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Our Mission

The Supercomputing Institute for Digital Simulation and Advanced Computation 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 University's 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. 

IBM SP and SGI Origin 2000 Supercomputing Resources

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 Minnesota's research community. From its inception through 
mid-1998, the supercomputing resources offered to the University of Minnesota research community 
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 Institute's 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. 

The Supercomputing Institute also offers access to a 64-processor SGI Origin 2000 R12000 
supercomputer with a clock speed of 300 MHz and a total of 102 GB of memory. The Institute also 
currently offers its researchers access to a 32-processor SGI Origin 2000 R10000 supercomputer with 8 
GB of memory. 

The total amount of disk available to users of the IBM SP systems is 3.3 Terabytes. The total amount of 
disk available to users of the SGI Origin 2000 systems is currently 640 GB. 

The supercomputing resources are located at the Supercomputing Institute's facilities in the Minnesota 
Technology Corridor at the edge of the West Bank of the Minneapolis Campus of the University. 

These IBM and SGI supercomputers offer the Supercomputing Institute's 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 workstations and 
visualization equipment to enhance the research capabilities of the University community through the 
Nils Hasselmo Hall 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. 

Scientific Development and Visualization Laboratory

The Supercomputing Institute's Scientific Development and Visualization Laboratory, which is located 
in the Supercomputing Institute's 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, a 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. 

Medicinal Chemistry-Supercomputing Institute
Visualization/Workstation Laboratory



The Medicinal Chemistry-Supercomputing Institute Workstation/Visualization Laboratory is 
cosponsored 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. 

Collaborative Programs

IBM Shared University Research Workstation Award Program

IBM, through its Shared University Research Program, has made a number of Intellistation 
workstations available to the University of Minnesota Supercomputing Institute. These workstations 
were awarded through peer-reviewed grant program. The Supercomputing Institute provides hardware 
and system support and user and parallel programming support. 

The Intellistations awarded under this program had a Pentium III Xeon 550 Megahertz processor, 256 
Megabytes of RAM, a 9.1 Gigabyte hard drive, a 40x CD reader, Integrated Ethernet, and an IBM Fire 
GL1 Graphics Card. The operating system is version 4.0 of Windows NT. The workstation came with a 
19" monitor. 

Laboratory for Computational Science and Engineering

The Supercomputing Institute partners with the Laboratory for Computational Science and Engineering 
(LCSE) in support of the LCSE's 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 on-
line data sets-particularly if they must be accessed at very high bandwidth, applications requiring very 
high-resolution visualizations-particularly if image animations are needed, and distributed computing 
applications with tight coupling of computing resources on a fast network are also encouraged. 

Graduate Degree Programs

Scientific Computation Graduate Program

The graduate degree program in scientific computation encompasses course work 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 
Program is funded in part by an NSF IGERT grant. 

Other Collaborators

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; Computer Science 
Department; Cray Inc.; 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 Minnesota's 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 University's East 
Bank Campus into a Digital Technology Center. This renovation, which has been funded for $53.6 
million, will keep the library's 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. Completion of the renovation is scheduled for Fall 2001. As part of this initiative 
the University has recently hired four faculty to provide a focus for innovation and excellence in 
biological computational sciences: Jiali Gao, Chemistry; Alexander Grosberg, Physics; Hans Othmer, 
Mathematics; and Jeffrey Varner, Chemical Engineering and Materials Science. 

Other Programs

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 which 
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, 177 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. 

Supercomputing Institute Undergraduate Interns

The Supercomputing Institute provides an Undergraduate Internship Program for undergraduate 
students (national, state, and University of Minnesota). The program promotes undergraduate 
involvement in ongoing and new research in scientific computing, digital technology, and visualization 
in the physical, medical, and social sciences and engineering and in new software development efforts 
for scientific computing and graphics support for such research. Undergraduates work with faculty on a 
wide variety of projects with the main goal being to carry out useful and interesting research. 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 and 
research in scientific computing and/or graphics. The program has sponsored 371 interns in its ten 
years of existence. 
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Seth Gammon, University of Illinois at Urbana Champaign
Michael Greminger, University of Minnesota
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Michael Enz, University of Minnesota
Sara Firl, University of Minnesota
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Christine Tratz, University of Oklahoma
Seth Van Oort, University of Minnesota
Sekar Velu, Syracuse University
Gregory Wilde, Tulane University
Thomas Wilson, University of Minnesota
Matthew Young, University of Minnesota
Chun-Hung Yu, University of Minnesota
Rashid Zia, Brown University
Cody Zilverberg, St. John's University 

Supercomputing Institute Sponsored Symposia

1999 International Conference on Preconditioning Techniques for Large Sparse Matrix Problems in Industrial 
Applications

June 10-12, 1999

Other Sponsors

University of Waterloo
in cooperation with the Society for Industrial and Applied Mathematics (SIAM)

Program Co-chairs

Yousef Saad, University of Minnesota
Daniel Pierce, Boeing Company
Wei-Pai Tang, University of Waterloo

Program Committee

Steve Ashby, Lawrence Livermore National Laboratory
Alda Behie, Intera Consultants Limited
Ake Bjorck, Linköping University, Sweden
Tony Chan, University of California at Los Angeles
Iain S. Duff, Rutherford Appleton Laboratory, United Kingdom
John Gilbert, Xerox Palo Alto Research Center
Esmond Ng, Oak Ridge National Laboratory
Barry Smith, Argonne National Laboratory
Horst Simon, Lawrence Berkeley National Laboratory
Henk A. van der Vorst, Utrecht University, The Netherlands

Workshop on Mining Scientific Datasets

September 9-10, 1999

Other Sponsor

Army High Performance Computing Research Center

Program Committee

http://static.msi.umn.edu/general/Symposia/sparse99/
http://static.msi.umn.edu/general/Symposia/sparse99/
http://www.arc.umn.edu/conferences/MSD/MSDAnnounce.html


Chandrika Kamath, Lawrence Livermore National Laboratory
W. Philip Kegelmeyer, Sandia National Laboratory
Vipin Kumar, University of Minnesota
Raju Namburu, Army Research Laboratory

First Annual Computational Neuroscience Symposium

October 7-8, 1999

Program Co-chairs

Timothy Ebner, University of Minnesota
Donald Truhlar, University of Minnesota

Program Committee

Linda Boland, University of Minnesota
Daniel Boley, University of Minnesota
Apostolos Georgopoulos, University of Minnesota
Daniel Kersten, University of Minnesota
Robert Miller, University of Minnesota
Nikolaos Papanikolopoulos, University of Minnesota
John Soechting, University of Minnesota
Jaideep Srivastava, University of Minnesota
David Thomas, University of Minnesota
Lawrence Wackett, University of Minnesota
George Wilcox, University of Minnesota

Workshop on Graph Partitioning & Applications

October 14-15, 1999

Other Sponsor

Army High Performance Computing Research Center

Workshop Organizers

Rupak Biswas, NASA Ames Research Center
Bruce Hendrickson, Sandia National Laboratories
George Karypis, University of Minnesota
Vipin Kumar, University of Minnesota

 
Vipin Kumar (right), Director of the University of Minnesota Army High Performance Computing 
Research Center speaks with Dr. N. Radhakrishnan (left), Director of the Corporate Information and 
Computing Directorate of the Army Research Laboratory at the Workshop. 

http://www.arc.umn.edu/conferences/GP/announce.html


Fifteen Years of the Car-Parrinello Method in Physics and Chemistry

March 18-19, 2000

Other Sponsors

IBM
endorsed by the American Physical Society

Organizers

James R. Chelikowsky, University of Minnesota
Michael Klein, University of Pennsylvania
Sokrates T. Pantelides, Vanderbilt University

 

Michele Parrinello and Roberto Car (center left and center right) are presented plaques by Conference 
Organizers James R. Chelikowsky of the University of Minnesota (right) and Sokrates T. Pantelides of 
Vanderbilt University (left). 

More Information

For more information on past and future symposia sponsored in part by the Supercomputing Institute, 
please refer to our Internet pages at: www.msi.umn.edu/general/events.html

http://static.msi.umn.edu/programs/index.html
http://static.msi.umn.edu/general/Symposia/car/
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National Advisory Board

The Supercomputing Institute for Digital Simulation and Advanced Computation's National Advisory 
Board consisted of five members this past year. These members include: 

• Dr. Albert F. Wagner, Argonne National Laboratory (chair) 
• Dr. David Keyes, Old Dominion University, Lawrence Livermore National Laboratory, and 

NASA Langley Research Center 
• Professor Robert W. MacCormack, Stanford University 
• Dr. David W. Norcross, Harvard University 
• Professor Anthony Patera, Massachusetts Institute of Technology 

University of Minnesota-Duluth Campus

College of Science and Engineering

Department of Chemistry

Paul Kiprof, Associate Fellow 



Silen Cycloaddition Reactions 

Cycloaddition reactions with carbon compounds, which find use in organic synthesis, have been widely 
studied. [2+2] cycloaddition reactions, including carbon carbon multiple bonds, are thermally 
forbidden but are photochemically allowed. Nevertheless, there are several examples of thermal [2+2] 
cycloadditions. These involve radical or dipolar intermediates. Only recently, an ab initio molecular 
orbital study of ring opening reactions of four membered carbon rings has been carried out. A major 
breakthrough was achieved when a diradial intermediate for the ring opening of cyclobutane could 
been observed directly. In contrast, cycloaddition reactions of the analogous silicon systems were only 
recently discovered. 

Density functional methods confirmed the 
transition states at the HF level for both cases. MP2 
level and CASSCF calculations confirmed the 
transition state for the acetylene case. The 
silacyclopropyl pathway revealed some interesting 
intermediates similar to the intermediates observed 
for the all carbon case. There seem to be slight 
differences in the stability of these intermediates. 
The search of transition states derived from the 
silacyclopropyl intermediate led to a new transition 
state that has a skewed alignment of the acetylene 
with respect to the silene. This transition state 
connects the reactants directly to the products. This 
leads to several possible pathways of the reaction, 
which are currently being worked to completion. 

Paul Siders, Principal Investigator

Ab initio Study of Calcite Surfaces and Adsorption

Calcite (calcium carbonate) is the main component of limestone. Interaction of aquated ions with 
calcite surfaces leads to growth inhibition and concentric, sector, and intrasector zoning. Reactivity of 
carbonate growth surfaces is influenced by the geometry of the surface and by solution species bound 
to the surface-hydroxide, water, hydrogen carbonate, carbonate, and metal ions in various stages of 
hydration. This work is theoretically characterizing, at the atomic level, the energetically favored 
species at the calcite surface that may be responsible for growth features. 

Many carbonate crystals display concentric zoning, the nonhomogeneous distribution of minor and 
trace elements in bands parallel to growth surfaces. At least in some cases, zoning arises from surface-
controlled kinetics rather than from changing growth conditions. Minor and trace elements, including 
Mg, Mn, and Sr, also display concentration zoning in different growth sectors. Surface control related 
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to the different atomic configurations on the different faces is likely. Sharp Mg, Mn, and Sr zones have 
also been identified within sectors. It has been argued that such intrasector zoning is systematically 
related to the structure and orientation of steps and kink sites. Several ions slow calcite growth. It is 
inhibition by magnesium that has been most thoroughly studied. The mechanism may be distortion of 
the near-surface calcite lattice or slow dehydration of adsorbed magnesium. 

Preliminary embedded-cluster calculations are 
complete for attachment of ions to CaCO3. The 
Hartree-Fock method in GAMESS and the 
Ahlrichs+* basis set was used for these 
calculations. Preliminary results indicate that a few 
hundred point charges will be adequate. Correction for electron correlation and basis set superposition 
errors is necessary. 

Department of Physics

John R. Hiller, Associate Fellow

Nonperturbative Analysis of Field Theories Quantized on 
the Light Cone

Considerable interest has developed in the use of 
light-cone quantization in the construction of 
solvable bound-state problems for strongly 
interacting theories of elementary particles. The 
coordinates used are based on the choice of t + z/c 
as the time coordinate, where t is the ordinary time, 
z is any Cartesian spatial coordinate, and c is the 
speed of light. A variety of quantum field theories 
have been analyzed in this way. The aim of these 
investigations is to develop methods that will 
permit a qualitative, or even quantitative, 
understanding of bound states in quantum 
chromodynamics (QCD). Because QCD is the 
leading candidate for the theory of the strong 
interactions, an understanding of its bound states is 
vital. Comparison with the experimentally 
determined properties of hadrons can then be made 
as important low-energy tests of the theory.

Because of the complexity of QCD, it is preferable 
to begin with other theories when developing 
nonperturbative techniques. This work began with 
scalar theories, diagonalized with use of the 
Lanczos algorithm. To bring the work closer to 
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QCD, quantum electrodynamics (QED) was considered. Here, a nearly complete formulation of 
regularization and renormalization was developed for a calculation of the anomalous moment of the 
electron. A diagrammatic analysis guided construction of counterterms that were then fixed by 
nonperturbative renormalization conditions. 

As an alternative approach to regularization and renormalization, Pauli-Villars techniques are being 
investigated in simple scalar-fermion models. Analytic work on a heavy source model produced a 
soluble case, and a numerical approximation has been successfully tested and extended to include a 
dynamical source. Current work deals with a single-fermion truncation to Yukawa theory. The next step 
is a two-fermion truncation where true bound states, as opposed to a fermion dressed by a cloud of 
bosons, can be studied. 

Code developed for the single-fermion Yukawa problem is directly applicable to the electron 
anomalous moment calculation, with changes in expressions for interaction terms of the Hamiltonian 
and in the boson helicities. Renormalization conditions that fix bare parameters require approximation 
of scattering processes, something of interest in its own right. A field-theoretic form of the Lanczos-
based Haydock recursion method has been developed and will be tested.

University of Minnesota-Twin Cities Campus

College of Agricultural, Food, and Environmental Sciences

Biosystems and Agricultural Engineering Department

John L. Nieber, Associate Fellow

Simulation of Flow and Solute Transport and Dispersion in Heterogeneous Porous Media

This work involves simulating the processes of flow and transport in porous media with consideration 
for geochemical and biochemical reactions. The research is being performed in cooperation with 
researchers at the Engineering Research and Development Center in Vicksburg, Mississippi.

Two specific problems are being addressed. The 
first deals with the characterization of the 
dispersion process based on the various levels of 
spatial heterogeneity that exist in natural porous 
media. Solute transport is 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 are imposed to 

define the parcel pathway. Applying this method, these researchers are characterizing 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 will be of value 
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to practitioners. From this work, a low-resolution model is being developed to simulate solute transport 
at a much smaller computational effort than required for high-resolution simulations. The low-
resolution model will be parameterized using the velocity covariance data derived from the high-
resolution simulations. 

For the second problem, the 
processes of geochemical 
reactions and biochemical 
reactions have been incorporated 
into the simulation of solute 
transport. Again, the particle 
method is used to simulate the 
solute migration. Fairly simple, 
but quite significant process of 
equilibrium sorption is being 
examined for aqueous solutes to 
porous media solids. Of particular 
interest is the character of the 
equilibrium sorption isotherm. 
When this isotherm is nonlinear, 
the transport of a solute is 
affected significantly. We have 
also considered the condition 
where adsorption and desorption 
are not given by the same 
isotherm. This sorption hysteresis 

has been 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 cells to define the flow field for two-dimensional domains. Three-
dimensional flow fields will 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. These researchers have found that a particle number on the order of 
106 is generally sufficient. The requirements to perform computations on these highly resolved grids 
with large numbers of particles naturally leads to the use of the computational resources available at the 
Supercomputing Institute.

Soil, Water, and Climate Department

Kenneth J. Davis, Principal Investigator

Modeling the Influence of Atmospheric Boundary Layer Processes on Biogenic Hydrocarbon Mixing and Chemistry

Sample concentration breakthrough curves for different 
combinations of the adsorption-desorption isotherms 



This work has been 
focused on 
publishing and 
analyzing past 
results and 
computations. A 
good deal of code 
has been recently 
ported to run on 
mixed 
distributed/shared 
memory machines 
at the 
Supercomputing 
Institute.

This code allows 
study on lower 
atmospheric 
turbulence and 
cloud formation 
influence ozone-
hydrocarbon 
photochemistry. 
Focus is being 
placed on how 
cumulus clouds, a 
forest canopy, 
spatial variations in 
forest hydrocarbon 
emissions, and 
chemical lifetimes 
influence the 
chemistry of the 
lower atmosphere.

The model used to resolve turbulent motions within the PBL is the NCAR large eddy simulation (LES) 
model. This project has taken the newest version of the LES, which allows for multiple regions of grid 
nesting, and introduced the dynamical effects of a forest canopy into the fine resolution region located 
at the surface. This nested model can resolve canopy scales of motion and examine their influence on 
the full CBL. The coupled forest canopy-CBL LES is used to study the influence of the forest on 
biogenic hydrocarbon mixing in the CBL. 

An updated version of the IMAGES model provides the chemical mechanism. Because the set of 
chemical reactions presents a stiff set of differential equations, an approximate solution technique, the 
Euler Backward Iterative (EBI), is used. This chemical mechanism, merged with the LES, helps study 
the influence of micro-scale mixing in the cloud-free CBL on ozone photochemistry.
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Satish C. Gupta, Associate Fellow

WEPP Simulated Tillage Effects on Runoff and Sediment Losses

The Minnesota River is one of the 20 worst polluted rivers in the United States. Adoption of 
conservation tillage in the basin has been proposed as a way to achieve federally mandated 40% 
reduction in sediment concentration in the lower Minnesota River. A computer simulation study was 
undertaken to evaluate the impact of tillage on runoff and sediment losses under a corn-soybean 
rotation in two watersheds in the Lower Minnesota River Basin. The model used in this study was the 
USDA-Water Erosion Prediction Project (WEPP) model. The weather inputs included thirty years 
historical weather records or thirty years CLIGEN (climate generator) generated weather records.

There was no effect of tillage in historical weather 
generated runoff losses but the sediment losses 
were significantly lower from chisel plowing than 
moldboard plowing. Average runoff with historical 
climate records was higher in soybean years than 
corn years, mainly due to two large events that 
occurred during the soybean years. There was no 
significant difference in average sediment loss 
between the corn and soybean years. Thirty-year 
average runoff and sediment losses with CLIGEN 

generated weather records were generally higher than those using the historical climate records. 
CLIGEN generated runoff and sediment losses were significantly lower with chisel plowing compared 
to moldboard plowing. It appears that climate plays a much more important role than other factors in 
determining runoff and sediment losses from these landscapes. Also, the use of climate generator not 
only overestimates runoff and sediment losses from these landscapes but also masks the impact of 
extreme rainfall events that occur naturally.

College of Biological Sciences

Biological Process Technology Institute

Friedrich Srienc, Associate Fellow

Cell Growth Dynamics of Unicellular Organisms under Changing Environmental Conditions

Cell properties such as mass, protein content, and DNA content 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 which takes into account 
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the distributed and staged nature of cell growth has been developed. The model consists of a system of 
differential equations 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. Current work is expanding the numerical method to achieve the 
solution of the multi-staged, multi-variable cell population balance models in an environment of 
changing substrate concentration.

Attempts are being made to solve multi-variable, multi-staged cell population balance models for 
predicting the time evolution of property distributions in cell populations of unicellular organisms. 
Based on the relative content of DNA, the cell cycle is typically considered to consist of three distinct 
phases: the G1 phase, where the relative DNA content is one, the S phase, where the relative DNA 
content increases from one to two, and the G2 + M phase, where the relative DNA content remains two. 
Taking this structure of the cell cycle into account, growth dynamics during the exponential phase of a 
batch cell culture can be modeled by a series of equations.

Thus far, the problem has been solved for the 
special case of a single variable (the physiological 
state vector consists of a single element) and for 
constant substrate concentration. The solution was 
achieved with the use of a time-explicit, one-step 

finite difference scheme. Furthermore, using similar algorithms, a solution has been obtained for the 
single-staged, single variable mass structured cell population balance model under conditions of 
changing substrate concentration. Several simulations have been performed for different types of 
growth rate expression-equal and unequal partitioning, and the qualitative and quantitative differences 
between the cases of constant and changing substrate concentration have been studied. Currently, work 
is being done on the expansion of the existing numerical algorithms to higher dimensions. Both finite 
difference methods and various spectral methods are being considered.

Department of Genetics, Cell Biology, and Development

Paul Lefebvre, Principal Investigator

Microscope Image Acquisition, Analysis, and Archiving

Approximately three years ago, the Imaging Center in the College of Biological Sciences, a centralized 
microscope and imaging resource, was formed. The laboratory is designed for multiple tasks. These 
include providing specialization of various imaging capabilities, developing imaging capabilities in 
new areas where unmet needs exist, reducing costs by minimizing unnecessary overlap with individual 
laboratories, replacing outdated equipment, and fostering cooperation so that the full value can be 
extracted from the resources available through the Imaging Center.

In this project, this researcher is focusing on the process of electronic image capture. An IBM 
Intellistation workstation, received through the Supercomputing Institute and IBM Shared University 
Research Award Program, is fitted with either existing digital or video cameras in order to acquire 
images. These cameras are used in conjunction with existing research grade light and fluorescence 
microscopes for acquisition of both still images and digital video (high speed to time-lapse). This 
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research's aim is to research and develop new digital image interfaces with CCD cameras and image 
processing software, some of which is being designed at the University of Minnesota in conjunction 
with the Imaging Center and other departments and colleges. The Intellistation is also currently being 
transformed into a complete electronic image acquisition, analysis, and image archiving system 
available for "hands-on" use by faculty, staff, and students.

College of Biological Sciences and Medical School

Biochemistry, Molecular Biology, and Biophysics Department

Norma M. Allewell, Associate Fellow

Structure Determination and Modeling of Electrostatic Effects in Large Macromolecules

This project is using supercomputing resources for electrostatic modeling and crystallographic structure 
determination. A rapid, self consistent method has been developed for calculating electrostatic 
potential, pKa values, and titration curves based on the Multigrid Poisson-Boltzmann approach 
(MGPB). The method has been applied to a large (310 KD), multisubunit protein, E. coli aspartate 
transcarbamylase. Long range interactions have been identified in the unliganded crystal structure, and 
titration curves obtained with the MGPB method have been shown to agree well with experiment. 
These calculations have been carried out for the different states of the protein, ligated with the substrate 
N-phosphonacetyl-L-aspartate (PALA), inhibitor cytosine-5'-triphosphate (CTP), and both 
phosphonacetamide and malonate with CTP. Electrostatic modeling of additional ligated structures is 
being carried out to understand the changes in electrostatics due to ligation.

Preliminary MGPB analysis has also been 
performed on the crystal structures of wild type and 
mutant ferritins. The X-ray crystal structure of 
ornithine transcarbamylase (OTCase) in complex 
with its bisubstrate analog, N-(phosphonacetyl)-L-
ornithine (PALO), has been solved. The crystal 
structural determination of wild type human 
OTCase and several mutants are in progress. 

Modeling electrostatic effects in these structures helps give an in depth understanding of their roles in 
driving conformational change, catalysis, and regulation.

Ian M. Armitage, Principal Investigator

Structure/Function of Biomolecules Involved in Immune Suppression and Cellular Metal Homeostasis
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This research group's activities revolve around the 
use of Nuclear Magnetic Resonance (NMR) 
methods to elucidate the solution tertiary structure 
of macromolecules involved in biological 
processes. Specifically, the group is looking at 
processes including proteins involved in cellular 
metal homeostasis, biomolecules involved in the 
immune response, and the DNA-binding domain 
(DBD) of the human vitamin D receptor (hVDR) 
and its complex with specific elements of DNA. 
The premise is that functional details are contained 
within a knowledge of the structure at atomic 
resolution. The computers at the Supercomputing 
Institute's Basic Sciences Computing Laboratory 
and numerous software packages are being used in 
this work. Software packages vnmr and nmrpipe 
are being used for NMR processing, x-plor is being 
used for structure calculations, and insight ii, 
molmol, macromodel, and grasp are being used for 
visualization and analysis of three-dimensional 
structures.

Leonard J. Banaszak, Associate Fellow

Structure and Function Studies of Biological Macromolecules
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These studies involve 
biochemistry, molecular 
biology, and X-ray 
crystallography for 
structure determination 
and functional 
characterization of 
proteins. 
Supercomputing 
resources are used for 
X-ray crystallographic 
determination and 
refinement of several 
protein structures. The 
structural studies 
include adipocyte lipid 
binding protein (ALBP), 
cellular retinoic acid 
binding protein 
(CRABPI), liver fatty 
acid binding protein 
(LFABP), lipovitellin, 
and microsomal 
triglyceride transfer 
protein (MTP). Projects 
on enzymes [malate 
dehydrogenase, 
isocitrate 
dehydrogenase, short 
chain L-3-hydroxyacyl 
CoA dehydrogenase 
(SCHAD), and 
phosphoglycerate 
dehydrogenase] are also 
being pursued.

The research has already 
lead to a number of X-
ray structures of 
intracellular lipid 
binding proteins. The 
goal of this study is to 
carry out in depth 
structure/function 

studies via protein engineering so that the ligand specificity within this protein family is definable by a 
systematic set of chemical rules. Possible reasons for the low lipid specificity of LFABP have already 
been suggested. Current work is attempting to obtain crystals of the apo-protein and other ligands 
bound to the protein.

The understanding of ligand specificity in ALBP and CRABPI is already greatly increased with the 

 

Proton binding curve for HEW lysozyme. The graph illustrates the correlation 
between the experimental and evolutionary derived titration curves for 
lysozyme. The solid continuous curve is generated using the result of the 
theoretical pKs and the Henderson-Hasselbalch relationship. The pKs derived 
from these computations determine the electrostatic field in and around the 
molecule. Although this is a model study, its wider application to other disease 
related proteins may have positive effects in the fields of drug design and 
other biotech areas.
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completion of several crystal structures-both in apo-form and in complex to different lipids. Structural 
data and site-directed mutagenesis is used to convert fatty acid specificity of ALBP to a high-affinity 
retinoic acid site, imitating CRAPBI's unique retinoid specificity. To date, three data sets of one mutant 
has been collected and the models are being refined.

The crystal structure of MTP, a heterodimeric polypeptide involved in transport of neutral lipids and 
phospholipids between membranes, is being solved. It is required for the assembly of plasma, very low 
density lipoproteins in the liver, and chylomicrons in the intestine. The smaller subunit of MTP has 
been identified as protein disulfide isomerase. The precise in vivo roles of the two subunits are not yet 
clear. A domain of MTP has sequence similarity to that of a highly helical segment of the lipovitellin 
lipoprotein.

A complete X-ray structural analysis of lipovitellin, a lipoprotein containing 30-35 molecules of bound 
phospholipid per monomer, has been undertaken. Lipovitellin is a large protein whose function is the 
storage and transport of lipids. The lipid is bound in a central cavity surrounded by a tear-drop shaped 
series of beta-sheets along the sides of the lipid moiety. There appears to be electron density present in 
the current maps due to lipids and chemical composition analysis of the lipid portion. Since complete 
sidechain assignments for the lipid-lining beta-sheets are available, current work lies in modeling lipid 
molecules visible in the electron density map obtained from crystals at 100K.

Phosphoglycerate dehydrogenase (PGDH) catalyzes the first committed step in the serine biosynthetic 
pathway. Serine, an amino acid, regulates the rate at which this enzyme works by binding to one of the 
three domains that are part of a single subunit. Using recombinant techniques, the serine binding 
domain has been purified separately from the remaining two domains. The two domain protein contains 
the unregulated active site. By studying the molecular structures of these now separate pieces, the 
hypothesis is that it will become possible to piece together the molecular mechanics of PGDH 
regulation.
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Isocitrate dehydrogenase (IDH) kinase/phosphatase is a bifunctional regulatory enzyme of the 
glyoxylate bypass in E. coli that inactivates isocitrate dehydrogenase via reversible phosphorylation at 
serine 113 when the organismÕs sole source of energy is limited to acetate or some other 2-carbon-
containing compound. Kinetic and photoaffinity labeling experiments have suggested that the kinase, 
phosphatase, and perhaps even the ATPase activities are all located at a single catalytic site. In a 
parallel project, examination is being done on the substrate specificity of the enzyme for B. subtilis 
isocitrate dehydrogenase. Kinetic experiments have shown the amino acid sequence around the serine 
phosphoryation site is identical to that of the E. coli homologue, but the B. subtilis version is an 
extremely poor substrate of E. coli kinase/phosphatase. Thus, the crystal structure of B. subtilis IDH, 
which is near completion, might shed light on the arrangement of active site amino acids in the 
kinase/phosphatase.

http://static.msi.umn.edu/reports/search


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 HCl 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, a straightforward (although tedious) experiment which can be done in many laboratories, 
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. Currently, there is 
PS data on many cosolvents with many proteins; the Bloomfield lab has also gathered data on 
cosolvents with DNA. Unfortunately, interpreting PS data is not as straightforward as performing the 
experiment. Current theories are limited in their practicality and have yet to be tested against known 
solvent distributions. Despite the wealth of PS data, nobody has determined where cosolvents lie.

This project is developing a practical method for 
obtaining the cosolvent/water composition at a 
macromolecular surface from PS measurements 

and testing existing theories. Simulations are ideal for this purpose because simultaneous PS and 
solvent distributions are known. It is difficult to obtain solvent distributions from purely experimental 
methods. The first step in understanding PS is to determine the excluded-volume contribution. When 
cosolvents and waters are differently sized, it's well known that the surface cosolvent/water distribution 
is not like that of the bulk solvent. What portion of PS is due to size differences alone as opposed to 
interactions? To answer this question, grand-canonical Monte Carlo simulations (using cell lists) of 
binary mixtures of two-dimensional hard circular disks up against a hard wall are being run. A move 
onto mixtures of three-dimensional hard spheres is then done. Many size ratios and compositions are 
simulated to mimic experimental systems and to test existing PS theories. These simulations are 
computationally intensive because of large size ratios and low concentrations of the large disks/spheres. 
Hence, the Supercomputing Institute's Basic Sciences Computing Laboratory is used. After determining 
the excluded-volume part of PS, short-ranged interactions (van der Waals and hydrogen-bonding 
interactions) are added, and later, long-ranged interactions such as electrostatics are added to 
understand how each of these interactions contribute to PS.

Eric D. Eccleston, Jr., Principal Investigator

Determination of Chimeraplast Structure by Nuclear Magnetic Resonance

This project is using modeling tools to develop a feasible model of a 68-residue chimeraplast (a 
chimeric DNA/2'-O-MethylRNA molecule capable of inducing a point-mutational change in 
mammalian chromosomal DNA). Modeling tools will be used to predict two-dimensional nuclear 
magnetic resonance (NMR) observations from the chimeraplast to determine if solution of the three-
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dimensional structure is feasible by this method. If feasibility is indicated, the available programs will 
be used to analyze two-dimensional NMR data collected from chimeraplast in the high-resolution 
NMR facility.

Alex J. Lange, Principal Investigator

Hormonal Control of Hepatic Gluconcogenesis/Glycolysis

The bifunctional enzyme (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase) plays a crucial role 
in the regulation of glucose levels. It is the sole enzyme responsible for the synthesis and degradation 
of fructose 2,6-bisphosphate, a potent, intracellular modulator of hepatic carbon flux. Fructose-2,6-
bisphosphate is an allosteric activator of the glycolytic enzyme 6-phosphofructo-1-kinase and an 
inhibitor of the gluconeogenic enzyme fructose-1,6-bisphosphatase. The metabolic effects of glucagon, 
via cAMP-dependent protein kinase, on hepatic carbon flux are mediated by the intracellular 
concentration of fructose-2,6-bisphosphate. In diabetes, the excessive production of glucose by the 
liver is a major contributor to hyperglycemia, which leads to the major problems associated with the 
disease. The central role of fructose-2,6-bisphosphate in control of hepatic glucose production and 
utilization suggests that drug therapies directed toward increasing the fructose-2,6-bisphosphate levels 
will be beneficial to the diabetic patient.

These studies are investigating the efficacy of 
targeting the bisphosphatase domain of the 
bifunctional enzyme for inhibition, and thereby, 
increasing the fructose-2,6-bisphosphate levels. 

The studies address this method of therapeutic intervention in two ways-the production of transgenic 
mice that express a mutant form of the bifunctional enzyme or carry a knockout bifunctional enzyme 
gene that will establish chronically high or low levels of hepatic fructose-2,6-bisphosphate, respectively 
and physical studies using nuclear magnetic resonance spectroscopy that characterize the reaction 
mechanism of the bisphosphatase domain and define the functional roles of active site amino acid 
residues during the reaction. Knowledge of this important component of gluconeogenic/glycolytic flux 
helps provide the basis for the rational design of specific inhibitors of the bisphosphatase activity of 
hepatic 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase.

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 into the products. Two projects are 
being conducted that rely, in part, on supercomputing resources. In the first project, a series of 
dioxygenase enzymes are being studied. These enzymes attack aromatic substrates with two hydroxyl 
substituents. The products are ring open compounds containing both atoms of oxygen from O2. These 
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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 allows 
manmade aromatics, some of which are carcinogens, to be degraded. In collaboration with Professor 
Douglas Ohlendorf's group, these researchers have solved the crystal structures of three of these 
enzymes. Computational resources are being used to examine the crystal structures and plan site 
directed mutagenesis studies that are currently ongoing.
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The second class of oxygenase being studied is typified by methane monooxygenase. 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 
Professor Ohlendorf, these researchers have solved the crystal structure of the critical hydroxylase 
component, and computing resources are being used to visualize the structure and plan mutagenesis 
studies.

Rex Lovrien, Principal Investigator

Searching for the Structures of Potential Protein and DNA Binding Ligands

These researchers are using the Supercomputing Institute's Basic Sciences Computing Laboratory to 
investigate the structures of sulfonates and related compounds. They make use of the Cambridge 
Crystallographic Database to search for solvated sulfonate structures. These structures are then 
investigated, and possible protein-binding schemes are modeled. Structures of sulfonate cocrystals with 
oligopeptides are of particular interest.

Investigation is also being done on sulfonate ligand binding to proteins using the database as a 
reference source for solvated structures of low molecular weight. Structures with ion pairs are of 
special interest in this facet of the work.
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Kevin Mayo, Principal Investigator

Structure and Dynamics of Proteins and Peptides

Research Group 



Monica Arroyo, Research Associate
Shou-Lin Chang, Graduate Student Researcher
Andrew Cox, Research Associate
Brent Goplen, Graduate Student Researcher
Alexey Krouchelnitski, Research Associate
Nathan Lockwood, Graduate Student Researcher
Dimitri Mikhailov, Graduate Student Researcher
Helen Young, Graduate Student Researcher

These researchers are investigating 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 is performed in order to 
derive the best set of structures to the experimental data. Simulated annealing and molecular dynamics 
calculations are used in the protocol to derive the structure, and relaxation matrix calculations are used 
during structural refinement. Relatedly, this laboratory is also interested in understanding internal 
motions in proteins and peptides. Molecular dynamics simulations are used in conjunction with NMR 
relaxation experiments on isotopically enriched peptides and proteins to derive information on the 
motional frequencies and amplitudes of backbone and side-chain bond vectors.

Douglas H. Ohlendorf, Fellow

Structural Analysis and Biology of Macromolecules

The work in the Ohlendorf laboratory involves creating and refining structural models of 
macromolecules using diffraction data, geometric constraints, and structures of homologous molecules. 
The goal is to produce models that are sufficiently accurate to gain insight into the structural 
foundations for their biological functions. The predictions made by these models are checked through 
biophysical analysis of complexes and mutants of targeted proteins. Many systems are being studied.

Work on Protocatechuate 3,4-dioxygenase (PCD) involves PCDs from three organisms-Pseudomonas 
putida, Brevibacterium fuscum, and Acinetobacter calcoaceticus. Dioxygenases carry out a unique 
reaction in which molecular oxygen is induced to cleave an aromatic ring. This reaction is important 
because it is used by bacteria to degrade a number of toxic compounds that contaminate the 
environment. This reaction is interesting because cleavage of a stable aromatic ring occurs without the 
use of exotic cofactors. In PCD, the cleavage is accomplished by a non-heme Fe+3 in the active site. 
During the past year, the structure of PCD from A. calcoaceticus has been solved.
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David Mitchell, Research Associate
Greg Vath, Graduate Student Researcher
Sekar Velu, Supercomputing Institute Undergraduate Intern
Matthew Vetting, Graduate Student Researcher

Like PCD, a single metal ion is used to cleave an aromatic ring. Unlike PCD, this cleavage is adjacent 
to the vicinal hydroxyls and utilizes a non-heme Fe+2 or Mn+2. The structures of wild-type 
Homoprotocatechuate 2,3-dioxygenase (HPCD) have been solved from two organisms in five space 
groups. Refinements have been completed on the native structures.

Like PCD, Catechol 1,2-dioxygenase (CTD) from A. calcoaceticus and Pseudomonas arvilla 
incorporates both atoms of molecular oxygen into an organic substrate using a non-heme Fe+3. 
However, where the PCDs being studied contain six or more protomers, CTD contains only a single 
protomer. In addition, the substrate specificity is different in that CTD does not require the presence of 
a carboxylate group on the aromatic ring. The structures of wild-type CTDs from A. calcoaceticus and 
from P. arvilla have been solved during the past year. Refinements of the native structures have been 
completed.

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, these researchers hope to be able to 
modulate these activities.

1999 UMSI Publications 
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Biochemistry, 38, p. 10239 (1999).
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Streptococcal pyrogenic exotoxin A (SPEA) from Streptococcus pyogenes is the causative agent of 
toxic shock-like syndrome. This syndrome is 60-80% fatal and is the disease that killed Jim Henson. 
Through analysis of the structure of SPEA in light of those of other superantigens (e.g., TSST-1), these 
researchers are working to discover the structural foundations for biological activities. The structures of 
wild-type SPEA have been determined in three space groups during the past year. Refinements have 
also been completed.

Exfoliative toxins A (ETA) and B (ETB) from S. aureus are the causative agents in staphylococcal 
scalded skin syndrome. Although they are superantigens, there is no structural homology with other 
superantigens. The structure of ETB has been determined and refined along with the structures of 
several ETA mutants.

David D. Thomas, Fellow

http://static.msi.umn.edu/reports/search


Muscle Biomolecular Dynamics

This research is working to understand the molecular motions that occur during muscle contraction, 
and correlating these to muscle biochemical and mechanical states. Electron Paramagnetic Resonance 
(EPR) and time-resolved optical spectroscopy is used to report probe motions and get useful data from 
dynamic and disordered systems. These probes, either spin labels or luminescent dyes, are chemically 
attached to specific sites on biomolecules of interest. Proteins are examined both in solution and in situ. 
While spectra from these experiments give useful information about molecular motions, they require a 
level of interpretation that is best filled by computer simulation and modeling. Such modeling should 
eventually fill in the broader picture of molecular motion, more than just at the site where a probe is 
attached. It should allow a refining of ideas about the molecular system, consider the probe's influence 
on the system, and point to revisions and wholly new experiments to further elucidate the structures 
and dynamics of the proteins involved in muscle contraction.

