction of HIV-1 RT, and provide atomic level detail about the molecular 
motions and site-specific interactions. In addition, the semiempirical Hamiltonian model was applied 
with a linear-scaling electronic structure method to perform self-consistent quantum calculations of 
large nucleic acid systems in solution. These calculations were used to determine the electrostatic 
potential and electronic response properties of macromolecules, and to predict metal ion binding sites 
in large nucleic acids systems in solution.These methods afford a new way of generating 
macromolecular properties that include quantum electronic structure. Linear-scaling electronic 
structure methods provide a host of response properties of the electron density such as linear response 
functions, local hardness and softness functions, and Fukui functions. It was hoped that these indices 
would offer insight into problems of biological macromolecular characterization.
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Gary A. Davis, Principal Investigator
Building Our Way Out of Congestion?
Network Design for the Twin Cities

  An active subject of debate in the Twin Cities of 
St. Paul and Minneapolis concerns the extent to 
which new highway construction can accommodate 
the growth in travel demand expected over the next 
20-25 years. These researchers investigated the 
feasibility of using new highway construction as 
the sole accommodation to the Twin Cities projected growth. This was accomplished by solving for a 
set of expansions of the capacities of highway links that minimizes construction cost while providing a 
guaranteed level of service to all travellers. The initial road network served as the current planning 
network used by the Metropolitan Council, while the land-use pattern and population for the year 2020 
were the forecasted values. An equilibrium trip assignment method developed by the principal 
investigator in earlier work was used to load trips onto the network. Because the Twin Cities road 
network model contains about 1200 zones and about 20,000 roadway links, this presented a large-scale 
nonlinear programming problem. 

Robert J. Dexter, Principal Investigator
Reassessment of Design Criteria and New Alternatives for Column
Transverse Stiffeners (Continuity Plates) and Web Double Plates
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  During the 1994 Northridge Earthquake in 
California, the connections of steel girders to 
columns in steel frame buildings fractured 
unexpectedly. These catastrophic fractures created 
a strong need to study the details and design 
provisions of these connections further.

  This group's research project focused on 
understanding the behavior of the stiffeners in the 
connections, including the behavior of the column 
continuity plates and the web doubler plates. 
Analysis was conducted using the abaqus program 
at the Supercomputing Institute. These parametric 
studies were used to compare the experimental 
results and to aid in providing guidelines for new 
design recommendations of these steel connections.

  Finite element models were created for all test 
specimens. The results of these analyses and an 
examination of the design provisions for local web 
yielding and local flange bending were the basis of 
the experimental specimen selection.

  The principal results clarified the need for and design of transverse stiffeners and doubler plates and to 
gain additional knowledge to create lower-cost, easier-to-fabricate steel structures.

  A previous study, based on the research agenda of this group, explored the propagation and stability of 
very long fatigue cracks in a redundant stiffened-panel structure. Cracks have propagated in ships to a 
length greater than 8.0 m without sudden fracture or instability. To investigate this phenomenon, large 
box beams were fatigue tested in four-point bending. The crack was started in a wide stiffened panel 
that comprised the tension flange. The crack propagation in these experiments was modeled using 
abaqus. Residual stresses were modeled using an artificial temperature distribution. The calculations 
were used to predict the crack growth with reasonable accuracy. 

 
Deformed shape of pull-plate specimen showing local flange bending and local web 
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yielding in a structural column. Note this is a one-quarter symmetry model of an I-shaped 
column. 

1990s Twin Cities network, with candidate road sections for 
expansion shown in bold; counties are labelled. 

Catherine W. French
and Carol Shield, Principal Investigators
Pre-release Cracks in Prestressed Girders

  The objective of this project was to investigate the effect of 
pre-release cracks on the behavior of prestressed concrete 
bridge girders. Before prestressed bridge girder strands are 
released from the pretensioning bed, some bridge girders have 
been observed to incur vertical cracks that extend from the 
top flange toward the bottom flange in the girder cross 
section. These cracks may be a result of restrained shrinkage 
or thermal effects. The cracks were suspected to cause a 
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reduction in the camber and in the loads to initiate flexural cracking in the bottom fiber of the girder. A 
geometric compatibility theory was developed to explain this behavior. Analyses done using abaqus 
showed the effects that the pre-release cracks have on local stresses, flexural cracking loads, and 
camber.

  To meet the objectives of this research, the group conducted an analy-tical study to complement a 
laboratory investigation regarding the effects of pre-release cracks. abaqus was used initially to 
optimize the test specimen design and instrumentation. The results of future analytical studies with 
abaqus are to be compared with the experimental study. 

John S. Gulliver, Principal Investigator
Developing an Air Bubble transfer Module for PAR3D Supercomputer Code

  PAR3D parallel supercomputing code was 
developed by U.S. Army Corps Engineers to 
simulate the hydrodynamics and oxygen 
concentration in water bodies. PAR3D code 
can be applied in water resources management 
of lakes and water reservoirs in Minnesota and 
the rest of the world. Numerical simulation of 
air bubble gas transport is a crucial 
componenet for PAR3D code to produce 
accurate results. Current PAR3D code uses an 
insufficient simple equation for air bubble 
oxygen transfer coefficient and does not 
consider mass balance of oxygen and nitrogen gases in air bubble phase.

  In this research, more accurate models for surface and air bubble gas transfer coefficients were 
developed incorporating turbulent energy dissipation rate, void fraction of air in water, diffusivity, and 
hydraulic characteristic velocity and length. Two partial differential equations were then derived to 
predict the mass balance of oxygen and nitrogen gases in air bubble phase. In this work, these 
researchers implemented a numerical supercomputing code module to incorporate the mass balance 
differential equations and gas transfer models in PAR3D code. The new module was expected to 
significantly improve the accuracy of PAR3D model. 

Bojan Guzina, Principal Investigator
Delineation of the Groundwater Conditions from FWD Data

  The objective of this investigation was to 
develop an alternative method for estimating 
the depth to groundwater table beneath asphalt 
pavements. Owing to its adverse effect on 
roads, the seasonal stiff layer caused by the 
frozen or saturated soil is one of the key 
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parameters for imposing the spring load restrictions on roads in Minnesota. Presently, the location of 
the seasonal stiff layer is monitored using a variety of field devices such as moisture and temperature 
sensors, open standpipes, seismic reflection surveys, and ground penetrating radar. This project focused 
on the development of a new data interpretation technique that would enable the Falling Weight 
Deflectometer (FWD), a field testing tool commonly employed by the Minnesota Department of 
Transportation for assessing the damage in the asphalt layer, to be used simultaneously for estimating 
the depth to the groundwater table. The new method revolves around a viscoelastic wave propagation 
analysis and the artificial neural network technique as a means to extract the resonant frequencies of the 
pavement system from the FWD measurements and correlate them to the depth to the seasonal stiff 
layer. Beyond supplementing or eliminating the need for additional testing procedures aimed at locating 
saturated and frozen soils, the back calculation procedure under development was expected to aid the 
overall effectiveness of the Falling Weight Deflectometer as a tool for detecting and monitoring the 
pavement degradation. 

Miki Hondzo, Principal Investigator
Modeling Nutrient Fluxes at Sediment-Water
Interface at Aquatic Systems

  In spite of increasing computational resources, 
rivers, lakes, and ocean circulation models cannot 
resolve all relevant scales of mothion; hence, 
parameteraizations for sub-grid scales continue to 
be necessary. In particular, the kinetics of chemical 
and biological reactions may be best described at 
the smallest scales, comparable with (molecular) 
diffusional length scales. Large-eddy simulation 
models used to study transport processes in aquatic 
environments solve the unsteady three-dimensional transport equations for all scales of motion larger 
than the grid size on the order of 10 m, while the contribution of the sub-grid scales is resolved using a 
sub-grid scale model.

  The research undertaken by these researchers was concerned with the study of mass fluxes at the 
sediment-water interface in aquatic environments, with specific interested in nutrient cycling. In this 
research, numerical modeling of phosphorus dynamics in aquatic sediments was used to develop sub-
grid scale models that can be used to simulated nutrient dynamics in the water quality models. 

Joseph F. Labuz, Associate Fellow and
Henryk K. Stolarski, Co-Principal 
Investigator
Identification of Micromechanisms in Failure of Rock-like 
Materials

  A series of non-intrusive testing methods-electronic speckle 
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pattern interferometry (ESPI) and acoustic emission (AE)-were adapted to investigate the failure 
process of rock and concrete under wedge indentation. To help in identifying the development of 
micro-cracking, the visualization device in Supercomputing Institute was used by this research group to 
determine the deformation process and estimate crack lengths from ESPI experiments.

  This work considered the application of ESPI to the wedge indentation of rock. In order to capture 
crucial images from the testing videotapes, the researchers used the Supercomputing Institute's 
visualization system as an auxiliary tool to identify the deformation process and even count crack 
lengths from ESPI experiments. Thereafter, the researchers were able to perform numerical analyses, 
with the use of the software abaqus, to simulate this failure process. 

 
Cavity expansion model. 

Carol Shield, Principal Investigator
Repair of Fatigued Steel Bridge Girders with Carbon Fiber Strips

  Several years ago, it was common for steel 
cover plates to be welded to flanges of hot-
rolled steel girders in high moment region in 
order to increase the cross section. These 
cover plates were terminated in negative 
moment regions, and welds at the ends of 
cover plates resulted in stress concentrations 
in the flange. After years in service, these 
stress concentrations have been causing fatigue cracks, and some rehabilitation schemes for these 
cracks have been proposed.

  

Research Group

Jerome F. Hajjar, Faculty Collaborator

Katsuyoshi Nozaka, Graduate Student 
Researcher 



  In this research, carbon fiber reinforced polymer (CFRP) strips bonded to the tension flange were 
focused on as the rehabilitation method for those fatigued tension flanges. In order to utilize the CFRP 
strips as the rehabilitation method, it was necessary to find the development length of the adhesive so 
that the adhesive can transfer sufficient forces from tension flange to the CFRP strips. A series of small-
scale experimental tests were conducted to define the development length. The stress distribution in the 
adhesive of experimental specimens must be similar to that in the rehabilitated girder. Finite element 
analysis using abaqus enabled the researchers to compare those two stress distributions, and to decide 
which test set-ups can be used. Through preliminary studies, it was found that a large amount of 
computation time was required to analyze the stress concentration in adhesive, not only due to a 
singularity at the crack tip but also because of a material non-linearity caused by the high stress 
concentration. 

Henryk K. Stolarski, Associate Fellow
Development of Stress-Related Defects in Drying Viscoelastic Materials

  Drying and/or cooling accompanies many 
industrial processes such as photographic, 
magnetic, or protective coating; injection molding, 
curing or concrete structures, and so on. This is 
always associated with volumetric changes, which 
sometimes are very large, and with changes in 
material properties which may not be negligible. 
Such changes are typically nonuniform in space 
and they are often incompatible with the conditions 
imposed by the surrounding material such as coated 
substrate or the casting mold, for example. As a 
result, stresses almost always develop in drying or 
cooling materials and, if they are sufficiently high, 
various defects of the manufactured product may 
occur. Predicting those stresses and, possibly, 
controlling their magnitude is thus an important 
goal with various potential applications. A model 
was developed to describe development of stress 
and deformation fields in drying viscoelastic 
materials. Materials with these properties are 
frequently used in practice, a fact constituting an 
important practical aspect of the project. This 
model is based on large deformation theory, referring to multiplicative decomposition of the 
deformation gradient into its elastic and viscous part. The third part of the deformation gradient, 
representing volumetric changes of the material, was also added in a similar, multiplicative fashion and, 
through the appropriate constitutive equations, is connected to the variables representing current state 
of drying or cooling. Those variables, in turn, are governed by diffusion-type equations written for the 
medium that moves as a result of large deformations. Together, this leads to a highly nonlinear system 
and constitutes one academic side of the project. The second academic side of the project is 
development of a numerical technique to solve the resulting system of nonlinear equations and its 
computer implementation. In this process the equations have been discretized using the finite element 
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method. The resulting semidiscrete system of equations, describing time evolution of the discrete 
problem, are integrated in time numerically to solve the problem incrementally. The resulting program 
was successful, although it required some additional improvements which were expected to be made in 
the near future. It was hoped that the program would be utilized to solve some large practical problems. 

Vaughan R. Voller, Associate Fellow
Numerical Solutions of Free and Moving Boundary Problems

  Many industrial and natural processes involve the transport of conserved 
quantities. Typically, the modeling of these processes involves the solution of 
partial differential equations in domains with well-defined boundaries. There 
is, however, a wide class of problems involving free or moving boundaries. 
In these problems the location of one or more of the domain boundaries is an 
unknown in the problem (a free boundary) or a boundary on which balance 
conditions must be met moves through the domain.

  Research was focused on two main areas where moving boundary problems 
are important: materials processing and earth sciences. Within these areas, 
this group considered four distinct moving boundary problems: 

1. cracking multiple filling fluid fronts during hydrocracking,

2. predicting residual stresses during the processing of polymers,

3. predicting segregation during the solidification of metals, and

4. growth of bio-films. 

St. Anthony Falls Laboratory

Roger E. A. Arndt, Principal Investigator
Unsteady Sheet/Cloud Cavitation

  Cavitation is an important 
consideration in a variety of 
important engineering applications. 
As the performance of pumps and 
turbines are increased and hydrofoil 
ships are designed for higher 
speeds, it becomes necessary to 
design lifting surfaces that can 
operate effect-ively in the cavitating 
mode.
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  This group's research indicated that the sheet/cloud cavitation is a highly complex, albeit very 
important, subset of the overall problem. Focusing on the highly periodic formation of cloud cavitation 
that leads to a highly structured wake consisting of vortical clouds of bubbles, the group found that the 
phenomenon leads to unsteady lift, which cannot be accurately predicted at this stage. Therefore, the 
aim was to develop the computational tools to study this problem. Such computational efforts were 
supplemented by detailed experimental work that is currently underway.

  This work included an exploration of the commercial software package FLUENT 5's ability to capture 
the dynamics of cavitation. The numerical approach used by fluent 5 is part of the Rayleigh-Plesset 
equation family of cavitation models. This model was implemented along with the Volume of Fluid 
(VOF) method to track the void fraction in the flow. fluent 5 can calculate the cavitating flow in both 
three-dimensional and two-dimensional grid systems. The main investigation was performed on a two-
dimensional naca 0015 hydrofoil gird, designed to resemble a test tunnel setup located at St. Anthony 
Falls Laboratory (SAFL). The study was performed for cavitation numbers ranging from inception to 
super-cavitation at two different angles of attack. All numerical results were compared to 
corresponding experimental results from the SAFL tunnel in a quantitative manner. This phase of the 
study was carried out using the resources made available at the Supercomputing Institute.

  A further investigation of the three-dimensional model was performed, using the grid of a low head 
Francis hydro-turbine. However, comparison data were not available for this case, a situation that leads 
to a more qualitative approach than in the two-dimensional case. The numerical investigation of the 
hydro-turbine was only performed at best efficiency 
operation. As such, this research showed that the FLUENT 
solver can capture several features of cavitating flows, and 
can probably be used for industrial purposes. 

Efi Foufoula-Georgiou, Fellow
Research on Space-Time Precipitation Variability
and Predictability

  The research efforts of this group were concerned with 
precipitation space-time variability and predictability. During 
this period, the work focused on the following three main 
issues:

1. quantify the accuracy of quantitative precipitation 
forecasts and assess the limits of predictability of 
numerical weather prediction (NWP) models as a 
function of temporal and spatial scale,

2. develop a probabilistic framework for interpreting 
NWP forecasts and assess their utility for water 
resources decision-making, and

3. develop precipitation downscaling methodologies 
that can be used to disaggregate the large-scale results 
of regional or global models down to watershed scales 
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for hydrologic applications and also for improving precipitation retrieval from microwave 
sensors.

  The first two of these objectives comprised part of a three-year research project: "a probabilistic 
framework for assessment and interpretation of quantitative precipitation forecasts from storm-scale 
models." The third objective was part of the research project "Subgrid-Scale Precipitation Variability 
Over the Mississippi River Basin: A Statistical-Thermo-dynamic Analysis, Downscaling, and Effects 
on Water and Energy Partitioning," which investigates fine-scale rainfall variability in the tropics and 
its effect on rainfall estimation from microwave sensors.

  These researchers participated in an extensive research effort to characterize and quantify scale 
invariances in the morphology and evolution of braided rivers. Braided rivers were shown to exhibit 
anisotropic spatial scaling (self-affinity) in their morphology, implying a statistical scale invariance 
under appropriate rescaling of the axes along and perpendicular to the main direction of flow. The 
scaling exponents were found similar in rivers of diverse flow regimes, slopes, types of bed material 
and braid plain widths, indicating the presence of universal features in the underlying mechanisms 
responsible for the formation of their spatial structure. In regions where predominant geologic controls 
or predominant flow paths were present, no spatial scaling was found. Regarding their spatio-temporal 
evolution, braided rivers were found to exhibit dynamic scaling, implying that a smaller part of a 
braided river evolves identically to a larger one, provided that space and time are appropriately 
normalized. Based on these findings, and some additional analysis of experimental rivers as they 
approach equilibrium, it was concluded that the mechanism bringing braided rivers to a state where 
they show spatial and temporal scaling is Self-Organized Criticality (SOC) and inferences about the 
physical mechanisms of self-organization were suggested.

  Further research considered scale issues in verification of precipitation forecasts from numerical 
weather prediction models. A common approach to Quantitative Precipitation Forecast (QPF) 
verification is to interpolate the model-predicted areal averages (typically assigned to the center point 
of the model grid boxes) to the observation sites and compare observed and predicted point values 
using statistical scores such as bias and RMSE. In such an approach, the fact that the interpolated 
values and their uncertainty depend on the scale (model resolution) of the values from which the 
interpolation was done, is typically ignored. This interpolation error, which comes from scale effects, 
was construed by these researchers as the "representativeness error." It is a nonzero scale dependent 
error even for the case of a perfect model and thus can be seen as independent of model performance. 
The scale dependency of the representativeness error can have a significant effect on model 
verification, especially when model performance is judged as a function of grid resolution.

  These researchers investigated a new methodology, based on multiscale recursive estimation. This 
technique proved integral to the comparison of observations at different scales while explicitly 
accounting for their scale-dependent variability and uncertainty.