The first part of this project deals with EPR. Spin-labeled proteins have complex spectra that 
incorporate detailed information on the probe's orientation and motion. Several strategies are used to 
extract information about spin label orientation and motion from these spectra. These strategies all 
involve spectral simulation, either for direct use as reference spectra or indirect use in a fitting routine.
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One major tool in this research is global analysis. This allows these researchers to simultaneously fit 
spectra of a particular probe in different conditions, and rely on the identity of parameters (e.g., the 



probe's magnetic parameters) among the spectra. Global analysis has shown that static approximations 
do not provide adequate fits to many spectra. Therefore, the effects of probe motion must be explicitly 
modeled. This is being done in two ways: solving systems of diffusion-coupled Bloch equations and 
using molecular dynamics to simulate the motional trajectory of a spin label on the protein structure 
and using that trajectory to calculate the reulting EPR spectrum.

Routines to simulate EPR spectra have been developed directly from a trajectory that gives the probe's 
orientation over time. These routines are particularly useful when combined with molecular dynamics 
simulations of the EPR probe's motional trajectory, because they make it possible to model the results 
of mutagenesis at candidate labeling sites and select those most likely to give useful information. 
Moreover, molecular simulations provide a detailed atomic picture of the conformational dynamics in 
solution that can be directly verified experimentally. Interest now lies in performing all-atom 
simulations in an explicit solvent/counterion environment and proper treatment of long-range ionic 
forces using charmm.

The second area of study in this project is on optical spectroscopy. Time resolved optical data is 
recorded as the decay in the absorption or emission anisotropy after the probe is excited by a pulse of 
polarized laser light. Analysis of this data has usually involved simulating exponential decays 
repeatedly; diffusion-rate and analytical models of decays from molecular motion have also been 
implemented.
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An extension of this analysis has been made to the rotational dynamics of actin filaments beyond the 
simple analytical models to the Schurr torsional-twist model, which takes into account all of the inter-
protomer interactions in the filament. The simulations are repeated for the subranges of the filament 
length (determined by electron microscoy); the fitting routine uses the combined simulation. This 
approach will continue to be used to investigate the behavior of filaments of skeletal or yeast actin with 
actin-binding proteins attached.

Finally, a new method has been developed for analysis of fluorescence polarization studies done in this 
laboratory. This method models this groupss results by expanding the motion equations over a basis of 
eigenfunctions. Standard iterative fitting techniques are then used to fit the model to the experimental 
spectra.
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Clare Woodward, Principal Investigator

Nuclear Magnetic Resonance Studies of the Mutant G37A of Bovine Pancreatic Trypsin Inhibitor

These researchers are studying the dynamic properties of a mutant of the Bovine Pancreatic Trypsin 
Inhibitor (BPTI) using nuclear magnetic resonance (NMR). BPTI is a model protein for studies of 
protein folding and thermodynamics. A greater understanding of the protein folding process is 
important for protein engineering and design, and possibly cures for diseases involving alterations of 
mis-folded proteins (e.g., b-amyloids and Alzheimers). The mutant of BPTI being investigated (G37A) 
has interesting thermodynamic and kinetic properties, including large destabilization (~5 kcal/mol) and 
a rollover of folding rates in a Chevron plot at low urea concentrations that is not present in the wild 
type protein. The large changes in the thermodynamic and kinetic properties of this mutant, which only 
adds a single methyl group to a glycine not in the core of the protein, is somewhat surprising. These 
researchers are determining the three-dimensional structure of BPTI-G37A by NMR to investigate the 
mechanism of altered properties of this mutant. In addition, they are measuring aromatic ring flip and 
amide hydrogen exchange rates to probe local dynamics. In order to achieve this work, these 
researchers are using computational resources at the Supercomputing Institute for processing and 
analysis of the NMR data as well as for molecular modeling calculations.
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Lynne K. Edwards, Fellow

A Monte Carlo Study on Educational Statistics

This project uses a longitudinal national educational database to answer both substantive and 
methodological questions. Models of academic achievement are built for female students in math and 
science courses. The main interest is in identifying and clustering individual educational projectories 
then to examine factors that are school-related, parental, environmental, and psychological to explain 
differential projectories. The process of identifying and clustering educational profiles is similar to that 
of finding a finite mixture of distributions. The mixed effects model is used to estimate random 
individual acceleration functions and to relate such functions with both time-dependent and 
nondependent factors that can be potentially intervened. The database is increasing every two years 
with new and additional information so that interesting questions on students' growth profiles can be 
addressed.
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The methodological portion involves producing robust estimates for the parameters of individual 
projectories and school-related factors in the hierarchical linear model. As the model complexity 
increases, so does the size of the data matrix. In order to circumvent this problem, reliance on data-
resampling and iterative methods is used, in part, to generate robust estimators. It is important to 
determine limiting conditions for the model because there are typically many missing values in the data 
matrix. Hierarchical linear model software as it now exists does not effectively handle missing data 
though there are recent developments in handling of missing data. Also, the time-dependency in errors 
and the error structures are not fully incorporated in the existing program. Thus, interest lies in 
exploring the effects of misspecifications in the error structure using the mixed effects model.

As opposed to traditional research questions that focused on central tendencies or group average 
characteristics, recent research questions are moving toward focusing on individual differences in 
trajectories and their concominant factors. That is the focus of this project.
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Gautam Gowrisankaran, Principal Investigator

Estimating Hospital Quality using a Bayesian Selection Model

This project is estimating the quality of care provided by different hospitals. The main innovation of the 
research is to control for patient selection using Bayesian econometric methods. The primary sample 
contains data on all pneumonia patients treated at Los Angeles County, California hospitals from 1989-
92. The problem of selection is that patients who are more severely ill than average may choose to seek 
treatment at high quality hospitals. In this framework, the conceptual experiment that reveals quality is 
hospital-specific mortality rates following random patient assignment. This work controls for patient 
selection into hospital using distance as the main exogenous explanatory variable. Given the 
assumption that a patient's mortality is not affected by how far the patient is from alternative hospitals, 
the estimation will infer a hospital to be of high quality if patients residing near that hospital have a low 
residual mortality, regardless of where they seek treatment. Because the outcome variable, mortality, is 
dichotomous, standard linear econometric techniques cannot be used to transform this insight into 
estimation. The Bayesian simulation methods developed here fill that role. The methodology developed 
here exploits the similarity between this model and the conventional linear simultaneous equations 
model, were the latent utilities for choice and mortality observed. In addition to handling the latent 
variable problem, Bayesian inference makes it possible to address the motivating policy questions 
directly, by providing marginal posterior distributions for any functions of interest.



Computation of the primary model has now been completed. Conditional on the data set, the posterior 
distribution for the parameters of the model has a number of interesting substantive implications. There 
is substantial variance to the posterior distribution of quality of most individual hospitals. Nonetheless, 
there appears to be two key relations between hospital characteristics and quality. Hospitals that are 
small-fewer than 150 beds-have lower mortality than larger hospitals, and private for-profit hospitals 
have lower mortality rates than public, private teaching and private not-for-profit hospitals. There is 
also strong evidence that the level of unobserved severity of illness differs across hospitals. A high 
unobserved severity of illness is found to be positively correlated with estimated hospital quality.

In ongoing work, the researchers are constructing a separate sample of all heart disease patients treated 
at Los Angeles County, California hospitals during the same sample period. A similar econometric 
procedure is being used to analyze this sample. The results from the heart patients will potentially 
allow for comparison with results from pneumonia, a different, but equally important disease. It can 
then be examined to what extent the results are generalizable. This would ultimately provide much 
stronger results regarding the determinants of the quality of hospital care.

Michael P. Keane, Principal Investigator

Estimation of Discrete Stochastic Dynamic Programming Models of Economic Behavior using Monte-Carlo 
Integration

This project is estimating dynamic models of how individuals make educational and occupational 
choices over the life cycle. It is necessary to model career choices in a dynamic context, because 
current schooling/employment decisions result not only in current period rewards, but also lead to 
human capital accumulation that alters future wages. 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 forecase 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 DS-DP models requires solving 
for the value functions at each point in the state space of the problem. These value functions are 
multiple integrals over the stochastic processes that drive decisions. As the number of choices grows, 
the number of state space points grows rapidly, making it infeasible to evaluate all the necessary 
multiple integrals using numerical methods like quadrature.

New methods are being used to estimate dynamic models of educational and occupational choices over 
the life cycle. An estimated dynamic model of career choices can aid in the design of public policies 
such as tuition subsidies, unemployment insurance, and retraining programs for displaced workers. The 
occupational choice model contains various occupations with different educational requirements as 
options. Recently, some economists have proposed the introduction of wage subsidies. This model 
finds that they would actually reduce school attendance of young men because the subsidies raise 
wages primarily in occupations that require little education, making such occupations more attractive.
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New work is being started on a new model of educational and occupational choices of young women. 
This is a major extension of the basic model used for young men because it brings in fertility and 
marriage as additional decisions. It is impossible to sensibly model the career decisions of young 
women without bringing in these additional factors. Once completed, it will be possible to use this 
model to address a number of important questions about how public welfare policies aimed at women 
and children (such as the AFDC program) affect behavior. For example, this model will simulate how 
changes in these policies might affect teenage pregnancy rates, out-of-wedlock birth rates, and high 
school dropout rates.

An important overall goal of this research is to provide evidence on the practical usefulness of the 
simulation approach for estimation of DS-DP models. If the approach proves useful, it could lead to 
increased interest on the part of economists in the use of supercomputers to estimate dynamic discrete 
choice models.

Michael P. Keane, Principal Investigator and Antonio Merlo, Co-
Principal Investigator

A Political Economy Model of Congressional Careers

A fundamental question in political economy is why people decide to run for office. This project is 
providing at least a partial answer and quantifying the returns to a career in the United States Congress. 
To achieve this goal, a dynamic model of career decisions of a member of the United States Congress is 
being specified and this model is being estimated using a newly collected dataset.

The study of Congressional careers has a long tradition in American politics. However, existing studies 
of Congressional careers suffer from two main limitations. First, they estimate static models in which 
politicians' decisions about whether to run for office depend only on current and not future rewards. 
Second, they ignore the possibility that representatives may decide to leave Congress to pursue 
alternative professional careers. This research overcomes both these limitations and provides a new 
framework for empirical analysis.

In this model, a politician first decides whether or not to run for the House of Representatives. If the 
person is elected, they must eventually decide whether to 1) run for re-election, 2) run for election to 
higher office, 3) exit politics for a private sector job, or 4) retire from politics. If the politician decides 
to run for re-election or for higher office, then they face probabilities of winning in the elections. In 
order to choose among these options, the politician will compare the expected payoffs associated with 
the different alternatives. If re-elected, the politician faces another set of choices in the next period.

The problem that politicians face is dynamic in the sense that the payoffs from each of the choice 
options is not reflected only in current period rewards, but also in future rewards. Specifically, the 
payoff to winning a seat in Congress is not only the wage and prestige that a person receives from 
being in Congress for one term. It also includes the increment in expected future payoffs that accrue as 
a result of election. 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 dunamic environments, implementation of such models has been 
severely limited by the computational burdens involved.

A key figure in this model is the explicit modeling of the potential career opportunities of politicians 
outside Congress. When a politician exits from Congress, it is assumed that they can choose among a 
set of occupations, and the wage the politician would receive in each of these options is a function of 
the politician's age, education, and congressional experience. Thus, the framework will enable a sorting 
of the relative importance of two key factors that may induce people to pursue a political career-the 
utility politicians derive from being in Congress and the salaries they receive while in Congress vs. the 
private sector returns to Congressional experience.

Finally, the estimated model can be used to evaluate the effects of various interesting policy 
experiments on the value of a 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 in 
Congress, and changes in the seniority rule for committee appointments to name a few.

Department of Geography

Katherine Klink, Associate Fellow

Spatial and Temporal Characteristics of Surface Wind Field and Modeling Regional Climate-Vegetation Interactions

The first project in this work dealt with spatial and temporal characteristics of surface wind field. Wind 
is a fundamental, integrative climatic variable that is related to surface temperature and pressure 
patterns and is routinely reported by weather observers. Empirically based studies of climatic 
variability have focused primarily on surface temperature and precipitation records while wind analyses 
have been less common. It may be that part of the reason why wind has been less often studied is that, 
because it is a vector variable, slightly modified statistical methods are appropriate for its analysis. This 
project is developing a climatology of the United States surface wind field to examine wind variability 
over the available climatic record and to augment surface wind analyses with equivalent upper-air 
climatologies.

This work uses hourly and three-hourly wind speed direction observations from 1961-1990 to derive a 
monthly climatology of the mean surface wind field at 216 stations in the coterminous United States. 
The original wind speed measurements are corrected to a standard 20-foot observation height using the 
1/7 power law. From the height-corrected data, the mean monthly wind speed, direction, and velocity 
(the resultant vector) is computed at each station for each of the thirty years. This thirty year time series 
is then used to estimate the climatological mean of each field along with their variances.

Computing the mean and variance of wind speed follows traditional scalar statistical methods. To 
compute the mean and variance of wind direction and velocity, an extension of scalar statistics is used 
in which data are represented as complex numbers. Using complex arithmetic with the usual equations 
for mean and variance will yield the mean and variance of a direction or vector. The directional 



variance is a dimensionless number that ranges between zero and one, inclusive. A variance of zero 
indicates that all directions are the same, while a variance of one indicates that the directions lack a 
single mode of concentration. The variances of wind speed and velocity have the units wind speed 
(squared), with a lower limit of zero, and no fixed upper limit. The magnitude of the wind velocity 
variance is not necessarily equal to the sum of the individual speed and directional variances.

Research Group 

Victor Barnett, Graduate Student Researcher
Margaret B. Davis, Faculty Collaborator
Shinya Sugita, Ehirne University, Japan

January wind data has been used to demonstrate the range of information about surface winds that can 
be provided by these methods. Another project examined the monthly patterns of wind speed, direction, 
and velocity and their variance from 1961-1990. A further study focused on identifying overall trends 
in the thirty year records of mean monthly wind speed maxima and minima to determine whether 
regional trends exist within the contiguous United States. Examination of wind speed trends may serve 
as another means of evaluating climate variability and change.

This wind study is ongoing and has several objectives. The first is to complement existing temperature 
and precipitation climatologies by compiling a spatially representative climatology of terrestrial surface 
winds. The time series has also been examined to determine if there exist any temporal trends in wind 
characteristics. Along these lines, analyses of wind speed trends around Minnesota were completed.

The second part of this work concentrated on modeling regional climate-vegetation interactions. The 
detail and sophistication of numerical climate models have increased significantly over the past few 
decades, and these models have become important tools for evaluations of climatic change. Most 
model-based estimates have focused on the global climate, but scholars have become increasingly 
interested in change at regional scales. Observational and modeling studies of the climatic effects of 
regional land surface variability primarily have focused on present-day vegetation and soil 
characteristics. Building on the results from global-scale paleoclimate simulations, investigation is 
being done on how past regional vegetation patterns and global-scale paleoclimates might have 
interacted. This group's focus is on the upper Great Lakes region.
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Evaluating the regional-scale paleoclimate is the first step in investigating climate-vegetation 
interactions over the paleo-record. The larger project uses a hierarchy of models to compare estimates 
of past climate to observed fossil pollen. Output from a regional climate model is used to drive 
flora/vegetation models. Next, a pollen dispersal model links predicted vegetation to pollen 
assemblages in lakes, which in turn is compared with observed fossil pollen from the regional database. 
Through this model/data comparison, the effectiveness of simulations coupling regional climate and 
vegetation models is evaluated.

The climate model being used is a modified version of the Regional Climate Model version 2 (regcm2). 
regcm2 is a state-of-the-art regional model that includes improved representations of surface physics 
and atmospheric processes. It can be used in conjunction with coarse resolution global climate models 
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to depict finer resolution, regional-scale climate fields. For this project, climate model predictions are 
made for several times from 11,000 years ago to modern scenerios. Modern climate simulations are 
used to test the modeling hierarchy under known conditions in order to evaluate errors and 
uncertainties introduced separately from each model.

Department of Political Science

Diana Richards, Principal Investigator

The Probability of Collective Choice with Shared Mental Models for Large Choice Sets

There are abundant theoretical results from the field of social choice showing that, for a large number 
of individuals with random preferences over a large set of alternatives, there will almost surely be no 
single stable collective outcome. These results have significant implications for a variety of complex 
systems that can be seen as engaged in collective decision making. One obvious application is in 
societal decision making, where an intriguing puzzle is how stable collective decisions are reached 
empirically when a group of individuals must aggregate their diverse preferences. Another application 
is in understanding the human brain, which can be viewed as consisting of a large number of semi-
autonomous neural modules acting as "agents." However, theoretical results suggest that such 
aggregation processes will be generically subject to instability. Yet, this is not what is observed. Thus, a 
fundamental puzzle in both social science and cognitive science is how and when the information and 
beliefs of a collection of semi-autonomous agents is aggregated to reach stable, non-cyclic collective 
outcomes.

Research Group 

Whitman Richards, Department of Brain and Cognitive Science, Massachusetts Institute of 
Technology, Cambridge, Massachusetts

Re-examining Arrow's General Possibility Theorem, that no democratic aggregation procedure can 
guarantee a stable collective ranking, these researchers focus on the assumption that agents may rank 
order choices in any way. More specifically, it is assumed that the information held by the agents is not 
arbitrary, but is constrained by an agent's mental model, or knowledge structure, of the world. Shared 
mental models are focused on, and a knowledge structure as the representation of a mental model is 
produced. When agents have similar mental models of a domain, the choices and the relationships 
between choices have a common underlying structure. A knowledge-structure constraint on collective 
choice has been shown to overcome the aggregation paradox for small choice sets. However, it was 
also shown that as the choice set becomes very large, a shared knowledge constraint does not prohibit 
cyclic behavior in collective decision making. This negative result was based on the tough criterion 
that, for any given shared knowledge structure, if there was any single distribution of agent information 
that failed to produce a stable collective outcome, then the aggregation was classified as "potentially 
unstable." Here, this criterion is relaxed, and the probability of collective instability is examined given 
any shared knowledge structure. Now, the results are much more positive. Early results suggest that 
collections of diverse preference orders constrained by a shared mental model nearly always result in 
stable collective aggregation.



College of Natural Resources

Wood and Paper Science Department

Shri Ramaswamy, Principal Investigator

Visualization and Characterization of Three-Dimensional Bulk Structure of Porous Materials

Structure of porous media plays an important role both in the manufacturing process as well as in end-
use applications. For example, flow or penetration of liquids in paper and paper board is very important 
in end-use applications such as writing, printing, liquid packaging board (milk and juice cartons) etc. In 
all of these cases, in addition to surface energy characteristics of the fibers, the three-dimensional bulk 
structure of the porous material plays a critical role in the penetration of liquids. Until now, paper 
structures have been simplified to be of uniform cylindrical capillaries in explaining flow phenomena. 
This is primarily due to lack of a better understanding of the structure and due to lack of sophisticated 
experimental techniques.

This research is visualizing and characterizing the three-dimensional structure of paper using Laser 
Scanning Confocal Microscopy (LSCM). LSCM techniques have been widely used and accepted in the 
biomedical engineering community. LSCM offers the ability to slice thin optical sections out of thick 
specimens and render an impressive three-dimensional, high-resolution views of biological specimens. 
LSCM has been successfully applied to cellulosic fiber materials.

Research Group 

Amit Goel, Graduate Student Researcher
Shuiyuan Huang, Research Associate

Here, an attempt is made to first visualize the three-dimensional structure of paper using fluorescent 
dye and LSCM. The LSCM used for this purpose is a Molecular Dynamics Laser Scanning System 
located in the laboratory of Professor Wei-Shou Hu. Scans of samples are collected, visualized, and 
processed on an Indigo workstation.

Further visualization and numerical deconvolution is conducted to sharpen the image, minimizing the 
interference from multiple planes. Considering the amount of data from multiple planes, even from one 
paper sample, parallel processing is imminent for numerical deconvolution. After this initial phase, 
work will be done on the more daunting task of numerical characterization of the three-dimensional 
structure.

College of Pharmacy



Medicinal Chemistry Department

David M. Ferguson, Fellow

Molecular Dynamics of DNA Base Mismatches

Research Group 

Jane Aldrich, Graduate Student Researcher
John Anderson, Staff
John P. Clark, Graduate Student Researcher
David G. Garrett, Lockheed Martin, St. Paul, Minnesota
Stephanie Kerimo, Undergraduate Student Researcher
Quang Le, Department of Family Practice, Hennepinn County Hospital, Minneapolis, Minnesota
Kenneth E. Lind, Graduate Student Researcher
Nonzpa Lyfoung, Undergraduate Student Researcher
Ian Mcfadyen, Research Associate
Thomas G. Metzger, Research Associate
Venkatraman Mohan, ISIS Pharmaceuticals, Carlsbad, California
M. Germana Paterlini, Adjunct Faculty Collaborator
Gennady Poda, Supercomputing Institute Research Scholar
Mahadevan Seetharaman, Graduate Student Researcher
Govindan Subramanian, Research Associate
Divi Venkateswarlu, Research Associate
Haiqing Wang, Graduate Student Researcher
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The structure, function, and dynamics of macromolecules and macromolecular interactions are studied 
using a variety of computational techniques including molecular graphics, empirical force fields, ab 
initio calculations, molecular docking, and molecular dynamics simulations. The primary emphasis of 
this work is on the development and application of structural models of G protein-coupled receptors 
(GPCRs) to ligand design. In particular, interest is in developing highly selective opioid ligands with 
modified pharmacological properties.

A second area of emphasis is placed on studying the structure, dynamics, and thermodynamic stability 
of modified nucleic acid complexes for use in antisense drug development. Molecular dynamics 
calculations are performed on several nucleic acid systems in an effort to investigate the effect of single 
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base pair mismatches. Experimental data has shown specific mutations may allow activity to be "turned 
on" or "off," which may suggest a mechanism for gene regulation. Molecular dynamics simulations of 
the wild-type and mutant will be conducted to evaluate potential structure-function relationships. 
Calculations and analyses will be performed using the amber suite of programs available at the 
Supercomputing Institute/Medicinal Chemistry Visualization-Workstation Laboratory. Initial starting 
structures will be generated using crystallographic data available through the Brookhaven Protein 
Databank. The results are then used to develop strategies to regulate gene expression and 
transcription/translation.

Both projects require significant force field parameterization, ab initio model calculations, and long 
time scale molecular dynamics simulations as well as graphics visualizations. The long term goal of 
this work is to model molecular recognition processes reliably and confidently for use in drug design 
and development.

Deborah Kallick, Principal Investigator

Molecular Simulations of Biomolecules

This laboratory is using data derived from nuclear magnetic resonance (NMR) spectroscopy to 
supplement holonomic constraints in restrained molecular dynamic simulations of ribonucleic acid 
(RNA) and other biological macromolecules. The majority of NMR spectroscopy laboratories 
determining structures of biological macromolecules in solution use approximations to the force field 
that lead to errors, especially in the treatment of electrostatic interactions. Typically, the NMR 
spectroscopy laboratory simulates the molecule in vacuo and simply turns off electrostatics.

Research Group 

Samar Abdalla, Cell Biology and Neuroanatomy Department, University of Minnesota, Minneapolis, 
Minnesota
Cindy Deye, Research Associate
Seth T. Gammon, Supercomputing Institute Undergraduate Intern
Caroline Kriss, Research Associate
Lina Lukinskiene, Graduate Student Researcher
Matt Runquist, Undergraduate Student Researcher
Mahadevan Seetharaman, Graduate Student Researcher
Michael Tessmer, Graduate Student Researcher
Charles Watts, Graduate Student Researcher

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

Other work involves analysis of NMR data and correlation of chemical shifts with structure. All work 
involves visualization and computation using the Supercomputing Institute's Basic Sciences Computing 
Laboratory and the Medicinal Chemistry/Supercomputing Institute Visualization/Workstation 
Laboratory.



Daniel M. Kroll, Principal Investigator

Mesoscopic Models for Solvent Dynamics and Complex Fluids

Hydrodynamic interactions play a central role in determining dynamical and nonequilibrium 
phenomena in self-assembling amphiphilic systems and molecular aggregates in flow. In self-
assembling fluids, correlated mesoscopic structures exist even far from criticality. It has recently been 
shown that this structure leads to anomalous scaling behavior in the dynamic structure factor as well as 
anomalies in the shear viscosity and attenuation and dispersion of sound. In flow, the deformation of 
these correlated domains gives rise to excess stresses that result in rheological behavior 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 (and incompletely 
understood) influence on both the shape of these networks as well as the rheology of suspensions. For 
example, the deformation of polymers in hydrodynamic flows is a fundamental and still incompletely 
resolved problem in polymer physics, and the rheology and shape of red blood cells flowing in narrow 
capillaries is of great importance in medicine. Excess shear stress at the endothelial wall can lead to life 
threatening lesions called dissecting aneurysms. The shear stress at vessel walls also influences many 
other vascular functions, such as the permeability of the vascular walls to large molecules, the 
biosynthetic activity of the endothelial cells, and the coagulation of the blood.

Research Group 

Thomas Ihle, Supercomputing Institute Research Scholar

While there has been some success understanding these problems using analytic methods, progress has 
been hindered by the lack of efficient simulation techniques. What is required is a sufficiently coarse-
grained description of the solvent degrees of freedom. A promising approach being currently explored 
is to describe the hydrodynamic degrees of freedom using a Boltzmann equation, discretized in 
velocity, space, and time.

Extended lattice Boltamann (LB) methods have been developed to study these systems. Thomas Ihle, a 
current Supercomputing Institute Research Scholar, has developed a LB scheme capable of describing 
the dynamics of all the hydrodynamic modes of a normal non-ideal fluid. He has also implemented a 
simpler LB scheme for ideal fluids and binary mixtures that includes the effect of thermal fluctuations.
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Unfortunately, the discrete nature of the velocity field in the LB approximation leads to instabilities that 
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, a closely related 
mesoscopic model for solvent dynamics is being studied. This model utilizes a synchronous, discrete-
time dynamics with continuous velocities and local multiparticle collisions. The fluid is modeled by 
"particles" whose positions and velocities are continuous variables. The system is coarse grained onto 
the cells of a regular lattice, and the dynamics is carried out synchronously at discrete time steps. 
Particle streaming is treated exactly while the cells are the collision volumes for a multiparticle 
collision dynamics. The dynamics satisfies mass, momentum, and energy conservation and yields the 
correct hydrodynamics equations. Since it is a particle model, collision coupling to other microscopic 
degrees of freedom is easily incorporated and its application to complex geometries is straightforward. 
The method can also be extended to model binary mixtures and more complex mixtures.

Maria Germana Paterlini, Principal Investigator

Modeling of Chemokine Receptors and their Ligands

Chemokine receptors are members of the large class of G-protein coupled receptors (GPCRs) involved 
in signal transduction, with which they share a homologous 7-helical transmembrane (TM region). 
These receptors are present in cells of the immune system, and some, like CCR5 and CXCR4, are 
cofactors for HIV-1 viral fusion. The ligands for this receptor class, the chemokines, are small proteins 
containing 50 to 70 amino acids. These proteins, despite their similar folding motif, can show high 
selectivity toward their respective receptors. Supercomputing resources are being used to study 
chemokine receptors used by HIV-1, their protein ligands, and the binding of chemokines to the 
receptor models. The computational effort focuses on three areas.

The first area is the construction of receptor models. Modeling of the transmembrane regions will be 
performed using available structural experimental data, secondary structure prediction methods and 
homology modeling techniques. In addition, a loop algorithm, combined with a knowledge-based 
conformational search, is used to construct the extracellular and intracellular loop regions. The model 
building makes use of previous results on modeling of the opioid receptor by exploiting the sequence 
homology in the TM region of these two receptor classes.

The next area is the construction of models of chemokines. The X-ray or nuclear magnetic resonance 
structures have been resolved for a handful of chemokines only. However, all these proteins share a 
similar folding motif. Sequence homology is made use of to construct models of additional 
chemokines. Known and modeled chemokines are compared based on homology in the electrostatic 
potential surface to identify similarities that can aid in the docking of these chemokines to their 
receptors.

Research Group 

Thomas G. Metzger, Graduate Student Researcher
Anna Saputera, Supercomputing Institute Undergraduate Intern

The final area is the binding of chemokines to receptor models. Complementarity between the shape 
and electrostatic potential surface of chemokines and receptor models are used to identify possible 
regions of associateion in the extracellular regions. The methodology is tested first on systems for 



which structural and mutagenesis data are available on both receptor and chemokine.

Philip S. Portoghese, Principal Investigator and Maria Germana 
Paterlini, Co-Principal Investigator

Modeling of Opioid and Chemokine Receptors with their Ligands

Supercomputing resources are being used to build a structure of opioid receptors. The transmembrane 
region is reconstructed based on previous structural template and recent experimental data on 
rhodopsin. The intracellular and extracellular loop regions are also modeled. These regions, from 9 to 
25 amino acid residues in length, are studied using a previously developed conformational search 
algorithm for loops, together with indirect structural information obtained through site-directed 
mutagenesis data, secondary structure prediction, and homology modeling. The models are used to 
study the binding mode of both endogenous peptides and synthetic opioid ligands and to suggest 
possible mechanisms of receptor activation. The modeling effort is then 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 are used to propose possible mode of interaction between these receptors and chemokine 
ligands.
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Christopher Etienne, Research Associate
Stacy Kramer, Graduate Student Researcher
Amol Kulkarni, Graduate Student Researcher
Dennis L. Larson, Research Associate
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Thomas G. Metzger, Research Associate
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Shiv Kumar Sharma, Research Associate
William Stevens, Research Associate

Pharmaceutics Department

William H. Frey, II, Principal Investigator

Improvement of Binding Site Modeling



This research is improving binding site modeling of the muscarinic ml receptor in light of recent 
refinements of G-protein coupled receptors. Further work is being done to understand oxidative 
inactivation of the receptor through disulfide bond formation, mediated by GSH/Heme/H202. A part of 
this project is also looking into molecular details that underly muscarinic receptor function.

Research Group 

Ramaiah Muthyala, Research Associate

David J.W. Grant, Principal Investigator

Effects of Impurities, Polymorphism, Solid-State Solution, and Salt Form on the Crystal Properties of Some 
Therapeutic Agents

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. The objectives 
of the present research are to investigate the effects of a diastereomeric impurity on the crystal 
properties of a chiral compound, the influence of structurally related impurities on the stability of 
hydrates and on their solid-state reactivity, and 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 are related to the molecular interaction in the solid-
state between the host molecule and the impurity molecule. The molecular modeling tool is applied in 
these studies to view crystal structures and hydrogen bond networks and to calculate lattice energy and 
intermolecular interaction energies.

Another project is looking at the effects of salt form and crystal habit on tableting. Tableting is an 
important yet very complex process in the pharmaceutical field. This project is studying the effects of 
salt form and crystal habit on the tableting properties of some pharmaceutical compounds. The cerius2 
program is 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 plan, an important factor in the control of the mechanical (tableting) properties of powders.
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A further project is looking at eprosartan mesylate and its phases and transitions. Eprosartan mesylate is 
used in the treatment of hypertension and exists as an anhydrate, monohydrate, and dihydrate. The 
single crystal structures of the anhydrate and dihydrate are visualized, and various interatomic distances 
and intermolecular energies are calculated in order to assist in understanding, and ultimately in 
visualizing, the physicochemical properties and phase transitions of eprosartan mesylate.

In an additional project, these researchers are studying the effects of polymorphism on the tableting 
properties of the drug, sulfamazerine. Cerius2 software is being used to visualize the structural 
differences between the polymorphs. Information obtained from this kind of molecular simulation 
provides a fundamental understanding of the different mechanical properties relevant to tableting of 
these two polymorphs of sulfamazerine. Moreover, knowledge of the crystal structures may enable 
prediction of the tableting behavior of the powder forms and may facilitate the appropriate choice of 
crystal form for the prevention of unexpected problems during the formulation of tablets.

In the final project, these researchers are examining the molecular conformations, the molecular 
packing, and the conformational polymorphism of dipeptide sweeteners, using Cerius2 software, with 
the ultimate objective to predict certain properties of the crystals. This work is being done in 
collaboration with Professor Eric J. Munson of the Chemistry Department at the University of 
Minnesota.

Curtis L. Carlson School of Management

Accounting Department

Murugappa Krishnan, Principal Investigator and Balkrishna 
Radhakrishna, Co-Principal Investigator

Information and Financial Markets

Research in financial markets has assumed that markets were perfect (agents take prices as given and 
can not be manipulated), and that all information was public. More recently, after the wave of insider 
trading scandals in the 1980's, there is recognition that there are some big players who have access to 
private information and the ability to manipulate market prices. Most of this research is theoretical, and 
there is little evidence about elementary parameters-like the precision of private information, the level 
of background noise in a financial market, and the variability of asset returns-that govern risk in such 
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models. The research undertaken by these researchers is working to identify such parameters. After 
identification, they work to measure how the financial market is manipulated by large traders and 
market makers. In the end, these researchers measure who gains and who loses.

Finance Department

Luca Benzoni, Principal Investigator

Estimating Jump-Diffusions for Equity Returns

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

This research extends the class of stochastic volatility diffusions explored in the literature to allow for 
Poisson jumps in returns. Estimation is performed via a careful implementation of the efficient method 
of moments, generating powerful model diagnostics and specification tests. Every variant of the 
stochastic volatility diffusions without jumps fails to jointly accommodate all prominent features of the 
daily S&P 500 returns, while the SV jump diffusions provide an overall acceptable characterization.

It can then be 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. Results so far point towards an average of five jumps per year, with a jump of 3% not 
being uncommon. Alternative specifications of the stochastic volatility factor are being explored, and 
implications for derivative pricing are being illustrated.

Valery Polkovnichenko, Principal Investigator

Stockholdings and Asset Prices in an Economy with Heterogem Agents

Conventional macroeconomic models use a simplistic approach to modeling of individual consumers. 
A typical assumptions of homogeneous agents and complete markets allow 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, is at odds with empirical 
evidence. In recent years, a great deal of research has been done on the impact of the heterogeneity and 
market incompleteness on asset prices. This research contributes to this by concentrating more on 
portfolio choice aspects of the agent's heterogeneity. At the current stage, interest is in the implications 
of heterogeneity for the stock holdings. In particular, work is being done on explaining a puzzling 



phenomena of the limited stock market participation. Factors are considered such as risk aversion and 
stochastic labor income that may explain heterogeneity of stock holdings. Currently, a general 
equilibrium asset pricing model is being worked on to address three main issues-to endogenize the 
concentration of stock holdings in the absence of any frictions, to explain limited participation under 
reasonable assumptions about participation cost, and to evaluate the effect of limited stock market 
participation on asset prices. There is also a number of potentially interesting extensions of the line of 
research being pursued. More general applications of the models with heterogeneous agents would be 
very useful for studying questions such as the sources of the wealth heterogeneity and accumulation, 
the effects of the proposed social security reform (in particular, the inclusion of stocks into a social 
security fund portfolio) on the direct cohorts of the population, and the asset pricing consequences of 
the more accessible financial markets.

Industrial Relations Department

Brian P. McCall, Associate Fellow

Applications of Life History Methods to Economics and Education

This research continues to apply newly developed statistical methods for life-history data to interesting 
questions in the economics of education and labor markets. These new methods help study the effects 
of unemployment insurance benefit levels on re-employment; gender, age, and race differences in re-
employment behavior following job displacement; the retirement behavior of older individuals after job 
displacement; the effect of financial aid on the drop-out and graduation behavior of college students; 
whether delaying college enrollment after high school completion affects college completion; and the 
effect of advanced notification of an impending job loss on subsequent re-employment.

Many of these analyses involve policy simulations. Up to this point, the computational complexity of 
the problem has made computation of the standard errors of the policy simulation difficult. To ease 
computations, bootstrap methods are being developed to calculate the standard errors of these policy 
experiments.

Previous analyses of life history data have assumed that spell or duration data is continuous even 
though economic data is usually grouped, and duration data involves a number of ties. Because of this, 
statistical estimation techniques must be developed specifically for grouped duration data. Although 
such models have been developed to analyze single spell data, none are currently available for multi-
spell duration data, and few have been developed for competing risks models.

Both the competing risks and multi-spell hazard models used in this research will be flexible-not only 
in the sense that they put no a priori functional form restrictions on the baseline hazard functions, but 
also in the sense that they allow for the effect of regressors on the hazard function to vary over time. In 
multiple spell hazard models, unobserved heterogeneity is accounted for using a multi-dimensional 
mass-point mixing distribution. The competing risks model accommodates dependent risks by allowing 
for (possibly correlated) unobserved heterogeneity to affect the latent marginal hazard functions. Again, 



a multi-dimensional mass-point mixing distribution is used to model such unobserved heterogeneity. 
Finally, the selectivity-corrected hazard and competing risks models employ multivariate mass-point 
mixing distributions.
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These estimation techniques are now being applied to continuing studies of the effect of financial aid 
on college drop-out and graduation behavior. This work is using administrative data from the 
University of Minnesota. A new cohort of data has been provided that better tracks the financial aid 
application behavior of students over time. A multi-spell hazard model is also being employed to study 
whether delaying college enrollment after high school completion affects college completion. Again, in 
this project, policy simulations are performed, and the bootstrap standard errors of those policy 
simulations are calculated.

Operations and Management Science Department

William Li, Principal Investigator and Christopher J. 
Nachtsheim, Co-Principal Investigator

Model Robust Response Surface Design

An important issue in both research and manufacturing areas is how to design experiments for the most 
efficient use of resources. Today, the need to reduce cost has led to the use of designs that cannot be 
easily constructed in a traditional way. Experimental designs used in modern industry usually allow for 
fewer runs, which has partly motivated the advances in optimal design algorithms. Optimal designs 
have been widely used in history. However, one of the major concerns is that they are only "optimal" 
with respect to certain criteria based on a model. Thus, their optimality is dependent on how accurate 
the model assumption is. When the true model is different from the original assumption, the "optimal 
design" based on that assumption is no longer optimal and may even perform poorly. Thus, it is 
important to investigate model robust designs-designs performing well against a variety of models.

Recent interest has focused on the construction of two-level factorial experiments. A framework had 
been established for assessing the capability of factorial experimental designs for estimating various 
models with main effects and interactions. It was desirable to find factorial designs with good model 
robustness properties. This approach identifies model robust designs selected among orthogonal 
designs. This is a major limitation since orthogonal designs with one hundred percent of estimation 
capacity may not exist. Even when they exist, they may perform poorly with respect to other model 
robust criteria.

This research has already found that a slight sacrifice of orthogonality may greatly improve design 
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performance in terms of model robustness. A new algorithm has been proposed for constructing 
optimal model robust, two-level factorial designs. A general model robust design criterion has also been 
described.

The current objective of this study is to extend this research to the construction of model robust 
response surface designs. In earlier work, the model space included two-level designs with all main 
effects and some two-factor interactions. In practice, many examples include non-linear effects that 
cannot be captured by a two-level design. A traditional approach is to use response surface designs. 
Standard response surface designs, such as small central composite designs, may not perform well 
against all possible models in a model space. An algorithm is now being developed for constructing 
response surface designs whose design space consists of not only linear effects but also quadratic and 
interaction terms.

Kevin Linderman, Principal Investigator

Robust 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. 
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 criterion. This research develops the concept of Robust Economic 
Design of control charts that it selects the best design parameters across a wide variety of scenarios

Michael R. Taaffe, Principal Investigator

Process Management of New Product Development Projects: An Application to Stochastic Network

Research Group 

Devesh Verma, Graduate Student Researcher

There is growing pressure on firms to accelerate the development and launching of new products. 
Consequently, firms are faced with the problem of managing many concurrent new product 
development projects that place competing demands on shared human and technical resources. This 
problem is further compounded by the uncertainty inherent in product development. This study aims at 
developing and implementing a modeling framework for analyzing product-development time in 
organizational units pursuing multiple concurrent non-unique projects using shared resources. The 
modeling framework is conceptually founded on a process view of the development projects. Each 
project involves unique challenges that require unique solutions. However, many tasks and sequences 
of tasks are the same across projects. Process management of product-development projects exploit 
similarities through standardization and continuous improvement without destroying creativity. This 



framework makes it possible to reveal the structure of the development process, identify and assess 
ideas for reducing development times, and achieve a balance for an organizational unit's capacity and 
workload.

Institute of Technology

Department of Aerospace Engineering and Mechanics

Marek Behr, Principal Investigator

Portable Message-Passing Implementations of Computational Fluid Dynamics Code

This work is developing simulation methods for unsteady flows of fluids in situations involving 
significant deformations of the computational domain. The methods in question are based on the finite 
element technique, using stabilized formulations, complex unstructured three-dimensional meshes, and 
iterative solution strategies. The parallel implementation is based on message-passing communication 
libraries and is portable across a wide range of machines. The two sets of problems under current 
investigation center on free-surface flows and on translating and rotating geometries, which can be 
modeled using the Shear-Slip Mesh Update Method (SSMUM).

In free-surface flows, the location of the interface is not known a priori and needs to be determined as 
part of the overall solution. The major challenges in this type of simulations are accurate representation 
of the interface in long-term time-integration, devising mathematical models and computational 
methods that take large variations in geometric scales into account, and keeping the computational cost 
at an acceptable level. Wave formation and break-up are also among the challenges. Mathematical 
models produced in this work are based on the Navier-Stokes equations of incompressible flows. 
Depending on the complexity of the interface and other conditions, work is being done on the 
development of two different methods. One approach is developing a stabilized space-time finite 
element formulation, which is an interface-tracking method with moving mesh. The other approach is 
working on a stabilized finite element/interface-capturing formulation with fixed meshes. The 
interface-capturing method is more flexible but yields less accurate representation of the interface 
compared to the interface-tracking method. The interface-tracking method has been successfully 
extended to three-dimensional and periodic flows. A model of the Olmsted Dam on the Ohio River is 
still being used as a test problem.

Work is continuing on the SSMUM for parallel, space-time computation of problems involving large 
regular mesh deformations. This technique connects, with structured mesh layers, regions of 
unstructured meshes, each rigidly attached to one of the moving boundaries. The connecting layers are 
designed to accept slip between the neighboring unstructured meshes and to accommodate such motion 
through limited remeshing. Because of the small size and structured nature of the layer mesh, its 
remeshing can be performed economically and in parallel. The SSMUM has been recently extended to 
three-dimensional geometries and applied to flows around a helicopter with a spinning main rotor.

Graham V. Candler, Fellow
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A family of implicit computational fluid dynamics methods for the simulation of high-temperature 
reacting flows has been under development. These methods were designed for straight-forward 
implementation on conventional massively parallel computers. The methods have been shown to yield 
steady-state solutions to many test problems very efficiently on several widely different machines. Very 
good single-node floating point performance was obtained on several machines, with excellent parallel 
efficiency (typically greater than 90%).

Existing MPI codes have been tested on the IBM SP. These researchers are unable to run their main 
codes on the SP because of a problem with IBM's version of MPI. Current work is validating IBM's 
solution on additional codes. It is expected that IBM will suggest using blocking send/receive 
commands so that the communication costs will not be hidden as effectively as before and the code will 
run about 10-15% slower than when the communication is hidden. With this blocking communication, 
scaling to large numbers of processors may be poor, and good speedup is expected.

These researchers experience on the Origin 2000 is quite different. They were able to use the latency 
hiding approach that was very successful on other multiprocessors, but because of the load on the 
machine, they were unable to run large simulations.

Developed implicit methods use a series of simple pointwise matrix operations rather than complicated 
linear algebra to approximately solve the implicit operator. This requires many nearest-neighbor 
communications on a regular grid. The methods can be implemented very efficiently, and it is easy to 
hide communication costs with asynchronous message-passing routines in MPI. To date, there has been 
less success in obtaining optimal performance on the SP; however, it is likely that the code can be 
further improved with additional work. The parallel performance on an unloaded Origin 2000 is 
excellent.

Once these methods have been tested and optimized on the new machine, they are used to simulate a 
wide variety of reacting flows. This work includes the simulation of planetary entry flows, rocket 
motor plumes, jet interaction flows, atmospheric pressure plasma flows, and hypersonic turbulent 
boundary layers. This work is developing a greater understanding of how finite-rate chemical reactions 
interact with fluid motion and is funded by a variety of agencies, and the results of the work have been 
published in refereed journals and conference proceedings.

Roger Fosdick, Associate Fellow

Large Deformations in Nonlinear Elasticity and the Thermodynamics of Propagating Phase Boundaries

This work consists of several individual projects. The first project deals with coexistent phases in 
nonlocal elasticity. The existence and growth of zones of evolving microstructure is not only 
responsible for the failure of materials, but it also plays an important part in the design of devices and 
in many emerging applications that depend on sophisticated nonlinear material behavior. As technology 
advances, it is clear that materials that support internal phase structures are becoming increasingly 
important, and a better understanding of the difficult mechanics and materials issues will surely 
enhance their applicability.
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A second project is dealing with singularities in elastostatics. The nonlinear theory of elasticity is more 
appropriate for the investigation of coexistent phase phenomena and singular behavior in the mechanics 
of materials than its linear counterpart. In the nonlinear theory, the governing system of equations can 
support the possibility of changes of type for certain applications that are not possible in the linear 
theory. The emphasis of this program is on the role of singularities in problems where solutions are not 
regular. Injectivity of the deformation map is of great concern here.

Another project is looking at dynamic phase transitions. 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. These researchers have proposed 
that a thermomechanical model including capillarity, viscosity, and thermal conductivity is the 
appropriate setting. In this setting, the limiting solutions, as the capillarity, viscosity, and thermal 
conductivity approach zero, are the physically relevant ones. Continuing computations and analysis 
shows that this is a promising method of calculating dynamic phase transitions. However, further 
investigations, including the determination of dependence on numerical methods, are being pursued. 
Currently, several finite difference and finite element methods are being implemented and tested for 
solving these equations, and the researchers are developing their own approach. Part of the problem is 
in optimizing the computations and in addressing the questions of parallelization and alternate 
numerical techniques.

Daniel D. Joseph, Fellow

Direct Simulation and Modeling of Solid-Liquid Flows
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Runyuan Bai, Research Associate
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Mingyu Zhu, Graduate Student Researcher

These researchers are continuing work on developing scalable, highly efficient parallel finite-element 
codes, called particle movers, for the direct numerical simulation of the motion of thousands of solid 
particles in Newtonian and viscoelastic fluids, in both two and three dimensions.

Two separate particle movers have already been developed. One (the ALE particle mover) is based on a 
generalization of standard Galerkin finite-element method; it uses an unstructured body-fitted mesh and 
an ALE scheme to handle the time-dependent domain of the fluid flow. A new mesh is generated when 
the old one becomes too distorted, and the flow field is projected onto the new mesh. The other (the 
DLM particle mover) is based on a fictitious-domain method, in which the fluid is imagined to fill the 
space inside the particle boundaries, and the rigid-body motion inside the particles is enforced via 
distributed Lagrange multipliers. The DLM particle mover used a fixed, regular mesh over the entire 
fluid-particle domain. This allows the use of fast solvers, thus enabling quick and efficient 
computations. Both schemes are based on a combined fluid-particle weak formulation from which the 
hydrodynamic forces and torques have been eliminated. Both particle movers have been parallelized 
using domain decomposition and MPI.

Presently, these researchers are continuing their efforts to improve the performance of the particle 
movers by tailoring the partitioning scheme to produce a division favorable to the multi-level 
preconditioner being used. They are also experimenting with a new narrow-band preconditioner based 
on a Schur complement formulation, which could greatly increase the efficiency of the iterative solver. 
A matrix-free version of the ALE particle mover has also been developed based on an operator splitting 
method, which will allow much larger problems to be solved. This code is currently being parallelized. 
In addition, a modified version of the DLM particle mover, which is more easily generalizable to three 
dimensions, is being developed. The two-dimensional version of this code is already complete, and the 



three-dimensional version is under development.
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Benchmark tests are being run to compare and cross-validate the various versions of the ALE and DLM 
particle movers. Several benchmark tests are also being run, in which direct comparisons between 
computed results and results of actual experiments can be made using the exact same setup. In addition, 
benchmark tests are being done to test the parallel versions of the codes for speedup and reliability. 
These researchers are continuing to use their particle movers to study the fundamental dynamics of 
fluid-particle motions. At present, many-particle resuspension is being simulated in order to develop 
models of the lift-off of particles from solid surfaces in Newtonian and viscoelastic fluids that can be 
used in making practical decisions in a variety of engineering applications, including sand transport in 
fractured oil reservoirs.

Perry H. Leo, Associate Fellow and John S. Lowengrub, Co-
Principal Investigator

Computational Problems in Multi-Component/Multi-Phase Elastic Materials

This research is developing a computational method to predict microstructural features in alloys. Such 
a tool would allow metallurgists to develop new alloys with new properties.

Microstructure is a critical variable in alloys as it sets the macroscopic mechanical properties-stiffness, 
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strength, and toughness-of an alloy. The microstructures being studied arise from a solid-state 
diffusional transformation in multicomponent alloys. The transformation occurs when the temperature 
of an alloy is abruptly lowered, and a thermodynamically stable single phase separates via long range 
diffusion of matter into multiple phases. A complete description of the transformation process must 
incorporate diffusion of matter among the distinct crystal phases, surface energy at the interfaces 
between the phases, and elastic energy.

One of the main issues in studying microstructure is to prevent or limit coarsening of the material 
microstructure. Coarsening occurs when a dispersion of very small precipitates evolves to a system 
consisting of a few very large precipitates in order to decrease the surface energy of the system. This 
leads to an in situ degradation of material properties over time, which is especially important in high-
temperature applications such as jet turbine blades. There is speculation that elasticity can lead to 
inverse coarsening, in which small particles grow at the expense of large ones, and thus material 
performance would improve with time.

This work involves understanding the interactions among diffusion, elastic stresses, and surface energy, 
In this work, boundary integral methods (BIM) based on sharp interfaces have been used to study 
growth and coarsening in elastically isotropic, as well as orthotropic, inhomogeneous systems. Surface 
energy anisotropy has been included, and the interaction between the surface energy and elastic 
anisotropies has been investigated. This has enabled the researchers to consider realistic alloy systems 
such as steels and nickel superalloys. Diffuse interface (Cahn-Hilliard type) formulations have also 
been developed for some of these problems.

In the BIM, the field equations for composition and elasticity are mapped to the sharp boundaries 
between the phases, and the boundary conditions are used to formulate boundary integral equations. 
These equations are solved, the resulting velocities of the interfaces are computed, and the interface 
position is updated. The BI approach is efficient because the dimensionality of the governing equations 
is reduced. The BI results to date include growth and coarsening morphologies of general 
precipitate/matrix systems. The most time consuming part of the simulations is calculating the solution 
of the integral equations for the elasticity fields. More efficient techniques are now being developed to 
solve these systems.
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In the DIM, the evolution of the smooth fields is given by a coupled set of PDEs, which are solved 
using spectral methods to follow the entire evolution process. The DI approach is useful because it 
naturally handles particle merging and vanishing via a smooth transition region between phases. The DI 
method for isotropic systems has been developed, and a complete anisotropic, inhomogeneous 
formulation is now being worked on. An additional benefit of the DIM is that it is straightforward to 
incorporate additional physical effects such as ordering (detailed arrangement of atoms on the crystal 
lattice) and strain-induced phase transformations since they are not localized along the 

http://static.msi.umn.edu/reports/search


precipitate/matrix interfaces.

Presently, these researchers are continuing to generate realistic simulations of microstructure evolution 
in solids. The thrust of the research is two-fold. New computational methods to study microstructure 
evolution is being developed. In particular, these researchers are exploring (in conjunction with 
Michael Ortiz and Raul Radovitsky at Caltech) a finite element method for three-dimensional 
simulations. The researchers are also developing (with David Adelsteinsson of the University of North 
Carolina) a hybrid method combining the BIM with level set methods. This research will continue to 
explore the physics of the problem by simulating the interaction of multiple precipitates in an 
elastically anisotropic medium, particle splitting, ordering and combined diffusional/structural 
transformations.

Ellen K. Longmire, Principal Investigator

Data Mining for Dynamic Feature Extraction in Turbulent Flows
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This project is employing a novel optical measurement technique (Dual Stereo Particle Image 
Velocimetry) in combination with efficient data transfer and processing to identify and extract 
structural features in a turbulent boundary layer. Streams of images from four digital cameras are being 
examined and mined in real time for bursts or specific types of eddies present at different heights 
within the boundary layer. Only the mined information is stored to disk, allowing dramatic reductions 
in post-processing time.

An IBM Intellistation workstation, provided by the Supecomputing Institute through IBM's Shared 
University Research Award Program, is being used to communicate directly with the digital cameras 
through installed interface boards. The workstation is used to analyze incoming data in real time in 
order that relevant portions of the data can be identified, processed, and eventually stored. The real-
time analysis is performed with algorithms developed in collaboration with Professors Vipin Kumar, 
George Karypis, and Victoria Interrante in the Computer Science and Engineering Department at the 
University of Minnesota.

Thomas S. Lundgren, Principal Investigator
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Drop Breakup

In the numerical analysis of sprays, fuel sprays in combustion chambers in particular, one attempts to 
track the motion of drops through the surrounding turbulent gas flow. When the relative velocity of the 
drop becomes large, hydrodynamic forces can cause the drop to break up into a number of smaller 
drops and the analyst must then track these daughter droplets. This research is working to place an 
existing model on a firmer footing by more complete analysis of the fluid dynamics of a two-phase 
system. Basically, when a drop finds itself in a high-speed flow, the high-impact pressure at the front 
and rear and the Bernoulli suction around the equator tend to squeeze the droplet into a lense-shape. 
These forces are resisted by the surface tension and inertia of the drop. This problem can be analysed 
numerically by means of a boundary integral method.
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Robert W. Carr, Associate Fellow

Atmospheric Chemistry of the Chlorine-Containing Organic Compounds

This project is complementing experimental research on atmospheric chemistry of CH2ClO and 
CFCl2CH2O radicals. The rate coefficients of the reactions of CH2ClO radical with O2, NO, and the 
unimolecular elimination of HCl from the CH2ClO have been investigated experimentally by these 
researchers. Ab initio molecular orbital calculations have been done to predict the geometries and 
energies of the reactant, transition state, and products of the unimolecular elimination of HCl. Ab initio 
calculations are now being done on the reactions of CH2ClO with O2 and NO, and these are being 
compared with the experimental results. If successful, the ab initio calculations will also be done on the 
reactions of CFCl2CH2O with O2 and NO, and a comparison will be made between the computations 
and the experimental results. Comparison of estimated and experimental rate coefficients permit 
development of rate coefficient models accurate over the entire range of atmospheric conditions, which 
is much wider than the range of conditions accessible by experimental methods.

Man-made and naturally occuring chlorine-containing organic compounds are the source of the atomic 
chlorine that initiates reaction cycles causing ozone depletion. Methyl chloride is the most prevalent 
halocarbon in the atmosphere, and the CH2ClO radical is an intermediate in the oxidation of CH3Cl.

The rate coefficients of the reactions of CH2ClO radical with O2 and NO, and the unimolecular 
elimination of HCl from the CH2ClO were experimentally determined using ultraviolet flash photolysis 
with time-resolved mass spectrometry in the laboratory. Ab initio molecular orbital computations and 
RRKM calculations using models based on the ab initio results were also done to predict temperature 
and pressure dependence on the rate coefficients of the unimolecular elimination of HCl from the 
CH2ClO radical. The theoretical studies agree well with the experimental results.
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In order to better understand the reactivity of the CH2ClO radical, ab initio calculations are being done 
on the reactions of CH2ClO with O2 and NO, and the calculations are being compared with 
experimental results.

The gaussian series of programs are used to characterize reactants and products, to locate and 
characterize transition states, and to evaluate reaction paths. Ab initio calculations have been completed 
on unimolecular elimination of HCl from CH2ClO radical using an SGI workstation. Since the 
transition states of some reactions are much larger, supercomputing resources are required for these 
larger calculations. These calculational results will provide deeper insight into the reactivity of these 
oxy radicals than could be obtained by experiments alone. This will also give accurate representatives 
of these reactions over a wide range of temperature and pressure for use in atmospheric models.

James R. Chelikowsky, Fellow

High Performance Algorithms for Electronic Materials

These researchers are continuing their investigations on dielectrics and semiconductors. A major part of 
this program is to develop new methods and algorithms for examining the electronic structure of large 
systems. New procedures have been developed that are based on higher order finite difference-ab initio 
methods for determining the structural and electronic properties of localized systems such as clusters, 
quantum dots and point defects. Recently, this work has been extended to include methods for 
computing response functions. In general, the applications will focus on complex systems with 
numerous atoms and many degrees of freedom.

The first part of this project is looking at electronic and structural properties of solid state oxides. 
Silicon is the material of choice for making electronic devices. Other materials may have better 
mobilities and electronic properties for device applications, but the oxides of gallium arsenide are 
unstable and do not form electrically inert passivation layers. Defects in silicon dioxide are being 
examined to understand how the electronic properties of the oxide can be further improved. Current 
device technologies use oxide layers as thin as ~10-20 Å. For layers this thin, understanding intrinsic 
defects is very important in manufacturing.

These researchers are also investigating the electronic and structural properties of Si, Ge, and GaAs 
clusters. They have examined the behavior of these clusters at finite temperature and compared that to 
recent photoemission data. More recently, the polarizability and optical spectra of small clusters have 
been measured. To examine these properties, these researchers are using the time dependent local 
density approximation. They have made some of the first comparisons of this method with more 
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sophisticated methods such as the Bethe-Salpeter (or two particle Green function methods). 
Additionally, these researchers have used large semiconductor clusters to model defects in crystalline 
matter. Currently, they are examining the divacancy in silicon using clusters of several hundred atoms.
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Another area of interest is the behavior of clusters under pressure. Recently, it has been observed that 
clusters of CdS and CdSe do not transform from one crystal structure to another at the same pressures 
assumed by bulk crystals. These researchers are determining the structure stability of two crystalline 
forms of CdS in cluster form and calculating the enthalpy differences between the clusters.

Further work has considered large clusters of silicon. These clusters, called "quantum dots," have very 
different optical gap than does crystalline silicon. The role of size can be used to change the gap of 
silicon in order that it be used for optical devices. Crystalline silicon has a band gap with poor radiative 
efficiency in the visible spectrum. Most of the experiments on quantum dots are on systems much 
larger than can be handled by standard theoretical methods (e.g., the smallest dot measured 
experimentally is about 600 atoms). By implementing real space methods, these researchers were able 
to consider clusters up to 1,000 atoms.

Dielectric properties of silicon in large quantum dots are currently being examined. This one of the first 
realistic calculations of full dielectric (non-local) response functions. This work is in the initial stage 
and is very computationally intensive. If this approach is successful, it will dramatically enhance the 
ability to examine electronic and optical properties of confined systems.

Methods are being employed to examine other systems, such as semiconductor liquids. The pair 
correlation function, the electronic density of states, and the electronic charge density of liquid silicon 
has already been calculated for several liquids. The results compare well to other first principles 
calculations and to experiment. This method is now being used to examine other II-VI liquid 
semiconductors such as ZnTe and HgTe. These liquids present great technical challenges.

The work on II-VI semiconductors is in collaboration with Professor Jeffrey Derby of the Chemical 
Engineering and Materials Science Department at the University of Minnesota. One of the current 
activities is to explore the conductivity of CdTe in the melt and contrast this with GaAs in the melt. 
Both materials are semiconductors in the solid. However, in the melt, CdTe is a semiconductor, but 
GaAs becomes metallic upon melting. Diffusion of Group II elements are also being examined.
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Further interest lies in chalcogenides as the media for rewritable phase-change optical devices. Among 
IV-VI chalcogenides, GeTe is the most useful for the application in phase-changing optical recording. 
This is mainly due to a remarkable short recrystallization time of GeTe. IV-VI compounds also present 
an interesting theoretical subject of studies. The crystalline structure of most IV-VI compounds is 
governed by a Peierls distortion (PD) of the NaCl structure. (The PD mechanism decreases the electron 
band energy by opening the band gap and simultaneously introduces elastic deformations increasing 
the energy of the crystal. The balance between this two contributions determines the final structure of 
the system.) The PD penomenum breaks the cubic symmetry of IV-VI materials. The resulting structure 
consists of tiled corrugated planes. The alternation of short, covalent bonds and longer Van der Waals 
bonds in three orthogonal directions opens a gap at the Fermi level. For the lighter IV-VI compounds, 
the gain in electronic energy associated with the distortion is not hindered by the effective repulsive 
energy, and the distorted structure is stable at room pressure.

Under high pressure, a semiconductor to metal transition is observed and is associated with the total or 
partial recovery of the cubic symmetry. GeSe and GeTe are the most interesting cases since they 
undergo a solid-solid phase transition towards the NaCl structure just before melting. These 
researchers, in collaboration with the University of Liege, have observed that the Peierls distortion is 
partly recovered in the liquid phase (liquid GeSe is 4-coordinated, GeTe is 4-5 coordinated) by neutron 
diffraction. It is believed that PD entering the liquid just before recrystallization may play an important 
role in breaking homogeneous bonds and fast recrystallization rates. This "reentrant Peierls distortion" 
in the liquid phase is being studied using molecular dynamics simulation. Local order with the optical 
reflectivity behavior is also being examined.

For molecular dynamics, these researchers are using their first-principles calculation code that has been 
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successfully used on the SP platform. This approach relies on full quantum-mechanic interatomic 
forces. The forces are found from the solution of Schroedinger equation where the Hamiltonian is 
diagonalized and the lowest occupied eigenvalues are found. To adequately represent the liquid system, 
a large number of atoms, and consequently, the Hamiltonian size are required. To solve the system, 
iterative eigensolvers, such as Lanczos method and its modifications, are used. A specific form of the 
Hamiltonian in the physical problem allows use of effective preconditioners such as Davidson and 
Jacobian preconditioners. This code heavily uses parallel BLAS procedures.

Recently, this approach has been applied to model the liquid phase of CdTe. In liquid CdTe, a sensitive 
dependence of the electrical conductivity on the temperature was discovered. Liquid CdTe experienced 
four-¿ sixfold phase transition with the temperature increase. These researchers hope to confirm the 
same behavior in GeTe system observed in the experiment.

James R. Chelikowsky, Fellow and Yousef Saad, Co-Principal 
Investigator

New Algorithms for the Electronic Structure of Large Systems

These researchers are working to develop new methods for examining very large systems such as those 
containing hundreds or thousands of atoms. A key issue dictating the choice of algorithms is to remove 
any communication bottlenecks, especially when dealing with parallel architectures. For example, in 
previous work on clusters, one often utilizes plane wave bases (pseudospectral approaches) that involve 
Fast Fourier Transforms (FFTs). This project constructed algorithms that minimize the use of such 
transforms, which can present communication bottlenecks.
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The use of new algorithms that do not require the computation of explicit wave functions is now being 
explored. Interest lies in formalisms based on density matrix operations. These methods avoid an 
orthogonalization step that scales as O(N3) where N is the number of eigenvalues required. This is 
generally recognized in the literature as the first step in obtaining a so-called O(N) method.

New algorithms are also being implemented for doing time-dependent local density approximation 
work. In principle, this method scales as O(N4) where N is the number of eigenstates. By taking 
advantage of fast Poisson solvers, this problem has been reduced to two O(N2) calculations. This work 
is also being implemented in a highly parallel version with the hope of being able to examine systems 
up to several hundred atoms.
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bert Cook, Principal Investigator

Deformation of Solidifying Coatings and Prediction of Structure-Property Relationships for Silsesquioxane Spin on 
Glasses

The mechanical reliability of thin films for use in integrated circuit devices is dependent on the stress 
field generated during the solidification process. Tensile stresses are generated athermally during curing 
and thermally due to coefficient of thermal expansion mismatch between the film and substrate. 
Athermal stress generation may occur at an elevated temperature that drives the reaction. Thermal 
stresses are dependent on the conditions during cooling and the resulting temperature gradient in the 
film. These tensile stresses can lead to cracking and film delamination, degrading the film properties. 
Elucidation of a curing cycle to minimize the tensile stress is complicated by modulus, hardness, and 
fracture resistance dependence on curing stage and temperature during curing. This project incorporates 
shrinkage or expansion reaction during curing into existing stress models, investigates perturbations 
such as impurity defects and the resulting deformation or fracture, confirms constitutive relations based 
on experimental analysis, and develops models for mechanical reliability of thin films.

A second project involves the prediction and interpretation of structure-property relationships for 
silsesquioxane spin on glasses using molecular computation. The drive for higher density micro-
electronic circuits has created a need for low dielectric constant materials to replace SiO2 as the 
dielectric in the interconnect structure for advanced ultra large-scale integrated circuits. Silsesquioxane 
(SSQ) spin on glass is one of the materials being considered as a replacement for CVD SiO2.

Two processing steps are involved in making spin on glasses. A solution of oligomers is initially spun 
onto a substrate. A curing process is then used, in which the individual SSQ oligomers are converted 
via a polymerization reaction to an interconnected three-dimensional network. The low dielectric 
constant of SSQ materials derives in part from the "nano" porosity incorporated during the curing 
stage. The nature and existence of the porosity depends critically on the conformation of the oligomers 
and their site-specific reactivity.
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Molecular computation provides a means to follow the development of the spin on glass structure at the 
lowest level; from the basic unit to the oligomer development, through the curing process to the final 
interconnected structure. The results obtained are used to understand and define SSQ oligomer 
production. The defined oligomer structure helps provide insight into the bulk material structure used 
to understand and predict the dielectric constant, thermal expansion, and elastic and fracture behavior 
of spin on glass SSQ materials.

ohn S. Dahler, Associate Fellow

Colloidal Dispersion, Liquid-Phase Dynamics, Chemically Reactive Fluids, and Atomic Collision Processes



This project is composed of three parts. The first part of this work focuses on kinetic theory of a fluid 
composed of simple reactive spheres. Theoretical analyses of the scattering of light and acoustical 
disturbances from chemically reactive fluids invariably have been based on continuum mechanical 
models of the reactive processes. In contrast to this, the theory used here invokes a simple but much 
tested molecular scale model for the chemically reactive events. The theory is designed to generate a 
multitude of wavenumber and frequency dependent correlation functions, among which are some that 
can be compared directly with the results of experimental measurements of slow-neutron and quasi-
elastic light scattering. The computational output also includes a wealth of information about the 
frequency and wave length dependence of the familiar hydrodynamic modes as well as many other 
more exotic modes, such as the "fast sound modes" characteristic of mixtures of species with greatly 
different masses.
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The second part of this project involves newtonian viscosity of moderately dense suspensions. These 
researchers have developed a theory from which it is possible to compute the viscosity of a suspension 
as a power series in the volume fraction of the solute species, f. Explicit formulas have been derived for 
the series coefficients associated with the first and second powers of f. Values obtained from these 
formulas agree with the outputs of earlier theories for hard spheres with stick-slip boundary conditions. 
However, the theory proposed here is applicable to a broader class of solute-solvent interactions 
(interfacial boundary conditions) than earlier theories and to suspensions of nonspherical solute 
particles as well.

The third part of this work involves applications of a new renormalization group to a variety of 
physical problems. These researchers have invented a renormalization group that differs from the 
"generalized propagator" group upon which most, if not all, previous renormalization group 
calculations have been based. This group has been designed to deal specifically with functions (such as 
the partition functions of statistical physics) that are positive valued. This group and an associated Lie 
algebra computational algorithm can be applied to a wide variety of physical systems, and this research 
is embarked on a systematic study of a number of these.

Prodromos Daoutidis, Principal Investigator

Dynamics and Control of Chemical Plants and Feedback Control of Incompressible Flows
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The design of effective controllers for complete chemical plants is an important problem and has 
recently attracted considerable attention. A typical chemical plant consists of a set of chemical reactors 
followed by a collection of separation units, to separate the reactants and the products and one or more 
streams from the separation units to the reactors, to recycle the unconverted reactants. Research on 
chemical process control has focused on addressing the design of linear/nonlinear controllers for 
individual reaction and separation units on the basis of appropriate dynamic models. This implicitly 
assumed that the combination of these individual controllers for the respective units would comprise an 
effective "distributed" control scheme for the overall plant. However, in the presence of recycle 
streams, such a control scheme is not adequate; a recycle stream introduces a feedback interaction 
between the process units that often leads to significantly different and highly nonlinear dynamics as 
opposed to simple cascades of units without recycle. This implies the need for designing controllers on 
the basis of dynamic models that include feedback interactions due to recycle. However, it is not 
possible to design a single centralized controller on the basis of a detailed dynamic model of the plant, 
which typically includes several hundred coupled differential and algebraic equations (DAEs).

These researchers are currently developing and testing a systematic framework for the design of 
controllers for complete chemical plants. To this end, it is established that chemical plants with recycle, 
where the recycle flowrates are typically large compared to feed/product flowrates, exhibit a non-
explicit time-scale multiplicity. This implies that the control objectives should be properly formulated 
and addressed in the appropriate time-scales. More specifically, in the fast time-scale, which is of the 
order of the residence time of a unit, the dynamics of the individual units evolve independently of each 
other with "weak" interactions arising from the recycle. These weak interactions can be ignored in the 
design of the distributed controllers to achieve the requisite stabilization/tracking objectives for the 
individual units in the fast time-scale. However, in the long run, these weak interactions between the 
individual units will give rise to a significant dynamics of the plant core. This indicates that a separate 
"supervisory" controller should be designed to address the overall plant control objectives in the slow 
time-scale.
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Two key features that guide the design of the supervisory controller for the slow plant dynamics are 
that these slow dynamics are usually of low order, and they are highly nonlinear. Thus, given a high-
order detailed model of a complex plant, it is imperative to perform a systematic model-reduction to 
obtain a low-order model that describes the essential slow dynamics of the plant core and can be used 
for nonlinear controller design. Such a model can be obtained by ignoring the fast dynamics of the 
individual units with the respective distributed controllers. The resulting model is given by a high-index 
DAE system. For such high-index DAE systems, a controller can be designed on the basis of an 
appropriate minimal-order state-space realization. This approach provides a systematic framework for 
proper model-reduction and the design of well-conditioned supervisory controllers for complex 
chemical plants.
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The second part of this work deals with feedback control of incompressible flows. The study of 
dynamics and control of fluid flows is becoming increasingly important in the context of 
materials/chemical processing applications. Incompressible, isothermal flows are mathematically 
represented by the time dependent momentum equations and the continuity constraint (Navier-Stokes 
equations). The difficulties associated with this representation, known as the velocity-pressure 
formulation, are the continuity constraint (arising from the incompressibility assumption), the nonlinear 
convection term, and the absence of an explicit equation for pressure. When working in two spatial 
dimensions, some of these difficulties can be overcome by reformulating the equations into the so 
called stream-function formulation. In this, the pressure is eliminated, the continuity constraint is 
trivially satisfied, and the three partial differential equations are reduced to one. Considerable progress 
has been made in the mathematical analysis of both formulations. Significant research has also gone 
into the approximation and numerical simulation of solutions using different spatial discretization 
schemes. On the other hand, apart from some optimal control approaches, very few results are available 
on feedback control for these systems.

The objective of this work is to study the dynamics and control of incompressible flow in a two-
dimensional driven cavity (this is a benchmark example for validating computational fluid dynamics 
algorithms, and also represents a simplified version of manufacturing devices such as short-dwell 
coaters and flexible blade coaters). A driven cavity is a square region with solid boundaries. The top 
and bottom boundaries are allowed to move and the side boundaries are always at rest.

Work-to-date has been focussed on spatial discretization of velocity-pressure formulation via finite 
differences, the Galerkin Finite Element Method (GFEM), and preliminary simulation studies at low 
Reynolds numbers. This work is studying flows at high Reynolds numbers. To this end, these 
researchers are addressing the derivation of a reduced-order ordinary differential equation (ODE) 
model that captures the dynamic behavior of the process using the Fourier-Galerkin method with the 
stream-function formulation. Accuracy of this reduced-order model is evaluated through comparisons 
with the model obtained via a finite difference discretization of the velocity-pressure formulation. This 
reduced-order model is used as the basis for a detailed computational study of the dynamics of the 
system.

Finally, these researchers are addressing the problem of controlling the flow pattern in cavity. For this, 
they consider the total kinetic energy of the system as the controlled output and the acceleration of the 
lid as the manipulated input. Both state-feedback and output-feedback controllers are designed. Their 
performance in output regulation, tracking, suppressing flow instabilities, and superiority to linear 
control methods are illustrated by simulations.

H. Ted Davis, Fellow

Fluid Physics for the Technologies

This research has grown from a program that dealt with enhanced oil recovery processes. Although 
special emphasis is placed on microstructural fluids, the scope of the project has extended into 
fundamental investigations of adsorption and catalysis in zeolite crystal structures. The composite of 
this work is directed towards process technologies potentially beneficial for United States industrial 
growth. These include petroleum recover, petrochemical and petroleum catalysis processes, 
surfactancy, drug delivery with fluid microstructures, magnetic memory, and the like.



The first part of this project deals with molecular theory simulations of simple, complex, and polymer-
like fluids and microstructure and transport at interfaces and in microporous media. Recent progress on 
molecular theory of structure, transport and flow of fluids in micropores requires molecular dynamics 
(MD) simulations of flows in micropores. This group's molecular theory of Couette, Poiseuille, and 
squeezing flows indicate the need to rethink the concept of effective viscosity in micropores. Molecular 
dynamics is planned for fluids in the triply periodic porous media in an extension of this work. Further 
investigation is determining mechanisms of surfactancy and the formulation of association colloids.
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Further research deals with application of first principles molecular dynamics (FP-MD) algorithms to 
the study of zeolites and related aluminosilicates. Zeolites have open crystalline structures with large 
empty cages and channels formed by elementary polyhedral units. Target applications are sodalite and 
zeolite A; however, in order to gain insight into the electronic structure and bond properties of various 
different sites in these materials, investigation was begun on Al2O3 systems of great importance to 
high-pressure research and geophysics. The work centers around first principles studies of zeolites 
utilizing a state-of-the-art first principles MD with VCS developed by Professor Renata Wentzcovitch 
of the Chemical Engineering and Materials Science Department at the University of Minnesota. It 
solves the electronic structure of the system at every time step of the dynamics self-consistently in 
order to give an accurate representation of the interatomic bonding. This version of MD goes beyond 
previous implementations by introducing strains in the simulations and removing essentially all 
structure constraints. This particular feature makes it ideally suited to investigate the behavior of 
unisotropic materials at a wide variety of temperatures and pressures.

These researchers are now calculating charge densities and the electronic band structure of several 
zeolites by direct minimization of crystal structures. The electronic charge density with zeolite pores is 
required in order to facilitate semi-classical MD and monte-carlo simulations of transport and 
adsorption properties. Further FP-MD studies, with the inclusion of simple adsorbates, quantify the 
acid/base characteristics of adsorption sites and provide qualitative insight into the adsorption process. 
These studies are important to fundamental research in catalysis and separations technology utilizing 
zeolites.
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The ability to model pore-scale fluid flow and species transport is critical to the study of several related 
research problems, including capillary electrophoresis, nuclear magnetic resonance signal attenuation, 
and scaling of hydrodynamic dispersion in random media. These research problems share a common 
interest in the simulation of flow, diffusion, and surface reactions in the pore geometry of realistic 
random media.

The last part of work being done in this project is on MD studies of the rate of evaporation of water 
from molecular clusters. A first-order phase transition from a supersaturated vapor to a liquid proceeds 
by nucleation, growth, and aging stages. The nucleation step (i.e., the formation of a critical cluster on 
which condensational growth can occur) has remained elusive for direct experimentation. A number of 
nucleation theories have been advanced. The original "classical" theory has remained one of the most 
successful to quantitatively predict the onset conditions and nucleation rates. The thermodynamic based 
theory, it uses macroscopic properties to predict molecular phenomena, further assumes an unstable 
equilibrium between clusters and the surrounding vapor equalling evaporation and condensation rates 
for all cluster sizes below critical. With MD simulation, these researchers are verifying the assumptions 
underlying the different theories. The model system consists of 30 to 100 molecule cluster of water 
molecules surrounded by a vapor phase and Lennard Jones (LJ) molecules in the role of carrier gas, 
that, analogous to the experimental conditions, act as a thermostat for latent heat of evaporation or 
condensation of water molecules. The Nose thermostat is employed for the LJ phase; the water sub-
system is run microcanonically. This system is contained by soft repulsion walls, positioned at a 
distance large compared to the cluster size. The tendency of the cluster to accept or loose a molecule is 
then investigated as a function of number of constituebt molecules. This work shed light on the critical 
cluster size, indirectly an experimentally accessible quantity through the Kashchiev theorm.

Jeffrey J. Derby, Fellow

Materials Processing Fundamentals
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This research is using large-scale numerical simulation to better understand the processing of advanced 
materials. These processes involve the interaction between continuum transport phenomena and the 
development of a solid-state material characterized by features that are both macroscopic (e.g., spatial 
compositional variations) and microscopic features (e.g., spatial variation of dislocation densities). To 
study phenomena that characterize these processes, these researchers solve free- and moving-boundary 
problems involving incompressible fluid dynamics, heat and mass transfer, chemical reaction, and 
interfacial physics via the finite element method. To study microscopic phenomena, they employ 
atomistic methods, which are based on ab initio simulations. There are several objectives and studies 
currently in progress.

The first part of this work is focused on developing algorithms needed to model materials processing 
systems. Past work has concentrated on the development of finite element methods for solution of these 
problems. Current work is focusing on massively parallel implementations, the development of moving 
boundary techniques for three-dimensional problems, better preconditioners to be used with iterative 
linear solution methods, and implementation of advanced formulations for strongly nonlinear flows and 
transport.

1999 UMSI Publications 
99/5 "Preferred Method for Setting a Pressure Level in Computations of 3-D Flows of 

Incompressible Fluids with GFEM," V.F. de Almeida and J.J. Derby, University of Minnesota  
Supercomputing Institute Research Report UMSI 99/5, January 1999. Submitted for 
publication. 