  Further research investigated the accuracy of oceanic tropical precipitation retrieval from microwave 
sensors during NASA's Tropical Rainfall Measuring Mission (TRMM). The TRMM Microwave 
Imager (TMI) Goddard Profiling (GPROF) rainfall retrieval algorithm is an inversion type algorithm, 
which uses numerical cloud models and radiative transfer schemes to simulate the brightness 
temperatures that the TMI would see, thereby allowing one to relate0 hydrometer profiles to brightness 
temperature. The variability in modeled hydrometer fields is known to have an important effect on 
simulated brightness temperatures, and while the TMI instrument sees all the variability down to scales 
of a few meters, cloud models are typically run at resolutions of 1-3 km, and therefore do not capture 



the variability at scales less than 5-15 km due to computational mixing. Methods of stochastic 
downscaling based on wavelets or multiplicative cascades were proposed to reintroduce the missing 
small-scale variability and reduce the bias in the retrieved precipitation. 

Fernando Porté-Agel, Principal Investigator
Large-Eddy Simulation (LES) of Turbulent Transport
in the Atmospheric Boundary Layer

  The main focus of this research was large-eddy 
simulation (LES) of turbulent transport in the 
atmospheric boundary layer. LES consists of 
numerically solving the unsteady three-dimensional 
equations that govern the turbulent transport of 
momentum and scalar quantities such as 
temperature, water vapor, and pollutants. In the last 
decade, LES has become an essential tool to study 
turbulent flows. Applied to the atmospheric 
boundary layer, LES is used to disentangle the role 
that different variables such as surface 
heterogeneity and atmospheric stability play on the 
removal and mixing of heat, water vapor, and 
pollutants. Current limitations in computational 
resources impose a grid size (resolution) in LES 
that is much larger than the smallest scale of 
motion in the turbulent flow. A key issue in LES is 
the performance of the subgrid-scale model that accounts for the effect of the small scales (smaller than 
the grid size) on the evolution of the resolved turbulent fields.

  These researchers focused on developing new subgrid-scale models to better represent the physics of 
the sub-grid scales and their effect on the LES results. This was done through the combination of field 
experiments and extensive numerical simulations. A critical factor in making fundamental progress in 
LES modeling was access to more powerful computers, which allow the researchers to increase the 
resoultion and/or speed of the simulations. The resources at the Supercomputing Institute of the 
University of Minnesota provided the computer power for high-resolution simulations needed to carry 
out cutting-edge research in the area of large-eddy simulation of turbulent flows. 

Charles C. S. Song, Fellow
Industrial and Environmental Flows

  This research group centered its study on the development of large scale flow computation methods 
and computer codes for scientific and engineering applications. Dealing with complex industrial and 
environmental subsonic turbulent flows, the researchers' method was based on the concept of large 
eddy simulation of real fluids in four-dimensional space. Developments were made toward an efficient 
computational method for small Mach number flows based on the compressibility boundary layer 
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theory. It was found that the compressibility effect cannot be ignored for rapidly changing flows such 
as the flow in turbines no matter how small the Mach number may be. The recent benchmark 
comparison showed that the proposed method was about 100 times faster than the best imcompressible 
flow code known to the research group. A computer code was developed for hydraulic machinery 
involving a rotating part and stationary parts. There is a need to transfer information across the 
interfaces between the rotating zone and the stationary zones at each time step, which is a very time 
consuming process. A special algorithm to efficiently transfer information across a sliding boundary 
was developed over the research period. The recently developed computational method for cavitating 
flows was included in this model. This method requires no tracing of any moving and deforming free-
surfaces and, therefore, is vastly more efficient than any traditional approach.

  These researchers developed a study of the theory and application of computational fluid dynamics 
(CFD) to industrial flows shows that compressibility is important to the time-wise change of pressure 
field. Weakly compressible flow equations were shown to represent rapidly changing flows but the 
incompressible flow equations are applicable only to slowly changing flows. Furthermore, weakly 
compressible flow equations are much more computationally efficient when used to solve slowly 
changing flow problems. A number of examples were presented to show the wide range of applicability 
of the concept and the computer code.

  Further, the researchers engaged in a study of the instability of partial cavitation, treating sheet 
cavitation and the transition to cloud cavitation on hydrofoils and marine propellers; this occurrence 
results in a highly unstable flow that can induce significant fluctuations in lift, thrust, and torque. In 
order to gain a better understanding of the complex physics involved, an integrated numerical/ 
experimental investigation was carried out. A two-dimensional NACA 0015 hydrofoil was selected for 
study, because of its previous use by several investigators around the world. The simulation 
methodology was based on large eddy simulation (LES), using a barotropic phase model to couple the 
continuity and momentum equations. Complementary experiments were carried at two different scales 
in two different water tunnels.

  Tests at the Saint Anthony Falls Laboratory (SAFL) were 
carried out in a 19 cm square water tunnel and a 
geometrically scaled up series of tests were carried out in the 
30 cm square water tunnel at the Versuchsanstalt für 
Wasserbau (VAO) in Obernach, Germany. The tests were 
designed to complement each other and to capitalize on the 
special features of each facility.

  Thirdly, the group performed work on the simulation of 
pressure fluctuations in pump-turbines induced by runner-
guide vane interactions. Here, a large eddy framework based 
on the compressible hydrodynamic equations was developed 
and employed in simulating three dimensional turbulent flow 
through a pump-turbine system, which consists of spiral case, 
stay vanes, wicket gates, and runner. The main characteristics 
related to overall hydraulic performance of the system, such 

as pressure fluctuations, flow separation, power output and input, and overall efficiency of the system 
are well predicted with very little need for model calibration. 
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Heinz G. Stefan, Associate Fellow
Water Quality Simulations for Lakes and
Impoundments Under Different Climate Scenarios

  Deterministic, unsteady, one-dimensional, year-round lake 
water quality and fish habitat simulation models were 
developed by these researchers. This activity included 
expanding, validating, and applying these models. Models 
simulate daily water temperature and dissolved oxygen 
distributions in various classes of lakes, including both open 
water conditions and the ice cover period. The simulations 
were made for continuous long-term periods (e.g., 30 years) 
in all regions of the contiguous United States. A special effort 
was directed to quantifying the response of water 
temperatures, dissolved oxygen concentrations, and ice cover 
characteristics to potential climate change. Another objective 
was to evaluate these effects on fishes in lakes in currently 
cold regions. The emphasis in this phase of research was on 
water quality changes during the cold season and the intrusion 
of warm water organisms into previously cold aquatic 
systems. A recently added component of the simulations takes 
the form of convective-diffusive-reaction exchange between 
"littoral" (shallow) and "profundal" (deep) waters of lakes. 
This requires the extension of the existing one-dimensional 
(vertical) transport model into another (horizontal) dimension, 
taking into account the variability of water quality parameters 
across a lake surface. A model was developed to simulate lake hydrodynamics in a two-dimensional 
flow field driven either by forced (wind induced) or natural (buoyancy induced) convection. 

Simulated detritus isopleths in a lake cross section. 

  This phase of the 
project included two-
dimensional simulation 
of flow and water quality 
in the ice-covered season. 
The particular challenge 
in this work was to 
produce accurate 
modeling of fluid motion 
and transport driven by 
buoyancy forces in a 
stratified water body. 
This required the 
resolution of a low-
Reynolds-number 
turbulent and pseudo-
laminar flow field with 
damping effects on 
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vertical turbulent 
transport due to stable 
thermal stratification. 
The information on two-
dimensional flow was 
subsequently used in a 
mass-transport model for 
various water-quality 
variables to simulate 
horizontal and vertical 
transport from the littoral 
regions to the profundal 
portions of a lake. This 
was important because 
chemical and biological 
kinetics in these two 
regions can be 
substantially different. 
Comprehensive field 
measurements of water 
temperature and 
dissolved oxygen in an 
ice-covered lake were 
conducted in order to 
support and validate 
individual model 
components in the winter 
season. This extensive set 
of data was then used for 
the model calibration and 
verification on the 
supercomputer platform. 

Department of Computer Science and Engineering

Baoquan Chen, Principal Investigator
Visualizing Large Volumetric Data

  These researchers worked on 
visualizing large volumetric 
data obtained from a wide 
variety of applications, 
medical imaging, geoscience, 
and scientific simulation, to 
name a few. The major goal 
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was to deliver an interact visualization system for these applications with large data sets (e.g., 10243). 
Experimentation and parallelization of designed algorithms on the Linux clusters were performed to 
obtain an optimized performance. 

George Karypis, Principal Investigator
Scalable Algorithms for Graph/Mesh Partitioning
and for Scientific Data Mining

  Algorithms that find a good partitioning 
of highly unstructured and irregular 
graphs are critical for developing 
efficient solutions of a wide range of 
problems including parallel execution of 
scientific simulations. The traditional 
graph partitioning problem focuses on 
computing a k-way partitioning of a 
graph such that the edge-cut is 
minimized and each partition has an 
equal number of vertices (or in the case 
of weighted graphs, the sum of the vertex-weights in each partition are the same). The task of 
minimizing the edge-cut can be considered as the objective and the requirement that the partitions will 
be of the same size can be considered as the constraint.

  Unfortunately, this single-constraint, single-objective graph-partitioning problem is not sufficient to 
model the underlying requirements of many current and emerging applications, especially in the area of 
high performance scientific simulations. In particular, the effective parallel solution of multi-physics 
and multi-phase computation in areas such as automobile engine design, crash-worthiness testing, fluid 
dynamics, structural mechanics, etc., requires that the partitioning algorithm simultaneously balances 
the computations performed during each one of the phases and minimizes the various communication 
overheadsÑnone of which can be accomplished by the current graph models and partitioning 
algorithms. The key characteristic of these applications is that they require the partitioning algorithm to 
handle an arbitrary number of optimization (either minimization or maximization) objectives. Due to 
advances in informational technology and high performance computing, very large data sets are 
becoming available in many scientific disciplines. The rate of production of such data sets far outstrips 
the ability to analyze them manually. There is an increasing interest in scientific communities in 
exploring the use of emerging data mining techniques to analyze these large data sets.

  To date, the majority of the research in data mining has been focused on developing algorithms for 
data sets arising in various business, information retrieval, and financial applications. However, data 
mining techniques hold great promises for analyzing massive data sets resulting from scientific 
simulations. Data mining techniques can be used to develop a new set of analysis tools that will 
automatically analyze the data and allow engineers and scientists to gain insight into the underlying 
mechanisms of the dynamic physical processes. In this approach, feature extraction tools are used to 
analyze the raw simulation data to extract higher order objects that correspond to interesting structures 
(e.g., vortices in flow simulation, and thus help unravel the causal relationships in the underlying 
physical mechanism. 
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  A 
computational 
mesh for a 
particle-in-cells 
simulation (a) 
and a 
computational 
mesh for a 
contact-impact 
simulation (b). 
The particle-in-
cells mesh is 
partitioned so 
that both the 
number of mesh 
elements and 
the number of 
particles are 
balanced across 
the subdomains. 
Two 
partitionings are 
shown for the 
contact-impact 
mesh. The 
dashed 
partitioning 
balances only 
the number of 
mesh elements. 
The solid 
partitioning 
balances both 
the number of 
mesh elements 
and the number 
of surface 
(lightly shaded) 
elements across 
the subdomains. 



Vipin Kumar, Fellow
Parallel Algorithms for High Performance Multi-phase,
Multi-physics, and Adaptive Mesh Simulations

  Large-scale numerical 
simulations find 
extensive applications, 
since they are used to 
solve problems in fluid 
flows, structural 
mechanics, wave 
propagation, 
electromagnetics, and 
heat transfer. Two 
essential ingredients for 
conducting large-scale 
numerical simulations 
on high performance 
computers are the 
ability to partition large 
unstructured, irregular 
and/or adaptive meshes, 
and fast, highly parallel 
sparse linear system 
solvers.

  The objective of this 
research was to develop 
highly parallel 
formulations of key 
computational kernels 
used for solving linear 
systems arising in large-
scale numerical 
simulations.

  A further pursuit of 
this group focused on 
scalable parallel 
algorithms and libraries 
for solving large sparse 
linear systems. To this 
end, the researchers 
developed highly 
parallel formulations of 
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kernel algorithms that form the core of sparse linear systems 
solvers; these are used extensively in many scientific and 
engineering applications. Further, the group produced highly 
parallel formulations of direct methods used for solving large 
sparse linear systems, fast serial, and parallel high-quality graph 
partitioning methods used for domain decomposition in iterative 
solvers, as well as for computing fill reducing ordering in direct 
solvers, and highly parallel robust preconditioners for sparse 
iterative solvers.

  The problem in mining hidden associations present in large 
amounts of data has seen widespread applications in many 
practical domains such as customer-oriented planning and 
marketing, telecommunication network monitoring, and 
analyzing data from scientific experiments. The combinatorial 
complexity of the problem and phenomenal growth in the sizes of 
available datasets motivate the need for efficient and scalable 
parallel algorithms. The design of such algorithms is challenging. 
An evolutionary and comparative take on many existing 
representative serial and parallel algorithms for discovering two 
kinds of associations was presented by the research group. It was 
shown that many existing algorithms actually belong to a few 
categories that are decided by the broader design strategies. 
Overall, the aim of this research was to provide a comprehensive 
account of the challenges and issues involved in effective parallel 
formulations of algorithms for discovering associations, and how 
various existing algorithms try to handle them.

  Another topic of research for this group was the scheduling 
problem found when allocating a single type of resource among 
waiting jobs, the processing node. A job was allocated the 
minimum number of nodes required to meet its largest resource 
requirement (e.g., memory, CPUs, I/O channels, etc.). Recent 
systems, such as the SUN E10000 and SGI O2K, are made up of 
pools of independently allocatable hardware and software 
resources such as shared memory, large disk farms, distinct I/O 
channels, and software licenses. The scheduling algorithm must 
be able to maintain a job working set, which fully utilizes all of 
the resources. Previous work in scheduling multiple resources 
focused on coordinating the allocation of CPUs and memory, 
using ad hoc methods for generating good schedules. The 
researchers provided new job selection heuristics based on 
resource balancing which support the construction of generalized 
k-resource scheduling algorithms. It was shown through 
simulation that performance gains of up to 50% in average 
response time are achievable over classical scheduling methods 
such as "First-Come-First-Served with First-Fit backfill." 



A domain decomposition of a tightly-coupled multi-physics 
weapon-target interaction simulation. 

  

  An emerging model for computational grids interconnects 
similar multi-resource servers from distributed sites. A job 
submitted to the grid can be executed by any of the servers; 
however, resource size or balance may be different across 

servers. One approach to resource management for this grid is to 
layer a global load distribution system on top of the local job 

management systems at each site.

  Unfortunately, classical load distribution policies fail on two 
aspects when applied to a multi-resource server grid. First, 

simple load indices may not recognize that a resource imbalance 
exists at a server. Second, classical job selection policies do not 

actively correct such a resource imbalanced state. The researchers 
have sought to show, through simulation, that new policies based 

on resource balancing perform consistently better than the 
classical load distribution strategies.

  Sequential multi-constraint graph partitioning algorithms were 
developed to address the load balancing requirements of multi-
phase simulations. The efficient execution of large multi-phase 

simulations on high performance parallel computers requires that 
the multi-constraint partitionings are computed in parallel. 

 



Haesun Park, Principal Investigator
Optimal Clustering and Its Application

  This project was expected to be divided into two categories: 
text document clustering and classification. The clustering 
technique to be performed in this research would provide 
hierarchical clustering algorithms with a stopping criterion. 
This criterion was to be based on the centroid approach and 
the squared error method, which have been the most widely 
used evaluation measures for clustering techniques. The approach was to be demonstrated and verified 
using the traditional concept of entropy. The researchers expected to interpret clustering as a seeking 
process that finds a data configuration containing the minimum clustering entropy. Since a hierarchical 
clustering algorithm tries to find a clustering configuration that approaches to the optimal, the number 
of clusters in the configuration was to be supported by the partitional clustering algorithms in order to 
perform the best clustering. The clustering performance would then be evaluated by and compared to 
the optimal configuration found by combinatorial search. By applying this clustering criterion to 
classification, each class would be segmented to have multiple centroids. As the centroids then 
provided more precise information for the internal configuration of the class, it was expected that this 
clustering approach would support classification to reduce the classification error. To this end, these 
researchers looked forward to using supercomputing resources to perform their combinatorial searches 
and massive tests. 

Yousef Saad, Fellow
Robust Parallel Iterative Methods with Applications
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  The goal of this research was 
to investigate robust 
preconditioning techniques for 
solving general large sparse 
linear systems with an 
emphasis on parallel 
techniques. The researchers 
developed these techniques for 
linear systems arising from 
realistic applications such as 
Computational Fluid 
Dynamics and other 
application areas. Special 
preconditioners such as the 
Algebraic Recursive 
Multilevel Solver were tested 
for scalability and robustness. 
A new emphasis of this 
research was the development 
of multilevel parallel 
preconditioning techniques. In 
particular, the group extended 
and tested a number of domain 
decomposition techniques 
which have been recently 
developed for the PSPARSLIB 
project. This new emphasis 
included the development of a 
parallel version of the 
Algebraic Recursive 
Multilevel Solver (ARMS).

  In their work, the researchers 
described a relation between a 
broad class of incomplete LU 
factorization techniques and 
factorized sparse approximate 
inverse techniques based on 
computing triangular matrices 
Z, W such that ZTAW is 
approximately diagonal. The 
researchers showed that most 
of these approaches are 
essentially equivalent to 
approximately inverting the 
triangular factors obtained 
from a modified incomplete 
LU factorization of the initial 
system.
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  This research group also developed a finite element formulation for solving multidimensional 
compressible flows. This method is inspired by experience with the SUPG, Finite Volume, and 
Discontinuous-Galerkin methods. The objective here is to obtain a stable and accurate finite element 
formulation for multidimensional hyperbolic-parabolic problems (with particular emphasis on 
compressible flows). The upwinding effect has been introduced by considering the flow characteristics 
along the normal vectors to the element interfaces. This method was applied for solving inviscid, 
laminar, and turbulent flows

Jon Weissman, Principal Investigator
GlobalSim: Adaptive Middleware for Scheduling
Distributed Simulations in Grid Systems

  This project designed, developed, and deployed a software scheduling tool called GlobalSim. The tool 
allowed distributed parameter studies simulations to be executed across a wide variety of 
heterogeneous hardware and software platforms in a computational grid at the University of Minnesota. 
GlobalSim is middleware that runs on a large variety of software systems ranging from "bare OS" 
systems such as Unix and NT, and higher-level middleware such as Legion and Globus. GlobalSim is 
adaptive, fault-tolerant, and scalable to accommodate the large numbers of shared computers and 
networks in the computational grid.