99/72 "A Finite Element Analysis of Intermediate-Stage and Late-Stage Sintering of Polymeric 
Particles," R. Hooper, C.W. Macosko, and J.J. Derby, University of Minnesota  
Supercomputing Institute Research Report UMSI 99/72, April 1999. 

99/91 "Modeling Segregation and Convection during the Growth of Ternary Alloys under 
Terrestrial and Microgravity Conditions," J.J. Derby, N. Ponde, V.F. de Almeida, and A. 
Yeckel, University of Minnesota Supercomputing Institute Research Report UMSI 99/91, May 
1999. Submitted for publication. 

99/93 "Effect of Accelerated Crucible Rotation on Melt Composition in High-Pressure Vertical 
Bridgman Growth of Cadmium Zinc Telluride," A. Yeckel and J.J. Derby, University of  
Minnesota Supercomputing Institute Research Report UMSI 99/93, May 1999. Submitted for 
publication. 

99/101 "An Analysis of Flow and Mass Transfer During the Solution Growth of Potassium Titanyl 
Phosphate," B. Vartak, Y.-I. Kwon, A. Yeckel, and J.J. Derby, University of Minnesota  
Supercomputing Institute Research Report UMSI 99/101, June 1999. Submitted for 
publication. 

99/119 "First Principles Calculations of Liquid CdTe at Temperatures Above and Below the Melting 



Point," V. Godlevsky, M. Jain, J.J. Derby, and J.R. Chelikowsky, University of Minnesota  
Supercomputing Institute Research Report UMSI 99/119, July 1999. Publication in press. 

99/145 "Computational Simulations of the Growth of Crystals from Liquids," A. Yeckel and J.J. 
Derby, University of Minnesota Supercomputing Institute Research Report UMSI 99/145, 
August 1999. Submitted for publication. 

99/155 "Theoretical Analysis of 3D, Transient Convection and Segregation in Microgravity 
Bridgman Crystal Growth," A. Yeckel, V.F. de Almeida, and J.J. Derby, University of  
Minnesota Supercomputing Institute Research Report UMSI 99/155, September 1999. 
Submitted for publication. 

A complete Bibliography can be found on the Internet at:
www.msi.umn.edu/reports/search 

Another focus is on the study of crystal growth systems. Continuing effort has been directed at 
understanding several systems of interest in this project. Current work is focusing on the Czochralski 
growth of oxide crystals, such as yttrium aluminum garnet (a laser host material) and lithium niobate 
(an acousto-optical material), the Bridgman growth of cadmium zinc telluride (an infrared detector 
material), and the solution growth of potassium tytanyl phosphate (a nonlinear optical material). A 
project being performed in collaboration with Professor James Chelikowsky of the Chemical 
Engineering and Materials Science Department at the University of Minnesota focuses on the 
description of molten and solid cadmium telluride using atomistic methods to better understand its 
peculiar properties during crystal growth. A new project with Professor Prodromos Daoutidis of the 
Chemical Engineering and Materials Science Department at the University of Minnesota is developing 
control algorithms based on high-fidelity, finite element simulations of Bridgman crystal growth.

Antoher project involves the study of sintering phenomena. These researchers have successfully 
modeled the viscous sintering of simple configurations of particles. Work is ongoing to model the 
sintering of polymeric materials, vacancy diffusion phenomena that dominate the sintering behavior of 
crystalline materials, and to extend analyses to more complicated, three-dimensional particle 
arrangements.

Further work is developing methods to describe the microwave heating. These researchers are 
collaborating with Professor H. Ted Davis of the Chemical Engineering and Materials Science 
Department at the University of Minneosta to develop finite element techniques to study the microwave 
heating of solids and liquids in various materials processing systems. Initial emphasis is being placed 
on food processing.

The final focus of this project involves the study of polymer fluid dynamics in processing. In 
conjunction with Professor Christopher W. Macosko of the Chemical Engineering and Materials 
Science Department at the University of Minnesota, these researchers are developing and applying 
finite element methods with differential constitutive equations for viscoelastic fluids to study various 
flows in polymer processing. Of particular interest are polymer drop deformation and break-up in 
extensional and shear flows.

William W. Gerberich, Associate Fellow

Modeling of Micro- and Nanoindentation of Solidified/Solidifying Polymeric Coatings
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Solidified/solidifying polymeric coatings are used in many engineering applications because they can 
provide resistance to corrosion, reduce friction, and provide enhanced magnetic, optical, and 
mechanical properties. Micro- and nanoindentation and microscratch tests are commonly used 
techniques for measuring the mechanical properties of thin film/substrate systems. Although these tests 
can provide indentation hardness, adhesive strength, and driving force, some quantities cannot be 
measured and must be determined numerically.
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This research is developing a numerical model and viscoelastic indentation theory in support of the 
experimental work on micro- and nanoindentation currently being carried out in this research group. 
The numerical model is expected to provide a better understanding of the mechanical properties of 
coating/substrate systems. The theory is providing an essential way to interpret the indentation data. At 
the same time, results from numerical modeling are being used to optimize the experimental process 
and to provide an alternative tool for designing thin film/substrate materials in industry.

Micro- and nanoindentation process for thin film/substrate systems is classified as normal contact 
problems while microscratch process falls in the sliding contact category. The contact area, contact 
pressure, and scratch distance vary with the external load and are unknown prior to analysis. However, 
the compatibility condition of the contacting surfaces and a friction law must always be satisfied. These 
factors make contact problems complicated issues even when the simplest constitutive relation is 
applied to the thin film/substrate materials.

Application of the finite element method in these two kinds of problems is cumbersome because the 
mathematical treatment becomes complicated for large deformations. Application is further 
complicated because an implicit computational scheme requires the use of very large matrices, 
particularly for the three-dimensional problems of principal interest in this research. To overcome these 
limitations, a numerical model based on the explicit finite difference method has been developed. This 
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numerical procedure allows large displacement, large deformation, large sliding, and elasto-plastic 
contact problems to be treated in an efficient manner in both two and three dimensions.

Wei-Shou Hu, Associate Fellow

Mechanistic Study of Hepatocyte Spheroid Formation

The in vitro formation of tissue-like structures from single cells is important for understanding the 
mechanism underlying the in vivo tissue and organ formation as well as for developing tissue 
engineering technologies. These researchers have developed culture systems that allow the formation of 
cell aggregates with enhanced functions compared to single cells and ultrastructure that resembles that 
of native liver tissue. These cell aggregates or spheroids are potential candidates for studies on tissue 
self-assembly and drug metabolism. In addition, spheroids can be used in extracorporeal liver-
supporting devices. Animal trials of a bioartificial device in this laboratory have yielded promising 
results.

These researchers are working to construct a model concurrently with experiments. They are hoping 
that the results of the computations will provide some insight into the mechanism that cells utilize for 
tissue self-assembly. The models are based on solid and fluid mechanics and population balances, but 
they also incorporate principles applicable to biological systems. Two different culture systems for 
spheroid formation have been developed.
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Spheroids can be assembled in static adherent cultures. When hepatocytes are inoculated on surfaces 
with certain properties, they form monolayers. Within one to two days, cells agglomerate to form cell 
aggregates that eventually become free-floating spheroids. The process involves the reorganization of 
the cytoskeleton and alterations in the force balance between cell-cell and cell-substratum interactions. 
In this laboratory, the capability exists to observe the formation of these tissue-like structures 
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employing non-invasive methods. Confocal microscopy has been used to investigate the changes in cell 
shape and function during the aggregation of hepatocytes. Thus, an important element of this work is 
the visualization of cellular structures during real-time scanning of the tissue samples.

To that end, it is imperative to implement deconvolution methods. The contribution of out-of-focus 
light to the focal plane image is evident, especially in thick biological samples. Furthermore, other 
sources of image degradation, such as the microscope electronic circuits and the optical components, 
add artifactual information to the final image. Deconvolution methods have been widely used to 
improve image quality in fluorescent micrographs. Since the images are optical sections of a three-
dimensional object, volume reconstruction can be used to visualize the internal and external structures 
of a tissue-like structure. This type of processing can lead to accurate data analysis and help to 
elucidate the mechanism of tissue formation and the concomitant change in cellular functions.

Christopher Macosko, Associate Fellow

Three-Dimensional Modeling of Polymeric Drop Deformation in Polymer Processing Flows

Recent experimental work has revealed that viscoelastic drops suspended in another viscoelastic 
medium tend to flatten considerably when exposed to shear flow. This mode of area generation holds 
potential as a means of more easily creating polymer barrier materials among other possible 
applications. This research is exploring this phenomenon from a fluid dynamics approach by solving 
the governing transport equations using the finite element method (FEM). The key features and 
challenges of the problem include 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 that 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.



 

Flow and stress states within Newtonian drops suspended in another Newtonian fluid subjected to 
uniaxial extension. Stationary shapes at various ratios, p, of drop viscosity to outer viscosity are shown. 
As the drop becomes more viscous, the internal circulatory flow decreases and the rr-component of 
viscous stress (with reference to a spherical coordinate frame having origin at the drop center) 
increases. Such information can provide a mechanistic understanding of the factors affecting drop 
morphology during processing of immiscible liquids.

Work being performed on the IBM SP and the Origin 2000 consists of finishing production runs for the 
study of viscoelastic drop deformation in another viscoelastic medium subjected to uniaxial extensional 
flow. Additional work is being done on the fully three-dimensional problem of Newtonian drop 
deformation in simple shear flow. Current efforts are underway to port the existing HPF code to a more 
general message passing framework. Once accomplished, more complex physics will be incorporated 
into the existing model to include viscoelastic stresses. Large-scale production runs encompassing on 
the order of one million degrees of freedom will also be commenced. Packages including gambit, fidap, 
and hypermesh have been used extensively.
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Alon V. McCormick, Fellow

Molecular Scale Chemical Reaction Engineering of Materials Synthesis

These researchers are using molecular-scale models to characterize chemical engineering systems that 
pose special process modeling difficulties because they are governed by poorly understood molecular-
scale interactions. Monte Carlo simulations are used to model the polymerization of silicon alkoxides 
and (meth)acrylates to extract information about polymer size distribution, structure, and gelation. 
Semi-empirical molecular orbital, molecular mechanics, molecular dynamics, and Monte Carlo 
packages are used to perform computational chemistry calculations of silicate and (meth)acrylate 
energetics. To study zeolite (and other molecular sieve) electronic structure, ab initio electron density 
functional calculations, and first principles molecular dynamics simulations are performed.

Sol-gel polymerization offers a novel route to molecularly homogeneous inorganic/organic copolymers. 
Unusual properties arise in these materials because thermodynamically metastable states become 
frozen into the materials. However, preparation methods are currently not quantitatively understood. A 
fundamental understanding of the kinetics of formation of these copolymers is needed for their rational 
design. Models used to attempt to describe the copolymerization have thus far been rooted in mean 
field kinetics. However, these researchers have shown that important nonidealities (including 
cyclization and reversibility) of sol-gel polymerization can not be properly understood using such 
models. As they move away from those models, they need to know more about molecular structure. 
The number of structural isomers possible for these branched polymers grows very quickly as polymer 
size increases. This research avoids tracking the evolution of all imaginable structures by using kinetic 
Monte Carlo simulations. These simulations use a relatively small set of rate rules to simulate the 
consolidation of a finite emsemble of monomers. Such simulations allows focus on the kinetic features 
of the copolymerization process while not artificially limiting the set of structures formed. A Monte 
Carlo technique is being developed that can quantitatively match experimental observations while 
using as few rules as possible.

Free-radical polymerization of multifunctional monomers such as (meth)acrylates lead to the formation 
of highly cross-linked polymer networks. However, such crosslinking polymerization exhibits special 
features not observed in linear polymerization. To characterize these features, a lattice percolation 
model is being developed.
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Percolation modeling free radical polymerization of multifunctional monomers is also called kinetic 
gelation simulation. It uses a two-dimensional or three-dimensional lattice with each site on the lattice 



representing a multifunctional monomer or initiator molecule. Radicals are generated with a certain 
initiation rate. At each time step, a neighbor of each radical is chosen. If the neighbor has not fully 
reacted, a chemical bond is formed and the radical function is transferred to this neighboring site. Thus, 
each of the radicals performs a nearly (but significantly not) random walk on the lattice, thereby 
connecting a series of monomer units by chemical bonds.

A further reach of this research deals with applications of first principles molecular dynamics (FP-MD) 
algorithms to the study of zeolites and related aluminosilicates. Zeolites have open crystalline 
structures with large empty cages and channels formed by elementary polyhedral units of SiO2, 
(Al/Si)O2, or (Al/P)O2. Target applications are sodalite and zeolite A; however, in order to gain insight 
into the electronic structure and bond properties of various different sites in these materials 
investigation was begun on Al2O3 systems of great importance to high pressure research as well as 
geophysics. This work centers around first principles studies of zeolites utilizing a state-of-the-art FP-
MD with variable cell shape (VCS) developed by Professor Renata Wentzcovitch of the Chemical 
Engineering and Materials Science Department at the University of Minnesota. It solves self-
consistently the electronic structure of the system self-consistently at every time step of the dynamics 
in order to give an accurate representation of the interatomic bonding. This version of MD goes beyond 
previous implementations by introducing strains in the simulations and removing essentially all 
structural constraints. This particular feature makes it ideally suited to investigate the behavior of 
anisotrapic materials at a wide variety of temperatures and pressures.
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The first step in this study is calculating charge densities and the electronic band structure of several 
zeolites by direct minimization of crystal structrures. The electronic charge density within zeolite pores 
is required in order to facilitate semi-classical molecular dynamics and Monte Carlo simulations of 
transport and adsorption properties. Further FP-MD studies with the inclusion of simple adsorbates will 
quantify the acid/base characteristics of adsorption sites as well as provide qualitative insight into the 
adsorption process.

Molecular simulations have been a potent tool in studying the behavior of molecules in nano-confined 
spaces-for example, in small and medium pore zeolites. They have been used to study mobility of the 
molecules, their adsorption dynamics, and separations, all of which may be very different from what 
one would expect from their bulk properties. This research has begun to look at aromatics, their 
packing behavior, mobility, and adsorption dynamics using MD and Monte Carlo simulations. In the 
past few months, simulations on adsorption of shaped molecules in zeolite pores of different types have 
been used to identify certain principles of shape selectivity.

David C. Morse, Principal Investigator
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Computational Polymer Physics

These researchers are carrying out a program of Brownian dynamics simulations of molecular 
dynamics and viscoelasticity of dilute solutions of semi-flexible polymers (i.e., polymers whose 
backbone exhibits a significant resistance to bending and a very large resistance to stretching). Among 
such polymers are a number of important biopolymers including DNA, collagen, and cytoskeletal 
filaments such actin in addition to most of the synthetic polymers that exhibit a nematic liquid-
crystalline phase in solution (Kevlar). Fluids of such "worm-like" chains are not describable by existing 
analytic theories of polymer dynamics, almost all of which treat polymers for simplicity as either 
completely flexible random walks or as completely rigid rods.

Recent theoretical work on the viscoelastic response of these solutions has clarified the different 
possible sources of stress in such solutions, and provided accurate analytic descriptions of the linear 
viscoelastic response in various asymptotic limits of high-frequency, very strong entanglement and 
very long or very short chain lengths. This work has successfully explained most features of the 
observed linear viscoelastic properties of very highly entangled isotropic solutions of actin protein 
filaments, which have been intensively studied by biophysicists as models of the cellular cortex.

Over the previous summer, initial work was carried out on simulations of worm-like chains with a stiff 
two-body bonding potential using a modification of a general molecular dynamics program (lammps). 
These simulations were used to calculate the temporal autocorrelations of the fluctuating stress tensor, 
which is related to the dynamic linear viscoelastic modulus of a solution by a theorem of non-
equilibrium statistical mechanics (the fluctuation-dissipation theorem). These initial calculations 
showed the expected qualitative behavior but also showed that the use of stiff springs leads to 
unacceptably large high-frequency noise in the stress, generally making it impossible to obtain 
adequate statistics for autocorrelation functions. Currnet work is being done on an algorithm in which 
the bond lengths are rigorously constrained by Lagrange multiplier fields. An extremely efficient 
algorithm has been devised for the calculation of constraint and psuedo-potential forces and have tested 
its validity.
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Further work is developing a self-consistent mean field (SCMF) code to calculate structures, free 
energies, scattering profiles, and moduli for ordered phases of block copolymers. The mathematical 
operations required to calculate the structure and free energy for a periodic copolymer in the context of 
the polymer SCMF theory are (surprisingly) similar to those used to carry out a Hartree or Local 
Density Approximation calculation for the electronic structure of a crystal. These researchers have 
completed a working code for the simplest class of diblock copolymer microstructure (a one-
dimensionally layered structure) and are now working on analogous programs for the several two- and 
three-dimensionally periodic structures that have been observed in Minnesota laboratories. Production 
calculations are being done to calculate elastic moduli in the three-dimensional crystals.

Lanny D. Schmidt, Associate Fellow



Two-Dimensional Reactor and Catalytic Radiant Burner Modeling using Detailed Chemistry

High-temperature, short-contact-time reactors show great promise in many applications ranging from 
the production of synthesis gas, olefins, and oxygenates to catalytic combustion and incineration. 
Recent work has also been carried out for the production of hydrogen from alkanes. The design of a 
parallel-plate reactor for simultaneous endothermic/exothermic reactions continues. This project 
focuses on the detailed simulation of these reactors for these various processes.

 

Temperature profile in a catalytic radiant burner with exhaust-gas heat exchange. A methane/air 
mixture enters at 298 K through the middle channel and combusts at the catalyst along the top wall.

Research Group 

Mark Davis, Graduate Student Researcher
Olaf Deutschmann, Research Associate
Dimitrios I. Iordanoglou, Graduate Student Researcher
Ryan O'Connor, Graduate Student Researcher
Mike Pawson, Graduate Student Researcher
Mark Powers, Graduate Student Researcher
Jeremy Redenius, Graduate Student Researcher
Srinivas Tummala, Graduate Student Researcher

New surface mechanisms have been developed for the partial oxidation of methane over Rh-coated 
foam monoliths. Fluent was used to simulate the two-dimensional flow through the tubular catalytic 
reactor. User-defined subroutines allowed coupling of surface and gas-phase chemistry in two 
dimensions. Fluent is now being used to refine and further develop the current surface mechanisms to 
explain experimentally observed phenomena that involve a complex interaction of mass transfer, heat 
transfer, and surface and gas-phase chemistry.

A new catalytic radiant burner design has been developed that promises increased radiant efficiency 
with very low emissions. A reactive gas mixture passes over a catalyst on one of the plates. A chemical 
reaction ensues that releases energy, a portion of which is emitted as photons from the hot plate. The 
rest of the released energy heats the reacted gas mixture. The sensible heat of the reacted gas mixture is 
transferred to the feed gases by heat exchange through a shared plate. These researchers are using 
sophisticated chemical models to simulate the combustion of methane over a noble metal catalyst. 
Furthermore, reactor dimensions, catalyst placement, and feed flow rate will be investigated in order to 
optimize design.

Currently, studies are being done on the production of oxygenates and olefins from the partial oxidation 



of alkanes in a single-gauze reactor. This reactor can produce valuable chemicals at better than 80% 
selectivity and contact times of less than one millisecond. Experiments with a variety of alkane feeds 
suggest trends that should be modeled for further understanding and process optimization. Simulations 
are done on the performance of this reactor, considering both detailed chemistry (surface and gas-
phase) and a two-dimensional geometry for the catalyst wires. Computational quantum chemistry 
calculations using gaussian 98 can predict energies of transition-state intermediates. From these, 
reaction rate parameters are estimated and used in simulations.

L.E. Scriven, Fellow

Physics of Fluids in Processing Technologies

This project focuses on pioneering research into computational aspects of continuum and network 
theories of fluid physics and transport in film and in porous media structures. The research is part of 
two ongoing 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 that 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. For the majority of the 
problems solved, the size is 5,000 to 15,000 unknowns per single steady state solution through very 
large two-dimensional and three-dimensional problems are occasionally needed.

One project grew out of a program on the principles of enhanced oil recovery in collaboration with 
Professor H. Ted Davis of the Chemical Engineering and Materials Science Department at the 
University of Minnesota. The other grew out of a research program on the fluid mechanics of rheology 
of coating flows in collaboration with Professor Christopher Macosko of the Chemical Engineering and 
Materials Science Department at the University of Minnesota. Although the research is on the 
fundamentals of liquid structures, flow, and transport, it is directed towards process technologies 
already commercially important or likely to become so. These include surfactancy, magnetic memory, 
high-speed printing and coating, high-performance polymers and plastics, deformation processing, 
chemical reaction processing (e.g., reaction injection molding, reaction coating, sol-to-gel processing), 
drug delivery with fluid microstructures, solution mining, coal gasification, drying of multi-component 
and multilayer structures, and the like.
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The problems are typically non-linear, multidimensional, often involve coupled partial differential and 
integral equations that describe simultaneous mass, energy, and momentum transport, and are 
frequently time dependent. Many problems involve free surfaces without constraining boundaries. The 
mathematical methods chiefly employed are those of subdomains, adaptive subdomaining, finite 
element basis functions, isoparametric mapping onto a computational domain, lumped-network 
modeling, Newton iteration with continuation, and adaptive time-stepping. To obtain information on 
the stability of solutions, the leading eigenvalues and corresponding eigenvectors are sought.

Usually, the structure of the solution space-the number of solutions and their stability, folds, 
bifurcations, and so on-is much more important than individual solutions. Many of the problems, 
though not excessively large, must be solved many times to map the solution space and so require large 
amounts of computer resources. The study on transient behavior typically demands two orders of 
magnitude more in computational resources for a given problem. Three-dimensional probelms and 
eigen problems of large systems have become accessible thanks to recent advances in microcomputer 
technology.

Because the problems are solved repeatedly, efficient implementation of modern computer-aided 
mathematics is central to all research projects, with emphasis on algorithms that take full advantage of 
a computers capabilities, namely parallelization and-increasingly-large memory and high-speed local 
memory. Special interest lies in parallelization of sparse matrix solvers (particularly frontal and 
iterative routines); implementation of mesh generation/adaptation strategies (especially those relying on 
solution of partial differential equations); optimization of generalized eigenprobelem solvers (Arnoldi-
type routines and others under development); efficient adaptation of iterative equation solvers 
(conjugate gradient and Arnoldi methods), especially adaptation of new software for preconditioned 



conjugate gradient and GMRES methods; and utilization of sophisticated graphics and post-processors 
for interpretation and communication of the large amount of data produced by computer aided analysis.

Robert T. Tranquillo, Associate Fellow

Models of Cell Motility and Mechanics of Bioartificial Tissues

This research is simulating models and parameter estimation for a series of projects. The first project 
involves applying these researchers' anisotropic biphasic theory of tissue-equivalent mechanics to 
estimate parameter values from mechanical testing. This improves the throy by accounting for 
competing cues that influence cell alignment and create anisotropic stress, and applying the theory to 
model/optimize fabrication of a bioartificial artery and heart valve. The daspk and dasopt codes 
developed for simulation and optimization of differential-algebraic equations are used.
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Renata M. Wentzcovitch, Associate Fellow

First Principles Simulations of Materials Under Pressure

High pressure and temperature behavior of materials has long been the subject of extensive 
experimental and theoretical investigations in a wide range of scientific disciplines. One area where 
extreme pressures and temperatures are concerned is in geophysics and geochemistry of the EarthÕs 
deep interior. Information about the inner Earth is vital to understand the planet's thermal, chemical, 
and environmental evolution. Since direct samples can be available only from depths of few tens of 
kilometers, comparisons between seismological observations and the elastic properties of potentially 
relevant minerals and mineral assemblages are the only way to extract information regarding the 
composition and mineralogy of this region. However, robustness of this approach is greatly hindered by 
the lack of sufficient information about mineral properties. Most experimental studies are so far limited 
to ambient conditions or relatively low pressures and temperatures. In view of present experimental 
limitations, first-principles computer simulations have taken on increased significance in exploring 
properties of Earth's materials at geophysically relevant conditions.
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Oxides and silicates are generally considered as the building blocks of the Earth's mantle. These 
researchers have already investigated high pressure behavior of Mg- and Ca-bearing silicates and 
oxides of the lower mantle and recently extended to other phases like MgSiO3 ilmenite and Al2O3. 
Computations are performed using first-principles variable cell shape molecular dynamics method 
within the framework of density functional theory (with the pseudopotential and local density 
approximations). The predicted structural and elastic parameters are found to be in excellent agreement 
with available zero and low pressure experimental data. These results have allowed, for the first time, 
detailed comparisons with the seismological observations of the mantle regime in terms of density, and 
independent compressional (P) and shear (S) wave velocity profiles and anisotropy.

The work is now developing a more complete understanding of the structure, dynamics, and 
composition of the Earth's mantle. For this purpose, a detailed and improved knowledge about the 
physical properties of the relevant phases at combined conditions of pressures and temperatures is 
essential. Pressure and temperature dependencies of elastic moduli for many high pressure phases are 
still unmeasured. This project is working on a combined pressure-temperature investigation of the 
structural and elastic properties of the major mantle materials. Only when temperature contributions to 
the elastic properties are fully considered, can one resolve the existing controversy amongst several 
competing compositional models for Earth's upper and lower mantle regimes. Moreover, temperature-
induced variations in mineral properties are important to study lateral variations in seismic wave 
velocities, and the possible phase transitions may provide explanation for the seismic reflectors 
observed in the lower mantle. Finally, thermal properties are fundamentally related to the dynamics of 
the mantle-thermal expansion is essentially responsible for the mantle convection.

Further work has studied thermoelastic properties of MgO, generally considered as the second most 
abundant phase in the lower mantle. Temperature breaks the symmetry of the lattice so determination 
of dynamics from first principles is a substantial computational challenge. This can be accomplished 
either by determining phonon frequencies or by molecular dynamics. Unlike static high pressure 
studies, finite temperature computations involve simulations of large supercells. The density-functional 
perturbation theory used in MgO provides an efficient method for determining full phonon dispersions. 
Calculated phonon frequencies for equilibrium and strained configurations are used to calculate 
thermodynamical potentials within the quasi-harmonic approximation and several derived quantities of 
geophysical interest without further approximations. Temperature dependencies of individual elastic 
constants at high pressures for MgO are obtained, for the first time, from first-principles simulations, 
and are expected to represent a major step in the high temperature studies of the Earth's forming 
phases. This approach is being applied to other important materials. However, in order to fully consider 
the anharmonic effects, finite temperature molecular dynamics of large supercells are needed.

Department of Chemistry and Chemical Physics Program

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

Engineering of stable folded and functional biomolecules has attracted a great deal of research attention 
recently. Within this field, these researchers are particularly interested in the design, synthesis, and 
characterization of protein core modules and cyclic Peptide Nucleic Acids (PNAs).

In globular proteins, core motifs can be identified and their elements can be combined in suitable 
peptides to construct native like modules. The designed peptides consist of core elements from Bovine 
Pancreatic Trypsin Inhibitor (BPTI) and/or GB1 (a B1 immuno-globulin binding domain) linked by 
natural or designed sequences, and they contain a strategically placed crosslink to limit conformational 
space to more collapsed conformations. The ongoing and proposed studies exemplify new approaches 
and are leading to significant and generalized insights that contribute to the protein folding problem.

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

Research Group 

Yvonne Angell, Research Associate
Natalia Carulla, Graduate Student Researcher
Christopher Gross, Graduate Student Researcher
Marta Planas, Facultat de Ciencies, Universitat de Girona, Girona, Spain

Design and characterization studies in this field are computationally intensive. Fortunately, plenty of 
useful software is available. 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

Development and Application of Computational Chemistry for Purposes of Investigating Phenomena of Biological 
and Environmental Interest

These researchers stress the limit of present day computational chemistry tools in order to examine 
large systems of relevance to one or more areas in chemistry. In general, they focus on systems 
containing unpaired electrons, multiple metal atoms, or systems of a very large organic nature. 
Furthermore, they try to include any condensed-phase effects into the calculations in order to make 
them more relevant to experimental observations. This work is ongoing in several major areas.

Research Group 
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The first area focuses on RNA dynamics. Nuclear magnetic resonance has proven to be a powerful 
technique for determining the time-averaged structure of polynucleic acids (e.g., transfer-RNA). The 
measurement of internuclear nuclear Overhauser effects provides a set of distance constraints on 
various proton dyads, and this information is used in conjunction with a force-field minimization to 
generate a plausible nucleic acid structure. A more complete study of a structurally characterized 
alanine t-RNA using a tetraloop analog included the full environment and took advantage of recent 
advantages in simulation technology. Moreover, experimental data is being used for a mutant version of 
the tetraloop known to have different properties with respect to charging the RNA with alanine, and 
dynamic behavior of the two in simulations are being compared in order to understand their different 
biological activity.

This group has also pioneered methods for modeling solvent as a surrounding dielectric continuum. 
Advantages of this approach, opposed to explicit-solvent models, is its considerably greater speed and 
its quantum mechanical treatment of the solute, which allows all aspects of chemical reactions to be 
addressed. Early work has been successful in developing and calibrating models for any solvent at 
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various theoretical levels. This research involves the implementation of two-response-time theory for 
the excitation of molecules in solutions using INDO/S-CIS method and generalized Born model. As an 
important first step, a new charge model has been developed, which is used to calculate atomic partial 
charges for both ground states and excited states. The primary results are quite encouraging. This 
provides an excellent starting point for the calculation of spectroscopic shifts in solution. A SM5 type 
solvation model has been implemented into Zerner's semiempirical program. Further research on this 
project is focusing on the calculations of spectral shifts in solution. Finally, a generalized Born equation 
is being developed for continuing the work on studying conformational issues in sugars, aqueous 
acceleration of electrocyclic reactions, bonding/stacking interactions in DNA base-pairing, and longer 
range, enzyme inhibitor interactions. Finally, on the technical side, new algorithms are being developed 
to calculate analytical gradients of the energy with respect to nuclear motion to more efficiently 
optimize molecular geometries.

Nitrenium ions are reactive intermediates implicated as carcinogenic products from aromatic amine 
catabolism. The divalent nitrenium ions, which may exist in either singlet or triplet spin states, 
covalently modify DNA in the carcinogenic event. Early theoretical work (and there has been very 
little) suggested arylnitrenium ions to be uniformly ground state singlets. However, recent higher level 
calculations and experimental work done by this group has indicated that the triplet spin state may be 
preferred in certain circumstances-in particular when the aromatic ring is substituted with electron 
withdrawing groups or when the nitrogen atom is substituted with a very bulky ligand. This is quite 
critical since the mechanisms for reaction of the singlet compared to the triplet are distinct. These 
researchers intend to probe the electronic effects of substitution on preferred spin state and 
confirmation at the ab initio level. With these results, faster semi-empirical methods can be validated 
and interaction of the reactive species with DNA and other biological macromolecules can be modeled. 
Finally, there is an interest in exploring the ability of Density Functional techniques for the calculation 
of structures and the prediction of singlet-triplet energy gaps. The group is also in the process of 
comparing very accurate levels of theory to more efficient levels in order to ascertain how useful the 
lower levels of theory are.

This group is also interested in the reaction of nerve agent VX with various nucleophiles. It is known 
that VX reacts with hydroperoxide ion in aqueous solution to give a non-lethal phosphonate salt. 
Furthermore, it is known that significant amounts of a toxic byproduct are formed when the nucleophile 
is hydroxide ion. The precise mechanism of solvolysis at phosphorus in VX is unknown, nor is it 
known whether this change in nucleophile leads to a change in mechanism, or simply a change in the 
relative energies of the intermediates and transition states involved on the potential energy 
hypersurface. Studies of these two reactions are being done using state-of-the-art ab initio molecular 
orbital methods. Solvation effects are included. Through elucidation of these mechanisms, a better 
understanding of the neutralization process of nerve agent VX can be achieved.

This group is also in the process of exploring the illustrated dicoper structures using Hartree-Fock and 
Density Functional Theories. The goals are to establish the spectroscopic properties of these molecules 
to make comparison with experiment, determine whether the molecules are well described as ground-
state singlets with complete spin-pairing or whether symmetry breaking to localize one electron on 
each copper atom is advantageous, more fully understand the effects of nature and location of 
counterions, more fully understand the effects of solvation, and to gain a more firm understanding of 
the molecular orbital issues that control the relative stabilities of the two forms. Future plans are to 
focus on the reactivity of these systems, in particular the computational characterization of arene 
oxidation and hydrogen-atom abstraction reactions. The group will characterize the reaction coordinate 
for this process to determine whether both species are in fact active, or whether a common species 
intermediate to the two best represents the transition state structure. A similar analysis will be 



performed for H-atom abstractions. In this case, kinetic data are available against which to benchmark 
the theory, to include kinetic isotope effects against which the results of dynamics calculations, 
including tunneling, can be compared. For both of these reactions, effects of varying the ligands on the 
copper atoms will be examined.

This project also consists of a class taught at the University of Minnesota with state-of-the-art hardware 
and software employed in modern molecular modeling. Students performed several experiments using 
the IBM SP and software packages including gaussian 98 and amsol.

Mark Distefano, Principal Investigator

Design of Semisynthetic Enzymes Based on Fatty Acid Binding Proteins

This work is developing enanatioselective catalysts that are 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.

Research Group 

Dietmar Haring, Research Associate
Tamara Kale, Graduate Student Researcher
Hao Kuang, Graduate Student Researcher
Evelyn Mayaan, Undergraduate Student Researcher
Dongfeng Qi, Graduate Student Researcher
Amy Tann, Graduate Student Researcher
Tammy Turek, Graduate Student Researcher

Specific aims of this work include improving the efficiency and controling the specificity of 
transaminating catalysts based on protein cavities using site directed mutagenesis, assessing whether 
changes in cofactor structure can be used to modulate the properties of transaminating catalysts based 
on protein cavities, and expanding the chemistry that can be performed using protein cavity based 
catalysts to include C-C bond formation. Computer modeling is being done at the Supercomputing 
Institute-Medicinal Chemistry Visualization/Workstation Laboratory.

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 (PP1 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. These researchers are using insight software to build this model and to 
create models of PP1 and PP2A with other inhibitors. These models are useful in studying potential 
binding contacts between inhibitor and protein and in identifying important structural features required 
for inhibition. These modeling studies are supporting the larger research program by assisting in the 
design of inhibitors based on okadaic acid. These compounds are being synthesized and tested in 
Professor Forsyth's laboratories.
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Arundhati Deo, Graduate Student Researcher
Valerie Frydrychowski, Graduate Student Researcher

Jiali Gao, Fellow

Computer Simulations of Chemical and Biochemical Systems in Solution

A multi-facet research project for theoretical characterization of biophysical interactions and enzyme-
catalyzed reactions in solution is proposed. The theoretical approach centers on computer simulations 
of enzymatic systems, using combined quantum mechanical and molecular mechanical (QM/MM) 
methods. To increase the accuracy of the computational methods, a generalized hybrid orbital (GHO) 
approach is being developed at the ab initio molecular orbital level to treat the covalent bond division 
between quantum-mechanical and classical fragments. In addition, an ab initio mixed molecular 
orbital-valence bond (MOVB) method is being developed to treat the solvent reaction coordinate for 
solution and enzymatic reactions. This approach goes beyond the traditional empirical valence bond 
(EVB) method where empirical force fields are used to calibrate parameters for the diabatic reactant 
and product states.
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A major thrust is to investigate the mechanism of enzyme-catalyzed reactions using combined QM/MM 
methods. In particular, the dephosphorylation reaction of human protein tyrosine phosphatase 1B 
(PTP1B) and the squalence to hopene conversion by squalene cyclase is being studied to provide a 
detailed understanding of substrate binding, reaction mechanism, and free energy profiles for the 
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enzymatic process. PTP1B is found in a variety of human tissues, which is overexpressed in breast-
cancer and has a major role in both insulin sensitivity and fuel metabolism. Computational studies of 
these enzyme reactions can help to better design cholesterol-lowering drugs and therapeutic agents for 
treatment of cancer, diabetes, and obesity.

In addition, the vibrational population relaxation of an azide ion in the active site of carbonic anhydrase 
II is being investigated to understand the relationship between enzyme reactivity and protein dynamics 
and fluctuation. The vibrational relaxation time and vibrational frequency-frequency correlation 
function is being computed to help interpret recent laser spectroscopic experiments.

Thomas R. Hoye, Principal Investigator

Design of Peptidomimetics as anti-HIV and Antiangiogenic Antitumor Agents

Molecular modeling is a powerful tool that can guide the design of new targets for organic synthesis. 
Identification of novel biologically active agents is one obviously valuable application. These 
researchers are designing non-peptidic analogs based on known, active peptidic lead compounds. 
Representative examples of projects where such approaches will benefit research are in both the design 
of a new class of enzyme inhibitors as potential anti-HIV agents and the design of new antiangiogenic 
antitumor agents.

Design of a new class of enzyme inhibitors as potential anti-HIV agents is being based on structural 
information available from crystallographic studies of complexes between various peptidic agents 
(cyclosporin A and p55gag fragments) and human cyclophilin A. It is clear that the later, host-cell 
protein must be recruited into new HIV virions to render the latter infective.
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Design of new antiangiogenic antitumor agents is based on knowledge of a requirement for certain side 
chain substituent nature and relative orientation in known antiangiogenic polypeptidic agents. Design 
of structures built on scaffolds that display these residues in a similar fashion are being guided by 
modeling studies.

Richard P. Hsung, Principal Investigator

Development of Organic Methodologies

Overall, a series of unique synthetic methodologies are being developed in this laboratory. These 
organic reactions can construct complex organic structures that resemble naturally ocurring 
compounds. They have the potential to bring forth an array of new structures that could have 



therapeutic potential in Alzheimer diseases and cancer treatments. Computational means beyond the 
spartan program are extremely helpful in these endeavors.
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Geoffrey M. Golding, Undergraduate Student Researcher
Hong Shen, Graduate Student Researcher

A rational and consistent approach for development of the therapeutic treatment of Alzheimer's Disease 
(AD) has been designed on the basis of the cholinergic deficiency hypothesis. This hypothesis links AD 
to the loss of acetylcholine, a neurotransmitter responsible for memory and cognitive functions. In the 
cerebral cortex and hippocampus of AD patients, the activity of choline acetyltransferase (ChAT), the 
enzyme that synthesizes acetylcholine, is reduced dramatically by 60-90%, thereby causing sever 
shortage of acetylcholine. Acetylcholine esterase (AChE), on the other hand, serves to maintain the 
chemical equilibrium between choline and acetylcholine by catalyzing the hydrolysis of acetylcholine 
to choline. With loss of the ChAT activity in AD patients, the equilibrium would clearly be shifted 
towards choline. To maintain concentrations of available acetylcholine in AD patients, three types of 
treatment have been developed based on the cholinergic deficiency hypothesis. The first one consists of 
administering acetylcholine equivalents in an attempt to enhance the acetylcholine level, thereby 
enhancing the central cholinergic activity. The second treatment involves the use of muscarinic receptor 
agonists selective for M1 (and M3) subtype receptor to enhance the acetylcholine uptake at the 
postsynaptic end. The third one involves the use of AChE inhibitors to increase the acetylcholine level 
at the synaptic stage by decreasing its rate of hydrolysis.