  This grid consists of supercomputers at the Supercomputing Institute (SP-2 and Origin 2000), and 
Unix and NT workstations at the University of Minnesota Computer Science Department. The student 
project focused on design and implementation of the application programmer interfaces (APIs) as part 
of the GlobalSim architecture, and produced a running prototype that runs on the SP-2, Origin, and 
Unix workstations. The student then performed some basic experiments with several simulation 
applications using the GlobalSim prototype. The basic prototype demonstrated rudimentary fault 
tolerance and simple scheduling strategies. Some of the students then conducted research into adaptive 
scheduling methods using the tool.

  The purpose of this project was to construct a tool that 
runs on a heterogeneous large-scale computational grid. 
Integrating specialized high performance computing 
resources such as the Origin and SP-2 into the 
computational grid is an important part of the research. 
The researchers expected to work with the 
computational science community at Minnesota in order to deploy their simulation applications on the 
grid using the GlobalSim tool. 

Department of Electrical and Computer Engineering

Tryphon Georgiou, Principal Investigator
High Resolution SAR imaging
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  This research group developed a 
new framework and new techniques 
for high-resolution Synthetic 
Aperture Radar (SAR) imaging. 
The new methods rely on the fact 
that second order statistics impose 
analytic interpolation constraints on 
the power spectrum of a signal. 
This observation leads to extensions 
of existing spectral analysis 
methods and allows for 
improvement of resolution over 
state of the art. This research focused on high resolution SAR imaging.

This sequence shows a SAR image of terrain where a vehicle is present. The highlighted area, left, has been processed and 
is shown in two different resolutions, center and right. The sub-image at center was constructed with traditional 
techniques, while the one on the right was composed with new high resolution subspace analysis methods. 

Georgios Giannikis, Principal Investigator
Mobile and Wireless Communications

  This research involved work on Mobile and Wireless Communication Research projects. Subjects 
included computationally demanding tests on multiuser and multicarrier broadband systems with 
space-time and iterative decoding algorithms including concatenated (a.k.a. turbo) coding. 
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Xiaoli Ma, Graduate Student Researcher

Zhengdao Wang, Graduate Student Researcher

Yan Xin, Graduate Student Researcher

Shengli Zhou, Research Associate 

Anand Gopinath, Associate Fellow
Modeling of Vertical Cavity Lasers and Integrated Optical Circuits

  This research group developed a self-consistent model of the Vertical Cavity Surface Emitting Laser. 
They continued their work on integrated optics, integrated switch structures using semiconductor laser 
amplifiers as the switch elements, integrated semiconductor laser amplifiers with Faraday rotation 
isolation, dielectric waveguide amplifiers, and dielectric waveguide amplified spontaneous emission 
sources. All these devices require waveguide mode solvers, with and without gain/loss, and in the case 
of the Faraday rotation isolator, anisotropic media. 
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James E. Holte, Principal Investigator
Calculation and Analysis of EM Field in MRI

  It is known that magnetic resonance 
imaging (MRI) causes electomagnetic 
fields that run through patients. The 
specific area of interest is MRI used on 
patients with a deep brain stimulation 
(DBS) system implanted. There exists a 
fear that a radiofrequency field (RF) 
pulsed sequence used in conjunction 
with MRI for imaging DBS could cause sufficient current flow in the DBS microelectrode lead that 
might cause tissue damage.

  This project formed a preliminary step to determine the current flow in this lead. Sample data was 
taken for the EM field distribution in patients without DBS in the MRI. The EM field distribution was 
then calculated using the Maxwell Software Package from Ansopt. This calculation was to be 
compared to theory and experimental data, which in turn was to be used as a building block to 
determine current flow induced from pulsed sequences in DBS leads from MRI. 

Jim Leger, Associate Fellow
Electrical-Magnetic Field Simulation for Micro-Optical Elements

  Properties of micro-optical elements were 
investigated by this research group. Information 
about the electromagnetic fields inside and outside 
of micro-optical elements is crucial and needs to be 
studied numerically. This research group applied 
the rigorous-coupled-wave (RCW) method to 
simulate three-dimensional periodic micro-optical 
elements (i.e., micro-lens arrays, gratings, and so 
on) and achieved good results. With mass transport 
technology, the group was able to fabricate various 
micro-optical elements so that they could compare 
a computer model with experimental results. Given 
sufficient computational resources, the current 
model handled many realistic structures. However, 
to simulate more complex structures, a three-
dimensional non-periodic model proved necessary. 
These researchers continued to improve their 
current model and develop a three-dimensional 
model to simulate some interesting micro-optical structures. Computational results were compared with 
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experimental measurements. Finally, the group simulated elements, such as optical read-out head, near 
field microscopy, and microellipsometry. 

David J. Lilja, Fellow
Simulating New Types of Computer Architectures

  These researchers investigated architectural 
tradeoffs for future processor designs. For this 
work, the group used a detailed execution-driven 
simulator with SPEC CPU benchmark programs 
(see www.spec.org). Due to the computationally 
intensive nature of the simulator and the large input 
sizes of the current SPEC benchmark programs, 
this research used the computing and memory 
resources of the Supercomputing Institute Origin 
and SP supercomputers.

  In building new generations of microprocessors 
with ever higher performance, CPU designers 
always face two major challenges. The first is to 
tackle the scalability issue when increasing the 
number of instructions issued per machine cycle 
(IPC) while simultaneously shortening the clock 
cycle time. The second challenge is to bridge the 
worsening "speed gap" between the processor and 
its memory. Previously, the group proposed a 
superthreaded processor architecture in order to 
address these challenges by exploiting more 
sources of parallelism in application programs 
through both instruction-level and thread-level 
speculation with compiler-assisted cross-thread 
runtime data dependence checking.

  One of the main goals of this project was to 
develop new compiler technology needed to 
support the superthreaded architecture. Preliminary 
results showed excellent potential for reducing 
application execution time with this architecture, 
but they also highlighted the need to deal more 
aggressively with the memory latency problem. In 
this group's more recent work, the researchers 
developed a processor simulator to help validate 
the superthreaded architecture.

  To address one aspect of this goal, the researchers 
focused on the use of high-performance computing 
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in speculative multithreading. VLSI transistor densities now allow entire systems to be built on a single 
chip. However, smaller improvements in processor clock speeds force processor designers to exploit 
exotic techniques to improve performance. A "superthreaded" processor architecture was developed, 
with the expectation that this would improve the performance of application programs that are difficult 
to parallelize using traditional approaches. This new architecture is a hybrid of a high-performance 
microprocessor, such as the Intel Pentium, and a multiprocessor, such as the SGI Origin. Unlike these 
traditional systems, however, this approach relies heavily on speculation in which the processor 
"guesses" which instructions the program will execute next. Run-time verification ensures that the 
compiler's speculation was correct. A special operation was executed to fix the processor's state if the 
speculated outcome was wrong. The researchers developed a detailed, cycle-accurate simulator of the 
superthreaded processor to evaluate its performance potential. This simulator actually executes any 
applicaton program that has been compiled using an integrated parallelizing compiler. While executing 
the applicaton program, the simulator estimates the number of cycles that an actual superthreaded 
processor would require to execute the program. The simulator allows the designer to vary the number 
of thread processing units, the capabilities of each unit, and other important parameters.

  Another area of interest included compiler-assisted sub-block reuse. The fact that instructions in 
programs often produce repetitive results has motivated researchers to explore various alternatives to 
exploit this value locality, such as value prediction and value reuse. Value prediction improves the 
available Instruction-Level Parallelism (ILP) by allowing dependent instructions to be executed 
speculatively after predicting the values of their operands. Value reuse, on the other hand, attempts to 
remove redundant computations by buffering the previously produced results of instructions and 
skipping the execution of instructions with repeating inputs. Previous value reuse mechanisms used a 
single instruction or a naturally formed instruction group, such as a basic block, a trace, or a function, 
as the reuse unit. These naturally formed instruction groups are readily identifiable by the hardware at 
run-time without compiler assistance. However, the performance potential of a value reuse mechanism 
depends on its reuse detection time, the number of reuse opportunities, and the amount of work saved 
by skipping each reuse unit. Since larger instruction groups typically have fewer reuse opportunities 
than smaller groups, but also provide greater benefit for each reuse-detection process, it was found to 
be very important for the balance point to provide the largest overall performance gain. To this end, 
these researchers proposed a new mechanism called sub-block reuse to intelligently group instructions 
into reuse units using compiler-assistance. The goal was to balance the reuse granularity and the 
number of reuse opportunities. The sub-blocks were produced by slicing the basic blocks at compile-
time using appropriate dataflow considerations. The simulations with the SPECint95 benchmarks 
showed that sub-block reuse with compiler assistance has a substantial and consistent potential to 
improve the performance of superscalar processors with speedups ranging from 10-22%.

  The researchers also worked out a complexity-effective verification, utilizing the Cray SV2 Cache 
Coherence Protocol. In this instance, modern large-scale multiprocessors, capable of scaling to 
hundreds or thousands of processors, have proven to be very difficult to design and verify in a timely 
manner. In particular, the verification process (i.e., proving that the design is functionally correct), is 
often the most time-consuming aspect of developing the system. The group also proposed a method of 
dealing with the verification complexity of a directory-based coherence protocol, providing the 
framework for a methodology that is built on a formal model of the coherence protocol, a language, 
and the RTL implementation. This approach was used to verify the SV2 directory-based coherence 
protocol at the architectural level.

  In addition to the above, the researchers worked on the use of speculative multithreading for high-
performance computing. Fundamental physical limits were encountered in the design of integrated 



circuits that will limit future increases in processor clock rates. As a result, computer architects 
developed aggressive new mechanisms to execute instructions speculatively-that is, before it was 
known whether or not they should actually be executed, and even before the input values needed by the 
instructions were computed. The speculative multithreading execution model, as developed by this 
research group, combines compiler-directed thread-level speculation of control dependences with run-
time verification of data dependences. This new approach attempted to exploit the fine-grained 
parallelism available in program constructs that have been resistant to traditional parallelization 
techniques, such as do-while loops, pointers, and subscripted subscripts. This speculative 
multithreading model was supported by superthreaded processor architecture, which is a hybrid of a 
wide-issue superscalar processor and a multiprocessor-on-a-chip The researchers also developed 
libraries for both C and Java to extend this speculative multithreading to off-the-shelf shared-memory 
multiprocessors. 

P. Paul Ruden, Associate Fellow
Properties of Semiconductor Devices and Materials

  The electronic structure and related properties of semiconductor materials and novel devices were 
calculated by these researchers. Under previous Supercomputing Institute grants, this group's work 
focused on calculations of the electonic structures of quantum wires and on transport simulations for 
large band-gap III-nitride materials using Monte Carlo technique. Recent emphasis was on the 
modeling of strain effects in III-V heterostructure devices in the framework of the finite element 
method. 

  Having recently developed iterative, two-
dimensional and three-dimensional finite element 
codes for thermal modeling of III-nitride device 
hetestructures, the research group sought to avoid 
the crude simplifications usually adopted for this 
problem. In particular, their method can handle the 
different temperature dependencies of thermal 
conductivities of the substrate, the active material, 
and the metal contacts in a hybrid device structure. 
Because of the large CPU and memory 
requirements of the three-dimensional finite 
element code, access to the multiprocessor 
machines with large memory capacity was critical 
for these studies.

  Additional work focused on further Monte Carlo 
transport simulations for large band gap materials 
and on the creation of device models for large gap 
simiconductor devices. This last topic required 
significantly higher levels of precision than 
conventional semiconductor device modeling, primarily due to the much wider range of values 
assumed by variables such as the electron and hole concentrations. 
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Maria Sosonkina, Principal Investigator
Adaptive Capabilities of Scientific Applications

  Clusters of personal computers provide an inexpensive alternative to high performance computing. 
However, the sustained performance of these computational and network resources is difficult to ensure 
for the total execution time of an application. Due to numerous factors, sudden changes in the amount 
of resources are common, which affect the running application.

  To cope with fluctuations in hardware performance, an application may need to have adaptive 
capabilities. This is especially vital for scientific applications, since the majority of them are 
characterized by long execution times and by expensive recoveries from failure.

  These researchers investigated the interaction between a running scientific applications and the 
network interconnecting distributed computing resources. In particular, these researchers applied 
iterative methods to solving linear systems arising in static tire equilibrium computation. The 
heterogeneous material properties, nonlinear constraints, and a three-dimensional finite element 
formulation made the linear systems arising in tire design difficult to solve by iterative methods. An 
analysis of the matrix characteristics helped understand this behavior. Focusing on two preconditioning 
techniques, avariation of an incomplete LU factorization with threshold and a multilevel recursive 
solver, the researchers adapted these techniques in a number of ways to work for a class of realistic 
applications.

  It was found that these 
preconditioners improve 
convergence only when a 
rather large shift value is 
added to the matrix diagonal. 
A combination of other 
techniques-such as filtering of 
small entries, pivoting in 
preconditioning, and a special 
way of defining levels for the 
multilevel recursive solver-
were shown to make these 
preconditioning strategies 
efficient for problems in tire 
design. Comparisons were 
made between these 
techniques, and their applicability was assessed in circumstances where the linear system difficulty 
varied for the same class of problems. 

Randall Victora, Principal Investigator
Micromagnetic Simulations Including Thermal Fluctuations
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  Current magnetic recording 
technology has approached several 
new technical barriers that may 
limit the further increase of hard 
disk recording density. Examples of 
these barriers include fundamental 
limitations in the thermal stability 
and switching speed of the magnetic 
domains. Instead of the current 
longitudinal recording method, one 
of the alternatives has been to 
record the media perpendicularly, 
which, however, may require 
significant technological changes.

  These researchers developed 
methods of micromagnetic 
predictions in the presence of 
obstacles such as defects and 
thermal fluctuations. Having 
already developed a numerical 
model that simulates the 
characteristics of superlattice thin 
film magnetic media (continuous 
perpendicular media), the 
researchers turned their attention to 
the fundamentals of thermal effects 
on the reversal process of grain 
magnetization, using the model. In 
particular, the group developed a 
scaling theory that predicts behavior 
from PC-based calculation. 
However, the theory must be tested 
using an unapproximated approach 
that is computationally intensive. 
This theory, based on the 
equivalence of time and 
temperature for thermally activated 
processes, was tested by predicting 
hysteresis loops for two different, 
thin film magnetic recording media. 
A comparison to directly calculated 
values and to experimental (VSM) 
results showed that important 
features such as the coercivity are 
predicted with less than 1% error. 
They continued their efforts by 
parallelizing the code for greater 

  

Predicted hysteresis loop vs. experimental (VSM) curve for a 
Co/Pd superlattice thin film. 
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efficiency on the supercomputer.

  Another, related topic of research 
for this group was micromagnetic 
predictions of bit decay caused by 
thermal fluctuations over long time 
scales. Thermal decay in magnetic 
recording media increases with 
time, consequently decreasing the 
signal-to-noise ratio. The new 
scaling technique was used to 
predict bit decay over long time 
scales. An ideal square-wave field 
was used to record bits in thin film 
magnetic recording media. 
Comparison of bit thermal stability 
for longitudinal and perpendicular 
thin film media with similar 
KuV/kT was carried out at 
recording densities from 50 to 400 
Gbit/in2. Bit decay in a Co/Pd 
superlattice film at ~80 Gbit/in2 
was studied as well. 

Department of Geology and Geophysics

Roger Leb. Hooke, Principal Investigator
Studies of Ice/Substrate and Ice/Water Interactions

  Glacier dynamics areas controlled, to a large extent, by 
conditions at the bed. These researchers studied the effect of 
ice/substrate friction as ice flows past a sinusoidal bed, in 
order to understand the intergranular flow of water near the 
base of glaciers.

  This project was not performed in a systematic manner. Instead, parallel finite element code was used 
to explore the effect of key physical parameters on the flow of glaciers. 

Peter J. Hudleston, Associate Fellow
Numerical Modeling of Geological Structures and Rock Rheology

  Previous results of numerical simulations of folding and 
faulting have shown that rock rheology is a key factor in the 
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development of geological structures. Ductile folding and brittle faulting occur in a linked fashion in 
the upper earth's crust in a manner that is not well understood. This association is an important 
characteristic of "fold-and-thrust" belts that develop at the borders of nearly all mountain belts.

  This group continued its investigation of how rock rheology affects structural deformation in fold-
and-thrust belts by using finite element modeling of flow in nonlinear and anisotropic materials. The 
results were compared with those obtained from the linear and isotropic models of fold-and-thurst 
belts, and natural fold-and-thrust structures. 

William Seyfried, Jr., Principal Investigator
The Solubility of Quartz in the Low Pressure
Supercritical Region of Seawater

  Mineral solubility at elevated temperatures and pressures 
provides the primary means for mass-transfer in subseafloor 
hydrothermal systems at mid-ocean ridges. These 
hydrothermal systems are the largest on the earth and are 
primarily responsible for maintaining the composition of 
seawater at steady state values throughout geologic time. 
Although there have been numerous experiments measuring 
the solubility of minerals, such as quartz at a wide range of temperatures and pressures, data do not 
exist at the critical point of seawater where hydrothermal conditions tend to occur most often.

  For this reason, new experiments at this Pressure-Temperature (P-T) region were required. Moreover, 
to better understand the conceptual framework for experimental data, molecular dynamic calculations 
were needed. The combination of experimental and theoretical constraints go a long way to 
understanding phase relations involving quartz in subseafloor hydro-thermal systems. 

Donna L. Whitney, Principal Investigator
Mechanical Controls on Deformation of the Lithosphere
and Asthenosphere at Tectonic Plate Boundaries

  The focus of research for this group was on numerical modeling for problems of mechanical 
interaction of two or three phases of contrasting viscosity. Using both ANSYS and ADELI, a FLAC-
like code written by Jean Chery in Montpellier, the researchers were running two-dimensional and 
three-dimensional finite element models as a simplified means of approaching several geodynamic 
problems at a range of scales. Both of these studies were highly cross-disciplinary, using thermal-
mechanical modeling as a unifying tool for data from a variety of sources.

  One project focused on processes at mid-ocean ridge spreading centers, and another on continental 
lithosphere. These areas are analogous in many physical respects, but are constrained by very different 
kinds of data. The work of a graduate student, Ben Holtzman, involved the 2-phase system of (stronger, 
elastic plastic) chromite and (weaker viscous) olivine, deforming at high temperature and pressure 
conditions of the mantle beneath mid-ocean ridges. The stress loaded into chromite by the flow of 
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olivine during deformation can be measured from microfabric studies, and serves as a stress guage. The 
numerical models were then used to simulate these gradients, in order to constrain unmeasurable 
quantities such as strain rate and minimum melt pressure.