Stephen R. Kass, Associate Fellow

Understanding Organic Systems via Molecular Orbital Calculations
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These researchers have recently developed a general method for the selective formation of radical 
anions in the gas phase. These species can serve as valuable precursors to a wide variety of reactive 
intermediates. A dicarboxylic acid is dissolved into a basic water-methanol or methanol-acetonitrile 
solution and dianions (or trianions) are sprayed into the gas phase with the University of Minnesota 
Chemistry Department's Fourier transform mass spectrometer. Subsequent fragmentation via energetic 
collisions leads from one radical to the next. As anions and radical anions can be used to obtain 
quantitative thermodynamic information on the corresponding species with one less electron, these 
researchers are in a position to interrogate a whole treasure drove of transient (but highly important) 
molecules.

Aromaticity and antiaromaticity are familiar and important concepts known to all chemists. The 
simplest and prototypical antiaromatic species, cyclopropenyl anion, has been considered as a possible 
substrate for the design of organic conducting polymers, but it had not been synthesized until these 
researchers described the first preparation of a cyclopropenyl anion. They produced 3-
carbomethoxycyclopropen-3-yl anion, a stable monosubstituted cyclopropenyl anion, at room 
temperature in their flowing afterglow device by reacting 3-carbomethoxy-(3-
trimethylsilyl)cyclopropene with fluoride ion. They also used this approach to generate this ion as an 
intermediate in solution, and by modifying the substrate, this work may lead to the formation of novel 
compounds with highly desirable properties. In order to gain a more detailed understanding of 
cyclopropenyl anion and its derivatives so that reasonable synthetic targets can be identified and 
perpared, high-level ab initio molecular orbital calculations have been carried out on a number of 
different species.

Amino acids, such as glycine, exist in their zwitterionic form in aqueous solutions over a wide pH 
range. In the gas phase, the neutral form dominates but a few solvent molecules can selectively 
stabilize the zwitterion and have a profound impact on the potential energy surface. Therefore, it stands 
to reason that many biological molecules exist as zwitterions in the gas phase. Very little is known 
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about these species, and therefore, these researchers have started, and will continue, to investigate these 
species from a computational point of view (experiments will be designed based on theoretical results).

Kenneth Leopold, Principal Investigator

Computational Studies of Partially Bound and Hydrogen Bound Complexes

These researchers are running high-level ab initio calculations on several molecules under investigation 
in their laboratory and predicting the structures and bond energies for systems they hope to study in the 
near future. These molecules include HCN-HCN-BF3, HCN-HCN-SO3, HCN-B(CH3)3, CH3CN-
B(CH3)3, (CH3)3P-BF3, and (CH3)3P-SO3. For the first two of these, extensive microwave data have 
already been obtained and interest is now in energetics and solvation effects. For the remaining species, 
structure predictions are being obtained.

The main focus of this work involves a novel class of molecules for which the term "partially bound" 
has been coined. The distinguishing feature of these systems is that they contain an atom-atom linkage 
that is neither a weak intermolecular attraction nor a bone fide chemical bond. Thus, new insights into 
the intermediate regime between bonded and non-bonded interactions are gained. The work may be 
described as representing fundamental studies of molecular structure and bonding.

The researchers are using high-resolution microwave spectroscopy to characterize partially bonded 
systems. Although this program is primarily experimental, the work has, on occasion, benefitted from 
collaborations with theorists both at the University of Minnesota and abroad. These have all involved 
high-level ab initio calculations that have significantly enhanced the ability to interpret experimental 
data.

Research Group 

Denise Fiacco, Graduate Student Researcher
Kelly Higgins, Graduate Student Researcher
Sherri Hunt, Graduate Student Researcher

High-level calculations support the experimental program in several ways. The first is in structure 
prediction. The frequencies of microwave absorptions by gas phase molecules depend strongly on 
molecular structure. Therefore, spectral search time is dramatically reduced if predicted values of 
structural parameters are available in advance. This is especially relevant for partially bound species, 
since the usual rules for estimating bond lengths and bond angles in conventional systems do not apply. 
The second way is in energetics. While microwave spectroscopy provides detailed information about 
molecular and electronic structure, it reveals nothing about bond energies. However, bond energies are 
vital to an understanding of all chemical interactions and may now be reliably obtained using modern 
quantum mechanical techniques. With the combination of spectroscopic and theoretical results, these 
researchers can provide a more complete description of partially bound systems than is available from 
either theory or experiment alone. The final way involves solvation. Structure and bonding of partially 
bound molecules have been shown to be extraordinarily sensitive to the presence of a local 
environment. In other laboratories, the self consistent reaction field model has been shown to be a 
crude but effective means of modeling the observed medium effects in some cases. Thus, 



computational methods can be used to make predictions about the response of the molecules studied to 
a condensed environment.

Eric J. Munson, Principal Investigator

Modeling Structures of Organic Molecules in Crystals

Research Group 

Thang Do, Undergraduate Student Researcher
John Nicholas, Environmental Molecular Sciences Laboratory, Pacific Northwest National Lab, 
Richland, Washington
Nadia Wazwaz, Undergraduate Student Researcher
Mark Zell, Graduate Student Researcher

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. These researchers need to be able to relate 
calculated nuclear magnetic resonance (NMR) chemical shifts of crystalline organic compounds such 
as drugs to molecular structure. The motivation for this is twofold. First, the researchers would like to 
use theory to assist in the assignment of resonances in solid-state NMR spectra. This is a significant 
problem, as 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 researchers would like to determine the crystal structure of a drug from the solid-state 
NMR spectrum. An integral part of this strategy is to use chemical shift calculations to predict torsion 
angles and bond distances for compounds based on the isotropic and anisotropic chemical shifts in the 
solid state. By using a combination of single-crystal XRD, PXRD, chemical shift calculations, and 
solid-state NMR, these researchers hope to develop a robust method for determining the crystal 
structure of pharmaceutically-relevant solids for which no single-crystal data is available. This work is 
currently using the cerius2 program at the Supercomputing Institute's Basic Sciences Computing 
Laboratory and Medicinal Chemistry-Supercomputing Institute Visualization/Workstation Laboratory 
to model molecular structures and to predict PXRD patterns.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. These researchers need to be able to relate calculated nuclear magnetic resonance 
(NMR) chemical shifts of crystalline organic compounds such as drugs to molecular structure. The 
motivation for this is twofold. First, the researchers would like to use theory to assist in the assignment 
of resonances in solid-state NMR spectra. This is a significant problem, as 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 researchers would like to 
determine the crystal structure of a drug from the solid-state NMR spectrum. An integral part of this 
strategy is to use chemical shift calculations to predict torsion angles and bond distances for 
compounds based on the isotropic and anisotropic chemical shifts in the solid state. By using a 
combination of single-crystal XRD, PXRD, chemical shift calculations, and solid-state NMR, these 
researchers hope to develop a robust method for determining the crystal structure of pharmaceutically-
relevant solids for which no single-crystal data is available. This work is currently using the cerius2 



program at the Supercomputing Institute's Basic Sciences Computing Laboratory and Medicinal 
Chemistry-Supercomputing Institute Visualization/Workstation Laboratory to model molecular 
structures and to predict PXRD patterns.

Karin M. Musier-Forsyth, Principal Investigator

tRNA Acceptor Stems
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Molecular dynamics simulations of RNA microhelixAla indicate that G:U and other 3:70 
purine:pyrimidine wobble pairs induce local deviations from A-form geometry in their respective 
microhelices; the helix is underwound at the base-pair step above and overwound at the base-pair step 
below, in each case by about 7 to 9 degrees compared to canonical A-form RNA. Based on analysis of 
average water densities and residence lifetimes, the wild-type microhelix strongly binds a water 
molecule in the minor groove of the 3:70 base pair, consistent with crystallographic analyses of an 
RNA duplex derived from the acceptor stem of Escherichia coli tRNAAla. Other wobble pairs show 
water binding at this position but to a lesser degree; the strength of water binding correlates directly 
with the measured aminoacylation activities of the microhelices as substrates for E. coli alanyl-tRNA 
synthetase. Watson-Crick base pairs at the 3:70 position show no tendency towards specific hydration. 
This tightly bound minor-groove water in the microhelices with 3:70 wobble pairs evidently does not 
function to stabilize a particular local helical structure, but it may play a role as a specific recognition 
element or serve as an indicator of interaction specificity between the microhelix and a hydroxylated 
residue of the aminoacyl-tRNA synthetase.

Jeffrey Roberts, Principal Investigator

A Theoretical Study of Diamond Growth Mechanisms and Morphology

The reactions and mechanisms believed to be important in the process of chemical vapor deposition 
(CVD) diamond growth are being investigated. This project is gaining a better understanding of how 
the underlying reactions contribute to the appearance of 111 or 100 faceted diamond. The methods used 
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to study this process include ab initio electronic structure calculations and kinetic simulations. 
Electronic structure methods are used to calculate the energetics for growth reactions. Clusters of 
carbon atoms are used as models for the diamond surface. Comparisons can be made between reactions 
that occur within different structural environments. Differences in reaction rates may suggest the cause 
for the observed morphologies. A kinetic model of CVD diamond growth that simulates the 
dependence of 100 and 111 surface growth rates upon experimental parameters, such as surface 
termperature and gas-phase concentrations, has been developed. The model is being further developed 
to include 111 surface growth and more extensive simulations are being run. This model differs from 
previous diamond growth simulations due to the inclusion of H-atom and CH2 migration reactions that 
are believed to be important for predicting 111 versus 100 film growth. Rate parameters, found either 
from the literature or determined from ab initio calculations, for 69 possible reactions in the growth 
process have been used. It is hoped that this research will yield predictions for morphology and a 
molecular level description of its origins.

Research Group 
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A kinetic Monte Carlo method has been designed to simulate the growth of diamond from small 
precursors. Specifically, the model is used to examine the competition of 11-surface growth versus 100-
surface growth. Previously, the nature of this growth has been examined as a function of gas-phase 
radical concentration and temperature. Improvements are being made to the model so that it more 
accurately and completely reflects the complexity of possible surface reactions. These improvements 
are based on ab initio calculations that have been done to elucidate reaction energetics. Further 
simulations are being performed to more accurately model the growth process and film morphology. 
The simulations encompass a wider range of growth conditions, simulating the growth process within a 
hot-filament and thermal plasma growth environment. From these simulations, the dependence of film 
microstructure on growth conditions then will be determined.

J. Ilja Siepmann, Fellow

Molecular Simulations of Phase Equilibria and Development of Transferable Force Fields and Efficient Monte Carlo 
Algorithms

Detailed investigations of retention processes in gas-liquid and reversed-phase liquid chromatography 
and of phase equilibria and microscopic structures in supercritical fluid extraction systems and micellar 
surfactant systems are the main focus of this project. Accurate predictions of fluid phase equilibria and 
other thermophysical properties of complex chemical systems are of great fundamental and practical 
importance.

Configurational-bias Monte Carlo simulations in the Gibbs ensemble are currently employed to study 
the structures of stationary phases and to predict the partitioning of sample molecules between 
stationary liquid phase and mobile gas phase. As a first step, the stationary phase is modeled as a bulk 
liquid (neglecting the contributions arising from the liquid/solid-support and liquid/vapor interfaces) in 
thermodynamic contact with an interacting carrier gas (i.e., not an ideal gas). Three parameters are 
varied in these simulations: temperature, stationary phase composition, and solute. Simulations are 
carried out for squalane, Kovats B-87, carbowax (polyethylene-oxide), and dimethyl or methylphenyl 
silicone polymers. The homologous series of normal alkanes, primary alcohols, symmetric ethers, and 



alkyl benzenes, and a variety of branched alkanes are employed as solute molecules. This diversity of 
solutes allows a detailed investigation of the influence of shape, flexibility and functionality on the 
retention processes. The concept of enthalpy-entropy compensation is being investigated for these 
groups of solutes.
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Another aspect of this endeavor to learn about chromatographic retention processes is directed at 
elucidating the effects of interfacial adsorption on retention. In particular, simulations are being carried 
out for systems where the bulk-liquid stationary phase is replaced by a system containing explicit 
liquid/vapor interface. The relative ratio of bulk liquid to interfacial liquid (related to the phase ratio 
and the column packing) can be varied to determine the contribution of interfacial adsorption to 
retention. Furthermore, these researchers are studying stationary systems that contain explicit 
liquid/solid-support and liquid/vapor interfaces.

Separations of multicomponent mixtures with supercritical solvents utilize differences in volatility (the 
driving force in ordinary distillations) and differences in the specific solute-solvent interactions (the 
driving force in ordinary liquid extractions). While supercritical fluids show solvency strength close to 
liquids, their transport properties are gas-like. As a first step, these researchers have started with an 
investigation of binary systems consisting of ethane (or ethylene) as the supercritical solvent and a 
high-molecular-weight alkane as the solute and liquid phase. The next step is studying the solvation of 
linear alkanes in supercritical CO2. Interest lies in how well these researchers' united-atom model 
(without partial charges) performs in combination with a simple-point-charge model for CO2. 
Thereafter, these researchers are studying ternary systems consisting of the supercritical solvent, a co-
solvent (or entrainer), and the solute. In many applications, a small quantity of an entrainer is added to 
the supercritical solvent in order to enhance solvent power and selectivity. The changes caused by 
entrainers are much more marked in supercritical fluid extractions than in liquid extractions. A typical 
test case would be the solubility of benzoic acid in ethane with polar acetone as entrainer. Analysis of 
the microscopic structure of the supercritical phase should provide knowledge on the mechanism of the 
solubility enhancement.

To answer fundamental questions on surfactant behavior, these researchers are examining the self-
organization and solubilization thermodynamics of hydrofluorocarbons in alkanes or perfluoroalkanes 
and of sodium salts of carboxylic acids in water. The former are examples of functionally primitive 
surfactants, while the later are prototypical ionic surfactants.A further project involves gaining accurate 
knowledge of phase equilibria and other thermophysical properties of complex fluid mixtures of 
enormous fundamental and practical importance. The success of molecular simulation in predicting 
thermophysical properties and in advancing an understanding of the relationship betwen molecular 
architecture and macroscopic observables, depends on the availability of efficient simulation 
algorithms and accurate force fields. For a long time, the available simulation techniques and the 
computer power were limiting progress. However, over the last ten years, enormous advances have 
been made in simulation methods and it is now becoming evident that attemtion should be shifted to 
developing sufficiently accurate force fields.



A further project involves gaining accurate knowledge of phase equilibria and other thermophysical 
properties of complex fluid mixtures of enormous fundamental and practical importance. The success 
of molecular simulation in predicting thermophysical properties and in advancing an understanding of 
the relationship betwen molecular architecture and macroscopic observables, depends on the 
availability of efficient simulation algorithms and accurate force fields. For a long time, the available 
simulation techniques and the computer power were limiting progress. However, over the last ten years, 
enormous advances have been made in simulation methods and it is now becoming evident that 
attemtion should be shifted to developing sufficiently accurate force fields.
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The goal of the proposed research is to design two levels of transferable force fields for a large 
spectrum of organic molecules and water. The first level, called TraPPE (Transferable Potentials for 
Phase Equilibria), employs the united-atom representation and simple Lennard-Jones and Coulombic 
terms. In the second level, called TraPPE-pol (polarizable), all atoms are modeled explicitly, and 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 solely at the highest possible level of accuracy and transferability. These force fields 
allow these researchers to study single and multi-component phase equilibria, excess properties of 
mixing, and transport properties. The transferable force fields encompass linear, branched, and cyclic 
alkanes, alkenes, alkynes, alcohols, ethers, ketones, carboxylic acids, alkylbenzenes, perfluorinated 
alkanes, and last, but not least, water.

Another project is currently working on the development of three novel Monte Carlo algorithms. 
Adiabatic nuclear and electronic sampling Monte Carlo (ANES-MC) allows for efficient Monte Carlo 
sampling of polarizable force fields in the canonical, isobaric-isothermal, and Gibbs ensembles. The 
ANES-MC algorithm treats the electronic motion as special degrees of freedom, optimized on-the-fly, 
to a low-temperature thermostat in close analogy to the Car-Parrinello molecular dynamics scheme. A 
special configurational -bias Monte Carlo algorithm, called CBMC-(H2O)n, is currently being 
developed. This algorithm replaces a cluster of water molecules with a larger solute molecule and 
facilitates the simulation of phase equilibria involving aqueous phases. Finally, these researchers are 
currently developing a general version of fixed-endpoint configurational-bias Monte Carlo FE-CBMC 
that allows for efficient conformational relaxation of the interior of polymers with arbitrary complexity 
modeled by standard molecular mechanics force fields.
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These researchers are conducting 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 are being used to perform the calculations. Both serial 
computer codes and parallel codes designed to take advantage of the IBM-SMP and SGI-SMP 
architecture are being used. While most of the codes have been developed inside the group, 
commercially available electronic structure and molecular modeling packages are also being utilized.

These researchers are performing accurate quantum mechanical calculations on a variety of two-state, 
three-body systems in order to study nonadiabatic effects. In particular, study is being done on the mass 
and potential energy surface dependency of reaction probabilities and quenching probabilities are being 
studied for metal-hydrogen-halide systems. The LiFH system is of particular interest, both because a 
new potential surface describing this system is in development, and also because experimental 
measurements on this system have recently been performed.

Another aspect of this study is the further development of a quantum mechanical scattering algorithm 
to take advantage of the parallel architecture of the SP and Origin computers. These researchers are 
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improving their codes so that they make the most efficient use of the architecture available.

Nonadiabatic semiclassical studies are being continued for the LiH2, NaH2, NaFH, and LiFH sytems. 
Several new series of model systems are also being developed, which allow a systematic study of the 
effect that certain features of the potential energy surfaces have on semiclassical results. Specifically, 
trajectory calculations are being performed on a series of surfaces with large energy gaps and varying 
strengths of the nonadiabatic coupling. For weakly coupled systems, a new semi-classical algorithm 
called the Army-Ants trajectory method has been developed and is being extensively tested. These 
researchers are also testing a novel modification of the Ehrenfest method called the Continuous Surface 
Switching Ehrenfest method that corrects one of the biggest problems with the Ehrenfest method, 
namely that of the asymptotically mixed states. Ultimately, the results from these methods will be 
compared with accurate quantal calculations.

A computer program called polyrate has been created that combines variational transition state theory 
and multidimensional semiclassical tunneling contributions to calculate chemical reaction rates for 
polyatomic systems in gaseous- and condensed-phases. Current research projects involve creating new 
methods for increasing the efficiency of the interface with electronic structure theory as well as 
increasing the accuracy and predictive capabilities of computational thermochemistry. Implementing 
these new methods into polyrate and interfacing polyrate with current electronic structure and 
molecular mechanics packages has allowed these researchers to calculate the chemical reaction rate 
constants for important biological, environmental, organic, and organometallic catalytic reactions in the 
condensed-phase as well as atmospheric and combustion reactions in the gas-phase. The parallel 
resources of both the IBM SP and the SGI Origin platforms allow exploration of the different 
possibilities for parallelizing the different algorithms in polyrate.

The pairing of ions in solution plays an important role in many biological and industrial problems and 
in applications such as macromolecular association and catalysis. The SMx models have been shown to 
be highly successful at predicting solvation free energies of individual solute molecules in a diverse 
collection of solvents. These researchers are using the SMx models to calculate the interactions 
between ion pairs and neutral pairs in solution. Since the existing SMx models were not parametrized 
to capture these multiple-body interactions, a new model is being formulated and parametrized. By 
incorporating more experimental and theoretical data (such as solvent-mediated interaction energies) 
into the parametrization, the resulting solvation model will be more physical.

Following Pulay's work, these researchers have derived the formulae for the analytical energy in their 
self-consistent reaction field solvation model, the SM5.42 solvation model, based on CM2 atomic 
charges. The gradients have been implemented in the program gamesol, and the implementation in 
gaussian-98 is forthcoming. This implementation is very important for three reasons: it allows for 
accurate and efficient optimization of the geometry of a solute in the presence of a solvent, it serves as 
the first step in the evaluation of the Hessian, and it is essential for stable dynamics calculations.

To evaluate the Hessian and the vibrational frequencies for a solvated molecular species accurately and 
efficiently, analytical second derivatives are required. An accurate Hessian is necessary for the 
geometry optimization of transition state structures, and can be used to follow the reaction pathway in 
direct dynamics. The vibrational frequencies are needed to determine the nature of a stationary point, to 
evaluate thermodynamic properties, and to evaluate the vibrational partition function required by 
dynamics calculations. The second derivatives are being derived and implemented using quantum 
chemical identities.

Darrin M. York, Principal Investigator



Molecular Simulation of Phosphate Hydrolysis Reactions in Biomolecules

These researchers are focused on the development and application of new computational methods and 
models for biomolecules in solution. Work is divided between molecular simulations using empirical 
"force fields," and quantum mechanical studies using both conventional methods and new "linear-
scaling" density-functional and semiempirical methods. These areas overlap in the design of new 
hybrid quantum mechanical/molecular mechanical (QM/MM) potentials for treating enzyme reactions. 
The application focus is towards the understanding of a fundamental class of biological reactions-the 
hydrolysis of phosphates catalyzed by active sites containing divalent metal ions. The methods used 
combine new molecular simulation techniques and quantum mechanical methods being developed in 
the laboratory and coded in parallel fortran 95. Applications are concentrated on two important 
systems-HIV-1 reverse transcriptase and the hammerhead ribozyme.
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Vanessa Audette, Undergraudate Student researcher
Thomas Q. Chastek, Undergraduate Student Researcher
Tim Giese, Graduate Student Researcher
Anguang Hu, Research Associate
Jason Jennissen, Undergraduate Student Researcher
Jill Johnson, Graduate Student Researcher
Jana Khandogin, Graduate Student Researcher
James Lai, Undergraduate Student Researcher
Xavier Lopez, Research Associate
Evelyn Mayaan, Undergraduate Student Researcher
William Noid, Undergraduate Student Researcher
Kevin Range, Graduate Student Researcher
Jack T. Surek, Graduate Student Researcher

HIV-1 reverse transcriptase (RT) is a virally encoded enzyme that regulates "reverse transcription" of 
viral genetic material (RNA) into DNA, and is an important target of antiviral therapy in the treatment 
of AIDS. The polymerase activity is mediated by two Mg+2 ions, a motif ubiquitous in DNA/RNA 
polymerase enzymes. Recently, crystallographic data has become available for a covalently trapped 
catalytic complex of HIV-1 RT that provides course-grained snapshots of the structure along the 
reaction path.

These researchers are modeling HIV-1 RT bound to a DNA template primer and dNTP molecule based 
on the 3.2 Å resolution crystallographic structure. A modified version of charmm is employed to 
simulate the system in a rhombic dodecahedral cell surrounded by a bath of water molecules and 
counterions. Long-range electrostatic interactions are computed using a parallel linear-scaling Ewald 
method in conjunction with a recently developed correction for removing artifacts of periodicity. These 
simulations give a detailed dynamical picture of the active site and provide the foundation for further 
simulation work using a new semiempirical hybrid QM/MM method designed specifically for 
phosphate hydrolysis reactions, as well as new force field models that include explicit polarization.



 

Ribbon diagram of the HIV-1 RT based on crystallographic structure.

Hammerheade ribozyme (HR) has a similar Mg+2 active site motif to that of HIV-1 RT, but is a 
considerably smaller (less than 1/10 the size). High-resolution crystallographic data is available for the 
native structure and catalytically trapped intermediates. It is extremely useful to study such a system in 
tandem with HIV-1 RT since empirical and QM/MM simulation protocols can be tested more 
rigorously and compared with higher resolution crystallographic data. Simulations can be carried out 
for much longer times (tens of nanoseconds) with explicit solvent both in solution and in the 
experimental crystalline environment to identify systematic structural deviations introduced by the 
force field model or simulation protocol. The HR system is particularly exciting because its size falls 
within the range that allows a fully quantum mechanical treatment of the energetics of the reaction path 
and structure of the transition state using linear-scaling semiempirical methods and new PM3/d specific 
reaction parameter Hamiltonian for phosphate hydrolysis.

The end goal of these applications is to paint a detailed picture of the structure, dynamics, and 
energetics of phosphate hydrolysis reactions in HIV-1 RT and HR. Toward realization of these goals, 
these researchers are performing density-functional calculations on an active-site model using their 
parallel fortran 95 density-functional program. They have recently performed a preliminary geometry 
optimization of the 72-atom system at the 6-31G* basis set level, keeping the atoms corresponding to 
the enzyme backbone fixed to their positions in the refined simulation structure. The researchers are 



studying the optimized geometries, transition states, and intermediates of the phosphate hydrolysis 
reactions in the presence of Mg+2 for the polymerase active site of HIV-1 RT and hammerhead 
ribozyme using gradient corrected density-functional theory at the 6-311G+* basis level. These 
calculations will provide the first density-functional study of a significant portion of the active site of 
these enzymes, provide essential ab initio data for the semiempirical reaction parameter Hamiltonian, 
and compliment molecular simulation studies.

X.-Y. Zhu, Principal Investigator

Dissociation of a Surface Bond by Direct Optical Excitation

Excitation of the H-Si bond on the Si(100)-(2 x 1):H surface at 157 nm leads to the desorption of 
atomic hydrogen. Quantitative measurement using polarized light shows that the transition dipole 
moment is oriented at ~18˚ from the surface normal, in agreement with the H-Si bond direction. This 
result unambigously establishes the direct photodesorption mechanism. A comparison of the isotope 
effect in the photodesorption cross section with a time-dependent quantum mechanical simulation 
reveals an excited-state lifetime of ~0.4 fs.

1999 UMSI Publications 
99/36 "Dissociation of a Surface Bond by Direct Optical Excitation: H-Si(100)," T. Vondrak and X.-

Y. Zhu, Physical Review Letters, 92, p. 1967 (1999). 
99/217 "The Nature of Electronic Contact in Self-Assembled Monolayers for Molecular Electronics: 

Evidence for Strong Coupling," T. Vondrak, C.J. Cramer, and X.-Y. Zhu, Journal of Physical  
Chemistry B, 103, p. 8915 (1999). 

Department of Civil Engineering

Robert Dexter, Principal Investigator and Jerome F. Hajjar, Co-
Principal Investigator

Design Criteria and New Alternatives for Column Transverse Stiffeners and Web Double Plates

After the 1994 Northridge earthquake, many girder-to-column connections were found to have 
fractured. The reasons for this kind of failure are not well understood among the engineering 
community. Consequently, there has since been a tendency to over-specify the connection details. 
However, research has shown that this might not insure better connection behavior, while it does 
increase fabrication cost.

 



Deformed shape of a cruciform specimen
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This project is studying the seismic and non-seismic connection behavior and developing 
recommendations for design of these connections. This work is currently focusing on the design of 
column transverse stiffeners and web doubler plates. The primary components of this project include a 
literature review on the design criteria and previous research work, experimental research, and 
parametric finite element analyses to corroborate the experimental work and predict the performance of 
various connection details.

Analysis work is being done with abaqus. The researchers are conducting three-dimensional nonlinear 
finite element analyses to study the different connection details. These analyses are modeling all 
specimens tested in the experiments as well as conducting appropriate parametric studies. The model 
geometry, material properties, boundary conditions, and loading history reflect the true experimental 
configurations. The results from the analyses, such as the strain distributions, strain range, and stress 
concentrations, are used to corroborate experimental work. Extended parametric studies results are then 
used to help predict connection behavior that is not covered in the tests.

These researchers have been initiating the parametric studies by exploring the various features provided 
by the analysis program. Both the advantages and limitations for the program have been carefully 
studied. This helps the researchers in choosing the correct model and the analysis procedure that can 
best represent the actual experimental work.

Modeling of the pull plate experimental test specimens has already been done. By using symmetry, 
only one-quarter of an actual specimen was modeled. Three-dimensional, eight noded solid elements 
were then used to model all the connection parts. Static analysis was used, including geometry and 
material nonlinearity. Large deflection and small strains were assumed. A displacement loading history 
is now being applied to the pull plate ends according to that used in the tests. Monotonic loading 
histories are being modeled through the use of load steps and increments.

Catherine W. French, Principal Investigator and Carol Shield, 
Co-Principal Investigator 

Pre-release Cracks in Prestressed Girders

These researchers are investigating the effect of pre-release cracks on 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 are suspected to cause a 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. The present work involves an analytical study using abaqus to 
complement a laboratory investigation regarding the effects of pre-release cracks. Abaqus is being used 
to optimize the test specimen design and instrumentation. Further analytical studies will be conducted 
using abaqus to compare results to the experimental study.

The researchers have already made significant progress toward discovering the effect of pre-release 
cracks on prestressed concrete bridge girders. Several crack widths and depths were analyzed and it 
was determined that the effect of pre-release cracks is a local effect. It has also been determined that the 
action of the beam to close the crack causes a reduction in the beam camber. Models replicating two 
actual girders that were tested at the University of Minnesota have also been prepared to compare the 
results of the analytical study using abaqus to the available experimental data. One of these girders did 
not develop pre-release cracks, while several pre-release cracks were observed in the other girder. The 
abaqus results for camber and stress compared well with the data collected during testing on these 
girders, which have substantiated the accuracy of the other results obtained.

There have been some minor discrepancies between the abaqus data and the geometric compatibility 
theory. The geometric compatibility theory is based on the crack closing by pivoting about the tip of the 
crack. This would mean that the greatest bottom fiber stress effect for a given crack width would occur 
when the pre-release crack is very shallow. This effect would then have a linear decrease in the stress 
effect with cracks of greater depth. This was not the case when the abaqus results were examined. 
There was a critical depth of crack that caused the greatest bottom fiber stress effect.

Research Group 

Eray Baran, Undergraduate Student Researcher
Tina Wyffels, Graduate Student Researcher

The results of the present analytical/experimental study will be used to develop recommendations for 
determining crack width/depths that may present a potential concern for strand fatigue.

Bojan Guzina, Principal Investigator

Numerical Solutions in Geotechnical Subsurface Sensing

Geotechnical site exploration is a key component in the design process in civil engineering. Owing to 
the limited resources alloted to exploration programs and the natural variability of soil profiles, much 
of the information about the site is reliant on engineering judgment and interpolation of data available 
from discrete sampling of soil deposits. In recognition of such limitations, the last decade has witnessed 
significant advances in dynamic site characterization as a means to continuously probe large volumes 
of soils. Among such methods, the non-invasive seismic techniques represent particularly efficient 
complement to standard exploration programs. In view of the complexity of the underlying wave 
propagation problem, the seismic methods are typically based on approximate theoretical models that 
use wave velocity measurements as an input. These deficiencies, among others, can lead to multiple 
interpretations of experimental data, resulting in non-unique estimates of subsurface profiles.

Research Group 

Anjun Lu, Graduate Student Researcher



Sylvain Nintcheu, Graduate Student Researcher
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The central theme of the proposed work is the development of a novel method for non-intrusive testing 
of horizontally-stratified subsurface profiles. Based on the full waveform analysis of the ground surface 
motion, the proposed technique provides comprehensive information about the material stiffness, 
density, and damping of the profile tested. Method of analysis employs a rigorous three-dimensional 
wave propagation solution for a multi-layered viscoelastic medium. The forward model is coupled 
effectively with an appropriate inversion algorithm that estimates material properties of the layered 
medium by systematically adjusting the initial model parameters according to discrepancies between 
the measured and predicted records of surface displacements generated by a dynamic source. To 
account for the inevitable presence of noise in physical measurements and the strong non-linear 
dependence of measured response on the distribution of material stiffness, damping and density across 
the site, the method revolves around the maximum likelihood inverse theory and the modified Newton 
search technique. Issues such as resolution and error of the inverse solution are investigated.

In parallel with the foregoing developments, research is also being initiated to investigate the suitability 
of several common assumptions in seismic site characterization. In particular, emphasis is placed on 
analyzing the dynamic interaction between the site and the loading system (serving as a seismic source) 
and its effects on the measured site response.

Joseph F. Labuz, Associate Fellow and Henryk K. Stolarski, Co-
Principal Investigator 

Applying Electronic Speckle Pattern Interferometry to Wedge Indentation

A series of non-intrusive testing methods-electronic speckle pattern interferometry (ESPI) and acoustic 
emission (AE)-are being adapted for investigating the process of failure for rock-like materials under 
wedge indentation. Furthermore, visualization devices are being used as an auxiliary tool to identify the 
deformation process and even count crack lengths from ESPI experiments. Numerical analyses, with 
the use of abaqus, may then be performed to simulate the failure process.

Optical methods, such as the EPSI, can be used to measure surface deformation of the specimen with 
very high resolution. For example, with ESPI, it is possible to follow the strain field and identify a 
displacement discontinuity at peak load as the region where the speckle pattern is broken. On the other 
hand, to study the development of the process zone and the progressive failure of rock-like materials, 
the AE technique is used to analyze source characterization and event location. The AE system contains 
eight receiving channels that are used to record waveforms coming from the sudden release of energy 
from microcracks in rock.

http://static.msi.umn.edu/reports/search


In the quantitative analysis of AE, each microseismic event is idealized as a point source of 
displacement discontinuity that can be modeled as the combination of body forces that yield the same 
elastic wave field as the defect. In addition, the assumption of a self-equilibrium state requires each unit 
body force to be paired with an equal and opposite force to form a dipole of forces that constitute the 
components of the seismic moment tensor. Furthermore, the seismic moment tensor can be evaluated 
and the source characteristics can be determined through the calibration of the eight receivers, where 
the arrival time of the signal is assumed to correspond to the first arrival of the normal displacement at 
the receivers. Therefore, combining the ESPI measurements and AE locations, two different, but in a 
certain sense, complementary pieces of information are obtained. With the AE locations, the 
geometrical features of the process zone are defined, whereas with the ESPI fringe pattern, the crack tip 
is identified.

Research Group 

Julie Bearden, Graduate Student Researcher
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Previous work related to the use of the finite element software abaqus shows that the agreement 
between the numerical solution and experimental results is reasonable for the case of plane-strain 
compression. Because this software allows the user to solve various boundary value problems, to 
implement various material relations, and to automatically generate the finite element mesh, it can be 
used to predict the mechanical behavior and failure process of rock-like materials under different 
conditions, such as uniaxial compression, three or four point-bending, and indentation test.

David Newcomb, Principal Investigator

An Analysis of the Constitutive Models for Pavement Response

Mn/ROAD is one of the most advanced road research facilities in the world. It was constructed and is 
now operated by the Minnesota Department of Transportation. This research facility includes six miles 
of roadway consisting of over forty different pavement designs. One segment of the roadway runs 
adjacent to Interstate 94, is three and a half miles long and carries live interstate traffic. The other is a 
two and a half mile loop for simulating low-volume road conditions by circling a truck of a controlled 
weight around the loop a known amount of times. Over 4,800 temperature, moisture, frost, deflection, 
and static and dynamic strain sensors have been embedded in these forty test sections.

Design parameters and constitutive models for various pavements at the Mn/ROAD test facility were 
established using field data collected at Mn/ROAD, the finite element package abaqus, and 
supercomputing resources. This work includes data collected at this research facility along with abaqus 
to identify a range of optimal rigid pavement design features, determine the influence of temperature 
and moisture gradients in a concrete slab on the resulting deflection of an applied load for a range of 
support conditions, and evaluate flexible pavement responses in supporting a mechanistic-based design 
under development.



Like any structure, the performance of a pavement is dependent on the properties of the materials used 
to construct the pavement and how these materials are arranged together to form a structure. To 
optimize the design of the structure, the engineer must determine what material properties and design 
parameters contribute to good performance. Some characteristics that influence pavement performance 
include elastic moduli and strengths of the construction materials, interaction between the surface and 
underlying layer, panel length, and width at the performance of the shear transfer mechanism at the 
joints and cracks.

The forty pavement designs at Mn/ROAD are representative of the types of pavements currently being 
constructed throughout the state of Minnesota. This provides the unique opportunity to measure the 
response of a pavement to an applied load under known environmental conditions. Field data has been 
collected and is now being used to calibrate models, generated using the abaqus finite element analysis 
package, of the pavement sections so the influence of the characteristics can be further defined for a 
larger range of variables.
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Thomas Burnham, Minnesota Department of Transportation, Maplewood, Minnesota
Shongtao Dai, Minnesota Department of Transportation, Maplewood, Minnesota
Julie M. Vandenbossche, Graduate Student Researcher

Falling weight deflectometers (FWDs) are currently the most commonly used device for performing 
structural evaluations on pavements. FWD testing consists of dropping a weight packet on the 
pavement and then recording the resulting deflections at various distances from the applied load. The 
known weight and measured deflections can then be used to locate voids under the slab, backcalculate 
the material properties of each pavement layer, or to monitor the performance of the joint and cracks in 
the slab. This project is providing a method for analyzing FWD data that allows engineers to account 
for the non-uniform support conditions under the slab due to the presence of a temperature or gradient. 
Under current analysis procedures, the presence of a temperature or moisture gradient is not 
considered. The ability of a joint or crack to transfer a load from one side of the discontinuity to the 
other, the backcalculated material properties, or support conditions under the slab can be either over or 
under estimated depending on the gradient present.

A two-phase approach was taken to quantify the effects of the gradients on the resulting deflections. 
The first portion of this project included a major data collection effort at the Mn/ROAD research site. 
Temperature, moisture, static, and dynamic strain and profile measurements were recorded in 
conjunction with FWD testing at various times of the year throughout a 24-hour period. This data is 
now being used to calibrate three-dimensional finite element models using the abaqus finite element 
package so that additional response data can be generated for a larger range of parameters. The finite 
element generated data is then combined with the field data and used to develop models that assist 
engineers when analyzing FWD data for pavements with temperature/moisture gradients.

One of the Mn/ROAD projects is developing a mechanistic-based design method. The method is based 
on the mechanical response of a pavement structure, such as stress, strain, and deflection. The 
calculation of the pavement response greatly depends on constitutive models of materials composed of 
the pavement structure. For instance, subgrade and base materials can be modeled as a linear elastic or 
plastic material. In order to study the influence of different constitutive models on pavement response, 
a numerical calculation is necessary. Abaqus software is an ideal tool to perform the study. The 
calculated results are compared with MN/ROAD in situ pavement data to verify the theoretical models.



Carol Shield, Principal Investigator and Jerome F. Hajjar, Co-
Principal Investigator

Repair of Fatigued Steel Bridge Girders with Carbon Fiber Strips

In the construction of older steel girder bridges, it was common that bridge girders were hot-rolled steel 
wide flange beams. In order to increase the cross section of these members in high moment regions, 
steel plates were welded to the outsides of flanges of the beams. Unlike present-day practice, in older 
bridge designs it was not required to terminate these cover plates in the positive moment region of the 
bridge. This was because it was not well understood that the welds at the ends of cover plates in 
negative moment regions could cause stress concentrations resulting in fatigue cracking. Now, decades 
later, many of the tension flanges in the negative moment regions are cracking due to fatigue at the 
ends of the cover plates in regions of the welds, which serve as stress risers. When cracks occur in a 
girder tension flange, it is common to repair the bridge by bolting steel cover plates to the flange. When 
these cracks occur in negative moment regions of continuous girders with concrete slabs as a bridge 
deck, this repair technique requires the removal of part of the bridge deck, adversely affecting traffic on 
the bridge.

Recent research has shown that it may be possible to use carbon fiber reinforced polymer (CFRP) strips 
on the bottom side of the top tension flange of these girders. Carbon fiber composites have 
demonstrated excellent fatigue life in aerospace applications; hence, they have great promise for repair 
of fatigue cracks in steel bridge girders. Adhering CFRP strips to the inside faces of the tension flange 
in the negative moment region of steel bridge girders potentially offers a viable and economical long 
term solution to repairing girders that have cracked due to fatigue. This research is conducting 
experimental testing to determine the validity of using CFRP strips to repair fatigued steel bridge 
girders, particularly within the tension flange in the negative moment region of the girder.
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These researchers' usage of supercomputing resources, particularly the finite element analysis program, 
abaqus, is focusing on justification of the test specimens and test set-ups compared to the actual 
application of CFRP strips. Through this research, a series of experiments are being conducted to 
define the development length of the adhesive between CFRP strips and the steel tension flange so that 
a sufficient load in the tension flange can be transferred to CFRP strips. Due to the scaled and 
simplified specimens compared to the actual application, it is necessary that these experimental set-ups 
and specimens represent the actual application of CFRP strips and adhesive applied to the tension 
flange. Particularly, the stress distribution in the adhesive of the specimens must compare well to the 
stress distribution in the adhesive applied to the tension flange of the steel girders. This justification of 
the experimental specimens and test set-ups is achieved by conducting finite element analyses both on 
test specimens and on CFRP strips bonded to the tension flange. These results are then compared to the 
stress distributions in the adhesives. The postprocessor for abaqus enables a visual comparison of the 
results. It is well known that there is a stress singularity at the crack tip, and this requires finer mesh 
around the crack tip.



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; and curing of concrete structures. This is always associated with 
volumetric changes, which sometimes are very large, and with changes in material properties that may 
not be negligible. Such changes are typically nonuniform in space and are often incompatible with the 
conditions imposed by the surrounding material such as coated substrate or the casting mold. 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 these stresses and controlling their 
magnitude is an important goal with various potential applications.

A model has already been developed to describe development of stress and deformation fields in drying 
viscoelastic materials. Materials with these properties are frequently used in practice, a fact which 
constitutes an important practical aspect of the project. The 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, is 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. These 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.

Research Group 

Shongtao Dai, Minnesota Department of Transportation, Maplewood, Minnesota
Jason Graves, Graduate Student Researcher
Khalid Obeidat, Graduate Student Researcher
Zourab Tchomakhidze, Graduate Student Researcher
Julie M. Vandenbossche, Graduate Student Researcher
Zhong Zhao, Graduate Student Researcher

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 method. The resulting semidiscrete system of equations, 
describing time evolution of the discrete problem, are integrated in time numerically to solve the 
problem incremenatlly.

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. However, there is a wide class of problems that involve 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 have to be met, and moves through the 
domain. The classical example is the tracking of the solid/liquid interface during the melting of ice-the 
Stefan Problem.
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Mauricio Fabbri, Space Research Institute, Laboratory for Materials and Sensors, Campos, Brazil
James A. Luoma, Graduate Student Researcher
Daniela Mansutti, I.A.C., Rome, Italy
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This work is focusing on the development of computational tools for the analysis of free surface and 
moving boundary problems. Early work was in the area encountered in materials processing; in 
particular, solidification and polymer processes. More recently, problems in earth sciences have been 
undertaken. Recent efforts involved a study of microsegregation processes in a casting. These efforts 
also continued work of moving boundaries in geo-morphology problems.

The aim of the current proposal is to continue the solidification work. An investigation of the effect of 
micro-scale process in the two phase mushy region of a binary alloy on macrosegregation predictions is 
being studied. Further work is developing some initial ideas for investigating problems that involve 
hydraulic fracturing-a moving boundary problem that has an interesting fluid-structural interaction. 
Finally, the work is initiating research on sediment transport in the environment. Sediment transport 
from the mountain peaks to the bottom of the ocean trenches occurs across multiple physical regimes, 
each governed by a distinct set of transport mechanisms. At the interface between regimes, the 
sediment mass must balance. Any imbalance needs to be accounted for by moving the regime interface 
(a moving boundary) or creating a cliff (mass storage).

St. Anthony Falls Laboratory

Roger E.A. Arndt, Principal Investigator

Unsteady Sheet/Cloud Cavitation
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Experimental research in this project has been able to identify and quantify several features of the 
complex physics associated with the unsteady cavitation phenomena. As part of the research, these 
researchers have developed the tools necessary to validate the computational codes being developed. 
By developing a numerical model in concert with experimentation, reliable predictive tools are 
ensured.

Research Group 

Gotfred Berntsen, St. Anthony Falls Laboratory, University of Minnesota, Minneapolis, Minnesota
Michael Levy, Research Associate

This research indicates that the entire experimental system must be modeled in order to effect a realistic 
evaluation of computational models. Therefore, it is necessary to model most of the water tunnel used 
in these experiments. These researchers are continuing to use fluent, which played a major role in 
previous work. Further efforts are also made in exploiting capabilities in calculating two phase flow. 
The ability to use the added features of fluent have important ramifications in developing new 
experimental techniques for the measurement of cavitating flows.

 

Can a commercial code calculate a complex flow? FLUENT 5 was used to calculate the cavitating flow 
over a NACA 0015 hydrofoil. The graph on the left compares the calculated cavity length with 
experiment, where F is the cavitation number and " is the angle of attack. Although the cavity length 
appears to correlate well with the parameter F/2", the vertical extent of the cavitation varies 
substantially with " as shown in the figure on the right.

Previously, comparisons were made between measured experimental data and simulations for the wake 
of a hydrofoil. These measurements were made in the St. Anthony Falls Laboratory (SAFL) high-speed 
water tunnel. The basic instrumentation used in this study consisted of hydrophones, accelerometers, 
flush mounted piezoelectric transducers, and video recording. Two hydrophones were mounted in the 
water tank above the test section. The hydrofoil designed for this project is approximately two-
dimensional, spanning the test section in the vertical direction with an NACA-0015 cross section.



Velocity measurements were made using a TSI Color Burst LDA/LDV system with a beam splitter and 
an IFA Processor in the backscatter mode. The data were collected at various distances behind the 
trailing edge of a hydrofoil. The data are plotted in the form [Umax - u(y)] / Umax x (x / c)0.5 versus 
y / (x x c)0.5, where Umax is the free stream velocity, c is chord length, u(y) is the axial component of 
velocity in the wake, y is normal to the flow with negative values on the suction side of the foil, and x 
is the distance downstream of the trailing edge of the foil. Comparisons are made with the large eddy 
simulation (LES) simulations of Professor Charles C.S. Song of the Civil Engineering Department and 
the St. Anthony Falls Laboratory at the University of Minnesota using an RSM model.

Very recently, these researchers have identified a total of three mechanisms for cavitation induced 
instabilities that result in lift oscillations with totally different spectral characteristics in the three 
regimes. This would not have been possible without the benefit of a coordinated 
experimental/numerical approach. The numerical simulations were based on a sophisticated LES 
approach by Professor Song and his associates. The next phase of numerical work is determining the 
suitability of less complex simulations using a modification of a commercial code. This is allowing 
wide applicability of the research in the design process for a wide range of liquid handling devices. The 
first application is being done in the hydropower field.

Efi Foufoula-Georgiou, Fellow

Research on Space-Time Precipitation Variability and Predictability
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Boyko Dodov, Graduate Student Researcher
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Shuxia S.X. Zhang, Supercomputing Institute, University of Minnesota, Minneapolis, Minnesota
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Accurate forecasting of the onset, duration, location, intensity, and type of precipitation is one of the 
most difficult challenges facing modern-day meteorology. The economic and societal impacts of such 
forecasts are enormous, ranging from the mitigation of life and property loss associated with flash 
floods to the application of effective management strategies in hydroelectric power generation. It has 
become clear that the next quantum leap in Quantitative Precipitation Forecasting (QPF) will arise from 
the explicit representation of storm-scale features in non-hydrostatic numerical models and from 
development of methodologies for quantifying and interpreting differences in the statistical structures 
of predicted and observed fields that can guide further model improvements. Towards these efforts, this 
research addresses three issues. First, a suite of multiscale statistical measures of forecast performance 
are being developed and tested. These measures can help to detect and correct deficiencies in 
microphysical parameterizations and obtain forecast assessments at application-appropriate scales (e.g., 
basin-average rainfall). Second, a probabilistic framework is being developed under which forecast 
improvements and the limits of predictability of current numerical weather prediction (NWP) models 
can be assessed while explicitly acknowledging forecast uncertainty and dependence on scale. Finally, 
a probabilistic framework for assessing the practical utility of deterministic forecasts for risk-based 
decision making is being developed.

In order to interpret the effects of climate variability or climate change on water resources at the basin 
scale, the predictions of global circulation models, which are run at resolutions of the order of 100 km-
200 km must be disaggregated down to smaller scales of the order of 2 km-10 km. Towards this 
objective, these researchers have significantly contributed over the past several years by investigating 
the fine-scale space-time structure of precipitation fields and in developing methodologies for 
reconstructing this small-time structure given large-scale averages from a prediction model. This 
research builds on previous results of the group and addresses four new points. The first is investigation 
of the subgrid scale rainfall variability of several storm types and development of a comprehensive 
classification scheme of the statistical-physical parameterization of this variability at a range of spatial 
scales. Second is the investigation of the effect of orography on the subgrid scale rainfall variability and 
its statistical/physical parameterization. Third is to follow an atmospheric modeling approach to 
understand the spatial and temporal variability of the storm environmental characteristics (e.g., 
Convective Available Potential Energy or Cloud Liquid Water Content), relatively to the statistical 
characteristics of the produced precipitation. Last is to investigate, via coupled atmospheric-hydrologic 
modeling, the effect of subgrid scale rainfall variability on water and energy partitioning and to suggest 
improvements in model or data requirements for better hydrologic and atmospheric predictions.

Miki Hondzo, Principal Investigator

Field and Laboratory Studies of Small-Scale Mixing Processes Relevant to Biological and Chemical Transformations

In spite of increasing computational resources, rivers, lakes, and ocean circulation models cannot 
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resolve all relevant scales of motion. Hence, parameterizations for subgrid scales will continue to be 
necessary. In particular, the kinetics of chemical and biological reactions may be best described at the 
smallest scales, comparable with diffusional length-scales. Understanding of small-scale turbulence is 
important for explaining or predicting the kinetics of chemical and biological reactions in natural 
systems when these are limited by transport processes. This research is concerned with the study of 
small-scale turbulence in the aquatic environments, with specific interest in potential interactions 
between biological productivity and the turbulent flow field.

An IBM Intellistation workstation, received through the Supercomputing Institute and IBM's Shared 
University Research Award Program, is being used as a data server and image/sonic processor. 
Incorporated into the existing LAN and St. Anthony Falls Laboratory, it is accessible from a wide array 
of experimental and academic workstations. Current research efforts involving intensive graphic and 
numeric analysis include the measurement of two- and three-dimensional fluid velocity fields using 
particle image velocimetry and the spectral analysis of microstructure field data. Further work is 
acquiring, processing, and analyzing color algal images acquired with a microscope. This work is also 
dealing with water quality analysis.

Fernando Porte-Agel, Principal Investigator

Large-Eddy Simulation of Turbulent Transport in the Atmospheric Boundary Layer

This research is focusing on 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. This research focuses on developing new subgrid-scale 
models to better represent the physics of the sub-grid scales and their effect on the LES results. This is 
done through the combination of field experiments and extensive numerical simulations. A critical 
factor to make fundamental progress in LES modeling is the access to more powerful computers that 
allow an increase in the resoultion and/or speed of the simulations. The resources at the 
Supercomputing Institute help provide 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

Large Scale Computation of "Large Re-Small M" Industrial and Environmental Flows



 

Visualization of sheet/cloud cavity flow-showing changing vorticity field during one cycle of cloud 
cavity formation.

Research Group 

Xiang Ying Chen, Research Associate
Jianming He, Research Associate
Xinping Long, Research Associate
Qiao Qin, Graduate Student Researcher
Fayi Zhou, University of Alberta, Edmonton, Alberta, Canada

There is no doubt that the Navier-Stokes equations accurately represent real fluid flows of Newtonian 
fluids, such as air and water. But complete solutions of the Navier-Stokes equations for turbulent flows 
at large Reynolds number and complex geometry are still not attainable with the state-of-the-art 
numerical techniques and computer facilities. Research objectives in this project are advancing the 
state-of-the-art of computational fluid dynamics and promoting its applications to industrial and 
environmental problems through the development of improved governing equations and boundary 
conditions and the development of improved modeling techniques and numerical schemes.

These researchers have developed the compressible boundary layer theory and the computational 
method based on the weakly compressible flow equations. This approach has been shown to be about 
one hundred times more efficient than a good conventional method based on the incompressible flow 
equations. The method has also been shown to accurately calculate highly time dependent flows that 
can not be computed with the incompressible flow approach. A single phase flow model is also being 
developed for the simulation of cavitating flows. By using a single equation of state for the liquid phase 
and the gas phase of water, various types of cavitating flows can be simulated without the need for the 
cavity closure condition, greatly simplifying the computation.

These researchers have also developed a general four-dimenaional vector approach to simulate time 
dependent three-dimensional flow. With this approach, it is possible to obtain a very accurate 



computational method for solving problems involving very rapid grid movement and deformation. A 
single phase approach to simulating cavitating flows has also been developed. Presently, these 
researchers are developing a computer program for the design of most efficient hydropower system 
with good cavitation characteristics, accurate computation of high-frequency oscillatory forces due to 
interactions between moving part and stationary part of hydraulic machinery, and direct computation of 
mechanical energy loss through hydraulic structures such as dropshaft and diversion chamber of urban 
sewer system.

Heinz G. Stefan, Associate Fellow

Water Quality Simulations for Lakes and Impoundments Under Different Climate Scenarios

Deterministic, unsteady, year-round lake water quality and fish habitat simulation models have been 
developed and are being expanded, validated, and applied. These 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 are made for continuous long term periods (e.g., 
30 years) in all regions of the contiguous United States. A special effort is directed to quantify the 
response of water temperatures, dissolved oxygen concentrations, and ice cover characteristics to 
potential climate change and to further evaluate these effects on fishes in lakes in currently cold 
regions. Current emphasis is on water quality changes during the cold season and intrusion of warm 
water organisms into previously cold aquatic systems.
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A recently added component of the simulations is convective-diffusive-reactive exchange between 
littoral (shallow) and profundal (deep) waters of lakes. This requires an 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 is being developed to simulate 
lake hydrodynamics in a two-dimensional flow field driven either by forced (wind induced) or natural 
(buoyancy induced) convection.

Current work on the project includes two-dimensional simulation of flow and water quality in the ice-
covered season. The particular challenge is accurate modeling of fluid motion and transport driven by 
buoyancy forces in a stratified water body. This requires the resolution of a low-Reynolds-number 
turbulent and pseudo-laminar flow field with damping effects on vertical turbulent transport due to 
stable thermal stratification.

1999 UMSI Publications 
99/94 "Simulated Fish Habitat Changes in U.S. Lakes under Projected Climate Warming Part 1. 

Cool-Water Fish in the Contiguous U.S.," X. Fang, H.G. Stefan, and S.R. Alam, University of  
Minnesota Supercomputing Institute Research Report UMSI 99/94, May 1999. 



99/95 "Simulated Fish Habitat Changes in U.S. Lakes under Projected Climate Warming Part 2. 
Cold-Water Fish in the Contiguous U.S.," X. Fang, H.G. Stefan, and S.R. Alam, University of  
Minnesota Supercomputing Institute Research Report UMSI 99/95, May 1999. 

99/96 "Simulated Fish Habitat Changes in U.S. Lakes under Projected Climate Warming Part 3. 
Warmwater Fish in the Contiguous U.S.," X. Fang, H.G. Stefan, and S.R. Alam, University of  
Minnesota Supercomputing Institute Research Report UMSI 99/96, May 1999. 

A complete Bibliography can be found on the Internet at:
www.msi.umn.edu/reports/search 

The information on two-dimensional flow is 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 is important because chemical and biological kinetics in these two 
regions can be substantially different.

Previously, comprehensive field measurements of water temperature and dissolved oxygen in an ice-
covered lake have been conducted in order to support and validate individual model components in the 
winter season. This extensive set of data is being used for the model calibration and verification on the 
supercomputing platform.

After extensive verification and calibration, the model is used for studies of transient convective 
processes, such as the upwelling response of stratified water bodies to surface shear stress, excitation of 
baroclinic waves by variable wind fields in a lake, horizontal mixing in the 
epilimnion/metalimnion/hypolimnion, continuous and diurnal cooling/heating of stratified water layers, 
formation of thermal bars, gravitational circulation in sheltered embayments due to the diurnal heating 
cycle, density currents, and natural convection in lakes under the ice cover.

Department of Computer Science and Engineering

David Du, Fellow

Computing a New Presentation of Janko's Large Sporadic Simple Group J4
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This project is computing a short presentation of Janko's group J4 with the results already obtained and 
Gebhardt's algorithm. Since this algorithm will benefit from shared memory architectures, these 
researchers are using the SGI Origin 2000 at the Supercomputing Institute.

Mathematically, these computations are important for the classification of the finite simple groups. 
Computations on J4 have not been completed yet, but a new existence proof of Janko's simple group J4 
has been given. The proof is based on Weller's construction of the harsh table of the permutation 
representation of J4 of degree 173.067.389. It has taken about sixty thousand computing hours. This 
permutation representation has been used to construct J4 inside GL112 and another permutation 
representation much easier to handle on a supercomputer.

Recently, these researchers have obtained an algorithm for the construction of a small defining set of 
relations for a finite group. It has been implemented on the IBM RS 6000 workstation cluster of the 
Institute of Experimental Mathematics and the IBM supercomputer at the Supercomputing Institute.

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 partition 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 computations in areas such as 
automobile engine design, crash-worthiness testing, fluid dynamics, and structural mechanics, to name 
a few, requires that the partitioning algorithm simultaneously balance the computations performed 
during each one of the phases and minimize the various communication overheads-none 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 
balancing constraints as well as an arbitrary number of optimization 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 
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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 promise 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 data). These 
objects are then analyzed using clustering and pattern discovery algorithms to provide high-level 
information and, thus, help unravel the casual relationships in the underlying physical mechanism.
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The research in this project is focusing on developing scalable algorithms for multi-constraint and 
multi-objective graph partitioning and for mining large scientific data sets. This work is based upon 
earlier work on developing highly effective and scalable graph partitioning algorithms available in the 
METIS and ParMETIS libraries and work on developing clustering algorithms for high-dimensional 
data sets and scalable association rule discovery algorithms.

Vipin Kumar, Fellow

Discovery of Patterns in Very Large Dimension Data Sets
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Discovery of patterns in very large dimensional data sets is of great interest in many data mining 
applications. These researchers are currently developing models and algorithms for discovering 
clustering and classification patterns in very large dimension data sets. The relationship present in the 
original data in high-dimensional space is mapped into a hypergraph. A hyperedge represents a 
relationship (affinity) among subsets of data and the weight of the hyperedge reflects the strength of 
this affinity.

A hypergraph partitioning algorithm, HMETIS, is used to find a partitioning of the vertices, which 
correspond to clusters of data items. Clustering experiments on S&P500 stock data, protein coding 
data, and Internet document data show that this approach performed much better than traditional 
schemes for high-dimensional data sets in terms of quality of clusters obtained and runtime.

The researchers are also building a classification method based upon the hypergraph model that puts a 
new data item to the class of vertices that are closely connected to the new data items in the 
hypergraph. Experiments on a variety of documents obtained from the Internet and the Reuters data set 
show that the classifier based on hypergraph models outperforms decision tree based classifiers and 
Bayesian classifiers in therms of classification accuracy.

Yousef Saad, Fellow

Robust Parallel Iterative Methods with Applications

In the past two years, these researchers have investigated multilevel recursive preconditioning 
techniques, sparse inverse approximation techniques, and eigenvalue shifting techniques. These 
methods focus on improving the robustness of standard preconditioners, which is where most 
difficulties lie with current software in real life applications. Preconditioners based on deflation and 
blocking were particularly effective.
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Masha Sosonkina, Supercomputing Institute Research Scholar
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Presently, these researchers are continuing their work on developing robust preconditioners for parallel 
platforms. They are simultaneously investigating parallel techniques that do not sacrafice robustness. 
Since they would like to test these approaches on some very large linear systems currently being 
viewed as challenging problems, it is mandatory that a supercomputer with a large memory is used. 
Some of these systems arise from the simulation of turbulent flow and others from a Tokamak 
application. Very large matrices from the tranair simulation code of Boeing are also being obtained.

The IBM SP2 supercomputer at the Supercomputing Institute is being used to examine preconditioning 
strategies for the linear systems that arise in a fluid-particle interaction code. In addition, the question 
of how to effectively partition the computational domain in the presence of particles is being addressed. 
A simplified version of the two-dimensional case has already been developed, but eventually, a fully 
three-dimensional code will be required.

A key element in the preconditioning studies is the use of PSPARSLIB, which is a library of parallel 
linear system solvers developed by Professor Saad. It is believed that PSPARSLIB can be a useful tool 
for solving the large systems that arise in the simulator. This is partly because the question of how to 
efficiently precondition the equations is still an open one, and PSPARSLIB contains a wide variety of 
general purpose preconditioners. In addition, it is felt that carefully examining the program and 
concentrating on the efficient parallel implementation of bottlenecks will result in a more effective 
code than could be obtained by automatic parallelization, either through parallel compilers or libraries 
such as PETSc.

Partitioning of the computational domain is challenging due to the interaction of the particles with the 
fluid. The simulations being studied generally contain hundreds or thousands of particles. Since the 
particles have a dramatic influence on the surrounding fluid, it is desired to have a partitioning that 
minimizes the communication between subdomains. Currently, a simple one-dimensional partitioning 
is implemented, but this may need to be replaced by a more sophisticated two-dimensional approach, 
particularly when the number of particles is large.

A parallel version of the ARMS (Algebraic Recursive Multilevel Solver) code is also being developed 
and tested on the SP and the Origin. The serial version of the code has been under development by 
Professor Saad and Brian Suchomel. It is a robust solver for general sparse linear systems. There is 
inherent parallelism in the algorithm in that a block factorization is performed based on independent 
sets that may be located on different processors.

Additionally, these researchers are working on enhancing the PSPARSLIB package with new 
distributed data structures to facilitate implementation of multilevel methods. This work is a part of the 
Parallel Algebraic Recursive Multilevel Solver project. Further work is investigating the potential of 
the mixed parallel programming environment, OpenMP and MPI, for solving large-scale linear 
systems. This work is well-suited for an implementation on the Origin 2000.

Investigation of parallel efficiency of iterative solvers and preconditioners is being continued. In 
particular, this research is focusing on the algorithms that adapt themselves at run-time. This is a 
challenging issue that requires a great deal of code development and experimental effort due to the 
great variety in algorithm choices and parameters and the differences in the performances of the IBM 
SP and Origin 2000 parallel architectures.
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Norman J. Troullier, Principal Investigator

IBM SP and SGI Origin 2000 Programming

Professor Troullier is using both the IBM SP and the SGI Origin 2000 for a Computer Science class at 
the University of Minnesota (5451-Introduction to Parallel Computing: Architecture, Algorithms, and 
Programming). This class is teaching both graduate and undergraduate students about these two 
machines. The class shows these students how to program the machines using different languages and 
how to develop and implement parallel algorithms on them.

Jon Weissman, Principal Investigator

GlobalSim: Adaptive Middleware for Scheduling Distributed Simulations in Grid Systems

This project is designing, developing, and deploying a software scheduling tool called GlobalSim. The 
tool allows distributed parameter study simulations to be executed across a wide variety of 
heterogeneous hardware and software platforms in a computational grid. GlobalSim is middleware that 
runs on a large variety of software systems ranging from bare OS systems such as Unix and NT and on 
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. The 
grid in this work consists of the IBM SP and SGI Origin 2000 supercomputers at the Supercomputing 
Institute at the University of Minnesota and Unix and NT workstations at the Computer Science and 
Engineering Department at the University of Minnesota.

Research Group 

Joseph Cooley, Supercomputing Institute Undergraduate Intern

A further project is designing and implementing the APIs as part of the GlobalSim architecture. This 
project is also producing a running prototype that runs on the supercomputers and Unix workstations. 
Some basic experiments are now being performed with several simulation applications using the 
GlobalSim prototype. The basic prototype demonstrates rudimentary fault tolerance and simple 
scheduling strategies. Research is also being done on adaptive scheduling methods using this tool.

Department of Electrical and Computer Engineering

Mohamed-Slim Alouini, Principal Investigator

Bit Error Rate Evaluation of Noncoherent Orthogonal M-Frequency-Shift-Keying over Wireless Fading Channels



 

Average bit error rate comparison between suboptimum and optimum receiver over Rayleigh fading 
channels.

This project is studying the average bit error rate (BER) performance of M-ary orthogonal noncoherent 
frequency-shift-keying (FSK) over wireless fading channels. For this particular modulation scheme, 
exact analytical results can be derived in closed-form when suboptimum square-law combining type of 
reception is used. However, optimum maximum-likelihood (ML) type of receivers involve complicated 
special mathematical functions that make the exact analytical evaluation of their average BER not 
possible in a simple manner. Nevertheless, it is of interest to determine the performance of these 
receivers since it serves as a benchmark against which to measure the suboptimum, but simpler to 
implement and analyze, square-law combining receivers.

The average BER of the optimum ML receivers (obtained via extensive Monte-Carlo computer 
simulations) is compared with the analytical average BER results obtained for the suboptimum square-
law combining receivers in this research. Numerical and simulation results confirm that the optimum 
ML receivers outperform square-law receivers and do not suffer from the well-known noncoherent 
combining loss that affects the performance of square-law receivers at low signal-to-noise ratio values. 
In addition, these results show that suboptimum receivers perform quite well with respect to their 
optimum counterpart in general, but the performance difference between them becomes more 
significant as the fading severity and the number of diversity paths increases.

Research Group 

Marvin K. Simon, Graduate Student Researcher
Yan Xin, Graduate Student Researcher
Shuxia Zhang, Research Associate

Anand Gopinath, Associate Fellow



Modeling of Vertical Cavity Lasers and Integrated Optical Circuits

The Vertical Cavity Surface Emitting Laser (VCSEL) is one of the new laser structures developed in 
the past ten years. The great advantage of this structure is that standard microelectronics techniques 
may be used to fabricate the device, and expensive cleaving of the crystals and alignment of the facets 
normal to cleave planes are avoided. The disadvantage of these devices is that devices with diameters 
of the order of 10 mm and larger quickly become multimode, and the spectrum of emission has many 
lines. These researchers are conducting an experimental project to find means of keeping these devices 
single model for all diameter sizes. To perform this project, these devices need to be modeled in 
considerable detail, and to this end, these researchers are in the process of writing a vector wave solver 
in the cylindrical coordinates, a code has already been written for current flow in p-i-n diodes, and this 
is being extended for the heterostructure diodes and will be extended to the cylindrical geometry. A 
heat flow code has also been written, and this needs to be extended to the cylindrical geometry. These 
are now being put together for a self consistent VCSEL model.

In this project, these researchers are using vector edge elements in the cylindrical r-z geometry with 
rotational symmetry. Current plans are for the f variation in the form of ejmf, with m = 0, 1, 2, . . . The 
x-y edge element code has been written and is being debugged. These researchers are now converting 
this to the cylindrical geometry. A version of the temperature calculations of the VCSEL has already 
been written in Cartesian coordinates and needs to be converted to the cylindrical coordinate system. 
These researchers have also written a k p code for calculating the gain of quantum well structures with 
and without strain, and this is used to calculate the gain of the wells with current drive. The rate 
equations need to be rewritten since the earlier version had convergence problems. These researchers 
are now putting all these programs together to run a self-consistent solver for the VCSEL. However, 
considerable time has to be spent getting all these programs to work together.

Research Group 

William Berglund, Graduate Student Researcher
Ben Ellerbusch, Graduate Student Researcher
Sangin Kim, Graduate Student Researcher
Barry Koch, Graduate Student Researcher
Prakash Koonath, Graduate Student Researcher
Chanin Laliew, Graduate Student Researcher
Wei Yang, Graduate Student Researcher

Further work is investigating integrated optics. This project includes integrated switch structures using 
semiconductor laser amplifiers as the switch elements, integrated semiconductor laser amplifiers 
Faraday rotation isolator, 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. For this purpose, the x-y 
finite element code has been written and is being extended to cover most cases.

James Leger, Associate Fellow

Electrical-Magnetic Field Simulation for Micro-Optical Elements



Research Group 

Todd Ballen, Graduate Student Researcher Siamak Makki, Graduate Student Researcher Eric Shields, 
Graduate Student Researcher David Sklenicka, Graduate Student Researcher Richard G. Solstad, 
Graduate Student Researcher Qiwen Zhan, Graduate Student Researcher
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Many micro-optical elements have feature sizes where geometrical optical and scalar diffraction theory 
is not valid, which makes rigorous solution of Maxell's equations necessary. These researchers have 
written a MATLAB code based on the rigorous coupled wave (RCW) method to simulate two-
dimensional periodic structures. The micro-optical structure is approximated by slicing down to many 
dielectric slabs. More than one hundred slabs are required to simulate continuous micro-optical 
structures accurately. The Fast Fourier Transform (FFT) algorithm is applied to each slab to calculate 
the eigenmodes. For each slab, a one-dimensional FFT of 212 elements is used for convergence and a 
200 ¥ 200 matrix is solved to find the eigenfunctions. Then, system matrix is obtained by matching EM 
boundary conditions at interfaces between every two adjacent slabs. The final system matrix has a size 
around 40,000 ¥ 40,000. By solving this system matrix, the EM field distribution inside and outside of 
the elements can be obtained. For some calculations, iterations up to one hundred times are also 
necessary.

These researchers have improved their two-dimensional RCW model to simulate the EM field for 
micro-optical element. They can now apply plane wave incident with any polarization state, while it 
was limited to TE and TM mode before. They are also able to apply the RCW model to more complex 
periodic structures. A new approach to study non-periodic structure using RCW is proposed and under 
current study. This new approach might be extended to study the properties of three-dimensional 
structures. A finite-difference-time-domain algorithm for three-dimensional structure is now under 
development and will be tested. Using these algorithms, these researchers investigated some optical 
properties of sub-wavelength structures and obtained many useful results.

 

X (left), Y (center), and Z (right) components of polarization at the focal point of a high-numerical 
aperature lens. The fields are calculated using a Richards and Wolf model of vector diffraction.
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David J. Lilja, Fellow

Simulating New Types of Computer Architectures
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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. These 
researchers have previously proposed the superthreaded processor architecture 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 is to develop the new compiler technology needed to 
support the superthreaded architecture. Preliminary results show excellent potential for reducing 
application execution time with this architecture, but they also have highlighted the need to more 
aggressively deal with the memory latency problem. In this current work, a processor simulator is 
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being developed to run in parallel on the IBM SP supercomputer to help validate the superthreaded 
architecture.

Keshab K. Parhi, Principal Investigator

Simulation of TURBO Decoder

Research Group 

Zhongfeng Wang, Graduate Student Researcher

TURBO decoder is well known for its very low bit error rate even at low signal-noise ratios. These 
researchers are working on the VLSI design of TURBO decoder as part of their project. Hardware 
architecture design is based on finite precision simulation. To test the very low bit-error rate (less than 
10-6), these researchers need to simulate 108 information bits. Normally, this takes a Sun SPARC 
Ultra-10 machine one hundred hours to finish one sample. These researchers are currently working to 
simulate around forty different architectures.

P. Paul Ruden, Associate Fellow

Properties of Semiconductor Materials and Devices

The electronic structure and related properties of semiconductor materials and novel devices are being 
calculated. Previously, this work focused on calculations of the electronic structures of quantum wires 
and on transport simulations for large band-gap III-nitride materials using Monte Carlo technique. 
Current emphasis is on the modeling of strain effects in III-V heterostructure devices in the framework 
of the finite element method. Additional work is focusing on further Monte Carlo transport simulations 
for large band gap materials and on the creation of device models for large gap semiconductor devices. 
The last topic requires 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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Another project, dealing with three-dimensional mesh generation for GaN device modeling, is currently 
underway. These researchers have developed a three-dimensional finite element code for thermal 
modeling of GaN heterojunction field effect transistors (HFET). They are using the finite element mesh 
generation package gambit on the IBM SP as the pre-processor for the code. The technical difficulty 
that justifies the use of gambit is that the model demands the ratio of the smallest feature size within the 
domain and linear dimension of the boundary to be ten thousand. Hence, good graphic visualization 
and heavy computation is required to generate the correct mesh. The success of modeling will have 
positive impact on the prediction of the power performance of GaN HFET.

Guillermo Sapiro, Principal Investigator

Partial Differential Equation Based Biomedical Imaging in a Windows Environment

 

Figure 1: Detecting a skin lesion in a hairy image

 

Figure 2: Automatic removal of text from a digital image.
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Uma Ramamurthy, Graduate Student Researcher

This project is concerned with the development of advanced computerized tools to assist in the analysis 
and visualization of biomedical digital images. This researcher is investigating and using advanced 
mathematical techniques in the areas of partial differential equations and differential geometry, and 
together with state-of-the-art numerical algorithms, study and development is being done for image 
processing and visualization algorithms that are fast, accurate, and reliable. Areas of application include 
segmentation of magnetic resonance imaging and ultrasound, analysis and visualization of functional 
magnetic resonance imaging, and analysis of images from electronic microscopy. Part of this research 
is performed in collaboration with different radiology departments. Many of the algorithms are 
universal and can be adapted to other imaging modalities like SAR and digital photography.

The family of algorithms being developed were once considered to be too computationally expensive 
for personal computers. With the incredible improvement in hardware and software, this is not true 
anymore. All of this projectÕs research is currently being migrated to personal computers. This makes 
the results more accessible and makes personal computers more digital-imaging oriented. An IBM 
Intellistation, provided by the Supercomputing Institute through the IBM Shared University Research 
Award Program, is helping to achieve this goal. In addition, the user interface part of the system is 
being extended to JAVA. A PC-based JAVA server is supporting this. By putting this system on the 
Internet, immediate delivery of new developments can be achieved, and the results will be easier to use 
both by professionals and by consumers that want to apply advanced image processing tools to their 
digital images.

Newton Horace Winchell School of Earth Sciences Department of Geology and Geophysics

Roger LeB. Hooke, Principal Investigator

Studies of Ice/Substrate and Ice/Water Interactions

 

Figure 1: Sliding speed, shear force on the obstacle, and normal stresses and temperatures on the stoss 
and lee surfaces of the obstacle for the three experiments performed at Engabreen. Sliding speed 
determined by video in 1997 consisted of ten essentially identical measurements.

 

Figure 2: Dimensionless velocity profile as a function of the dimensionless distance above the obstacle 
for different values of n calculated from a three-dimensional finite element model. Notice the 
appearance of extrusion flow for values of n > 1.5. Velocity is normalized with the far field sliding 
speed. Height above the bed is normalized with the obstacle height.

 



Figure 3: Dimensionless pressure on the panel for n=3 with high-pressure on the stoss side of the 
obstacle and low-pressure on the lee side. Flow is from left to right. Pressure is normalized.
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Glacier flow is controlled by a balance between driving stress and stresses opposing the flow. At the 
base, resistance to flow is due to a combination of friction between ice and the bed and drag due to bed 
roughness. This project is investigating the relative importance of these flow resistances. Ice is a non-
Newtonian incompressible power-law fluid whose motion is described by the generalized Stokes flow 
equations. Finite element solutions of two and three-dimensional flows are being obtained for ice 
sliding past a rough bed with friction. Several friction laws are then tested. A systematic study of the 
effect of key physical parameters on the flow is studied using continuation methods. From these 
solutions, the relative importance of friction and bed roughness on sliding can be assessed. These 
results are useful in understanding critical boundary conditions at the bed of glaciers and ice streams 
and the influence of friction on overall glacier dynamics.
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Temperature glaciers often have a layer of debris-ladden ice near the bed. This layer can be meters 
thick and contains a large proportion of fine aggregates of fine particles. Field and laboratory studies 
indicate mechanical properties of this layer are distinct from that of ice higher in the glacier. Hence, 
this layer plays an important role in the dynamics of glaciers and ice sheets as it partially determines 
conditions at the lower boundary of ice masses.

One proposed mechanism for the formation of the basal ice layer involves fine sediments migrating 
upward with water moving along pressure gradients in the vein network at the junctions of three ice 
crystals. Using continuum theory of mixtures, the deformation of the ice mass near the bed, and the 
flow of water in the veins, can be calculated. These are coupled through mass, momentum, and energy 
balance equations. The momentum equation for the water flow in the porous ice is equivalent to 
Darcy's law.

Peter J. Hudleston, Associate Fellow

Numerical Modeling of Geological Structures and Rock Rheology
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Labao Lan, Research Associate

Folds are good examples of ductile structures in which rock is deformed, often to a very large degree, 
while remaining cohesive and continuous. Faults are structures that involve loss of continuity and 
brittle behavior. Despite these differences, both folds and faults are intimately related in natural 
deformed rocks. However, the relationship between the two is not well understood. This is an important 
topic because fold-and-thrust belts, in which this association most commonly occurs, are found 
throughout the world at the borders of nearly all mountain belts and are one manifestation of the 
response of the crust to the collisional events of plate tectonics.

Most previous work on this problem has taken folds to be the geometric consequence of movement of 
layered rocks over a non-planar fault. The most usual configuration is to consider a fault parallel to the 
layering in places called flats, and which elsewhere, cuts obliquely across layering in places called 
ramps. Folds that form as a geometric consequence of movement of the hangingwall over the footwall 
are termed fault-bend folds. This work focuses on how folds form and how rheological and geometrical 
parameters influence the shape of folds as the fault hangingwall moves over a non-planar fault surface.

Kinematic models developed to explain these structures idealize the folds as being straight-limbed and 
sharp hinged. Although fold shape appears to often match the model predictions quite well, the 
evolution of the shapes does not. Thus, a better understanding of the phenomenon of folding associated 
with faulting must come from a mechanical analysis.

Early analytical work on the mechanics of the problem considered the ideal case of a rigid footwall 
with an isotropic Newtonian fluid representing the hanging wall, but such a model results in fold 
shapes unlike those seen in nature. Physical model experiments have produced structures similar to 
those seen in nature, but it is difficult to control physical properties and to evaluate the effects of 
varying model parameters. A number of numerical models of fault-bend folding have now been carried 
out using finite element or finite difference methods. These models employ homogeneous and isotropic 
media and involve moving the hangingwall over a preexisting discontinuity that represents the thrust 
fault and ramp. In all these models, fold shape produced in hangingwall is rounded and sharp hinges 
are lacking, quite unlike the straight-limbed flat-topped folds predicted by the geometric models and 
seen in many natural examples. The shape of fault-bend folds produced in the current computer 
simulations in anisotropic materials is very similar to that predicted by the geometric models. These 
researchers have found that sharp hinges of the folds can be developed in either anisotropic materials or 
nonlinear materials. This research is carrying out a series of numerical models of the fault-bend folds in 
nonlinear and anisotropic materials. Comparison of these results helps in obtaining information about 
fold-and-thrust dynamics.