  The researchers also considered the problem of melt phases interacting with olivine and chromite, in 
order to understand weakening instabilities and the strain localization process, in collaboration with the 
Mineral Physics lab of Professor David Kohlstedt. Studying these simple systems informs the 
understanding of the mechanisms of melt migration in the mantle and its influence on the geometry of 
asthenospheric flow beneath mid-ocean ridges.

  A second focus concerned the mechanical properties of the 
lower crust and the degree to which layers in the lithosphere 
are coupled during deformation along plate margins. It has 
been widely hypothesized that the mechanisms by which 
crustal rocks are deformed and brought to the earth's surface 
are linked to the behavior of the upper mantle and lower 
crust. A multidisciplinary approach, applying metamorphic 
petrology, structural geology, and thermochronology, was 
used to characterize and quantify the magnitude and rate of 
exhumation of rocks now exposed along ancient and modern 
plate boundaries; numerical modeling using ANSYS allows 
for a more accurate interpretation of field data. Results from 
the study performed by these researchers significantly augment understanding of how continental-scale 
deformation at convergent plate margins is controlled by the variation of rock properties in the 
lithosphere. 

David A. Yuen, Fellow
Numerical Simulations of Geophysical Phenomena

  These researchers worked on several 
large-scale computational problems in 
geophysics that required both the 
speed and memory resources of vector 
and massively parallel computers. 
Some of the most significant 
problems addressed by this group 
were the following: three-dimensional 
thermal convection with temperature-
dependent viscosity and phase 
transitions; two-dimensional 
convection with more complicated 
physics; the thermal histories of Earth 
and Mars with both two-and three-
dimensional models; large-scale 
mixing problems with calculations 
and analysis by wavelets and multi-
fractals; scientific visualization and 
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wavelet analysis of large-scale global inversion of seismic data; visualization of large-data sets using 
wavelets in radar interferometry and seismic tomography; molecular dynamics with over 107 particles 
on micro-hydrodynamical instabilities and molecular simulations with dissipative particle dynamics; 
and three- dimensional seismic modeling with a spectral-element technique.

  The following provides an overview of some of the work performed by these researchers.

  Recent analysis of data from the Galileo flyby has proposed that there may exist a deep pool of water, 
between O (10 km) and O (100 km) in Europa. The research group carried out high-resolution, two-
dimensional calculations of water for a Boussinesq model with a Prandtl number of 7 in an aspect-ratio 
3 box, going from Ra from 1010 to 1012. Hot plumes have multi-scale structures with much thinner 
vertical shear layers. Interior shear stratification develops more with increasing Ra. The researchers 
postprocessed the data and calculated at each instant of time the very turbulent Peclet (Pe) and 
Reynolds (Re) numbers. By making the assumption that a given instant of time represents a possible 
dynamical state, the researchers allowed for a wider range of Pe and Re. The Nusselt number was 
found to scale linearly with both Re and Pe up to around 104, and the thickness of the thermal boundary 
layer scales as 1/Pe or 1/Re. The Peclet and Reynolds numbers associated with possible convection in 
the European pool may exceed one million.

  In another project, this group considered mixing and droplets coalescence in immiscible fluid. Here 
the researchers employ dissipative particle dynamics (DPD) in three dimensions to simulate the 
Rayleigh-Taylor (R-T) mixing for two superimposed, viscous, immiscible and compressible fluids. The 
two antagonistic processes-droplets break-up and droplets coalescence-influence the speed of mixing. 
The researchers showed that DPD simulations results are in good agreement with theoretical 

predictions. The temporal growth of the average droplet size R(t) is govern by the power law R(t)∝tβ. 
The value of the scaling factor β varies with time and depends on the type of physical mechanism, 
which is dominant in a moment of time. Initially, the value of β is equal to 1/3 for small R(t), then 
increases to 1. Eventually, for R(t)>RH, where RH is the hydrodynamic length, the value of β becomes 

equal to 2/3. The researchers also detected an intermediate β 1/2 regime between β

1/3 and β 1 regimes, observed before only for two systems. The β 1/2 
regime becomes dominant for sufficiently small kinematic viscosity. The simulations were performed 
on the SGI/Origin 2000 system by using 3x105 DPD particles.

  Still another project dealt with the interplay of variable thermal conductivity and expansivity on the 
thermal structure of oceanic lithosphere. Here, the sensitivity of pressure- and temperature-dependent 
thermal conductivity (k: W/m/K) and the thermal expansivity (α: 1/K) on the thermal structure of the 
oceanic plate was investigated parametrically by comparing the ocean floor depth and heat flux 
predicted by a one-dimensional conduction model with those of GDHl. The researchers found that the 
optimum estimate of thermal expansivity is around 3.0x10-5, while that of thermal conductivity is not 
well constrained. The optimum estimates of the plate thickness D (km) and the temperature at the base 
of the plate Tm (°C) may be given by T_50-(k0-4.5) x100-(α-3.0x10-5)x105x100. D~90+(k0-4.5)x20-

(α-3.0x10-5) x 105 x 20 where k0 (W/m/K) is the lattice thermal conductivity at the ocean floor. A 

similar relation was obtained for the case with constant conductivity.



  Of continuing interest to the group was secondary upwelling instabilities developed in high Rayleigh 
number convection. In this area, possible applications to hot spots were observed through conducted 
numerical experiments for mantle convection in an axisymmetrical spherical-shell geometry from 
Rayleigh numbers ranging from three million to ten billion for a purely basal heating configuration. For 
Rayleigh numbers between around 30 million and one billion, a string of these secondary instabilities 
can develop from a single plume. Analysis of the spectrum of wavelength associated with the fold 
instabilities showed that there is a window in the Rayleigh number between around ten million and one 
billion where these secondary folding instabilities would develop. These results, when applied to the 
upper mantle, may explain the formation of hotspots in a turbulently convecting upper-mantle with a 
Rayleigh number greater than ten million.

  Other topics of study for this period included the problem of viscoelastic relaxation of the earth solved 
by a matrix eigenvalue approach based on discretization in grid space; rheological structure and 
deformation of subducted slabs in the mantle trans-ition zone with implications for mantle circulation 
and deep earthquakes; modeling of viscoelastic plume-lithosphere interaction using adaptive multilevel 
wavelet collocation method. 
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Willard Miller, Jr., Principal Investigator
Calculations Involving Mathematics in Multimedia



  The burgeoning of digital information 
coupled with advances in computing, 
interface, and communicator 
technologies has paved the way for 
multimedia. What makes multimedia 
different from traditional information 
products is a much richer variety of 
underlying works. A multimedia product 
may contain graphics, film, video, music, 
photographs, paintings, animation, text, 
data, maps, games, and multimedia 
software. It is broadly recognized that 
the challenge of this research requires an interdisciplinary response, including, in particular, the 
deployment of modern techniques of applied mathematics: modeling, analysis, and computation.

  Mathematics, with its reliance on exposing and exploiting the hidden patterns and structures in 
physical phenomena, play a key role in uniting and synthesizing the different modalities inherent in the 
ongoing multimedia revolution. The mathematical disciplines required cover a broad spectrum, ranging 
from pure algebra and group theory, through geometry and topology, and, naturally, analysis-both 
analytical and numeric-with probabilistic and stochastic methods playing a particularly important role. 
Since vision, language, music video, and other sensory processes are much less deterministic than 
ordinary physical phenomena, a large class of methods relies on probabilistic and stochastic paradigms. 
Statistical estimation and Bayesian methods feature in pattern recognition, in language modeling, in 
optical character recognition, as well as in signal image reconstruction Monte Carlo methods, all of 
which have been successfully used in the numerical analysis of some processes, and in computer design 
and graphics. It is clear that all of these techniques (and others not mentioned) require substantial 
computational resources to be researched effectively.

  Most recently, the researchers chose to emphasize three topics in their work; two of these-Combustion 
and Natural Resources and Environment-can be clearly identified as areas of application. The third, 
Multiscale and Transition Regimes, cuts across applications, focusing instead on processes where 
traditional and classical transport models no longer apply.

  Applications include thin, microstructured films, nanometer-scale semiconductor devices, and 
supercooled fluids. The overall focus was on identifying situations where an infusion of existing 
mathematical and computational technology can lead to rapid progress, as well as recognizing areas 
where the existing theoretical framework required some improvement. 

Fadil Santosa, Principal Investigator
Mathematical Model of Human Atrial Fibrillation

  This research involved the study of electrophysiology in the heart. Specifically, the interest centered in 
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the spatial propagation of waves of electrical activity occurring in normal and diseased hearts with a 
view toward exploring various therapeutic strategies such as tissue ablation, electrical defibrillation, 
and pharmacological treatments.

  An object-oriented approach was adopted in order to attempt simulation of electrical activity in the 
entire human atria using detailed biophysical models of atrial cell electrophysiology. A sound numerical 
time-integration scheme with backward-differentiation time-stepping, a modified Newton nonlinear 
solver, and an iterative linear solver were all used along with an explicit integrator. Parallel versions of 
these codes were implemented on the Origin 2000. A parallel version was tested on the IBM SP using a 
beta-version C++ compliler.

  These models were supplemented by finite element models of radio-frequency ablation of atrial tissue 
as well as boundary element models of sensing of electrical activation using leads currently under 
research at Medtronic.

  The use of mathematical models in the design of therapies holds considerable promise. With detailed 
information on the effects of genetic mutations on protein function, the ability to incorporate such data 
into cellular models, and better models of the action of drugs on cellular processes, the researchers 
found themselves in a position to reconstruct the function and disease of human organs and to explore 
therapeutic strategies. 

School of Mathematics

Bernardo Cockburn, Fellow
LDG Methods for Non-Linear Magneto-Statics

  The objective of this project was to develop a Local Discontinuous Galerkin (LDG) method for 
numerically solving non-linear magneto-statics problems. The LDG are locally conservative, high-
order accurate methods: they allow for great flexibility in adaptive algorithms since no inter-element 
continuity has to be enforced. The main applications developed were the simulation of the rheological 
properties of the so-called magneto-rheological fluids. These fluids have an enormous amount of 
magnetizable particles in suspension which change the rheological properties of the fluid when 
subjected to magnetic fields. The researchers computed the magnetic field of the whole fluid by means 
of an iterative method:

1. Given the magnetic potential at the border of the particles, a multipole technique was 
used to compute the magnetic field in the fluid; with this information, the researchers 
computed the magnetic flux at the boundaries of the particles and then

2. Using the LDG method, they solved for the magnetic field inside the particles in parallel. 



  Further, the researchers devised an a posteriori 
error estimation for convection-diffusion problems. 
In this project, they investigated dynamic (hp)-
refinement strategies based on a posteriori L2 error 
estimates for solving time dependent and steady 
state convection-diffusion equations. The goal was 
to devise practical adaptive high order finite 
element methods based on discontinuous Galerkin 
schemes and to design efficient implementations 
for sequential and parallel computers. The adaptive 
algorithms were tested on three important 
applications: (i) the modeling of the shallow water 
flow, (ii) chemical reactive transport, and (iii) 
modeling of brain tumor growth.

  The Local Discontinuous Galerkin method was 
used for a model elliptic problem on Cartesian 
grids, as well as on a series of numerical examples, 
which established the sharpness of the theoretical 
results. In addition, the first a priori error analysis 
for the Local Discontinuous Galerkin method for a 
model elliptic problem was discussed. The 
optimality of these theoretical results in the studies 
was tested in a series of numerical experiments on 
two-dimensional domains. 

Dennis Hejhal, Fellow
Computational Aspects of Analytic Number Theory

  This research group continued its computational 
analyses of high frequency eigenfunctions of the 
Laplacian (for fuchsian groups). These jobs were 
run in Sweden on a Cray-T3E and Cray YMP-EL. 
Files held and codes derived from work performed 
at the University of Minnesota play a vital role in 
the analysis. The latest investigation involved 
calculating the value distribution properties as well 
as local moments of "CM-forms," a special kind of 
eigenfunction of the Laplacian. One seeks to 
determine if there will be statistical anomalies 
visible when passing from a generic to "almost 
deterministic" setting. The group also considered the statistical properties of Fourier coefficients of 
automorphic forms on non-arithmetic Hecke groups and related groups of congruence type. 
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John S. Lowengrub, Fellow
Topological Transitions and Singularities in Fluid and Biological Interfaces

  These researchers studied topological 
transitions and singularities of interfaces 
in fluid flows and biological systems. 
The researchers also investigated new 
physical problems and continued to 
develop accurate and efficient 
algorithms. In fluid systems, they 
investigated ternary fluid flows in which 
two of the components are immiscible, 
but the third is miscible with at least one 
of the other components. The researchers 
also expected to continue performing 
high resolution simulations of droplet 
coalescence and break-up.

  Further, studies of topological 
transitions and singularities of interfaces 
in fluid flows and biological systems. In 
the case of fluid flows, the focus rested 
on the case of axisymmetric and fully 
three dimensional flows.

  In their work, the researchers developed 
modelling pinchoff and reconnection 
methods for use in a Hele-Shaw cell. The 
group analyzed two diffuse interface 
models to study pinchoff and 
reconnection in binary fluid flow in a 
Hele-Shaw cell. Having found that the 
break-up of an unstably stratified fluid 
layer is smoothly captured by both 
models, the researchers concluded 
further that the HSCH model seems to be 
more diffusive than the BHSCH model 
and predicts an earlier pinchoff time, 
which causes subtle differences between 
the two in the pinchoff region. Away 
from the pinchoff region, both models 
yield nearly identical results and were 
demonstrated in convergence with the 
classical sharp interface model as the 
interface thickness vanishes.

  These researchers also focused on 
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producing boundary integral methods for multicomponent fluids and multiphase materials. As part of 
this research, the group participated in the development of methods that accurately and efficiently 
include surface tension on the Kelvin-Helmholtz and Rayleigh-Taylor instabilities in inviscid fluids; the 
generation of capillary waves on the free surface; and problems in Hele-Shaw flows involving pattern 
formation through the Saffman-Taylor instability, pattern selection, and singularity formation. 

Mitchell B. Luskin, Fellow
Computation of Active Martensitic Thin Films

  Supercomputers were used by this 
research group in order to 
numerically simulate temperature 
and stress-induced austenitic-
martensitic phase transitions, as well 
as to investigate their use in active 
thin films and micromachines. 
Nonlinear, time-dependent partial 
differential equations that are 
numerically integrated present a 
novel challenge to computational 
science since the linearization of the 
model is not well posed. This ill-
posedness manifests itself in the 
nonlinear computational model by 
the development of microstructure.

  The researchers continued to 
investigate the influence of surface 
energy on the numerical solutions. 
The future goal of these 
computations will be to contribute to 
the understanding of the shape-
memory effect and to make possible 
new applications of these materials 
in technology.

  Another area of interest for these 
researchers was the stability of 
microstructure for general 
martensitic transformations. A 
general theory was developed for the 
stability of the laminated 
microstructure for martensitic 
crystals. The underlying theory was 
applied to the orthorhombic to 
monoclinic transformation, the cubic 
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to tetragonal transformation, the 
tetragonal to monoclinic 
transformation, and the cubic to 
ortho-rhombic transformation. 
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Hans G. Othmer, Fellow
Computational Experiments on a Model for Limb Growth and Development

  A new model for limb development which incorporates both outgrowth due to cell growth and 
division, as well as interactions between morphogens produced in the zone of polarizing activity (ZPA) 
and the apical epidermal ridge (AER), were developed during this period, with very promising 
preliminary computational results. The numerically-computed, spatio-temporal distributions of these 
morphogens demonstrated the importance of interaction between the organizing regions in establishing 
the morphogenetic terrain on which cells reside and, because growth is explicitly incorporated, it was 
found that the history of a cell's exposure to the morphogens depends heavily on where the cell 
originates in the early limb bud. The mathematical model and the associated computational algorithms 
were sufficiently flexible that other schemes for the interactions between mopho-gens, and their effect 



on the spatio-temporal pattern of growth and gene expression, could easily be tested. Thus an 
additional result of these researchers' previous work is a computational tool that can be used to explore 
the effects of various mutations and experimental interventions on the growth of the limb and the 
pattern of gene expression. 

  Further two-dimensional computations were 
required to continue these investigations, and in 
future work the researchers expect to extend the 
model to a three-dimensional representation of the 
limb, incorporating a more realistic description of 
the rheological properties of the tissue mass; in the 
present model, this is treated as a Newtonian fluid. 

Department of Mechanical Engineering

Avram Bar-Cohen, Principal Investigator
Thermal Management of High Heat Flux Electronics

  This research focused on the next generation 
packaging, Single Level Integrated Module 
(SLIM). Previous studies were performed in two-
dimensional and three-dimensional modeling of 
SLIM. The fine features of SLIM were modeled 
utilizing the extensive computing resources 
provided by the Supercomputing Institute. The 
features were expected to get finer and the 
enhanced computing power of the super-computer 
is expected to solve this problem. Computing 
resources were also used for the compact modeling 
of heat sinks. Inspiration for the current research 
derives from a possibility for modeling a detailed 
heat sink when treated as a porous block. The huge 
decrease in computational time in the compact 
model was the inspiration for this project. Icepak is 
the computational fluid dynamics tool used for 
modeling the compact heat sink model. Additional 
computing time was used to study the passive 
cooling limits of notebook computers. The cooling 
potential of natural convection and radiation from 
the surfaces of notebooks is something that can be 
utilized to reduce the power necessary to drive 
traditional cooling systems such as fans, thus 
extending the battery life of the computer. These 
studies first utilized Icepak to verify many traditional natural convection models for isothermal plates. 
Icepak was then used to study the flow patterns over two plates in a system at different angles with 
respect to each other and gravity. These interacting plate studies were run to understand how the 
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traditional isolated plate models can be applied to a complex flow system as would be seen with the 
interactions between the keyboard surface and display surface of a notebook computer. 

Jane Davidson, Principal Investigator
Non-Equilibrium Plasma-Enhanced Chemical Vapor
Deposition of Silicon Dioxide

  Corona discharges in air are the source of ions and electrons 
necessary to many pollution control and industrial processes, 
including control of air borne particles, treatment of flue 
gases, decomposition of volatile organic solvents, water 
treatment, and surface treatment of polymer films and fabric. 
The corona plasma is a non-equilibrium plasma, in which 
high-energy electrons induce chemical reactions even at room temperature. Some of these reactions are 
desirable; others are unwanted. For example, corona enhanced chemical vapor deposition (CVD) of 
insulating material on the corona discharge electrode suppresses the corona. One example is deposition 
of silicon dioxide on the discharge wires of indoor electrostatic precipitators. The silicon source is 
semi-volatile silicone used in personal care products. Electron-impact collisions ionize and/or 
dissociate silicon source molecules. The reactive "precursors" formed in these homogeneous reactions 
then move to the corona discharge surface and undergo heterogeneous reactions that produce SiO2.

  The objective of this study was to model the corona plasma and the global gas phase reaction that is 
the rate limiting step in the deposition process. The first step was to obtain the electron density and 
energy distributions in the plasma. Electron density was obtained from a simplified set of Maxwell's 
equations and Ohm's law. The electron energy distribution function was obtained from the Boltzmann 
equation. These values were used to determine the rate of production of precursors. The concentration 
distribution and flux of the precursor to the discharge electrode surface were then determined from 
solutions of the governing fluid dynamic and mass transfer equations. Lastly, this model was used to 
determine the impact of various operating and geometric parameters of deposition rate. 

Sean C. Garrick, Principal Investigator
Large Scale Simulations of Turbulent Reacting Flows

  The objective of this research is to perform numerical simulations of turbulent reacting flows via the 
combination of large eddy simulation (LES) and reduced chemical kinetics. There are two major issues 
that must be resolved to facilitate LES of turbulent reacting flows: 

1. construction of an efficient numerical scheme for solving the governing transport 
equations, and

2. implementation of a chemical kinetic mechanism, which can accurately capture the 
chemistry of complex hydrocarbon flames. 

  In this work, both direct numerical simulation (DNS) and LES were performed. With this approach, 
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the researchers assessed the performance of the reduced mechanisms and the numerical solution 
procedures. LES is facilitated by introducing the "filtered density function" (FDF), and by providing an 
effective numerical means to simulate this FDF. Because of the added dimensionality of the 
compositional variables, solution of the FDF transport equation by conventional numerical methods is 
possible in only the simplest of cases. However, a "Monte Carlo" method may be used for this purpose. 
The use of these schemes has proven very effective in RANS. Considering the capabilities of the 
scheme-and encouraging results in preliminary usage of this scheme-an element of the research 
requires full utilization of this methodology for LES of turbulent reactive flows.

  This project also involved plasma processing and 
plasma chemistry in three contexts of practical 
importance: 

(a) particle formation and transport in 
semiconductor processing systems,

(b) synthesis of nanostructured materials in a 
thermal plasma expansion process, and

(c) fundamental studies of thermal plasma 
chemical vapor deposition. 

  All of these projects involved the development of 
computer models in concert with ongoing experiments in 
the laboratory. Key issues included the detailed chemistry which governs film growth, and the 
nucleation, growth, and transport of particles in plasmas. 

Steven L. Girshick, Associate Fellow
Modeling Plasma Synthesis of Materials

  This project involved plasma processing and plasma 
chemistry in three contexts of practical importance: 

1. chemical vapor deposition of diamond films using 
thermal plasmas,

2. synthesis of nanoparticles and the production of 
nanostructural materials by hypersonic impaction of 
particles in a thermal plasma, and

3. nucleation and transport of contaminant particles in 
semiconductor processing plasmas. 

  In addition, these researchers became involved in gas-phase 
particle nucleation in non-plasma chemical vapor deposition 
environments, closely related to the third issue listed here. All 
of these projects involved the development of computer 
models in concert with ongoing experiments in the laboratory. Key issues included the detailed 
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chemistry, which governs diamond crystal growth, and the nucleation, growth, and transport of 
particles in plasmas. 

Richard J. Goldstein, Associate Fellow
Tip Leakage Flow and Heat Transfer

  In gas turbine systems, the leakage flow 
through a clearance gap between the tip 
of rotating blades and stationary shroud 
has deep effects on the efficiency and 
lifetime of the turbine blade. This 
research studied the effect of leakage 
flow in turbine blade cascade by 
simulating the leakage flow using 
commercial software: cfx-tasc flow. The 
focus of this project was on the detailed 
leakage flow.

  In another series of studies, the 
researchers considered the numerical 
simulation of instantaneous energy 
separation. Instantaneous flow and total 
temperature field were numerically 
simulated to investigate the mechanisms 
of energy separation in shear and jet 
flows. The instantaneous pressure and 
temperature fluctuation within the flows 
provide information for understanding of 
the mechanisms of energy separation. 

Joachim V. Heberlein, 
Associate Fellow
and Emil Pfender, Co-
Principal Investigator
Plasma Computation

  Plasma processing is increasingly being 
used to develop new materials 
processing technologies and better 
existing ones. Process models may be 
used as design tools to simulate complex 
phenomena such as magneto-fluid-
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dynamic interactions, turbulence, and particle breakup and transport that take place in processes such as 
wire-arc spraying, plasma deposition, and plasma spraying. A computer code for the accurate 
calculation of thermodynamic and transport properties of different plasma mixtures was developed and 
modified during this group's study. These transport properties were then used to simulate the various 
processes mentioned above.

  As a whole, the projects undertaken by this research group involved the iterative or transient solution 
of a large set of coupled non-linear equations, often with a very fine grid resolution in a two- or three-
dimensional geometry, and therefore, required substantial computer resources. 

David B. Kittelson, Principal Investigator
Air Ejector Particle Loss Model Simulation

  Air ejectors are commonly used in engine test 
laboratories to dilute engine exhaust to match the 
range of the sampling instrument. Recent 
experiments have shown that up to 50% of the 
large particles will be lost as the exhaust sample 
passes through the ejector.

  The focus of this project required the researchers 
to improve ejector design so that particle losses 
would be minimized. A three-dimensional model of fluid flow field and particle trajectories in an 
ejector was developed, with the results from the ejector simulation then used to redesign and optimize 
the ejector. 

Thomas H. Kuehn, Fellow
and David B. Kittelson, Co-Principal Investigator
Modeling and Numerical Simulation of Megasonic Cleaning, Filtration, and Ventilation

  Two research projects concerned numerical 
simulations in Dr. Kuehn's group, which called for 
the use of supercomputing resources. 

1. The objective of the first project was to 
develop experimentally validated numerical 
models that will predict the acoustic energy 
distribution and particle removal forces on 
the surfaces of silicon wafers in an aqueous 
medium.

2. The second project consisted of developing 
an experimentally validated numerical model 
that will predict the steady-state velocity and 
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temperature fields inside a room under non-isothermal conditions. 

  Any practical application of air quality control involves the mixing of air streams at different 
thermodynamical conditions. A better understanding of how two streams of air mix can help in 
optimizing air diffusers' design; also, it would make possible a more efficient distribution of air 
diffusers and air returns inside an air-conditioned space. 

Susan C. Mantell, Principal Investigator
Numerical Modeling of Thermoset Resin Composite Curing

  An existing filament winding process model-using 
finite element software to predict fiber volume 
fractions, cure characteristics, temperatures, and 
pre-stresses induced during the filament winding 
process-was enhanced in this research in order to 
allow inclusion of autoclave curing of the 
composite and provide greater ease of use and 
versatility. The finite element analysis program 
ABAQUS, coupled with user defined subroutines 
based on process sub-models, was used to perform this analysis. The model provided a useful 
analytical tool for the designer. The model could be used to optimize the fabrication of filament wound 
structures.

  Another area of focus concerns polymer heat exchangers for low cost solar water heating systems. 
This project sought to select a polymer that is compatible with potable water and capable of 
withstanding high pressure and hot water. Until now, several materials had been recommended based 
on extensive research work. The primary challenge to the researchers was to design the polymer 
structure that can be used for ten years under high pressure, temperature, and moisture. Based on the 
long-term material behavior obtained from the tests, analytical and numerical methods were used to 
study the structural performance under the specified conditions. Finite element method was used for 
stress strain analysis for the polymer structure. 

Peter H. McMurry, Associate Fellow
Particle Transport in Electrodynamic Focusing Field and in Supersonic
Expansion in the Nanometer Size Range

  This research involved numerical simulations of the behavior of 
nonometer-sized particles in a supersonically expanding flow 
through a nozzle, accross a large pressure drop. In the new mass 
spectrometer system developed by the researchers, nanoparticles 
were sampled at 1 atm and transported into a vacuum through a 
small orifice (nozzle), and this large pressure drop across the 
orifice caused supersonic expansion. Because the temperature and 
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pressure change drastically in a supersonic flow, physical and chemical characteristics of the particles 
would be altered due to evaporation and/or condensation. In addition, trajectories of the particles (and 
the shape of the particle beam) in a vacuum were determined by the interaction between the particles 
and gas molecules in the supersonic flow, which eventually controls the collection/detection efficiency 
of the mass spectrometer. Therefore, knowledge about the behavior of nanoparticles in a supersonically 
expanding flow is crucial in developing the new mass spectrometer system. Simulations of 
nanoparticles' behavior in supersonic expansion required the computation of a compressible fluid for 
the first step, and subsequently nanoparticles were introduced into the calculated fluid field.

  The research group collaborated with Professor Graham Candler (Aerospace), using his code in these 
computations.

  More recently, the researchers have begun a numerical study of particle transport in semiconductor 
processing equipment. This work should determine the rates at which particles of specified size will 
deposit on wafers or other surfaces in a processing chamber. 

Bradley Nelson, Principal Investigator
Design and Development of mems-based Micromanipulation Tools

  With the increasing interest in investigating areas related to 
microscale phenomena-such as biological cell manipulation and 
micromechatronics-the next generation MEMS devices are 
expected to become more functional and hence, more complex. 
However, the lack of robust techniques to manipulate micron-sized 
objects poses a technology barrier to the development of such 
hybrid MEMS devices. This situation motivated the research 
performed by this group, which focused on the development of 
micro-manipulation strategies using real-time sensor feedback, for 
the assembly of hybird MEMS and in the manipulation of 
biological cells.

  The research efforts at the Advanced Microsystems Laboratory 
that contributed towards realizing this goal include: the 
development of a MEMS based capacitive force sensor to measure 
penetration forces during the Intracytoplasmic Sperm Injection of 
genetic material into mouse egg cells, the development of 
microgrippers for grasping the manipulating micron-sized objects, 
and the characterization of object interactions at the microscale. 
The research at the Supercomputing Institute involved MEMS process simulation of these hybrid 
devices using MEMCAD and finite element modeling, analysis, and design of these micromanipulation 
tools using ANSYS. 

Suhas V. Patankar, Fellow
Computational Fluid Dynamics and Heat Transfer in Engineering Systems
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  This research program involved the 
development and application of 
numerical techniques for engineering 
problems involving fluid flow, heat 
transfer, turbulence, and related 
processes. As a part of the method 
development, new ways of handling 
irregular geometries and more efficient 
techniques for solving the coupled 
momentum and continuity equation were 
formulated and tested. A method was 
developed for modeling of flow 
resistance in heat exchanger passages by 
performing detailed flow calculation in a 
unit cell of a geometrical structure and 
deriving the values of effective 
permeability and other properties.

  The resulting procedure gave 
significant savings of computational 
effort without loss of accuracy. 
Turbulence models were developed for 
complex flows and for prediction of 
transition to turbulence. A radiation 
model was constructed for aeroengine combustors. Other applications included: turbulent natural 
convection, flow in curved passages, film cooling on turbine blades, and free-surface flows. 

David Y. H. Pui, Associate Fellow
Nanoparticle Collision with a Surface

  Filters are routinely used to remove toxic nanoparticles 
from industrial processes. Wang and Kasper (1991), 
however, argued that 2-3 nanometer particles may 
penetrate the filter by bouncing off the filter internal 
surfaces. If this controversial prediction is true, it could 
mean a serious problem.

  To investigate the possibility of such bounce in more 
detail, the researchers used molecular dynamics 
simulations that track the motion of the particle and surface atoms by integrating their equations of 
motion. The simulations sought to solve the above controversy by providing detailed collision 
information, which is difficult to obtain using other approaches.

  Another aspect of the group's work concerned the collisions of nanoparticles with surfaces. This 
research bears on many applications, including material synthesis, microcontamination, and health 
effects. The properties of nanoparticles were expected to be different from those of large particles (e.g., 
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micrometer range) due to the size effects or high proportion of atoms exposed to the surface. 
Accordingly, the interaction of nanoparticles with surfaces should be understood considering such 
effects. Classical mole-cular dynamics (MD) methods were used in this study to understand particle-
surface collisions from a microscopic viewpoint.

  The main part of this project studied collision dynamics as a function of the incident velocity of 
particles. Materials of particles and surfaces were chosen so that they could simulate actual situations in 
filtration processes. It is well known that the MD method is particularly computationally intensive. The 
simulations in the research used classical MD methods, and comprised the main part of this study.

  Visualization of particle trajectories is important both for understanding collision dynamics and 
presenting the results. The use of supercomputers, with algorithms suitable for multiple processors, 
dramatically reduced the computation time of the simulation; specifically, the resources of the Basic 
Sciences Computing Laboratory were used to help in this visualization process.

  The researchers performed particle deposition in a tube with an abrupt contraction at low pressure; 
prior to this, deposition mechanics such as this had been studied both experimentally and numerically: 
the main consideration of deposition mechanism here was the inertial impaction. In the experiment, the 
particle deposition efficiencies onto an orifice plate (orifice diameter: 1.16 cm) placed in a tube (inner 
diameter: 3.48 cm) were measured. The system pressure was controlled in a narrow range from 0.2 to 
0.28 Torr and the flow Reynolds number for the tube was 3.0. Spatially uniform aerosols were 
produced at low pressure by the method developed by Sato et al. (2000). The observed de-position 
curve, as a function of the particle Stokes number, was shown to be different from that obtained at 
atmospheric pressure for a Reynolds number greater than 1000 (Chen and Pui, 1995). The difference 
was further confirmed by the numerical results for the cases with a Reynolds number of 3.0. The 
simulation also showed that the deposition curve had shifted to a smaller Stokes number as the 
Reynolds number increases. Empirical expressions for the deposition efficiency as a function of the 
Stokes number, the Reynolds number, and the contraction ratio (the ratio of the tube inner diameter to 
the orifice diameter), R, were given in order to estimate the particle deposition efficiency for any 
combination of these parameters for future applications. 

Terrence W. Simon, Associate Fellow
Simulations of Flow and Heat Transfer in Complex Engineered Systems



  These researchers considered the 
numerical simulation of three 
complex-engineered systems-
boundary-layer control in external 
and mixed-compression inlets of 
supersonic aircraft engines, 
internal, and film cooling of gas 
turbine components, and flow 
control in spark-ignited-direct-
injection (SIDI) engines. Two 
types of simulations were 
performed. One type is based on 
the Reynolds-averaged Navier-
Stokes (RANS) equations closed 
by low-Reynolds number 
turbulence models. The other type 
is based on large-eddy simulations 
(LES) in which only the subgrid 
scales are modeled.

  The long-term objective of this 
research was threefold. The first 
point was to assess the effects of 
grid resolution and grid-quality 
measures by comparing 
predictions with grid-independent 
solutions. The second sought to 
evaluate the accuracy of RANS 
and subgrid turbulence models by 
comparing predicted results with 
experimentally measured ones. 
Spatially resolved experimental 
data on mean variables in inlets 
are available from NASA-Glenn 
and Boeing; spatially-resolved 
mean and variance data on gas 
turbine heat transfer are available 
from the researchers' laboratory at 
the University of Minnesota; and 
time- and spatially-resolved data 
inside IC engine cylinders are 
available from Michigan State 
University. The third focus of this 
three-pronged objective was to 
extract understanding about the 
physical processes with the aim of 
using them to impact design.

  

Streamwise velocity rms distribution. 



  Furthermore, the following 
simulations were begun: 
Reynolds-Averaged Navier Stokes 
(RANS) simulations of steady and 
unsteady flow in an axisymmetric 
mixed-compression inlet at 
different angles of attack, RANS 
simulation of flow in a gas-turbine 
cascade with contored endwalls 
with and without film cooling, and 
large eddy simulation (LES) of the 
intake flow in an axisymmetric 
piston engine with a centrally 
located valve.



  A further area of study by 
this group focused on the LES 

of turbulent flow and heat 
transfer in propulsion systems. 
This work dealt in particular 

with flows in heat transfer and 
those containing separated 
regions. In the large eddy 
approach to simulating 

turbulent flow, empirical 
modeling was used only to 
represent effects of scales 

smaller than the computational 
grid. This approach showed 

much promise, but it is 
computationally intensive. 
However, the researchers 
believed that the time was 

right for increased research in 
this technique as more and 

more practical flow conditions 
came within reach of current 

and planned computers.

  The main research activities 
performed the simulation of 

flow in a ribbed channel with 
heat transfer and rotation, the 
simulation of pipe flow with 
large property variations and 
buoyancy, the simulation of a 
rearward facing step flow with 
heat transfer, and initial work 
on the LES of a film cooling 

flow. These are building-block 
flows for the longer-term tasks 

of computing flows 
characteristic of propulsion 

systems.

  The long-term goal of the 
research is to contribute to the 

physical understanding of 
cooling flows and transitional 

flows in propulsion systems. Comparisons are being made with the extensive experimental 
measurements made by the principal investigatorÕs research group.

  This research was computationally ambitious. However, it is important to bring the latest 
computational techno-logy to bear on the most urgent problems that are limiting the competitiveness of 
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the U.S. aeropropulsion industry in the global market. 

Paul J. Strykowski, Principal Investigator
CFD Modeling of Counterflow Thrust Vectored Jets

  The main objective of this project was to investigate 
the use of the program fluent for modeling jets 
employing counterflow thrust vectoring. Computational 
models compared well with experimental data, which 
allowed the researchers to use fluent to model operating 
conditions that are not obtainable in the researchers' 
facility, such as high temperatures and supersonic flow. 

Kumar K. Tamma, Fellow
Interdisciplinary Computational Mechanics
with Applications to Supercomputing

  This research constituted an effort toward the development of unified computational methodologies, 
solution algorithms, and finite element modeling/ analysis strategies for interdisciplinary flow-thermal-
structural problems. The philosophy and rationale advocated in the study was based on employing a 
common numerical methodology for each of the individual disciplines in conjunction with common 
computational algorithms for applicability to supercomputing systems in solving large scale 
engineering problems. Various research activities included development of new time integration 
algorithms for transient problems; development of effective finite element based methodologies, which 
can be used in multi-disciplinary problems; new physically correct contact models for penetration and 
impact problems; application of finite element methods in the manufacturing simulations; and 
providing a paradigm for Virtual Manufacturing. The application areas included a wide range of 
engineering applications involving metal forming, casting, thermal degradation, and composite material 
processing. The overall efforts focused attention on providing new and effective approaches, for not 
only improving the existing applicability to supercomputig environments, but also toward providing an 
accurate understanding of the physics and mechanics relevant to multi-disciplinary engineering 
problems. 
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Philip Cheung, Collaborative Researcher

Jaehyon Choi, Graduate Student Researcher
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Michael R. Zachariah, Principal 
Investigator
Developing Methods for Teaching High Level Reacting 
Flow Simulation

  The advent of complex reacting flow simulators makes 
possible the simulation of a wide class of problems 
including combustion, chemical vapor deposition, 
plasma processing, thermal flow chemical-reactors. 
Unfortunately, these simulators require considerable 
skill on the part of the modeler to use these tools wisely 
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and to understand the limitations of these techniques. There currently exists no formal method to teach 
these principles. Graduate students learn through one-on-one interaction with the advisor (assuming he 
is familiar with the methods), but nothing is available to the undergraduate, who may find himself in a 
position to use these tools as part of his work later on.