These researchers are utilizing a two-dimensional, finite element method for slow (quasi-static) flow of 
an incompressible anisotropic nonlinear fluid. With appropriate choice of constitutive relationships, the 
code allows for the nodal positions to be updated after each time step, to simulate fold-and-thrust 
deformation and to compute cumulative strain in each element. The elements are linear convex 
quadrilaterals, and grids of 1200-1600 elements are used to represent a fold-and-thrust belt. Tens to a 
hundred or so iterations are required for convergence to a steady state velocity solution for non-linear 
rock materials. This is done by solving a series of steady-state problems. The velocities at all nodes are 
calculated for the initial mesh and boundary conditions. An increment of time is chosen and the 
distance that each node moves in this time is calculated. The nodes are then moved to their new 
positions, and a new steady-state (quasi-static) solution is obtained. Cumulative strain and strain rates 
are calculated at each increment. The units of length, velocity, and time are non-dimensionalized by 
choosing the unit of length of the layer as the layer thickness and the unit of time as the time increment 
used to update nodal coordinates.



The footwall of the thrust will be taken to be nearly rigid and represent the hanging wall by a layered 
anisotropic viscous medium with different viscosities. The discontinuity that is the fault in nature is 
represented by a layer made up of very soft viscous elements in which large deformation is allowed. To 
avoid extreme element distortion in the fault zone, the element grid has been updated as appropriate. 
Displacement on the fault due to forces or velocities applied to the boundaries of the model results in 
both a geometric change in the hanging wall and a dynamic instability due to the nonlinearity or 
anisotropy. The geometry of the fault (e.g., dip angle of ramp), displacement on the fault, and degree of 
non-linearity of the hanging wall can then be varied to examine how these parameters affect the 
resulting fold geometry and strain variation in the hanging walls. Focus is placed on the effect of 
variations of competition of rock nonlinearity or anisotropy on fault-related fold development in fold-
and-thrust belts. The results of the models are compared with previous results and natural folds-in 
terms of the geometry of the folds, fold location with respect to the faults, and evolution of the 
structures with time.

William Seyfried, Jr., Principal Investigator

The Solubility of Quartz in the Low-Pressure Supercritical Region of Seawater

Research Group 

Dionysios I. Foustoukos, Graduate Student Researcher

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 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 does not exist 
at the critical point of seawater where hydrothermal conditions tend to occur most often. For this 
reason, new experiments at this P-T region are required. Moreover, to better understand the conceptual 
framework for experimental data, molecular dynamic calculations are needed. The combination of 
experimental and theoretical constraints will go a long way to understanding phase relations involving 
quartz in subseafloor hydrothermal systems.

Christian Teyssier, Principal Investigator

Thermal Mechanical Modeling of Uppermost Mantle Deformation at Micro- and Macro Sclaes

The dynamics of mid-ocean ridges are the subject of intensive multi-disciplinary research, approached 
through the study of active ridges and fossilized ridge segments emplaced onto continental margins 
(ophiolites). The aim of this project is to use numerical models of natural deformation at several scales 
(mm to tens of meters) to constrain the bulk rheology of the uppermost mantle at mid-ocean ridges, a 
quantity important for understanding the mechanical interaction of flowing mantle and crust forming at 
the ridge. Focus is put on chromite bodies in the Oman ophiolite, using finite element modeling to 



compare natural deformation and experimental laboratory deformation. This builds on previous 
modeling that has shown that the geometry of fracture simulated in the rigid chromite inclusion can 
provide estimates on the stress gradient in the surrounding olivine matrix. Using experimentally 
determined paleopiezometers to quantify natural stress gradients, these gradients are then simulated 
with numerical models, in hopes of constraining the elusive quantity of melt pressure. Series of models 
at different points along a deformation gradient in a chromite body are combined to estimate bulk 
rheology. This provides a point constraint on bulk rheology that can be placed into much larger scale 
numerical models of dynamics of uppermost mantle flow and crust interactions.

Research Group 

Annia Fayon, Research Associate
Ben Holtzman, Graduate Student Researcher
Donald Sidman, Graduate Student Researcher

This group's numerical modeling code, adeli, uses a FLAC-like Lagrangian finite element/finite 
difference scheme designed specifically for geodynamic problems. Currently, two-dimensional models 
are being run, but three-dimensional models will be started in the future. Also, numerical models are 
being applied to other related problems of crust/mantle and lithosphere/asthenosphere interactions.

Donna L. Whitney, Principal Investigator

Mechanical Controls on Deformation of the Lithosphere and Asthenosphere at Tectonic Plate Boundaries

This research is using numerical modeling efforts on 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, these researchers are running two-dimensional and three-dimensional finite 
element models as a simplified means of approaching several geodynamic problems at a range of 
scales. Both main studies are highly cross disciplinary, using thermal-mechanical numerical modeling 
as a unifying tool for data from a variety of sources. One project focuses on processes at mid-ocean 
ridge spreading centers and the other on continental lithosphere. They are analogous in many physical 
respects but are constrained by very different kinds of data.

Initial work involves the two-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 olivine during deformation can be measured from 
microfabric studies and serves as a stress gauge. The numerical models are used to simulate these 
gradients, in order to constrain unmeasurable quantities such as strain rate and minimum melt pressure. 
The problem of melt phases interacting with olivine and chromite is being looked at in order to 
understand weakening instabilities and the strain localization process. This work is being done in 
collaboration with the Mineral Physics Laboratory of Professor David Kohlstedt at the University of 
Minnesota. Studying these simple systems help understand the mechanisms of melt migration in the 
mantle and its influence on the geometry of asthenospheric flow beneath mid-ocean ridges.

Research Group 

Annia Fayon, Research Associate Ben Holtzman, Graduate Student Researcher Christian Teyssier, 
Faculty Collaborator



A second focus concerns the mechanical properties of the lower crust and the degree to which layers in 
the lithosphere are coupled during deformation along plate margins. It is 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. By evaluating the magnitude and rate of exhumation of 
rocks exposed along collisional zones, constraints can be placed on coupling between layers in the 
upper lithosphere. A multidisciplinary approach, applying metamorphic petrology, structural geology, 
and thermochronology, is being 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 and allows constraints to be placed 
on how various degrees of layer coupling within the lithosphere are manifested in the deforming upper 
crust. Results from this study will significantly add to the 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

Large-Scale Numerical Modeling and Visualization of Geophysical and Thermal Chemical Processes in the Earth's 
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This research is geared directly toward a quantitative understanding of the Earth's interior from 
numerical modeling of complex physical-chemical and fluid-dynamical processes of time-dependent 
nature. These researchers are actively engaging in the area of scientific visualization, which becomes 
known as visual computing. Many of the complicated phenomena with fine features must be visualized 
in order to fully understand the nonlinear processes inherent in flow problems and to understand 
images from the Earth's mantle, imaged by seismic tomography, which is akin to the CATSCAN 
technique used in medical technology.

This computing approach is two-pronged. On both powerful multi-processor workstations of two to 
four GB memory and supercomputers of MPP variety, these researchers are studying complicated 
physical processes first with two-dimensional problems, which are CPU intensive but not memory 
intensive, in order to map out the parameter space of interest. A follow up is then made with large, 
high-resolution, three-dimensional convection and seismic models, which really demand the 
computational power and memory of the shared-memory architecture machines such as the IBM SP 
and the Origin 2000 systems. These researchers are taking advantage of the large memory capabilities 
by performing challenging time-dependent convection problems for both two- and three-dimensional 
configurations and by carrying out state-of-the-art calculations on micro hydrodynamical instabilities 
of multi-phase flow with molecular dynamics (MD) and dissipative particle dynamics (DPD).

Many different projects are being undertaken in this research. One focus is on large-scale computations 
of three-dimensional thermal convection with focus on both basic fluid dynamics and geophysical 
applications, such as the incorporation of phase changes, viscous dissipation, adiabatic heating, and 
temperature-dependent and non-Newtonian viscosity, and temperature- and pressure-dependent thermal 
conductivity for silicates. Further focus is being put on numerical simulations of two-dimensional 
convection problems with complex physics and chemistry, such as grain-size dependent rheology and 
plastic yield strength, variable thermal conductivity, and complicated boundary conditions, as applied 
to basic questions in fluid mechanics and applications in the evolution of planetary interiors. Finite-
element modeling of thermomechanical evolution of the continental lithosphere and subduction process 
is also being pursued. Another study is being done on thermal evolution of the Earth and Mars by using 
detailed two-dimensional models and truncated three-dimensional models in a spherical geometry. 
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Another area of study is on large-scale mixing by convective flows, shear flows with different 
rheologies present, and viscoelastic calculations by an adaptive wavelet transform technique and 
multifractal analysis studies of mixing processes of contaminated chemicals in nuclear waste tanks. 
Further investigation is done into large-scale regional visualization of seismic wave data and the 
interference of actual three-dimensional structures in the upper mantle by continuous wavelet 
transforms and scientific visualization of the phase gradients in satellite radar interferometric images. 
Finally, research is being done on large-scale molecular dynamics simulations of micro 
hydrodynamical phenomena in the range of 100 Å and thin-film problems with DPD as well as three-
dimensional seismic wave propagation in a spherical Earth using the spectral-element technique.

All of the projects in this proposal have strong industrial importance for geophysical industries and 
government laboratories, such as the Batelle Environmental Molecular Science Lab in Richland, WA 
and the Jet Propulsion Laboratory in Pasadena, CA. All of the projects involve the use of state-of-the-
art numerical and visualization techniques applied to flow problems involving complex rheology and 
chemical kinetics, to seismic inversion problems involving three-dimensional visualization of earth 
structure and radar imaging problems of the Earth's surface. Hence they can be of great benefit to 
industrial partners in the geophysical and environmental science sector. Large data-sets for scientific 
visualization come from observations rather than from numerical simulations. How else would you get 
a data-set with 35,000 x 35,000 pixels.

The use of the spectral methods with gmres and finite-volume techniques in convection problems with 
temperature-dependent viscosity would be of interest to not only the geophysical sector, but to the 
chemical engineering community, such as in polymer processing and nuclear waste processing, where 
temperature-dependent viscosity variable thermal conductivity and shear-heating phenomena are also 
present. The use of higher-order finite-difference spectral-element and wavelet transform methods in 
solving fluid dynamical problems would also be of interest to fields such as reservoir modeling in the 
petroleum and environmental industries concerned with pollution. The development of wavelet 
transform method for solving partial differential equations and identifying coherent structures would be 
of great interest to the industrial sector.

The development of graphical interfaces and parallel visualization techniques for large-scale three-
dimensional problems would be also of value to the geophysical and the government sector, 
particularly since these researchers employ large-scale visualization techniques for both time-
dependent data-sets and also detailed static three-dimensional data-sets from seismic tomography and 
very large (20,000 x 20,000 pixels) two-dimensional images from satellite radar interferometry. 
Simulating detailed three-dimensional models are computationally intensive and their effective use for 
geophysical problems can be integrated into the geophysical industrial factor. Large-scale two-
dimensional radar imaging on parallel computers and the rapid focusing of small portions of this data-
set are of intense interest to NASA and also the military sector. These researchers are also working with 
computational scientists from IBM, such as Dr. Kirk Jordan and have been collaborating with him on 
visualization projects, such as pV3, which allows for interactive visualization between workstation 
cluster (client) and workstation (server). The acquisition of a powerful IBM visualization workstation 
and Intellistation PC are part of this overall visualization strategy.

Department of Mathematics
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Asymptotic Solutions of Non-Linear Diffusion Equations

This work concerns convergent flows described by nonlinear diffusion equations. These equations may 
be used to model many important problems, as for instance, the study of gases flowing in a porous 
medium (as in an underground reservoir), viscous gravity currents on horizontal surfaces (as in a lava 
or mud spreading), and strong thermal blasts. In the initial condition of the problem, there is a closed 
empty region surrounded by fluid. As time progresses, the fluid spreads into this region, and at some 
given time, the fluid fills the cavity.

The behavior of the asymptotic solution for the general two-dimensional flow is unknown. Only the 
circular symmetric case has been studied in detail. Moreover, recent experiments and computations 
suggest that the circular asymptotic solution not always describe the general asymptotics of the 
problem.

Here, this research is applying a novel numerical technique in order to solve this problem-the numerical 
renormalization. In this method, the solution is renormalized each time the average size of the cavity 
reduces by a half. Essentially, the solution is rescaled and the discretization is refined by a factor of 
two. With this technique, an accurate description of the flow very close to the collapse can be obtained, 
and the exponents that characterize the collapse dynamics can be computed.

Bernardo Cockburn, Fellow

A Posteriori Error Estimation for Convection-Diffusion Problems

These researchers are studying a posteriori error estimates for numerical methods for convection-
diffusion problems. A posteriori estimates are important when adapting the finite element mesh and 
time-stepping strategy so as to control errors in the solution while minimizing the amount of 
computational effort required.

With the a posteriori error estimates, it is possible to devise mathematically sound hp-adaptive 
strategies. This research is devising practical adaptive strategies for the discontinuous Galerkin (DG) 
schemes developed in the last several years. These methods are ideal for convection-diffusion 
equations since they are robust, high-order accurate and since they allow for easy refinement. They are 
also highly parallelizable since they use discontinuous approximations. This feature is strongly 
exploited in the a posteriori error estimates.
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Applications in mind include the equations of shallow water flow, chemically reactive transport in 
groundwater and surface water, and the modeling of brain tumor cell growth and treatment. These 
problems, though varied, share common characteristics including moving fronts, strong nonlinear 
effects, transient behavior, and a need for long-time integration. The DG methods are well-suited for 
approximating them.

These researchers have developed a code to implement the DG method for purely convective problems. 
The diffusive part code is now being developed. The a posteriori error estimates are being tested in 
simple problems-linear convection and linear convection-diffusion. Although these test problems are 
simple, the problem is mathematically very complicated and intense experimentation is necessary.

Dennis A. Hejhal, Fellow

Computational Aspects of Analytic Number Theory
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This group is using supercomputing resources to calculate automorphic eigenfunctions of the non-
Euclidean Laplacian when the underlying Fuchsian group is one of Hecke triangle type. These 
eigenfunctions model quantum particles in Lobachevsky space. The codes being used are both 
microtaskable and parallelizable. The project is currently working to facilitate some benchmarking and 
possible revision of the basic algorithm. The end goal is to get all computational aspects operational 
and work toward implementation of calculation of the associated zeta functions (and similar functions).

Matthew G. Killough, Principal Investigator

Interaction Between Material Defects and Martensitic Microstructure
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In a variety of solids, the molecular lattice undergoes a change of shape as the material is cooled past a 
specific transition temperature. This so called martensitic phase transition typically involves a loss of 
symmetry in the lattice as the material cools from the high temperature (austinite) phase to the low 
temperature (martensite) one. Macroscopically, this loss of symmetry means that the martensite has a 
multiplicity of stress-free strains called variants of martensite. Typically, the material organizes itself 
into a microstructure involving fine scale laminates of the different variants. In steels, for example, this 
microstructure gets locked into place and gives the steel its strength. This research focuses on another 
class of martensitic materials known as shape memory alloys (SMAs). In contrast to steels, SMAs have 
the ability to change their martensitic microstructure in response to applied forces giving them very 
unusual and highly nonlinear macroscopic elastic properties.

Although the elastic properties of SMAs are not very well understood, recent experiments have shed 
some light on this subject. These experiments studied the response of a single crystal of CuAlNi to a 
program of dead loads. A hysteresis loop was discovered in the plot of the macroscopic deformation as 
a function of the applied load. The experiments clearly indicate that the kinetics of the microstructure 
controls the macroscopic response of the system. The conjecture was that an energetic barrier to the 
nucleation of new microstructural interfaces gives rise to metastable microstructures and causes the 
hysteresis, and that this nucleation barrier was the result of a competition between bulk elastic energy 
and surface energy at the interfaces.

In previous work, a model for the kinetics of the martensitic microstructure was developed in addition 
to an efficient numerical method for simulations using the model. The morphology of the 
microstructure that developed during the simulations matched the experimental observations very 
closely. However, the proposed nucleation barrier seemed not to be present in this model although the 
model took both elastic and surface energies into account. The simulations found no metastable 
microstructures, and although there was a hysteresis in the simulations, it was qualitatively different 
from the physical one.

This research is focusing on two projects that grew out of this continuing work. Both projects look at 
the interaction between microstructure and material defects, but the projects give these two phenomena 
reciprocal roles. The first project investigates the effects of defects on the evolution of the martensitic 
microstructure. The conjecture, motivated by analogy with micromagnetics, is that the defects may 
serve to pin the interfaces in place, stabilizing some of the transient microstructures from the previous 
idealized simulations. The second project looks at the role of a martensite-like elastic microstructure on 
the growth of precipitates from a solid matrix. A model has been developed that is appropriate for 
certain physical systems that couples the elasticity equations to the Cahn Hilliard equation that governs 
the compositional order parameter.

John S. Lowengrub, Fellow

Topological Transitions and Singularities in Fluid and Biological Interfaces

The goal of the fluid dynamics aspect of this research is to refine and validate a physically-based 
method to capture pinch-off and reconnection in liquid/liquid interfacial flows. The goal of the 
biological aspect of this research is to determine the type of patterns formed in a model of growing, 
non-necrotic vascular tumors (carcinomas) and to develop experimentally validated models of tissue 
freezing that have application in cryopreservation and cryosurgery.



In fluid dynamics, changes in the topology of interfaces between partially miscible or nominally 
immiscible fluids are poorly understood. Such changes can occur when continuous jets pinch off into 
droplets, when sheared interfaces atomize, or when droplets of one fluid reconnect with another. These 
topological transitions occur in many practical applications, such as in liquid/liquid separators and 
mixers, where reaction and mixing rates within the systems are controlled directly by the detailed 
dynamics of the transition processes.

Historically, the narrow zone separating immiscible fluids has been represented as a sharp interface 
(i.e., a surface of discontinuity in density and viscosity). The classical Navier-Stokes equations can be 
solved on either side of the interface with the appropriate jump conditions prescribed across it. 
However, this sharp interface model breaks down and singularities form when interfaces pinch-off and 
reconnect. Furthermore, in these models, one has to prescribe ad-hoc cut-and-connect conditions to 
evolve the flow through these events.

Research Group 

Jacob Hageman, Graduate Student Researcher
Leonard Imas, Research Associate
Hyeonggi Lee, Mathematics Department, University of Minnesota, Minneapolis, Minnesota
Perry H. Leo, Faculty Collaborator
Ellen K. Longmire, Faculty Collaborator
Qing Nie, Department of Mathematics, University of Chicago, Chicago, Illinois
Nicolas Vera, Graduate Student Researcher

To overcome this difficulty, these researchers have developed a diffuse interface model in which the 
sharp interface is replaced with a narrow, diffuse layer across which limited mixing occurs-consistent 
with physical chemistry. This diffusion allows pinch-off and reconnections to occur smoothly and 
automatically and eliminates the need for cut-and-connect conditions. In this partial miscibility model 
(PMM), a mass concentration field is introduced and the model consists of a generalized diffusion 
equation (of Cahn-Hilliard type) for the mass concentration field coupled with the Navier-Stokes 
equations with extra stresses that mimic surface tension.

These researchers have solved several flow regimes using the PMM. In particular, the pinchoff of 
liquid/liquid jets has been simulated. Several regimes have been considered. In the first, parameters 
were used that corresponding to an experiment performed in the laboratory of Professor Ellen 
Longmire from the Aerospace Engineering and Mechanics Department at the University of Minnesota. 
In this experiment, an axisymmetric jet of water/glycerin was pumped into a silicone oil ambient. Non-
axisymmetric jets were also considered, and strong tendencies were found for the jets to 
axisymmetrize.

Currently, this research is moving toward more realistic simulations of topology transitions. In 
particular, these researchers are going beyond a Boussinesq approximation of the PMM. In the 
Boussinesq model, density differences are allowed only in the gravitational term. Consequently, 
chemical diffusion does not generate non-soleniodal velocity fields (through density variation from a 
diffusing concentration field). The next step is to consider a low Mach number limit of the PMM. In 
this limit, general density variation is allowed, but it is supposed that the chemical potential does not 
depend on pressure. This leads to a slightly easier system of equations than the full PMM. New 
numerical methods are being developed and tested to accurately and efficiently simulate these flows, 
and the results are being compared to actual experiments. This research is in the midst of developing an 
axisymmetric code that can be used to achieve high-resolution simulations of pinchoff and 
reconnections. Two regimes are being considered-pinchoff and reconnection of liquid/liquid jets and 
droplets impacting an interface. Both are being investigated experimentally in Professor Longmire's 



laboratory.

In the biological systems study, a very important consideration in understanding the growth of tumors 
is their stability. In particular, one wishes to know under what conditions tumors become spherical or 
tend to breakup increasing the danger of spreading their cells throughout the body. These researchers 
have been studying a quasi-steady limit of a model that couples a reaction-diffusion equation for 
nutrient with a Darcy's law for tumor motion. The resulting system is very similar to that describing 
motion of fluid in a Hele-Shaw cell. In this model, there is a surface tension-like term that mimics the 
cell-to-cell adhesiveness. To begin, the linear stability of evolving spherical solutions has been 
considered. Dynamics, through the tendency of the tumors to grow or shrink, can greatly affect the 
stability of the tumor. In particular, there is competition between the stabilizing effects of the cell-to-
cell adhesiveness and the tumor growth. This leads to speculation that the simulations of the fully 
nonlinear evolution will reveal tumors with interesting morphology. To perform the fully nonlinear 
evolution, a boundary integral method is being developed to evolve the tumor boundary. This was 
begun by solving the equations in two dimensions. Three-dimensional simulations are considered later.

In cryobiology, or low-temperature biology, tissues may be frozen for either preservative or destructive 
purposes. In the former, the goal is to cryopreserve tissue systems and maintain their viability upon 
thawing. In the latter, the goal is to destroy undesirable tissues such as tumors by freezing them during 
cryosurgery. In both cryopreservation and cryosurgery, the outcome is highly dependent on the thermal 
and chemical history the tissues experience during the processes. These researchers are working to 
develop, simulate, and validate a two-compartment model of tissue freezing. In this system, one 
compartment models the extracellular space while the other models the intracellular space. Mass, heat, 
and chemical species transfer is accounted for between the extracellular and intracellular spaces. In the 
extracellular spaces, these fields evolve by convection-diffusion equations. The local interaction of 
cells with the extracellular space is governed by the Kadeem Katchalsky irreversible thermodynamic 
model of membrane transport. This has been done previously for pancreatic islets.

Mitchell B. Luskin, Fellow and Richard James, Co-Principal 
Investigator

Computation of Active Martensitic Thin Films
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The deformation of a active martensitic thin film. Such films are being developed for application in 
microvalves so that film open and closes a channel as the temperature cycles around the temperature of 
transformation.
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This research is developing computational methods for nonlinear partial differential equations that 
model the dynamics of the austenitic-martensitic transformation in active thin films. The computation 
of active thin films is essential to the development of micromachines for wide-ranging applications 
from medicine to aerospace. This computational project is developing the ability to simulate the 
behavior of shape memory materials, most of which undergo a martensitic transformation. These 
researchers are working to develop a computational model that can simulate the behavior of shape 
memory materials, most of which undergo a martensitic transformation. They are working to develop a 
computational model that can simulate the experiments currently being performed in Professor Richard 
James' laboratory on a Cu-Al-Ni shape memory alloy.

Energy-minimizing sequences of deformations for martensitic crystals modeled by the Ericksen-James 
elastic energy density often exhibit a microstructure-the simplest of which are layers in which the 
deformation gradient is nearly constant and across which the deformation gradient oscillates between 
energy wells-to allow the effective energy of a deformation to be that of a macroscopic or relaxed 
energy. A more detailed model including a surface energy can be used to obtain a length scale for the 
oscillations and to select among competing energy-minimizing sequences, some of which may exhibit 
branching. During the past several years, computational methods have been developed for the 
approximation of microstructure and a mathematical theory that has made the rigorous analysis of the 
numerical approximation of microstructures possible.

The linearization of the dynamical model about some strains leads to an ill-posed problem since the 
energy density is not convex. However, the nonlinear model need not be ill-posed since the energy 
density is convex in the neighborhood of the energy wells where the deformation gradient is usually 
confined. A major goal of this computational program is to show how microstructure develops as a 
consequence of this ill-posedness.

The model and numerical code are currently being extended to include thermal effects more accurately. 
Current work is studying the effect of the improved model on the propagation of the austenitic-
martensitic interface. This research is also attempting to simulate recent laboratory experiments that 
exhibit hysteretic phenomena.

Fadil Santosa, Principal Investigator

Mathematical Model of Human Atrial Fibrillation

Atrial Fibrillation (AF) is a disease of the heart characterized by abnormally fast and irregular beating 
of the upper chambers, the atria, of the heart. It affects over two million Americans, and although not 
immediately fatal, it can lead to the formation of blood clots. It is the cause of about one-third of all 
strokes in people over the age of 65. Recently, an inherited basis was found when a gene was 

http://static.msi.umn.edu/reports/search


implicated in high incidence of AF within some families.

By combining biophysically detailed models of cellular electrohysiology with an anatomically detailed 
model of the human atria, these researchers hope to be able to reconstruct electrical activity in normal 
and abnormal hearts. Currently, two models, systems of 21 and 29 coupled nonlinear ordinary 
differential equations, are being used to represent the local kinetics within each heart cell. A detailed 
model of the human atrial anatomy is being prepared by collaborators at the University of California at 
San Diego. At the moment, large two-dimensional sheets comprising four hundred thousand cells have 
ben simulated in parallel on the Supercomputing Institute's Origin 2000 supercomputer and in serial on 
the IBM SP supercomputer.
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By combining biophysically detailed models of cellular electrohysiology with an anatomically detailed 
model of the human atria, these researchers hope to be able to reconstruct electrical activity in normal 
and abnormal hearts. Currently, two models, systems of 21 and 29 coupled nonlinear ordinary 
differential equations, are being used to represent the local kinetics within each heart cell. A detailed 
model of the human atrial anatomy is being prepared by collaborators at the University of California at 
San Diego. At the moment, large two-dimensional sheets comprising four hundred thousand cells have 
ben simulated in parallel on the Supercomputing Institute's Origin 2000 supercomputer and in serial on 
the IBM SP supercomputer.

Institute for Mathematics and Its Applications

Willard Miller, Jr., Principal Investigator

Supercomputing Calculations Involving Reactive Flow and Transport 

Chemically reacting flows, and the associated transport of mass, momentum and energy, are 
fundamental to numerous areas of modern technology. These include the recovery, fabrication, and 
processing of materials; the design and operation of devices that use fossil or nuclear fuels; and the 
treatment and disposal of waste and toxins. Forces of economy, safety, efficiency, and a concern for the 
environment dictate not only that the underlying science be advanced, but also that these advances be 
rapidly integrated into engineering, design, manufacturing, and operation. It is broadly recognized that 
this challenge requires an interdisciplinary response, including, in particular, the deployment of modern 
techniques of applied mathematics-modeling, analysis, and computation.
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Anthony Varghese, Research Associate
Uli Walter, Graduate Student Researcher

These researchers have elected to emphasze three topics. Two of these, namely, combusion and natural 
resources and environment, can be clearly identified as areas of application. The third, multiscale and 
transition regimes, cuts across applications, focussing 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 of the project is 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 needs to be improved.

George R. Sell, Fellow

Computational Approximation Dynamics

This group has been studying several global bifurcations for the Kuramoto-Sivashinsky equation (KSE) 
in detail. These bifurcations are triggered by the interactions between stable and unstable manifolds 
(one-dimensional and two-dimensional) of steady states and limit cycles. This approach is working to 
reduce the dimension of phase space by restricting flow to a three-dimensional approximate inertial 
manifold (AIM). Such a manifold can be described as providing a functional relation for the high 
(frequency) modes in terms of the low modes. There is strong numerical evidence to show that the local 
bifurcations for this reduced system are the same as that of the partial differential equations (PDE).
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This group is seeking stronger evidence for the case of the global bifurcations they have observed. 
Their approach follows the theory of approximation dynamics. This theory requires the approximate 
inertial form to be a C1 perturbation of the PDE. If the C1 perturbation is small enough, certain 
hyperbolic structures are preserved under conditions quantifiable in terms of the linearized flow. 
However, to reduce the error for the AIM in some instances, one must increase the dimension of the 
manifold and lose the geometric understanding and low complexity of a three-dimensional phase space. 
In particular, by increasing the dimension of the phase space, one increases the dimension of the stable 
manifold making its computation unwieldy.
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This group has implemented an algorithm developed to compute the inertial manifold to arbitrary C1-
accuracy while keeping its dimension fixed. They have demonstrated convergence in a case where the 
exact manifold is known. With only a slight modification of the code, they successfully computed an 
inertial manifold with delay (IMd). This manifold enslaves the high modes at the present time in terms 
of the low modes at the present and the high modes at a small, fixed time delay in the past. Combining 
the IMd with multistep solvers for ordinary differential equations (ODEs), this group has demonstrated 
that they can compute a sensitive solution to the KSE as accurately in a three-dimensional phase space 
as with using many modes in a Galerkin approximation. Then, the strategy is to find the initial 
condition for the reduced space using the original algorithm for the inertial manifold and evolve the 
solution using a scheme based on the IMd.

Department of Mechanical Engineering

Avram Bar-Cohen, Principal Investigator

Thermal Management of High Heat Flux Electronics

This project is pursuing two areas of interest in research. The first area deals with the thermal modeling 
of the next generation packaging. SLIM is a 300 micron thick film on the ceramic substrate. FLIP chips 
are connected to the SLIM by the means of solder bumps. Three phases of this project start with a very 
low heat flux (10 W/cm2) and is expected to reach fluxes as high as 100 W/cm2. Although air cooling 
or natural convection liquid cooling are able to meet the requirements of the first two phases, the third 
phase needs very aggressive liquid cooling. The initial approach modeled the problem in two 
dimensions. After good results were obtained, three-dimensional models were constructed to obtain 
solutions with better accuracy and to render the SLIM geometry more accurately. Calculations have 
already been run on the IBM SP and they have provided favorable results. It is planned that the finer 
details of SLIM have to be incorporated into the existing models for more accurate results.
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The second project deals with one of the methods used for cooling high heat flux electronic chips 
(dissipation≈50-100 W/cm2), slated for use in the next generation computers. This work involves a 
phase change of a dielectric coolant liquid on the chip surface. This efficient mechanism is often 
limited by the pool boiling heat flux, which is strongly affected by the chip thermal and properties and 
thickness. Numerical modeling of the transient conduction process in the chip and the substrate is 
expected to yield a better understanding of the physics behind these effects. The Laboratory for the 
Thermal Management of Electronic Systems at the University of Minnesota intends to pursue ground-
breaking numerical studies in the area of modeling vapor bubbles and their motion and hopes to apply 



subsequent findings to the current experimental research.

Merve Erdal, Principal Investigator

Characterization of Permeability for Solid Freeform Fabricated Porous Structures
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Fused deposition based solid freeform fabrication (SFF) method has the capability to produce highly 
complex porous structures-ordered or random, isotropic or anisotropic, homogeneous or 
nonhomogeneously distributed, with relatively high accuracy. Such porous structures are currently 
under consideration as future preforms in resin transfer molding (RTM) environments. The SFF method 
has the potential to induce functionality in the preform through using ceramic/metal based materials, or 
their combination, coupled with local variations in porous architecture. Such innovations can lead to 
local variation in preform permeability (controlled fill pattern) as well as mechanical, thermal, and 
electrical properties of the part. Current research focuses on permeability experiments for complex 
preforms fabricated through a solid freeform fabrication technique, fused deposition. The porous 
architecture of the preforms is prespecified and built accordingly, and there is little uncertainty about 
the pore geometry at any time unlike that found in conventional woven fiber preforms, arising from 
occasional movements of individual fibers or fiber bundles during impregnation. The first phase of 
permeability analysis is the investigation of wet permeability. For this purpose, a Darcian test apparatus 
was constructed and permeability measurements were performed for varying flow conditions and 
complex pore geometries. Currently, studies are underway for construction of set up for dry 
permeability measurements, which provides information on flow front advancement and permeability 
of these preforms. These experiments yield data that will be used to decipher fundamental relations 
between pore architecture and permeability for a wide variety of porous architecture complexity. The 
results of this study will then be used for the development of permeability models for a variety of pore 
geometries, which in turn will be implemented in process design tools for the potential use of SFF 
based preforms in RTM processes.

Sean C. Garrick, Principal Investigator

Large Scale Simulations of Turbulent Reacting Flows

This research is performing 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-construction of an efficient numerical scheme for 
solving the governing transport equations and-implementation of a chemical kinetic mechanism that 
can accurately capture the chemistry of complex hydrocarbon flames. In this work, both direct 
numerical simulation (DNS) and LES are being performed. With this approach, the performance of the 



reduced mechanisms, and the numerical solution procedures can be assessed.
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Traditionally, most contributions on DNS of turbulent reacting flows are via simplified (and somewhat 
naive) chemistry models (typically of the type Fuel + Air Æ Products). This is understandable since, 
with severe computational requirements of DNS, it is impossible, at least within the foreseeable future, 
to consider exact detailed chemistry mechanisms. However, development of computational procedures 
capable of dealing with turbulent flows involving realistic kinetic mechanisms is in order. The rigorous 
means of treating the influence of chemistry in hydrocarbon fuel combustion requires the consideration 
of detailed mechanisms of elementary reactions. The oxidation mechanism of fuels such as propane 
requires the consideration of on the order of one hundred reactions involving the transport of 
approximately thirty species for an accurate description of the flame structure. With the available 
computer power, such a consideration is very computation-intensive even for simple stead laminar 
flames. The situation becomes substantially worse when turbulent flames are considered. A remedy of 
this problem is to systematically reduce the number of equations characterizing the starting mechanism 
to a reduced system of equations that is more manageable. The research field of reduced kinetic 
schemes has been actively pursued by chemists for a long time. However, it has only been only since 
the 1980s that these schemes have been systematically utilized in combustion studies. Of course the 
number of steps taken in this approach must be prescribed in such a way that the essential physics of 
the problem is retained. For some more conventional hydrocarbon flames, the literature on reduced 
kinetic mechanisms is somewhat rich. Methane is one of the first fuels for which reduced schemes have 
been developed. In particular, four- and five-step mechanisms capable of simulating the mechanism of 
NOx formation are available. Reduced mechanisms are also available for other fuels (e.g., acetylene, 
ethylene, and propane).

A survey of chemical engineering and combustion literatures reveals relatively little work in LES of 
chemically reacting turbulent flows. It appears that Schumann was one of the first to conduct LES of a 
reacting flow. However, the assumption made in this work simply to neglect the contribution of the 
small scale chemical fluctuations is debatable. The importance of such fluctuations is well recognized 
in RANS computation of reacting flows in both chemical engineering and combustion problems. 
Therefore, it is natural to believe that these fluctuations will also have a significant influence in LES.

 

Hydrodynamic Stability in a Plane Jet (Vorticity Contours).

One approach that has proven particularly useful in accounting for the chemical fluctuations is based 
on the probability density function (PDF) or the joint PDF of the chemical species. This approach 
offers the advantage that all the statistical information pertaining to the chemical field is embedded 
within the PDF and any statistical quantity is readily at hand. The systematic approach for determining 
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the PDF is arrived at by solving the transport equation governing its evolution. This 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 have proven 
very effective in RANS. Considering the capabilities of the scheme and encouraging results in 
preliminary usage of this scheme, an element of this project is fully utilizing this methodology for LES 
of turbulent reactive flows.

The most notable differences between the Monte Carlo solution of the FDF as detailed above and the 
conventional (most current) procedures employed for LES include the fact the FDF accounts for the 
effects of chemical reactions in an exact manner regardless of the speed of reaction and the character of 
the flame zone (flamelet regime, distributed reaction zones, etc.), whereas in conventional LES 
procedures it is not at all clear how to model the unresolved reaction rate. The advantage of the FDF 
methodology over existing methodologies is the simple fact that the rate of chemical conversion 
appears exactly. There are no associated modeling issues, irregardless of how complex the chemical 
reaction mechanism. Such a robust methodology has applications in high-speed air-breathing 
propulsion, gas turbine engines, internal combustion engines, and biomass reactors just to name a few.

These researchers are using currently available reduced chemistry schemes in performing large eddy 
simulations of turbulent reacting flows. Based on preliminary assessments, they are implementing the 
reduced scheme of Seshadri and Peters. This mechanism is chosen primarily because it has been 
implemented in preliminary DNS studies. In particular, The Seshadri-Peters mechanism has predicted 
the presence of hydrogen radicals, H, in the flow field. The presence of H radicals is crucial for the 
reaction to progress as its absence causes the termination of reaction almost immediately. In addition, 
the mechanism facilitates the capturing of the flame structure. Such a detailed description cannot be 
obtained b using global one-step mechanisms.

With the implementation of such kinetics in a LES context, numerical combustion is one step closer to 
being a reality as an engineering tool.

Steven L. Girshick, Associate Fellow

Modeling Plasma Synthesis of Materials

This work involves three related projects, all of which involve numerical modeling of industrially 
important systems in which thin films or particles are synthesized from the gas phase. All three projects 
involve experiments to which the models can be compared.
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Plasma processes are used extensively in the microelectronics industry to deposit and etch thin films. 
Particle contaminants in such systems lead to defects and reduced product yield. Gas-phase nucleation 
is a major source of particle formation in these processes. These researchers are developing approaches 
for modeling particle formation, growth, charging, coagulation, and transport for these industrially 
relevant processes. The goal of this work is to develop and integrate particle nucleation and growth 
models with transport models of the processing environment. Detailed reaction mechanisms have been 
developed that describe silicon clustering chemistry in the silane-hydrogen system, and these 
mechanisms have been coupled to models of the reacting flow and particle growth and transport during 
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the thermal chemical vapor deposition of silicon films. In the past year, this model has been 
substantially extended to account for plasma chemistry and for conditions typical of low-pressure 
silane plasmas. Based on the experience obtained for the silane-hydrogen system, a model of particle 
nucleation and transport is being developed in the more complicated silane-oxygen system, which is 
used for the deposition of dielectric SiO2 films. Work is now developing models of particle formation 
in the silane-oxygen system for the case of high density plasmas (i.e., high electron density but very 
low pressure), which are becoming the preferred mode for advanced processing in the semiconductor 
industry.

Because of its unparalleled combination of superlative properties, there is extraordinary interest in 
diamond for a broad range of applications. In the past year, these modeling efforts have been closely 
coupled to the experimental program. The spin/chemkin ii package was used to model the chemistry 
occurring in a gas chromatograph sample probe and the growth conditions in a newly designed reactor. 
These researchers have also developed two-dimensional models of the near surface region that 
accounts for the disturbance of the system due to sampling. Current modeling projects include 
development of a two-dimensional electrohydrodynamic model of the r.f. plasma torch used in the 
diamond CVD process and improving the treatment of surface chemistry in the one-dimensional 
modeling so that growth of different crystal orientations can be accounted for as predicted. The surface 
reaction model is partly based on the results of ab initio and kinetic Monte Carlo calculations of 
diamond growth processes being carried out in Professor Jeffrey Roberts' research group in the 
Chemistry Department at the University of Minnesota. These efforts, together with experiments, are 
defining the growth conditions that lead to high quality films and are providing a fundamental 
understanding of the processes that govern film orientation, defect density, and growth rate.