  These researchers worked in the area of high temperature chemistry and physics of vapor phase 
nanoparticle growth and microcombustion processes. Their studies were aimed at using molecular-
based computation to understand the growth of nanopartiles formed from the vapor and the high 
temperature oxidation of hydrocarbons in microcombustors. The application sought the formation of 
new materials and the control of the emission of toxic heavy metal particles from combustors. The 
studies employed two theoretical approaches: 

1. use Classical Molecular Dynamics simulations to understand particle-particle 
interactions and properties; specifically, these studies are aimed at determining particle-
particle reactivity and physical/chemical properties of small particles (surface tension, 
internal pressure, etc.); in addition, faster algorithms for accelerating the MD comp-utations 
were developed;

2. the chemkin suite of programs used in the simulation of combustion and chemical vapor 
deposition processes;

3. use of ab initio molecular orbital methods were used to construct thermochemical data 
bases and reaction rate data for the construction and testing of reaction mechanisms for 
reacting flows; the primary tool employed was the 
Gaussian suite of programs; and

4. the results from the MD and ab initio computations 
were used to feed reacting flow simulation programs 
aimed at simulating particle forming flows.   In one 
project, simulated nanoparticle formation was driven by 
chemical nucleation processes by incorporating aerosol 
dynamics models into the chemkin software. In other 
studies, the group developed a mems-based 
microcombustor model for a free-piston micro engine. 
These studies were performed with the intention of 
simulating the combustion on the microscale with 
detailed chemistry (several thousand chemical 
reactions). 

Department of Physics

Charles E. Campbell, Associate Fellow
Simulations of Macromagnetic Structure and Simulations
of Quantum Fluid Systems at Low Temperatures

  These researchers executed a program of simulations of 
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condensed matter systems, particularly in the two very different areas of micromagnetic materials and 
of quantum fluids. The principal effort in the former was on the determination of magnetic 
microstructure of magnetic materials on the scale of 50 nanometers to 100 microns, which were also 
studied experimentally in the Physics Depart-ment's Magnetic Microscopy Center (MMC). Of most 
interest were the mechanisms for spontaneous magnetic reversal, the structure of domain walls, and the 
effect of temperature, anisotropy, shape, and disorder on the writing to and stability of systems such as 
the microscopically thin permalloy films, which were simulated by the group. At a similar level of 
interest was the appearance of unique structures in nanoscale nickel particles. Simulations also 
produced a new understanding of possible magnetic structures in such particles in the size range 50 nm 
to one micron, which should be very important technologically; these particles were grown and studied 
in the MMC. Future simulations should be instrumental in guiding future microscopy research in the 
MMC.

  Concerning the other area of this computationally intensive research, the researchers' quantum fluids 
simulation projects include potentially ground-breaking research in two areas: the impact of 3He (i.e., 
fermion isotopic impurities) on the (boson) superfluid phase transition in liquid 4He; and the 
development of time-resolved quantum Monte Carlo simulations at finite temperatures. With regard to 
the former, the very low miscibility of 3He in liquid 4He requires very large simulation sizes, while the 
infamous sign problem in quantum Monte Carlo simulations of fermion systems requires the 
development of highly accurate importance sampling functions to successfully complete these 
simulations.

  A related area of study for these researchers was identical particle scattering from a weakly coupled 
Bose condensed gas. Calculations were made of the scattering states and cross sections for a bose 
condensed dilute gas trapped in a spherical square well of finite depth. The interactions were then 
treated in the scattering length approximation. The Gross-Pitaevskii and Bogoliubov equations for 
bound and scattering states were solved. The results indicated that there are transparency effects 
reminiscent of those conjectured to occur for strongly coupled systems. When incident particle wave-
lengths l are comparable to the well size a, exchange-induced transparency enhancement is only 
dramatic for parti-cular combinations of well depth, inter-action strength and particle number. For 
particles with large momenta (α/λ >> 1), however, exchange with the condensate results in enhanced 
transmission for all coupling strengths. Calculating the rate of decay of the scattering states to leading 
order in anharmonic corrections to the Bogoliubov approximation, the researchers found the 
corresponding inelastic cross sections to be extremely small. 

Cynthia A. Cattell, Associate Fellow
Studies of the Kinetic Physics of Planetary Magnetospheres

  The research group examined several aspects of the kinetic physics of planetary magnetospheres, 
including the excitation of waves in the Earth's auroral zone, wave particle interactions in the auroral 
zone and magnetotail, and particle energization in the magnetic field-reversed geometry of the 
magnetotails of the Earth and Neptune. Fast Auroral Snapshot Explorer (FAST) satellite observations 
have provided the most detailed and complete measurements of the velocity space distribution 
functions of the plasma constituents in this region. FAST simultaneously collects data on electric and 
magnetic waveforms and has the capability to determine the propagation velocities. Preliminary 
investigations of the stability of plasma distributions for four events strongly suggest that Electrostatic 



Ion Cyclotron (EIC) waves observed by the satellite are caused by electron flow (either up or down the 
field line) rather than the concurrently observed ion flow. Recent work provided illumination on the 
relationship between cold and hot plasma modes, in particular the relationship to the transition between 
electrostatic and electromagnetic modes. Continuing investigation of FAST data focused on (1) 
modeling further upward ion flow and upward electron flow events, (2) improving the accuracy of the 
model distribution functions, (3) investigating the relationship of linear modes to nonlinear solitary 
waves, and (4) simultaneous excitation of whisters and solitary waves.

  The researchers continued their study of the effects of electromagnetic fields, which occur on various 
spatial and temporal scales in the Earth's magnetotail on the trajectories of particles to determine 
whether the phase space structures observed when there are no perturbations are substantially modified. 
This knowledge is critical to the understanding of the dynamics of the magnetosphere. Supercomputing 
resources were used to examine the average energy changes and pitch angle changes to obtain an 
effective pitch angle diffusion coefficient. The researchers also produced distributions obtained using 
the more realistic wave fields (determined from experimental work) to compare the experimental 
observations. The numerical work involved modification of an existing code to model the plasma sheet 
boundary and the nonlinear electric field structures, which occur there based on the recently completely 
experimental studies of these structures. In addition, initial results indicated that these results may be 
partially influenced by the choice of global field model used. This result was then quantified 
statistically, to be used in future work.

  These researchers also worked to describe how particle in cell simulations of solitary waves were 
performed using a 2d3v code with one electron and two ion species. Data from the FAST and Polar 
spacecraft are used to provide input parameters, and based on the observations no cold plasma was 
included in contrast to earlier simulations. Simulations containing both oxygen and hydrogen beams 
were compared to simulations that contain only hydrogen to examine the effects of the oxygen on the 
behavior of the solitary waves. In both cases, the solitary wave speeds were less than the hydrogen 
beam speed, and they were also greater than the oxygen beam speed for the cases including oxygen. 
The simulated solitary waves had spatial scales on the order of 10λD. These speeds and scale sizes were 

consistent with Polar spacecraft observations in the low altitude auroral zone.

  In addition, the researchers considered solitary waves with large electric fields (up to 100 mV/m), 
which have been observed by the Polar spacecraft in the low altitude auroral zone and, at high altitude 
(~4-8 RE), during crossings of the plasma sheet boundary and cusp. Electron solitary waves are 

ubiquitous, and are observed for wide range of fce/fpe. In contrast, to date, ion solitary waves have only 

been observed in the auroral zone at low altitudes in the region where fce/fpe >>1. This work described 

some results of statistical studies of ion solitary waves at low altitudes and electron solitary waves at 
high altitudes. Ion solitary waves, observed in regions of upward field-aligned currents and ion beams, 
are negative potential structures and have velocities between O+ and H+ beam speeds, scale sizes of 
approximately 10λD, and normalized amplitudes, eφ/kTe, of order 0.1 because the electron 

temperatures are large (plasma sheet values). In addition, the amplitude increased with both the 
velocity and the scale size, which is inconsistent with the predictions of ion acoustic soliton theory. The 
observations were well modeled by the simulations of Crumley et al. (2000) which included only the 
plasma sheet electrons and the beam ions. Both observations and the simulations were consistent with 
an ion hole mode associated with the ion two-stream instability. The high altitude electron solitary 
waves had velocities from ~1000 km/s to > 2500 km/s. Observed scale sizes are on the order of 1-10λD 



with eφ/kTe up to 0(1). For these solitary waves also, the amplitude increases with both the velocity 

and the scale size, consistent with electron hole modes, as was observed at low altitudes. Even the very 
large amplitude solitary waves are stable based on the criterion developed by Muschietti et al. (1999). 

  This work also studied the results of ion trajectories traced through the T96 Tsyganeneko magnetic 
field model with the inclusion of a perturbation electric field based upon satellite observations of lower 
hybrid waves in the magnetotail, as well as a simple convection electric field. The addition of waves 
with realistic parameters had a large impact on particle energies and steady state distribution functions 
for all regions of the plasma sheet and at all radial distances. 

  Finally, the researchers also examined the use of kinetic 
simulations to trace particles through the magnetotail was 
shown to depend upon the choice of global magnetic field 
model. These results offered a steady state particle tracing 
simulation using three different global magnetic field models, 
the Tsyganenko 1987, 1989, and 1996 models. Distribution 
functions and their moments were shown for all three models, 
to compare and contrast the various models with each other, 
with satellite data and with other simulations, to ascertain 
which features of the particle distributions are model 
dependent, and also to show the accuracy of each model in 
predicting particle distributions and their moments, showing 
that the choice of magnetic field model greatly impacts 
simulation results and can, if not careful, impact simulation 
interpretations.

  Comparing the simulation distribution functions with 
satellite observations suggested that using this code with the 
T96 model gives results that fit data observations better than 
either the T87 or T89 model. 

Alexander Grosberg, Fellow
Complete Enumeration of Protein Energies on a Lattice Abstract

  Polymers are 
ubiquitous molecules in 
the physics and 
chemistry of life. DNA 
and proteins, for 
example, are 
responsible for the most 
basic chemical 
processes needed for 
life, including 
replication, catalysis, 
and information 
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storage. Polymers' 
abilities to handle such 
diverse tasks come from 
the unusual ways in 
which they physically 
interact, both with other 
molecules and within a 
single polymer. One of 
the most exciting 
problems in polymer 
physics is protein 
folding-not only 
because understanding 
protein folding may 
enable scientists to 
achieve the practical 
goal of controlling the 
microscopic shapes of 
molecules, but also 
because proteins may 
provide an insight into 
how life has evolved. 
Much work has been 
done in the past on 
theoretical and 
computational models 
for interacting 
heteropolymers, on 
topics such as the 
freezing and glass 
transitions. Analytical 
works always make use 
of the thermodynamic 
(long chain) limit. 
However, the 
applicability of such 
theories to mesoscopic 
systems, and proteins in 
particular, is uncertain.

  To test the 
applicability of 
heteropolymer freezing 
theories to proteins, the 
research performed 
provided a systematic 
enumeration of the 
density of states of 

Lattice model of a polymer: in this figure,  
polymer is seen in the form of cubes.



mesoscale-size 
polymers, using a 
simplified lattice model. 
The scaling properties 
of the free-energy for 
several sizes of 
polymer, both three-
dimensional and two-
dimensional, were 
determined, and these 
properties were tested 
against both the random 
energy model and other 
more general theories. 
Finally, a conclusive 
determination was made 
on whether current 
theories applicable to 
protein-size polymers. 

J. Woods Halley, Fellow
Numerical Studies of Fluids and Disordered Solids

  This group studied a variety of systems including the electrode-electrolyte interface, amorphous 
polymers, superfluid helium, and Bose-Einstein condensates using molecular dynamics, and electronic 
structure methods-both separately and together in direct dynamics methods for the former two, and 
quantum Monte Carlo and field theoretic models to study the latter. These studies have technical 
applications to corrosion, solar cell development, batteries, fuel cells, and nuclear waste disposal.

  The simulation of electrochemical interfaces is one of a larger class of materials-related simulation 
challenges in which one needs to couple calculations spanning about 10 orders of magnitude in length 
and time scale in order to produce macroscopic predictions. Generally, methods within each scale are 
available, but robust and reliable methods for coupling one scale to another are not. In the group's 
work, methods for coupling the electronic structure scale to the atomic scale and the atomic scale to 
higher length scales were developed. At the electronic scale, both quantum chemical, Hartree-Fock-
based methods, and solid-state, density functional methods-while working from the same principles-are 
used. Results from these electronic scale calculations were then used to parametrize models at the 
atomic scale, either as force fields for classical molecular dynamics calculations or as self consistent 
tight binding models. Using these methods, the group studied such features of electrochemical 
interfaces as electron transfer rates, capacitance, and oxide structure and conductivity. Intermediate 
scale tight binding methods also made possible new kinds of study of magnetic solids and highly 
disordered solids, occuring in electrodes but also elsewhere. In the electrochemical studies, it is often 
also necessary to connect the atomic scale calculations to continuum models in order to make 
predictions of the experimental quantities of interest. 



  The study of polymer electrolytes is 
motivated by a world-wide search for 
better ion conducting polymers for use in 
advanced batteries. The Halley group 
elucidated the mechanism of ion 
transport in one of the prototype 
electrolytes. This led to new directions in 
the search for better ion conducting 
polymers at Lawrence Berkeley 
Laboratory, which recently produced 
very promising new polymer materials 
for this application. The polymer 
simulations, which use classical 
molecular dynamics at the atomic scale, 
are connected to longer time scales than 
are accessible by the traditional methods 
by a variety of techniques, some of them 
developed in this group, including a form 
of renormalized molecular dynamics and 
an innovative application of the parallel 
replica method.

  The work on Bose-Einstein condensates 
was motivated by a search for better 
experimenal probes of the condensate, 
particularly in liquid helium four. To 
evaluate a proposal by this group for a 
new kind of helium atom scattering 
experiment to study the condensate, they 
carrried out both strong coupling 
variational calculations and weak 
coupling calculations at the Bogoliubov 
level. Helium is a strongly coupled fluid, 
but the weak coupling calculations 
permit evaluation of the validity of the 
strong coupling results, because they 
involve approximations that are better 
controlled. Also, weak coupling 
calculations apply directly to a newly 
discovered set Bose-condensed alkali 
gasses. The results of recent weak 
coupling calculations showed that there 
are transparency effects reminiscent of 
those conjectured to occur for strongly 
coupled systems.

  In another category of calculations 
associated with the condensate studies, 
members of the group simulated the 
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behavior of pulsed atomic helium beams, which are used in the experiment to study the condensate in 
liquid helium four. Using a gas dynamics code to model these pulsed low energy helium beams, the 
workers found a good fit with the experimental results at low source power. The fit implied that 
significant collisional effects occur in these beams. The code could also be used to simulate signals to 
be expected in the experiment (not yet carried out) in which the beams will be used to study the 
condensate in liquid helium four. Very recently, these gas dynamics codes were used in a 
computationally innovative way to predict the behavior of atomic helium pulses of much higher 
density, which behave anomalously in the experiments. To simulate the millions of atoms involved, the 
group (in particular, Aaron Wynveen) wrote a hybrid code in which the molecular dynamics portion 
was used to determine a boundary condition for the continuum hydrodynamic description of the gas 
used in most of the volume of the simulated space. This simulation recently produced results quite 
similar to the anomalous experimental results and suggests an explanation in terms of shock waves in 
the pulse. 

Shaul Hanany, Principal Investigator
Analysis of the maxima and archeops Cosmic Microwave Background
Anisotrophy Data Sets; Cosmic Microwave Background Data Analysis 

  Analysis of the maxima and archeops 
astrophysical data sets was undertaken 
by these researchers. Such analysis 
requires matrix manipulations of large 
dense matrices. The data provided strong 
constraints on models of the origin and 
evolution of the universe.

  In tandem with this work, the 
researchers continued their analysis and 
estimation of cosmological parameters 
from the data collected by the maxima-1 
and maxima-2 balloon-borne 
experiments. The data constrained 
several of the parameters that determine 
the evolution of the universe. Using both 
the Bayesian and Frequentist statistical 
approaches in the analysis, the 
researchers compared the values 
obtained in each. In general, they achieved substantial progress and expected further advances in the 
research period to come. 
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A simulation of the cosmic microwave background (CMB) of the sky, as  
generated by the IBM-SP. The original image contains about 6,000 8' x  
8' pixels. Similar simulated images are used to carry out Frequentist-
motivated data analysis of CMB data sets.

Norton M. Hintz, Principal Investigator
Analysis of Nuclear Reaction Data and Proton-Nucleus
Reactions, 135Ð800 MeV

  During the late eighties and early nineties, a number of 
experiments were performed at Los Alamos Meson Physics 
Facility and at the Indiana University Cyclotron. These consisted 
of proton scattering and two-neutron pickup reactions. The purpose 
was to investigate the basic nucleon-nucleon (NN) interaction 
inside the nucleus, which differs form the free NN interaction. 
There are several controversial and somewhat conflicting theories of how the free NN interaction is 
modified by the presence of other nucleons. Funda-mentally, the underlying quark structure of neutrons 
and protons (nucleons) is involved. Analysis of the data requries numerical integration of second-order 
partial differential equations in three dimensions.

  In most problems worked on by these researchers, sets of coupled differential equations were involved 
and many interactions are required in parameter search routines. The results of this project were 
expected to have important implications in astrophysics, particle physics, and condensed matter 
physics. 
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Robert L. Lysak, Associate Fellow
Numerical Investigations of Solar Wind-Magnetosphere-Ionosphere Coupling

  The work performed by these 
researchers was centered on several 
problems involving the coupling of mass, 
momentum, and energy between the 
solar wind, magnetosphere, and 
ionosphere. This work involved both the 
development of new codes and the 
modification and use of existing codes to 
address the problem of solar wind-
magnetosphere-ionosphere coupling. The 
emphasis was on magnetosphere-
ionosphere coupling during 
magnetospheric substorms. The 
following is a summary of specific 
projects.

  These researchers extended their model 
for describing the dynamics of the 
turbulent convective flow in the 
magnetospheric boundary layer using the 
three-dimensional version of the Total 
Variance Diminishing (TVD) 
magnetohydro-dynamic (MHD) code 
provided by the group lead by Professor Thomas W. Jones of the Astronomy Department. The main 
focus in this area was on an investigation of the nonlinear dynamics of the magnetospheric tail using 
this code. In addition, the researchers continued their investigations of the Kelvin-Helmholtz instability 
and the excitation of field line resonances.

  Additionally, the researchers applied their three-dimensional model for the propagation of 
compressional and shear Alfvén waves through the auroral ionosphere and atmosphere by looking at 
the excitation and propagation of waves progagating in the so-called ionospheric waveguide, and by 
looking at the detailed structure of the ionosphere including collisional effects. Having made the first 
steps in modifying the nonlinear MGD code described above to model the low-ß plasma in the auroral 
acceleration region. The researchers also included the effects of neutral winds in their calculations.

  Another aspect of their research concerned modeling wave progagation in the inner magnetosphere 
and coupling these processes to those in the geomagnetic tail and at the magnetopause. This effort 
helped to describe the timing of magnetospheric phenomena during substorms as well as the 
propagation of the so-called Pi2 pulsations associated with substorms.

  Lastly, the researchers performed particle-in-cell numerical simulations to describe the nonlinear 
evolution of so-called ion and electron holes that have been recently observed by the NASA Fast 
Auroral Snapshot (FAST) satellite. These phase space structures had previously been described 
theoretically in the steady state, but the evolution of such structures remains an open question. By 
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implementing an Adaptive Mesh Refinement technique, the researchers hoped to more efficiently 
simulate these structures.

  Specific projects, based on the implementation of the above research profile, included the MHD 
simulation of magnetospheric waveguide modes. Ultralow frequency waves with frequencies of 1.3, 
1.9, 2.6, and 3.4 mHz are often observed and associated with field line resonances (FLRs) in the inner 
magnetosphere of the Earth. Waveguide modes were proposed as a mechanism for generating FLRs. 
Using a compressible two-dimensional MHD simulation, the researchers explored the nonlinear effects 
on the excitation of waveguide modes and frequencies of the modes. Changes in key parameters and 
how they affect waveguide modes were analyzed.

  Another project developed by this group produced a three-dimensional model for the propagation of 
Alfvén waves through the auroral ionosphere. The propagation of Alfvén waves in the auroral 
ionosphere is important in the determination of ground signatures of time-varying currents, in the 
formation of Pc1 compressional waves that can be ducted in the ionosphere waveguide, and in the 
development of field-aligned currents and parallel electric fields during auroral acceleration processes. 
This research presented the first results from a three-dimensional model of the linear propagation of 
these waves. In this model, the ionosphere was treated as a thin slab carrying Pedersen and Hall 
currents. The jump conditions across this boundary lead to the coupling of shear and compressional 
MHD modes at the ionosphere and also allowed the ground signatures of these waves to be calculated 
within the context of the model. This model was used to study the coupling and to illustrate the 
excitation and propagation of compressional MHD waves within the ionospheric waveguide. A new 
numerical scheme for the modeling of parallel electric fields was also introduced and the excitation of 
resonance cone structures by narrow impulses was then demonstrated.

  These researchers also performed studies of ion solitary waves using simulations including hydrogen 
and oxygen beams. Particle in cell simulations of solitary waves have been performed using a 2D3V 
code with one electron and two ion species. Data from the FAST and Polar spacecraft are used to 
provide input parameters, and based on the observations no cold plasma was included in contrast to 
earlier simulations. Simulations containing both oxygen and hydrogen beams were compared to 
simulations that contain only hydrogen to examine the effects of the oxygen on the behavior of the 
solitary waves. In both cases, the solitary wave speeds are less than the hydrogen beam speed, and they 
are also greater than the oxygen beam speed for the cases including oxygen. The simulated solitary 
waves have spatial scales on the order of 10λD. These speeds and scale sizes are consistent with Polar 

spacecraft observations in the low altitude auroral zone. 

Oriol T. Valls, Fellow
Numerical Studies in Condensed Matter Theory

  This group continued to enhance its ongoing 
research program in the following areas: 

a. properties of unconventional 
superconductors, including nonlinear 
electrodynamic phenomena, tunneling, 
scaling and phase transitions, and
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b. dynamics phenomena in glassy materials, in particular simulations of hard sphere 
disordered materials and of layered vortex systems. 

William Zimmermann, Principal Investigator
Numerical Simulation of Three Dimensional Vortex
Dynamics in 4He Superfluid State

  This investigation focused on the simulation of 
three-dimensional vortex dynamics in 4He 
superfluid state. Specifically, numerical 
experiments involving the application of vortex 
dynamics with respect to various boundaries were 
of interest. The solution to the relevant equations 
describing the motion require a large number of 
repeated calculations ideal for supercompting 
resources.

  The first stage of the investigation focused on the development of the computer code to perform the 
necessary calculations. The application of finite element methods was to be used to model the flow and 
generate the solution set. Visual simulations were performed utilizing the Supercomputing Institute's 
visualization software. 

Medical School

Cancer Center

Stephen S. Hecht, Principal Investigator
Biochemistry, Biology, and Carcinogenicity of
Tobacco-Specific N-Nitrosamines

  Cigarette smoking causes approximately 30% of all cancer death 
in the U.S. It is responsible for 85% of the 160,000 lung cancer 
deaths expected in 2001. In spite of advances in tobacco control 
and smoking cessation, there are still 48 million smokers in the 
U.S., and about 25% of the adult population. Approximately 500 
billion cigarettes and 121 million pounds of smokeless tobacco 
were consumed in 1997 in the U.S. Tobacco-specific N-
nitrosamines are formed from tobacco alkaloids during the curing 
and processing of tobacco products. Seven tobacco-specific N-
nitrosamines have been identified in tobacco products. Two of these, 4-(methylnitro-samino)-1-(3-
pyridyl)-1-butanone (NNK) and N-nitrosonornicotine (NNN), are present in substantial quantities and 
are strong carcinogens. NNK is a potent pulmonary carcinogen in rodents and also induces tumors of 
the pancreas, nasal mucosa, and liver. NNN causes tumors of the esophagus and nasal mucosa in rats 
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and respiratory tract tumors in mice and hamsters. A mixture of NNK and NNN induces oral tumors in 
rats.

  Based on their carcinogenic activities, the extensive data on the occurence of NNK and NNN in 
tobacco products, and on biochemical studies, these researchers hypothesized that such compounds 
play a significant role as causative factors in human cancers associated with tobacco use.

  Specific aims of this research were to investigate: 

1. stereoselectivity in the metabolism of NNK and NNN by delineating differences in the 
formation and further metabolism of enantiomers of the major NNK metabolite NNAL, 
determining differences in the stereoselectivity of metabolic activation of NNK, and 
examining differences in the metabolic activation and carcinogenicity of NNN enantiomers;

2. DNA and protein pyridyloxo-butylation by NNK and NNN by elucidating the structures 
of the major adducts formed with DNA and hemoglobin; and

3. the metabolism of NNK and NNN in humans by determining levels of NNN metabolites 
in human urine, characterizing previously unknown NNN metabolites, and examining NNK 
metabolites in the urine of snuff-dippers to determine their persistence after cessation and 
their amounts as a function of dose. 

The overall theme of this work was based on mechanistic studies of NNK and NNN metabolism and 
adduct formation, in order to further evaluate the carcinogenic potential of NNK and NNN in humans 
exposed to tobacco products. 

Sharon Murphy, Principal Investigator
Nitrosamines and P450s

  Nitrosamines are a class of environmental carcinogens that 
requires metabolic activation to exert their cardinogenic potential. 
Enzymes of the cytochrome P450 family are responsible for this 
activation. Minor differences in nitrosamine structure lead to 
activation by different cytochrome P450s. Cytochrome P450s are 
found in all organisms from bacteria to mammals and over 500 
cDNA sequences have been identified. Most P450s are membrane-
bound and no three-dimensional structures are available. Only the soluble, bacterial P450s have been 
crystallized and extensive work has been done to model various membrane bound P450s from the 
crystal structure of these bacterial P450s.

  These researchers were interested in using molecular modeling to determine the amino acids in the 
active site of cytochrome P450 2A enzymes important in substrate specificity. The P450 2A enzymes 
are very good at metabolizing nitrosamines. Understanding more about how very small differences in 
amino acid sequence can change the substrate specificity was expected to help the researchers 
understand more about nitrosamine carcinogenesis. 
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Cell Biology and Neuroanatomy

Christopher N. Honda, Principal Investigator
Three-Dimensional Analysis of Spinal Cord Tissue

  This project sought to determine spatial relationships between opioid-receptors containing axon 
terminals of sensory neurons and projection neurons in the spinal cord. Data consisted of stacks of 
images of dual-colored immunofluorescence material collected using a confocal laser scanning 
microscope. Each stack of images contained a single neuron stained with one fluorophore and axon 
terminals marked with another.

  Before performing further analysis, each stack of images was processed using deconvolution software 
(huygens) re-siding in the Supercomputing Institute's Basic Sciences Computing Laboratory. This 
software proved critical for the research. 

Stephen C. McLoon, Principal Investigator
Eph Receptor Tyrosine Kinases and Development of the Pattern
of Connections in the Visual System

  Axons of retinal ganglion cells connect to cells in the visual 
centers of the brain in a precise, stereotypical pattern. This pattern 
of connections is essential for normal visual function. The goal of 
this project was to further the understanding of how the proper 
pattern of connections develops between retinal axons and the 
central visual centers. This project was guided by the hypothesis 
that the pattern of retinal connections in the brain is established in 
part due to interactions between sets of cytochemical positional 
labels carried by the retinal axons and by the cells in the target 
centers to which the axons connect. A continuing effort by this 
laboratory was to identify these positional labels.

  Available evidence suggests that gradients of specific Eph 
receptor tyrosine kinases expressed across the retina could be 
involved in detecting positional labels in the central visual centers. 
The role of these receptors in development of the visual system has never been directly tested. The 
overall aim of this project was to determine the role of members of the Eph subfamily of receptor 
tyrosine kinases in the development of a normal pattern of retinotectal connections. In general, the 
approach in this project was to alter the expression by retinal cells of specific receptors and then study 
the resulting pattern of retinotectal connections in developing chick embryos. 
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Center for Computational Genomics and Bioinformatics

Ernest F. Retzel, Principal Investigator
Computational Comparative Genomics of Plants

  The Computational Biology Centers planned to conduct a comprehensive comparative study of 
several plan genomes. Such a study was expected to involve gathering genomic sequence and map data 
and combining it in a single data source. In addition, the researchers were projected to execute 
similarity search programs on every sequence to determine the similarities of each sequence to known 
proteins and to other sequences within each of the plant genomes. This similarity data and additional 
data from gene expression experiments will be used as input to novel data mining techniques for 
determining clusters of genes within genomes and for comparing these clusters across genomes. Along 
with the data from genetic mapping experiments, this information would provide a more 
comprehensive view of the genomes of plant species than was available prior to this research. The 
researchers looked forward to using the Supercomputing InstituteÕs computing resources to generate 
the similarity information using similarity programs such as blast and fasta. 
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Laboratory Medicine and Pathology

Lynda B. M. Ellis, Principal Investigator
Predicting Structure of Proteins with Remote Sequence Similarities

  This project intended to develop sequence-based methods to 
detect remote protein sequence similarities (homologies) that 
are or are not indicative of protein structural and functional 
similarities. The methods were developed, tested, and 
evaluated using non-redundant pair wise test sets that contain 
proteins of known sequence and structure. Emphasis was 
placed on identifying sequence pairs that have similar 
sequence with dissimilar structure and those that have 
dissimilar sequence with similar structure. 

William B. Gleason, Fellow
Computational and Experimental Studies of Relevance to
Therapeutic Agents and Their Delivery

  These researchers pursued the structure-based 
modeling of biological systems with the potential 
for use as therapeutic agents. The main focus was 
heparin-binding proteins including: fibroblast 
growth factors (FGFs) and vascular endothelial 
growth factor (VEGF). The physiological activities 
of these proteins were modulated by their 
interactions with glycosaminoglycan molecules 
such as heparin.

  Work on this project involved homology modeling 
studies on the FGF and VEGF systems; much of 
this work has been performed by Supercomputing 
Institute undergraduate summer interns. Large 
quantities of VEGF were made available to the 
researchers through a collaborative effort with S. 
Ramakrishnan in the Department of Pharmacology. 
The research group also acquired a bench-top high 
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density fermentor and expressed VEGF165 (a heparin-binding isoform) in Pichia pastoris (yeast). The 
VEGF121 isoform (which does not bind heparin) was also available, as well as many mutants. Thus the 
researchers sought to perform structure determination of these proteins and anticipate using the 
facilities of the BSCL for this work. Much of the software necessary for this purpose is available: xplor, 
"o," shelx, and XTALView.

  At the same time, the group collaborated with Dr. Eric Eccleston in studies on a "chimeragan" 
(DNA/RNA hybrid), which has been used by Professor Clifford Steer at Minnesota for gene surgery.

  In addition, the group performed studies in clinically relevant chemical and biological systems. This 
effort was precipitated by the deluge of new three-dimensional structures of proteins, which was 
expected to be provided by the new NIH structural genomics initiative. Computational approaches 
toward modeling the three-dimensional structures of proteins of known sequence (but unknown three-
dimensional structure) from "similar" proteins is a topic of continuing interest. Methods for performing 
this are commonly referred to as "homology modeling." The group used these techniques for producing 
structural models for both fibroblast grown factors (FGFs) (involved in wound healing) and vascular 
endothelial grown factor (VEGF) involved in normal and pathogenic (tumor growth) growth of new 
blood vessels (angiogenesis). Because both FGF and VEGF bind heparin-like molecules, the 
researchers investigated static and dynamic aspects of this biological interaction. 

Franz Halberg, Associate Fellow
Chronobiologic Assessment of Physiologic Chronomes from Womb to Tomb

  Strokes and other adverse vascular events are major cripplers, costing the United States an estimated 
yearly cost of over $30 billion. A system for the chronobiologic analysis of cardiovascular records was 
developed by these researchers with a focus on disease prevention. Ambulatory devices are now used in 
different geographic locations for the automatic monitoring of blood pressure and the 
electrocardiogram (ECG) for seven days at the outset. Chronobiologic analyses of such records serve 
first and foremost to improve screening, diagnosis, and treatment. From a basic viewpoint, they also 
serve to assess how environmental factors affect human physiology, notably heart rate, and blood 
pressure. The pursuit of these goals was greatly facilitated by access to the supercomputing resources, 
in order to: 

1. analyze beat-to-beat records for resolving chronobiologic and chaotic endpoints (a 
typical record consists of about 2,400,000 data resampled as 0.25 second intervals over 
seven days);

2. automatically update reference standards as added data accumulate;

3. detect the earliest risk by means of chronome alterations; and

4. follow up on at-risk individuals longitudinally by means of control charts. 



  A chronotherapeutic trial was also pursued to optimize the 
timing of treatment of blood pressure disorders.

  Toward this goal, several new programs were developed, 
and these and existing programs were routinely applied for 
data analysis as they accumulate. Existing records were 
organized into databases so that reference values could be 
regularly updated and any abnormality easily detected. A 
library of programs for such chronobiologic applications was 
organized and integrated with the incorporation of graphic 
displays of the results.

  A reduced heart rate variability and an excessive circadian 
blood pressure amplitude (circadian hyper-amplitude-tension: 
CHAT) were identified as risk factors by these researchers, 
and have since been documented as largely independent, both 
contributing additively to the risk of adverse vascular events.

  Environmental effects on heart rate variability and other 
aspects of human physiology are slowly being recognized, 
with new confirmation from seven-day ECG records obtained 
above the Arctic Circle. The phase relation within the solar 
activity cycle shows a sequence of events that makes 
physiological sense. Cross-spectral techniques relating the 
biological information to physical records (also available at 
short intervals for very long spans, some covering several hundred years) thus gain in interest from a 
basic viewpoint as well. 
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The phase (and the relative amplitude, not shown) of the circadian variation of oxygen production by the giant unicell  
Acetabularia acetabulum is modulated by an about 10.5-year cycle similar to the solar activity cycle, as shown by Dr.  
Dewayne Hillman. Each dot represents a different alga recorded around the clock for several days under conditions of 12  
hours of light alternating with 12 hours of darkness. Results stem from a very extensive archive (accumulated between 1980  
and 1996) at the Max Planck Institute for Cell Biology in Ladenburg, Germany, directed by the late Hans-Georg Schweiger;  
these results are kindly provided by Dr. Sigrid Berger and Dr. Lübbo von Lindern. 

Kristin A. Hogquist, Principal Investigator
Peptide Induction of Positive Selection

  Positive and negative selection are the critical 
forces that shape the T cell repertoire. These 
researchers addressed the molecular mechanisms of 
positive selection using a model system where 
defined peptide ligands can be used to 
preferentially induce one selection outcome or the 
other. Using confocal microscopy and gene array technology, the researchers attempted to identify the 
molecules integral to the processes of positive and negative seletion of T lymphocytes. 

Neuroscience

Bagrat Amirikian, Principal Investigator
Three-Dimensional Lattice Model of the Motor Cortex: Emergence of
Topologically Ordered Neuronal Structures with Coherent Properties

  The long-term goal of this research was to 
elucidate a relationship between the structure and 
function of fundamental distinct areas in the 
neocortex, in general, and the motor cortex, in 
particular, by combination of theoretical methods 
with experimental approaches. In this work, the 
researchers endeavored to advance understanding of whether and how the spatio-structural constraints 
on intrinsic connectivity effect the segregation of neurons into functional modules. A three-dimensional 
lattice model, generated by this research, allows for a fundamentally novel approach to studying 
directional operations performed in the motor cortex by providing means for explicit exploration of the 
link between the underlying local cortical structure and global collective properties of interacting cells 
that are substrates of this structure. It is the three-dimensional lattice model, which is heavily based on 
the accumulated knowledge of the neuroanatomy and neurophysiology of the motor cortex, that lies at 
the root of the present attempt to bridge theoretical frameworks and experimental data in the domain of 
very large-scale simulations of networks of simplified neurons.
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  Two principal developments in science and technology made the proposed project feasible: extension 
of quantitative studies of local cortical connectivity into the spatial domain, and emergence of high 
performance parallel supercomputers. 

Orthopaedic Surgery

Joan E. Bechtold, Principal Investigator
Computational Model of Tissue Differentiation in Bone,
Incorporating Mechanical and Biological Factors

  The longevity of an orthopaedic implant depends 
on the integrity of the bone/implant interface. The 
time course of tissue differentiation surrounding an 
implant influences the integrity of this interface. 
The relative influences of motion, loading, implant 
surface coating, and roughness, and biologic 
growth factors, are not known. The ability to computationally model and predict this differentiation of 
bone tissue and the bone/implant interface are influential in focusing the next level of rational implant 
design refinement.

  The work of these researchers served to optimize the accuracy and predictive power of computational 
models of adaptive tissue differentiation in bone, incorporating mechanical and biologic factors. The 
bone, implant, and surrounding gap in which the tissue differentiates were analyzed using biphasic 
finite element modeling techniques. The role of biologic factors, and their interaction with the 
mechanical environment, were examined through cytokine and growth factor network feedback 
relationships recently proposed in the computational biology literature. Experimental validation was 
provided by data obtained through pressures sensors attached to the test implant, in a coordinated 
experimental effort. 

Jack L. Lewis, Principal Investigator
Biomechanics of Articular Cartilage

  Articular cartilage weakens 
and fractures during the 
progression of osteoarthritis. 
The goal of this group's 
research was to understand the 
relationships between 
constituent tissue 
microstructure and resultant 
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mech-ancial properites of normal and diseased articular cartilage. Stress analyses were performed on 
contacting cartilage layers and microstructural element, and these were then used to correlate with 
measured material properties. 

Pharmacology

George L. Wilcox, Fellow
Axonal Propagation of Impulses in Peripheral Afferents

  This research team focused on the mechanisms of pain signalling and analgesia. Computational work 
in this lab involved the function of neurons of the central and peripheral systems and in particular the 
simulation of electrical excitability using data from new experimental techniques in molecular biology. 
An object-oriented approach to incorporating molecular information allowed the team to simulate 
phenotypes or the effects of genetic variations and mutations at the tissue level. The response of these 
cells to pharmaceutical interventions was also explored. A sound numerical time-integration scheme 
comprising a backward-differentiation time-stepper, a modified Newton nonlinear solver, and a 
preconditioned Krylov subspace iterative linear solver were used. The cells chosen for the initial part of 
this project are A-d and C-fibers from rat dorsal root ganglia and rabbit cardiac sinoatrial node cells. 
These cells were chosen on the basis of molecular information available from the group's collaborators 
in the Ion Channel group of the Center for Mechanisms of Human Toxicity at the University of 
Leicester. The tools developed in this project enjoyed a wide range of applicability. They serve as a 
prototype for exploring disturbances in electrical activity in any excitable cell in the body; the use of 
molecular information in simulations is a novel approach to understanding cell function. The use of 
mutation information allowed the researchers to examine various diseased states and the use of 
pharmaceutical agents allowed researchers to explore options in therapy in patient therapy.



  The neuronal simulation project was 
started in January 1998 and continued to 
the time of this writing. A computational 
model of the geometry of myelination 
was constructed, and both implicit and 
explicit numerical time integrators were 
implemented and tested for parallel 
performance. The researchers continued 
to work on more realistic ion channel 
mechanisms for the simulations 
performed by the group.

  It should be noted that the group took a 
risk in using C++ as the language for this 
project. In the short term, this slowed 
down progress, since support on the 
Origin 2000 for parallelization of C++ 
was not as extensive as it was for fortran; 
in addition, changes to the operating 
systems resulted in the SP C++ 
compilers being unable to link to the 
fortran modules thus slowing progress on 
the SP. Further, changes on the Origin 
2000 resulted in previously parallel code 
being forced to run in serial mode; this 
resulted in very poor performance for 
some time on the Origin. A Kuck and 
Associates Inc. C++ compiler was tested 
by these researchers, using OpenMP 
parallelization directives; since this 
compiler uses native IBM SP compilers, 
IBM delivered an ANSI C++ compiler. 
This aided greatly in code development.

  The researchers expected a benefit from 
the object-oriented features of C++ 
(based on recent upgrades of the models) 
as the ion channel mechanisms and their 
interactions with drugs are elucidated.

  Feasibility studies regarding the 
computational requirements of the 
multidimensional audio-visualization project were undertaken and show promising results in the 
development of a novel method of display of large, multidimensional data sets. The infrastructure and 
custom software to be developed relied primarily on the fortran 90 programming environment. The 
language can be made to run optimally in a parallel environment. C code may be used in conjunction to 
gain cross-compatibility with older custom software used for data analyses as well as for other 
computations. 
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Physiology

Linda M. Boland, Principal Investigator
Simulations of Voltage-Dependent Ion Channel Gating

  Voltage-gated ion channels regulate the electrical properties of excitable cells. These researchers were 
interested in understanding the mechanisms of ion channel opening and closing, which alters cellular 
excitability and biological signaling. Continuous-time, discrete-state Markov models were used to 
reconstruct experimentally measured ionic and gating currents from ion channels. Numerical time-
integration of mathematical models was performed using an implicit method with a variable-step, 
variable-order backward differentiation time-stepper, Newton nonlinear solver, and an iterative linear 
solver with simple reconditioning. A novel, inexpensive computational method for the estimation of 
asymptotic and finite-time gating charge was used in the lab. Experimental data was compared with 
simulations in order to estimate optimal parameter values that reconstruct the electrophysiological 
experiments. Regression analyses were carried out in parallel to improve the ability to find a true global 
optimal set of model parameters. These simulations proved useful in evaluating current hypotheses 
about channel gating mechanisms, making predictions, and generating ideas for new experiments in the 
lab.

  This project further refined several models of potassium ion channel gating. Potassium channel gating 
was modeled by classical kinetic theory with voltage-dependent rate constants and the assumption that 
gating is a Markov process. This research used models to simulate the modification of inactivation 
gating by accessory (non-pore-forming) protein subunits or the modification of activation gating by 
drugs or biomolecules. Animated graphical outputs of the channel's behavior under different 
experimental conditions were generated and compared to experimental data generated in ongoing 
electrophysiological and structure-function experiments. This process was expected to use a heuristic 
search for the most sensitive model parameters which, in turn, were to be used as starting points for 
multiple nonlinear regression searches in the remaining parameter space.

  These researchers successfully 
developed three different models of 
potassium channel gating and applied 
these models to experimental data. The 
experimental data was simulated by the 
mathematical calculations of the model 
using user-defined criteria. The greatest 
challenge was selecting the best fit 
parameters. Since this was not achievable by trial and error, the research group continued to work on 
fitting the free parameters in the simulation using methods for error minimization. Supercomputer 
resources were critical to the development and testing of methods to search for the best fit parameter 
values. 

Jürgen F. Fohlmeister, Principal Investigator
Computional Neuroscienceg
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  The excitability properties of retinal 
ganglion cells (neurones) are modeled 
for mammalian (rabbit, cat) preparations. 
This is an extension of 37°-40°C work 
done on the tiger salamander retina 
(22°C).

  The work of this research group 
involved the simultaneous solution of 9 
to 14 non-linear differential equations for 
the purpose of determining the 
parameters of rate constants for the 
gating of 5 or 6 ionic channels. 
Furthermore, the channels were distributed non-uniformly throughout the complex geometry of the 
neuron membrane. The effects of this geometry on the encoding of nerve impulses were then evaluated. 

David Levitt, Principal Investigator
Development of Software for Automated Fitting of X-ray
Crystallographic Electron Density Maps

  There have been huge technical advances in 
recent years in the solution of protein structures by 
X-ray crystallography. The combination of 
Synchrotron X-ray sources and SMAD phasing 
techniques made the generation of high resolution 
electron density maps a routine procedure; the 
researchers began developing a program to automate this. The goal was to submit the electron density 
map and the amino acid sequence to the computer, which then returns an accurate initial structure that 
can be used as input to refinement programs. These researchers found they were able to automatically 
fit nearly all secondary structures. The next step was to extend secondary structures into the loop 
regions.

  The researchers also performed routine refinement of X-ray crystallographic protein structures using 
either xplor and ncs. Testing was undertaken for a new software package under development; this 
attempted to automate the fitting of electron density maps. It should be possible to assign the amino 
acid residues, complete the loops, and refine the side chain atom postions.

  The development of these programs required extensive time on a graphics workstation. Each step in 
the fitting process was monitored using a protein visualization program developed specifically for this 
project. In addition, a large number of procedures required optimization. The most direct way was to 
run the program many times with different parameter sets and find the set that gives the best fit to the 
density. This optimization was performed on the Origin 2000. 
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Psychiatry

Patrick W. Mantyh, Principal Investigator
Sensory and Sympathetic Innervation of the Normal Mouse Femur

  The purpose of this collaboration was to combine the highest quality of basic biological research with 
the most advanced scientific computer analysis and digital simulation. This group's research on bone 
innervation combined three main components: 

1. basic biological science,

2. scientific micro-analysis, and

3. advanced scientific imaging. 

  With the first project, sensory and sympathetic innervation of the normal mouse femur, assessment of 
the bone and bone marrow volumes for normal mice was necessary.

  The second project-pain associated with the degradation of 
bone from a novel cancer model-consisted not only of 
volumes as mentioned, but also trabecular spacing and 
diameters. This project encompassed numerous bones at 
multiple time points, which will aid in the visualization of 
how the tumor spreads and then try to correlate it with bone 
loss and behavioral measures.

  The third project-decreased bone pain with the use of Bisphospanates and COX-2 inhibitors-entailed 
everything from the second project, however additional considerations were made of multiple drugs 
that are supposed to halt bone degradation and correlate this with behavorial measures. 

Surgery

Kristin Gillingham, Principal Investigator
Random Assignment of Treatments in Solid Organ Transplant Research

  In solid organ transplant research, many randomized clinical 
trials are conducted. The researchers wrote a program in 
fortran 77 that allowed them to carry out the random 
assignment of various treatments to their study patients. In the 
past, this randomization program was run on the University's 
nos computer system. The nos computer system was shut 
down in the early months of this period, however, and since that time, the researchers explored various 
other options. Because of the need to access the IMSL Library, the researchers continued to utilize 
Supercomputing Institute resources in order to implement their randomization program. 
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Lester Floyd Harris, Principal Investigator,
and Leonard S. Schultz, Co-Principal Investigator
Dynamic Simulations of Solvated Protein/DNA Complexes

  These researchers conducted experiments 
investigating the mechanism(s) of a genetic 
switch controlled by DNA regulatory proteins. 
Interest lay in steroid hormone receptor protein 
interaction with DNA in the pathogenesis of 
breast cancer. The researchers previously 
reported on a mechanism describing how these 
DNA regulatory proteins recognize and bind to 
their specific sites on DNA. In the most recent 
research period, they conducted molecular 
dynamics simulations in solvent to investigate 
hydrogen bonding, van der Waals and 
electrostatic interactions between amino acids of the DNA regulatory proteins and 
nucleotides of their cognate DNA binding sites. They used a biological model of a 
virus that infects bacteria, a bacteriophage, for investigating the genetic switch. It 
is known that this genetic switch is under the control of two proteins of the 
bacteriophage, cI repressor and Cro that interact with DNA sites, operators, OR1, 
OR2 and OR3 within its genome. The cI repressor protein preferentially binds 
first to OR1 then to OR2 inducing transcription to the left. In contrast, the Cro 
protein preferentially binds first to OR3 then OR2 inducing transcription to the 
right. These interactions regulate the genetic switch controlling lytic/lysogeny 
expression in the 434 bacteriophage. The basic molecular interactions between 
amino acids from the bacteriophage proteins interacting with specific regulatory 
sites on DNA are in agreement with their earlier findings for the amino acids of 
the steroid hormone receptor proteins interacting with their regulatory sites on 
DNA. Together these findings strongly support their theory that proteins 
recognize specific sites on DNA based on stereochemical complimentarity and 
conservation of genetic information between the proteins and the specific sites on 
DNA to which they bind and turn genes off or on.
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Computer models of the mouse mammary tumor virus  
(MMTV) nucleosome structure and its components:

a. the histone core is made up of an octamer com-
posed of two each of histone proteins, H2A, H2B, H3,  
and H4;

b. 146 base pair MMTV LTR DNA wrapped in a 
superhelical conformation;

c. the superhelical DNA wrapped around the histone 
protein octamer core;

d. the MMTV nucleosome with five glucocorticoid  
receptor proteins docked at their response element  
DNA sequences. 

    In contrast to the 
bacteriophage genome, 
which is very simple in 
its organization and 
structure-lacking a 
nucleus and 
chromosomes-the 
genome of higher forms 
of life is very organized, 
compact and 
structurally complex 
containing a nucleus 
and chromosomes. The 
DNA of the 
chromosomes is 
packaged in a complex 
structure, chromatin, 
with the aid of 
specialized proteins 
called histones. The 
fundamental packing 
unit of the chromatin is 
the nucleosome, which 
is conserved, in all 
higher forms of life. The 
nucleosome consists of 
146 nucleotide pairs 
wrapped around a 
histone core (see 
Figures a-c). The 
histone core is made up 
of an octamer composed 
of two each of histones: 
H2A, H2B, H3, and H4 
(see Figure a). Recently, 
a nucleosome structure 
has been crystallized 
and its atomic co-
ordinates have been 
determined by X-ray 
crystallography. These 
researchers used these 
atomic coordinates as a 
template to construct a 
nucleosome model of 
the 146 base pair DNA 
sequence of the LTR 
flanking the mouse 



mammary tumor virus 
genome. This LTR DNA 
sequence contains five 
specific DNA binding 
sites, GREs, for the 
glucocorticoid receptor 
protein which are 
involved in genetic 
regulation of the mouse 
mammary tumor virus 
genome. As seen with 
the bacteriophage 
operator DNA sequence 
of the genetic switch, 
the GREs within the 
LTR DNA sequence 
function in concert to 
regulate the mouse 
mammary tumor virus 
genome. Earlier, these 
researchers conducted 
molecular dynamics 
simulations on one of 
the five GREs of the 
LTR as an extracted 
DNA sequence 
containing a GRE and 
its flanking nucleotide 
region in complex with 
the glucocorticoid 
receptor protein. They 
were able to 
characterize the atomic 
interactions between the 
protein and the DNA 
identifying binding 
structures and amino 
acids on the protein and 
specific nucleotides 
within the GRE and its 
flanking region. They 
were able to conduct 
molecular dynamics 
simulations on the LTR 
nucleosome model with 
multiple glucocorticoid 
receptor proteins 
docked onto the five 



GRE sites (see Figure 
d). They expected to 
proceed in a stepwise 
manner as with the 
bacteriophage model 
above. This nucleosome 
model will allow the 
researchers to study 
eukaryotic regulatory 
elements in their natural 
context to develop a 
better understanding of 
the requirements for 
controlling expression 
of transfected genes. 

Carl S. Smith, Principal Investigator
Dynamics of Urethral Sphincter Activity

  Dynamical analysis is a mathematical tool that provides a powerful alternative to traditional biologic 
signal processing. Traditional approaches quantitate and characterize signals by parameters such as 
frequency, amplitude, and waveform in an effort to discover the underlying relationships within the 
system under study. A dynamical approach utilized the same time-dependent nature information but 
constructs a visual picture-an attractor-of the nature of interaction found with the system that generated 
the signal. This is an extraordinary and unexpected result in dynamical analysisÑthat is, for the first 
time a technique allowing a glimpse at the richness of structures that create the biologic signal. Further, 
despite the apparent system complexity, a dynamical analysis can reveal a series of simple rules that 
govern the systems behavior.

  This study examines the electromyographic (EMG) signal present in the urethral striated muscle 
during bladder function. 

Metropolitan State University

Information and Computer Sciences

Jigang Liu, Principal Investigator
Performance Evaluation of Parallel Computational
Geometry Algorithms on IBM SP

  This project sought to create an experimental environment for analyzing and evaluating the 
performance of parallel computational geometry algorithms. The environment has three major 
components: a data acquiring system, a communication system, and a computation system. The data 



acquiring system was established using graphical user interfaces (GUI) technology so that the user can 
freely define the scenarios for testing and evaluating purposes. The communication system was based 
on Unix IPC mechanism using TCP/IP protocol and it works as a connection between the data 
acquiring and computation systems. The computation system was dedicated to the implementation of 
the existing and newly developed parallel computation geometry algorithms on the IBM SP 
supercomputer. 

Minnesota State University-Mankato

Management

Rakesh Kawatra, Principal Investigator
Design of a Degree Constrained Minimal Spanning Tree
with Unreliable Links and Node Outage Costs

  The Degree Constrained Minimal Spanning Tree (DCMST) Problem with Unreliable Links and Node 
Outage Costs consists of finding links in a network to connect a set of terminal nodes to a central node 
with the minimal value of annual expenditures. The number of ports available on each terminal node 
(degree constraint) limits the number of links incident on them. Each terminal node in the network had 
an associated node outage cost, which is the economic cost incurred by the network user whenever the 
terminal node was disabled due to failure of a link.

  The researcher formulated this problem as an integer-programming problem and present a Lagrangian 
relaxation method to find a lower bound for the optimal objective function value. A subgradient 
optimizaton method was used to find good lower bounds. A branch exchange heuristic procedure was 
used after each iteration of the Lagrangian method to find a good feasible solution from the infeasible 
Lagrangian solution. The lower bound was used to estimate the quality of the solution given by the 
branch exchange heuristic. Experimental results over a wide range of problem structures showed that 
the branch exchange heuristic method yields verifiably good solutions to this problem.

  In related work, the researcher addressed the Multiperiod Capacitated Minimal Spanning Tree with 
Node Outage Costs (MCMSTWOC) problem. This consists of scheduling the installation of links in a 
network so as to connect a set of terminal nodes S = [2,3...N] to a central node (node 1) with minimal 
present value of costs. Node outage cost associated with each terminal node is the economic cost 
incurred by the network user whenever the terminal node is disabled due to failure of a link. In the 
network some of the terminal nodes are active at the beginning of the planning horizon while others are 
activated over time. The link capacities limit the number of terminal nodes sharing a link. This was 
formulated as an integer-programming problem. A branch exchange heuristic procedure was used for 
solving the problem, employing a Lagrangian relaxation method to find a lower bound for the optimal 
objective function value.

  Similarly, this researcher's work on a Lagrangian-based heuristic for the design of multipoint linkages 
in a communication link with unreliable links and node outage costs proceeded. This research 
addressed the problem of connecting geographically remote terminal sites to a central node in a 
network with unreliable links and node outage costs. The problem was formulated as an integer 
programming problem, and was solved using Lagrangian relaxation techniques. 
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