Nanophase materials show reduced sintering temperature, increased hardness, and interesting electronic 
and optical properties. These researchers have developed a process called hypersonic plasma particle 
deposition, in which reactants introduced into a high-temperature plasma are supersonically expanded 
through a nozzle. This expansion drives nucleation of ultrafine particles, which are then collected on a 
substrate located downstream of the nozzle by inertial impaction. These researchers have been 
developing this process in two modes-for the deposition of continuous films over large areas and for 
the deposition of lines and patterns by using aerodynamic focusing to create collimated nanoparticle 
beams. Work has been developing models of the two-dimensional, compressible, reacting flow in the 
nozzle and in the free jet expansion between the nozzle and the deposition substrate, as well as models 
for particle transport and heat transfer from the nozzle to the substrate. It is further planned to model 
particle nucleation and growth in the nozzle and to model the aerodynamic focusing process. The latter 
requires the development of new modeling approaches as the low pressure at the exit of the focusing 
lens probably invalidates the assumption of continuum flow.

Richard J. Goldstein, Associate Fellow

Numerical Simulation of Instantaneous Energy Separation
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Fluids in motion separate spontaneously into regions with higher and lower total temperature. This 
separation, which is refered to as "energy separation," can be observed in various types of flows such as 
shear flows, free, and impinging jets. However, the mechanisms of energy separation have not been 
understood clearly, especially the instantaneous mechanism of energy separation. In this work, 
instantaneous flow and total temperature field within shear and jet flows are being numerically 
simulated. As the results, instantaneous velocity, pressure, and temperature fluctuations, can be 
obtained. These results are providing useful information for understanding the mechanism of energy 
separation.

These researchers have performed the numerical calculations. The primary results showed good 
agreement with experimental results. For further research, flow parameters such as fluid velocity will 
be increased.

Simulation of tip leakage flow in a gas turbine is also carried out. The tip leakage flow through the 
clearance between the tip of a rotating blade and the stationary shroud in a gas turbine can increase the 
aerodynamic losses and enhance the heat transfer process and thermal load on the blade. The present 
work is modeling this complicated tip leakage flow and its interaction with secondary flows by using a 
commercial software tascflow. The results from simulation are now being compared with experimental 
data.

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

Plasma processing is being used more frequently to develop new materials processing technologies and 
improve existing ones. Process models may be used as design tools to simulate complex phenomena 
such as magneto-fluid-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 has been developed and is currently being modified. These transport properties help 
simulate the various processes. All of the projects being worked on involve the iterative or transient 
solution of a large set of strongly coupled non-linear equations, often with a very fine grid resolution in 
a two- or three-dimensional space.

One project is dealing with the numerical simulation of the wire-arc spray process. Wire-arc spraying is 
becoming a popular process to apply metallic coatings to parts with a large number of applications in 
mechanical, automotive, biomedical, chemical, and electronics engineering. To improve the quality of 
the coatings, computer models may be used as design tools to simulate the complex interaction between 
magneto-fluid dynamic phenomena, turbulent transport, and molten droplet breakup. A three-
dimensional code has been developed to simulate the wire-arc spray process. This code calculates the 
compressible flow and temperature fields in the nozzle, torch, and jet of the system. A Lagrangian 
model is used to predict the trajectories, velocities, and temperatures of the molten droplets of the 
metallic wire as they travel from the electrode to the substrate. A sub-model is used to predict the 
breakup and resulting size distribution of the molten droplets due to the action of high-velocity and 
high-temperature plasma.
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Further work is being done on computation of thermodynamic and transport properties of plasmas. The 
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accurate calculation of thermodynamic properties such as enthalpy, specific heat, and density, and 
transport properties such as viscosity, thermal, and electronical conductivities are required as inputs for 
a large number of computational and experimental calculations. In particular, for novel plasma 
processing applications such as reactive plasma spraying, accurate thermo-physical and thermo-
chemical data of mixtures of plasma gases is necessary. A computer code for the calculation of these 
properties has been developed and is currently being modified. For the calculation of chemical 
compositions and thermodynamic properties, an algorithm for the minimization of the Gibbs free 
energy is used, while the calculation of transport properties is based on the Chapman-Enskog method 
based on solving the collision integrals.

Another project involves the modeling of r.f. plasma deposition process on a preform. The temperature 
and flow fields in the r.f. plasma torch and various characteristics of the particles of actual size 
distributions injected into the plasma plume have to be modeled to simulate the actual deposition 
process. Loading effect due to the interaction between the plasma and particles, the radiation losses 
from particles, and the carrier gas cooling effect are also modeled. Sensitivity analysis of some factors 
influencing the deposition rate is conducted to suggest possible means of improving the process with a 
better efficiency.

Additional work is pursuing three-dimensional numerical modeling of an arc-anode attachment. A 
plasma jet issuing from a d.c. plasma torch shows strong temporal fluctuations due to time-dependent 
three-dimensional motion of an arc root along the anode surface inside the plasma torch. The complex 
behavior of the arc is caused by combined effects of fluid-dynamic drag and Lorentz force acting on the 
arc-anode column and plasma flow. Even though many numerical models have been proposed to 
simulate the arc behavior inside the plasma torch, most of them have considered the arc-anode 
attachment assuming the axisymmetry assumption in two-dimensional geometries. Therefore, those 
conventional models have failed to exactly describe the transient and three-dimensional motion of the 
arc root. The development of a transient three-dimensional numerical code is attempted in this project 
with the recent progresses of parallel algorithms. Message Passing Interface libraries are used to realize 
the parallel computer code.

A final project is dealing with molecular dynamics simulations of the dynamic structure factor. The 
experimental investigation of the plasma properties by scattering techniques requires the accurate 
knowledge of the dynamical properties of particle system. In particular, Thomson scattering of laser 
light by plasma electrons is frequently used to measure electron temperatures and densities in weakly 
non-ideal plasmas. However, the precise determination of these properties is subjected to several 
analytical assumptions on the particular form of the fluctuation spectrum of the electrons. The space-
time Fourier transform of such fluctuation spectrum is the dynamic structure factor, and it represents 
the effect of the inter-particle correlation in the plasma ensemble. A molecular dynamics computer code 
can provide an efficient mean to probe the dynamic structure factor from general principles. Results 
from these simulations could then be used against proposed theoretical models in order to validate the 
approximations used for the temperatures and density calculations in Thomson scattering experiments. 
Non-ideal and strongly coupled plasma system could be investigated using multi-component (ions and 
electrons) molecular dynamics simulations. Non-uniform and non-translationally invariant plasma 
system may also be studied under various conditions in order to reproduce more accurate experimental 
conditions.

David B. Kittelson, Principal Investigator



Air Ejector Particle Loss Model Simulation
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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 fifty percent of the large 
particles will be lost as the exhaust sample passes through the ejector. Therefore, this project is working 
to improve ejector design so that particle losses are minimized. A three-dimensional model of fluid 
flow field and particle trajectories in an ejector is now being developed. The results from the ejector 
simulations will then be used to redesign and optimize the ejector.

Uwe R. Kortshagen, Principal Investigator

Highly Realistic Modeling of Low-Pressure Processing Plasmas

A low-pressure plasma is a unique state of a gas in which chemically active species coexist with free 
charge carriers. Plasmas are produced by applying electric fields to gases under low pressures of a few 
Pascal to several hundreds of Pascal. Plasma processes are widely used in microelectronics processing 
for the etching of sub-micrometer structures and the deposition of thin films. About 40% of the total 
number of processing steps of modern microprocessors and RAMs rely on low-pressure plasma 
processes.
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The increasing speed of new developments in semiconductor processing requires fast design of new 
plasma processing equipment. Currently, the design phase of a new plasma processing tool, which costs 
several million dollars, is limited to eighteen months-its typical lifetime lasts for about three years. The 
development of new plasma processing equipment proceeds mostly empirically since no predictive 
computer aided design tools are currently available. The problems in computer modeling of plasmas 
are based on the presence of multiple species and the pronounced thermodynamic non-equilibrium of 
low-pressure plasmas. While heavy particles (ions and neutral gas atoms) have temperatures close to 
room temperature, the mean kinetic energy of the free plasma electrons is of the order of a few 
electronvolt (i.e., their temperature is several 10,000 Kelvin). The precise prediction of plasma-
chemical reaction rates requires the accurate knowledge of the electron energy distribution function 
(EEDF).

These researchers are focusing on the development of new, efficient methods for the calculation of the 
EEDF by approximate solution of the Boltzmann equation. To gauge the accuracy of these 
approximation methods, comparisons to rigorous methods based on first principles are necessary. A 
fully self-consistent Monte Carlo code has recently been developed to calculate the EEDF in a low-
pressure plasma system. This code is an MPI-parallel code that has been developed on the IBM SP. 
Studies of DC glow discharges are being continued with this code as a benchmark system, and testing 
of the accuracy of approximation methods is being done to solve the Boltzmann equation.

These researchers are also developing models for the nucleation, growth, and transport of nanometer-
sized particles in processing plasmas. Currently, models for spatially one- and two-dimensional systems 
are under development.

Thomas H. Kuehn, Fellow and David B. Kittelson, Co-Principal 
Investigator

Megasonic Cleaning and Ventilation of Occupied Spaces

Two projects are being pursued in this research with the objective of the first to develop an 
experimentally validated numerical model that will predict the acoustic energy distribution and particle 
removal forces on the surfaces of silicon wafers in an aqueous medium. The second project consists of 
developing an experimentally validated numerical model that will predict the steady-state velocity and 
temperature fields inside a room under non-isothermal conditions.

The main activity in modeling of megasonic cleaning systems has been comparing results with 
experimental measurements and obtaining a few more simulations for the original tank configuration. 
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These researchers are modeling configurations being used in production or being considering for the 
future. Corresponding experimental activity is focused on the effect of dissolved gas on cavitation 
bubble formation.

Currently, modeling of megasonic cleaning systems consists of two parts. The first is to improve the 
model for the three-dimensional megasonic energy field in a specially designed, well instrumented 
megasonic cleaning tank. This type of tank is used to remove submicron particles from the surfaces of 
silicon wafers and electronic parts or to chemically process silicon wafers in a semiconductor 
manufacturing process. The second is to correlate cleaning efficiency (particle contaminant removal) 
with the local sound intensity distribution, the microstreaming field, and cavitation intensity 
distribution. The modeling method, calculated results, and final report provide industrial users 
information for evaluating and improving megasoic cleaning systems.
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The work on LES applied to ventilatd enclosures has been obtaining background material and 
developing a realistic code on a small machine for tests. The serial basic code is working as expected 
on the workstations and on the IBM. The initial steps have been done to parallelize the code on the 
IBM using automatic parallelization. This work continues to add directives and message passing while 
the researchers gain experience with the Smagorinsky model.

The second project is a continuation of work on the simulation of large enclosure flows. A good set of 
experimental data has been obtained on such flows, and these researchers have simulated such flows 
using various two-equation turbulence models. The agreement between the data and the simulations is 
reasonably good for isothermal flows, but is not good when significant density differences exist. Large 
Eddy Simulations may be the best approach to predict the large-scale eddies observed in these flows.

Susan C. Mantell, Principal Investigator

Three-Dimensional Finite Element Analysis of Filament Winding Process

This research has previously developed a program to compute stress and strain state, fiber volume 
fraction, temperature, and cure state variables during filament winding. While this program is generally 
easy to use and provides very accurate modeling of the filament winding process, it is somewhat 
difficult to maintain and make necessary modifications.

Follow-up research involved the use of a commercial finite element analysis package to model the 
winding process and calculate the associated variables. This work incorporated abaqus, a general-
purpose finite element software package, for performing the manufacturing analysis. The scope of this 
research was limited to an axisymmetric filament wound structure. Results of this research were 
favorable, matching experimental data very well. One shortcoming of this approach is that fiber tension 
is not evaluated throughout the winding process due to the use of axisymmetric elements.



Current work involves three-dimensional analysis of the filament winding process using abaqus. A 
number of filament winding models are being used to generate initial conditions and winding 
calculations. Previously generated subroutines are then modified for the three-dimensional analysis.

Research Group 
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Incorporating a three-dimensional element allows for a prescribed fiber tension in each filament wound 
layer. This results in a radial compaction force applied to previously wound layers. As this better 
simulates the actual filament winding process, more accurate calculations of fiber volume through the 
wall thickness of the structure are obtained. Results of the three-dimensional analysis is then compared 
to results of previous works and experimental data.

Further work is selecting a polymer that is compatible with potable water and capable of withstanding 
high pressure and hot water. Until now, several materials have been recommended based on extensive 
research work. The primary challenge is in designing 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 are being used to study the structural 
performance under the specified conditions. Finite element method is used for stress, and strain 
analysis is being used for the polymer structure.

Peter H. McMurry, Associate Fellow

Particle Transport in Electrodynamic Focusing Field and in Supersonic Expansion in the Nanometer Size Range

These researchers are developing a quadrupole mass spectrometer system to measure the composition 
of freshly nucleated nanoparticles in the atmosphere. Sampling a sufficient number of particles to 
ensure adequate signal-to-noise is a challenge with this work. The electrodynamic focusing device 
would enable preconcentration of particles before they enter the instrument, thereby enhancing signals.
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In this mass spectrometer system, nanoparticles are sampled at one atm and transported into a vacuum 
through a small orifice (nozzle). The large pressure drop across the orifice causes supersonic 
expansion, and the physical and chemical characteristics of the particles might be altered while they 
travel across the expansion. In addition, trajectories of the particles in the vacuum are determined by 
the interaction between the particles and the supersonic flow, which eventually affects the particle 
collection efficiency of the mass spectrometer. Therefore, knowledge about the behavior of 
nanoparticles in supersonic expansion is crucial in developing the new mass spectrometer system.

It is known that the nanoparticles are focused easily below 10-3 atm from the analytic computation. 
The pressure is changed from one atm to a low pressure in nozzle expansion flow so computation of the 
behavior of nanoparticles under the coupled condition of electrodynamic focusing field and nozzle 
expansion flow is necessary.

Numerical simulations of particle trajectories are being carried out (i) in an electrodynamic focusing 
device, (ii) in a supersonically expanding flow, and (iii) in the coupled condition of the electrodynamic 
focusing field and the supersonically expanding flow. Particle transport in an electrodynamic focusing 
device requires an unsteady, three-dimensional analysis. At first, the unsteady electric field and the gas 
flow field are computed for a given geometry. Using these electric and flow fields, particle trajectories 
are calculated. Simulations of nanoparticles in supersonic expansion requires computation of a 
compressible fluid, and these researchers are numerically studying various types of nozzles to find an 
appropriate one for their instrument. Particle behavior is then calculated in the electrodynamic focusing 
and supersonically expanding flow field.

Bradley J. Nelson, Principal Investigator

Design and Development of MEMS-based Micromanipulation Tools

Many emerging fields that hold a great deal of future potential, such as manipulation of individual 
biological cells and micromechatronics, deal in microscale phenomena. With the increasing impact of 
these areas on our society, there is a need to build hybrid MEMS devices with greater functionality and 
hence, greater complexity. However, the lack of robust micromanipulation strategies that handle as well 
as assemble microparts automatically, presents a technology barrier to the objective of realizing such 
hybrid devices. The research efforts at the Advanced Microsystems Laboratory are focused on 
overcoming this technology barrier and developing micromanipulation tools that are required for the 
biological manipulation of cells and for the automated microassembly of hybrid MEMS devices.

In the area of single cell manipulation, the Intracytoplasmic Sperm Injection (ICSI) of foreigh genetic 
material into mouse egg cells has been investigated by a number of researchers during recent years and 
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it has been shown that the successful fertilization of egg cells is primarily governed by the mechanics 
of cell penetration. This has motivated our initiative, which focuses on the development of a MEMS 
based force sensor to measure penetration forces during ICSI. This variable capacitance micro-force 
sensor has a comb structure and operates in the 1-500 mNm force range. The cell penetration forces 
and moments are reflected as bending and torsion in the plates of the interdigitated capacitors. The 
research at the Supercomputing Institute involves Finite Element modeling, analysis and design of the 
force sensor using ansys, and MEMS process simulation using memcad.
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The automated microassembly project, funded by Seagate Technology Inc., involves the assembly of 
small sized magnets in linear microactuators. The assembling sequence of these magnets depends 
primarily on the forces of interaction that exist between the microparts. The research at the 
Supercomputing Institute is dealing with modeling these interaction forces using Finite Element tools 
and simulating the assembly sequence.

The microgripper project seeks to address the need for grasping and manipulating micron sized objects. 
The successful gripping and releasing of microparts requires and accurate understanding of the object 
interaction forces at the microscale. This work deals with modeling of adhesive forces between 
microparts using Finite Element tools and MEMS process simulation and layout design for fabrication 
using memcad.

Suhas V. Patankar, Fellow

Computational Fluid Dynamics and Heat Transfer in Engineering Systems

This research is directed towards the development and application of numerical techniques for practical 
problems involving fluid flow, heat transfer, turbulence, and related processes. The use of the 
supercomputers has made it possible to apply the techniques to more difficult problems, to obtain 
highly accurate solutions, and to devise new algorithms. Many individual projects have been 
undertaken in this research.

Computational techniques for flows in irregular geometries are being developed in one of these 
projects. These techniques are based on the use of curvilinear nonorthogonal coordinates. The novelty 
in the technique is the absence of complication that normally occurs in the mathematical treatment of 
the equations. Cartesian velocity components are used to obtain the proper body forces and curvature 
terms in the momentum equations. Tests are being run to compare formulations with covariant and 
contravariant velocity components.

Additional work is being done on the multigrid technique. It is well known that the convergence rate of 
an iterative technique decreases as the grid becomes finer. By a suitable interplay of the original fine 
grid and a set of superimposed coarse grids, an efficient iterative technique can be treated. The 
development of such a technique for complex fluid flow is currently undertaken. Initial explorations 



show that speed-up facotrs of ten or twenty are easily achievable; even larger factors are possible for 
three-dimensional flows.
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Another project is dealing with the radiation model. Thermal radiation is the most complex mechanism 
for heat transfer. Its exact distribution is governed by integro-differential equations. The radiation 
intensity depends not only on position but also on the angle. Numerical solution methods need to 
discretize the angular dimension as well as the space coordinates. A further complication is introduced 
by the absorption, emission, and scattering caused by the medium. Often, the radiation characteristics 
of the medium depend on the wavelength. When all the physical details are included, the computation 
becomes very intensive. Methods are being developed for an accurate and economical computation of 
radiation heat transfer. Practical applications are in furnaces, gas turbine combusion chambers, and 
metallurgical operations.

A class of interesting flow problems consists of solid particles or liquid droplets moving through a 
liquid or gas flow. The particles follow different trajectories depending on their size and density. In 
some situations, the presence of the particles has a significant effect on the underlying fluid flow. Novel 
techniques are being developed for the prediction of such flows. There are a number of possible 
industrial applications of this methodology.

Liquid flows often have a free surface of unknown geometry. In unsteady situations, the shape of the 
free surface may continuously change. A method is being developed for determining the shape of the 
free surface in a fixed computational mesh. The available methods in this area rely on explicit time-
marching schemes and therefore become computationally time-consuming. Implicit methods often do 
not preserve the sharpness of the interface between the liquid and gas. The proposed method would 
retain the efficiency of implicit schemes and still try to produce sharp interfaces.

The calculation of film cooling on turbine blades presents two challenges. First, the entire flow in the 
film-cooling hole (as affected by the upstream plenum) needs to be included in the calculation. Second, 
the film-cooling jets produce an anisotropic turbulence pattern, which is not predicted by standard 
turbulence model. Work is planned to introduce appropriate anisotropy in the turbulence model.

The flow and heat transfer in structured porous materials is calculated from first principles by solving 
the governing differential equations for the flow and temperature. From these computations, the 
effective properties of the porous material are obtained as a function of different parameters 
characterizing the material.

The level of turbulence in a natural convection flow depends on the kind and degree of stratification. 
With stable stratification, turbulence is damped; unstable stratification leads to enhanced turbulence. 



Appropriate modifications to standard turbulence models are being investigated so that the behavior of 
turbulence in natural convection is correctly predicted.

David Y.H. Pui, Associate Fellow and Da-Ren Chen, Co-
Principal Investigator

Nanoparticle Collision with a Surface

Collisions of nanoparticles (particles smaller than about 50 nm in diameter) with surfaces are relevant 
to many applications, including material synthesis, microcontamination, and health effects. One of the 
interesting applications is the filtration of nanoparticles. It is often thought that filtering nanoparticles is 
relatively easy, since such particles have a very high diffusion coefficient, thus easily migrating to and 
being collected by the filter surface. However, Wang and Kasper (1991) predicted that, if the particle 
size is very small, say, less than 5 nm, particles may bounce on filter surfaces due to their large thermal 
velocity, thus penetrating the filter. This could be a serious problem since nanoparticles are believed to 
have seriously adverse health effects because of their enormous total surface area. However, the 
prediction was based on a macroscopic theory of particle adhesion onto surfaces. In fact, properties of 
nanoparticles are expected to be different from those of large particles (e.g., 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. This study led these 
researchers to do a theoretical study on nanoparticle-surface collisions.

The most straightforward way of analyzing those phenomena is to use a classical molecular dynamics 
(MD) method. Namely, to follow individual atoms of a particle and a surface using equations of 
motion. Although being computationally intensive, MD methods are known to be a powerful 
simulation method to study material properties or dynamic phenomena from the first principles. The 
MD method, with a proper choice of interatomic potentials, allows an understanding of particle-surface 
collisions from a microscopic viewpoint.
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This project is studying collision dynamics as a function of the incident velocity of the particles. 
Materials of particles and surfaces are chosen such that they can simulate actual situations in filtration 
processes. The simulation using the classical MD methods is the main part of the study.

Terrence W. Simon, Associate Fellow

Large Eddy Simulation of Turbulent Flow and Heat Transfer in Propulsion Systems



 

Contours of instantaneous values of normal velocity component in turbulent channel flow illustrating 
the effects of rotation on the structure of turbulence.
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This Principal Investigator has been working on experimental aspects of flows in gas turbine engines 
for several years. The motivation for the project is the fact that better computational methods are 
needed for predicting features of turbulent flows in certain critical components of gas turbine engines. 
The computational study can complement the experimental work underway at the University of 
Minnesota. With the present state of computer hardware, design codes are usually restricted to the use 
of relatively simple turbulence models. Unfortunately, flows in gas turbine engines are not simple, and 
an accurate turbulence model for film cooling flows and flows undergoing transition, in particular, have 
been very elusive. This research effort is applying large-eddy simulation (LES) to turbulent flows in 
configurations characteristic of those occurring in critical turbine components of aeropropulsion 
systems. Such a method is capable of achieving very realistic results because very little ad hoc 
modeling is employed to represent the effects of turbulence. The unsteady, three-dimensional motion of 
the large eddies is resolved from first principles and modeling is only used to account for the effects of 
eddies smaller than the computational grid itself. Such small eddies tend to be nearly isotropic and 
universal. The simulations should reveal aspects of the fundamental physics that are difficult or 
impossible to measure as well as providing information that should be useful in developing or refining 
turbulence models for design-oriented computer codes. Comparisons are being made with the extensive 
experimental results already obtained.

Recent work has led to the development of algorithms and methodology for direct and LES of turbulent 
flows with heat transfer using a compressible formulation of the Navier-Stokes equations with low 
Mach number preconditioning. With preconditioning, the numerical stiffness and slow convergence 
associated with traditional compressible formulations are avoided, and in fact, the convergence rate 
becomes virtually independent of Mach number in the low speed regime. Although some heat transfer 
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results have appeared in the literature, available results are very limited, especially for separated flows, 
and usually do not take into account effects of variations in fluid properties.

Flows of interest include film and internal passage cooling flows in turbines and transition (by-pass and 
separation bubble) of the type occurring in low-pressure turbines operating at low Reynolds numbers. 
Over the past several decades, turbine inlet temperatures have increased significantly as higher 
efficiencies have been achieved. Hand-in-hand with this improvement has been the development of 
methods of cooling turbine blades to maintain structural integrity. Further improvements in engine 
efficiency is largely dependent on further increases in turbine inlet temperatures that will place even 
greater demands on blade cooling procedures.

In the numerical simulations, it is possible to impose temperature differences, heat flux levels, and even 
rotation effects that are difficult to establish in experimental programs. Thus, LES offers a way to gain 
fundamental information about turbine cooling flows to augment what can be learned from 
experiments. Such information can be used to refine turbulence models for use with the Reynolds-
averaged equations.

Design criteria for gas turbine engines tend to result in maximum efficiency under takeoff conditions. 
However, at cruise conditions, Reynolds numbers are lower, and effects such as transition and bubble 
separation often result in a deterioration of turbine performance. Physics of such flows and the effects 
of passing wakes is not well understood and not accurately represented by current turbulence models. 
Here again, direct and LES can reveal aspects of the fundamental physics of such flows, providing 
details that are not easily measured experimentally. Such information can then guide the refinement of 
turbulence models for use with the Reynolds-averaged equations.

Work will continue on the ribbed channel simulations that address a flow characteristic of internal 
cooling channels in turbine blades. Effects of heat transfer and rotation will be considered. Work will 
continue on a step flow with heat transfer and channel flow with buoyancy effects. A new study to 
simulate flows in a circular pipe geometry that is characteristic of the coolant supply holes in film 
cooling applications is being initiated. Work will continue on using zonal embedded grids to minimize 
computer resources needed at high Reynolds numbers.

Kumar K. Tamma, Fellow

Interdisciplinary Computational Mechanics with Applications to High-Performance Supercomputing

This work constitutes an effort towards the development of computational techniques and algorithms 
for interdisciplinary problems in engineering (such as thermal-structure, fluid-structure, thermal-fluid-
structure interactions) with applications to high-performance supercomputing architectures. With the 
advent of new computing systems, applications are targeted towards Symmetric Multi-Processor 
systems (IBM SP and SGI Origin 2000). Computational algorithms and implementation on these 
scalable high-performance computing architectures are targeted to be based on architecture independent 
parallel programming paradigms such as Message Passing Interface (MPI) and Parallel Virtual 
Machine (PVM), as well as other high-level parallel language paradigms and ompilers such as OpenMP 
and HPF. Such high-performance computing implementations and advanced simulations of the 
application developments can be readily extended to other current and future high-performance 
computing platforms such as the WinterHawk and NightHawk.
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Interdisciplinary thermal-structure interactions, for example, are an important concern to the designer 
from the point of reliability, durability, and integrity of components/configurations subjected to hostile 
thermal environments. It is of considerable practical importance to structural designers concerned with 
problems related to temperature-induced displacements and stresses where a consistency of 
computational approaches to efficiently and accurately predict both temperature variations and stresses 
are highly desirable. Interdisciplinary flow-thermal-structural interactions are involved in many 
manufacturing applications such as those in metal casting and composite material processing. For 
example, in the composite material manufacturing, the flow, thermal, and reaction kinetics involved 
during the manufacturing process determine the successful manufacturability of composites. In addition 
to these manufacturing process considerations, the induced residual stresses determine the part warpage 
and the structural integrity of the manufactured composite component for design applications. 
Numerical simulations in a concurrent engineering environment necessitate a need for a common 
numerical methodology encompassing all these interactions and including the micro/macro integration 
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based on the understanding of the constitutive models dealing with micromechanics and subsequent 
integration into macroscopic analysis. The rationale and philosophy advocated in this work are based 
on the fact that a common numerical methodolgoy will be used for each of the interdisciplinary areas 
via common computational algorithms and consequently implemented on supercomputing architectures 
with optimal data structures, programming interfaces, and implementation algorithms to obtain optimal 
performance on the targeted high-performance computing architectures. With the new computing 
system environments, implementation, data structures, and solution strategies are becoming more 
specific to the computing environment to obtain optimal performances. Architecture independent 
paradigms such as MPI provide the required portability across existing and future high-performance 
supercomputing systems.

In light of all this, these researchers are currently pursuing a number of projects. Initially, these 
researchers are working on materials modeling and manufacturing simulations to include structural 
performance by employing micro/macro integration for the multi-disciplinary interactions, 
development of new time integration methodologies and approaches for structural and thermal analysis, 
and analysis and modeling of fluid and thermal interactions existing in the solidification processes 
including the phase change effects that exist in processes such as precision molding and metal casting. 
Development is being done on a contact model to include frictional effects. Impact and penetration 
analysis involving large scale structures and large finite element models require a very large memory 
and computational resources.

A further project is looking at application of the frictional contact model for manufacturing simulations 
involving metal forming processes and finite element methodology. Analysis and modeling is also 
being done on flow, thermal, reaction kinetics phenomena that exist during the manufacturing of 
composite materials in a concurrent engineering environment. Analysis involves macro and micro 
flows in a network of fibers and analytical prediction of permeabilities by appropriate flow models and 
fiber networks. This research is also looking at the development of new finite element based 
methodologies that can be used in interdisciplinary problems and thermal transient analysis involving 
moving boundaries, removal of materials during processes such as ablation and phase change issues in 
biological systems. These involve remeshing and adaptive meshing during the analysis.

These efforts focus attention on providing new and effective approaches for not only improving the 
existing capabilities for applicability to new high-performance supercomputing environments, but also 
towards providing an accurate understanding of the physics and mechanics relevant to multi-
disciplinary engineering problems.

Michael R. Zachariah, Principal Investigator

High-Temperature Chemistry and Physics of Vapor Phase Nanoparticle Growth and Microcombustion Processes

These studies are aimed at using molecular based computation to understand the growth of 
nanoparticles formed from the vapor. The application is geared toward the formulation of new 
materials and the control of the emission to toxic heavy metal particles from combustors. In addition, a 
new project on the development of a MEMS based microcombustor is being pursued.

These studies employ three theoretical approaches. The first uses 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.). This work is currently focusing on the simulation of silica 
particles using a two-body empirical potential. A code has been developed that computes the pressure 
profile through a particle for particles up to five hundred atoms. The current plan is to develop methods 
for the direct computation of surface tension from the pressure profile and to observe the particle size 
dependence of surface tension.
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The second approach uses ab initio molecular orbital methods to construct thermochemical databases 
and reaction rate data for the construction and testing of reaction mechanisms for reacting flows. The 
primary tool employed is the Gaussian suite of programs. The researchers are currently building a 
mechanism for silane oxidation which incorporates silica particle nucleation. This model, when 
completed, will in conjunction with flow modeling, be used to study the formation of particles during 
chemical vapor deposition of silica films important in the processing of microelectronic thin films.

The last approach uses the results from the MD and ab initio computations to feed reacting flow 
simulation programs aimed at simulating particle forming flows. These simulations employ the 
chemkin suite of programs and are used in simulation of combustion and chemical vapor deposition 
processes.

Research is also being done on the development of MEMS chemical reactors. In one such project, these 
researchers are building a MEMS based combustion engine as a high density portable electric power 
source. As part of this work, they are developing models that can simulate the fluid flow and 
combustion chemistry in a MEMS combustor. These simulations involve solution of coupled flow, 
heat/mass transfer and detailed chemistry. For example, the most complex simulations these researchers 
have done of butane chemistry includes over four hundred species and up to three thousand chemical 
reactions. These models will be a great help in the design of the prototype combustor, but perhaps more 
importantly will help explore a wide variety of fundamental problems related to reacting flow in 
microreactors.

School of Physics and Astronomy

Department of Astronomy

Thomas W. Jones, Fellow

Numerical Studies of Particles and Fluids in Astrophysics

This project is continuing a very successful pioneering program in computational astrophysics centered 
on improving the fundamental understanding of behaviors of high-energy charged particles (also 
known as "Cosmic Rays") and magnetic fields in cosmic plasmas. In particular, the origins of cosmic-



rays themselves and the nature of the most energetic phenomena in the universe; namely, giant radio 
galaxies, supernova remnants, and cosmic structures that form by gravitational collapse against the 
expansion of the universe. This work is based on state-of-the-art codes for compressible 
magnetohydrodynamics and novel schemes for following the acceleration and propagation of cosmic-
rays.

These researchers have initiated the first computational study of the dynamics of radio galaxy flows 
that includes both the relativistic particles and the magnetic fields. These simulations revealed major 
flaws in standard assumptions used in this field but showed for the first time that proper simulation of 
the physics involved can naturally explain some major puzzles. These researchers are now carrying out 
three high-resolution simulations on a 600 x 200 x 200 grid. These simulations also include momentum 
dependence of the relativistic electrons, so they are effectively four-dimensional (plus time). A new 
scheme was developed to treat that important feature with great efficiency. The first large simulation of 
this program has already been completed.
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One of the key discoveries of the 20th century is the highly homologous expansion of the universe. 
However, within that expansion are very evident local concentrations and even collapsing structures; 
for example, galaxies and clusters sometimes containing thousands of galaxies. Those concentrations 
result from initial density perturbations in the early universe that became gravitationally unstable and 
energetically bound. It is now possible to carry out very high-resolution simulations of this 
cosmological evolution. These researchers recently discovered the existence of extensive complexes of 
strong shocks in cosmological simulations. Simple calculations showed that these shocks are effective 
sources of cosmic-rays. There are also suggestions that these cosmic-rays may even be dynamically 
important in cluster formation, and hence in modifying several key tests of cosmological theories.

Simulations of cosmological evolution have also been begun that will for the first time include the 
acceleration and propagation of cosmic-rays. The cosmic-rays scheme has been successfully ported to 
the cosmotology code and carried out initial low-resolution experiments. First results show some 
strikingly unexpected patterns between concentrations of mass, cosmic-rays, and magnetic fields. 
Continuing work is conducting two high-resolution simulations, examining different assumptions about 
the origins of cosmic magnetic fields.

A major effort is underway to develop realistic and complete models of the evolution of supernova 
remnants. New computations include the physics of cosmic-ray acceleration and transport using 
schemes pioneered at the University of Minnesota. In order to capture the particle acceleration properly 
in these complex flows and also the evolution of the magnetic field, very high-resolution must be used 
for these simulations. This project is beginning with very high resolution two-dimensional simulations 
on an expanding grid.

Continuing work is being done on the very successful standing program that has developed new and 
powerful methods for numerical simulation of collisionless plasma shocks and the acceleration there of 
cosmic-rays. Dr. Udo Gieseler has developed a new, efficient Monte Carlo approach to examine the 
microphysics at such shocks. This is giving new insights into the best ways to model the MHD 
turbulence that mediates particle transport in this problem. He has begun a new phase of this effort to 
model much more realistic, general representations of the large-scale magnetic field structures.

Further work is being done to better understand the basic problem of injection of cosmic-rays at 
shocks. Cosmic-rays must be injected from the thermal plasma, but the process is very complex. 
Finally, the first stage of the ground-breaking adaptive mesh refinement (AMR) code has been 
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completed for cosmic-ray transport. While AMR gasdynamic codes are becoming common, the 
cosmic-ray problem involves diffusion, and a somewhat different approach-the problem is parabolic 
rather than hyperbolic.

Paul R. Woodward, Fellow

Simulations of Three-Dimensional Turbulence and Convection in Stars

Over the last several years, this research group has been involved in extensive and detailed studies of 
turbulent convection in stars and the nature of compressible turbulence in its own right. This work has 
involved collaborations with the research groups of Juri Toomre at the University of Colorado, Boulder 
and of Annick Pouquet at the Observatory of Nice, France. In the last couple of years, this work has 
been extended 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 group's NASA Grand Challenge project specifically centers on 
simulations of magnetoconvection and MHD turbulence using their new PPM MHD code.
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The key to this approach is 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 has enabled these researchers, using very fine grid resolutions of up to eight billion grid cells, 
to reach regimes of very low effective viscosity essentially unparalleled in this business. The data sets 
from these simulations, which are multiple terabytes in size, therefore contain uniquely detailed 
information. In studies of homogeneous, compressible turbulence and turbulent mixing, the largest 
simulations ever reported have been performed. Most of the effort has been put into simulations in 
which a chunk of gas (with periodic boundary conditions) is stirred with a randomly selected set of 
smooth, well resolved waves, and in which the gas is allowed to develop turbulence without any further 
stirring. These calculations demand the greatest grid resolution. Their advantage is that they involve no 
unphysical continuous stirring mechanisms, and if a self-similar flow develops, as it does, this result 
cannot be said to have been introduced through the computational approach. This work is now being 
extended to a more compressible regime and to carry out such simulations with physical stirring 
mechanisms, such as flow past an obstacle or array of obstacles. Results of this work are then 
compared to laboratory experiments through collaboration with members of the ASCI program in code 
verification and validation.

Work on stellar convection and magnetoconvection on uniform Cartesian grids involves very detailed 
simulation of convection in deep stratified atmospheres with periodic boundary conditions in the 
horizontal dimensions. Some recent stellar convection simulations dispose of the horizontal boundary 
conditions by including the entire star in the computational grid. The approach of these researchers is 
distinguished by its ability to produce turbulent convection flows relatively uncontaminated by thermal 
effects due to artificial upper surface boundary conditions. For full-star simulations, the proper 
spherical geometry of the deep convective envelopes of giant stars is included. This work has enabled 
highly detailed statistical comparisons to be performed on simulation results with the predictions of 
mixing length theories that are used in computer models of stellar structure and evolution. These 
studies of stellar magnetoconvection are still just beginning.

Working with SGI equipment, these researchers have devised a framework for efficient SMP cluster 
computation. This framework implements global memory and task coordination services on each SMP 
in a cluster so that a hierarchical shared memory programming model can be used to produce dynamic 
global load balancing across the cluster. This framework is being extended from the SGI Origin 2000 
clusters to IBM SP systems, which are also SMP clusters.

Department of Physics

Charles E. Campbell, Associate Fellow and E. Dan Dahlberg, 
Co-Principal Investigator 

Simulations of Micromagnetic Structure and Quantum Fluid Systems
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This quantum many-body physics research program is concerned with the microscopic basis for the 
structure and dynamics of a wide range of many-body systems. All of the work deals with many 
degrees of freedom, and most of it is ab initio in the sense that it deals with microscopically accurate 
representations of the systems of interest, as opposed to model systems (though many qualitative 
features deduced from model systems are incorporated). Usually, the research projects, and more 
generally, most projects in the many-body physics of strongly correlated systems, must make use of 
large scale computations and simulations in order to be relevant to real physical systems, and thus, the 
power of present supercomputers is often the chief limiting factor for the research. This program has 
largely focused on the structure and dynamics of strongly correlated quantum and classical fluids. 
However, during the past year, most efforts have been on simulations of the magnetic microstructure of 
magnetic materials such as micron scale permalloy films and nano-scale nickel particles.
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These researchers have developed and successfully applied Metropolis Monte Carlo simulations to 
produce a thorough account of the hysteretic behavior of the permalloy thin films, including especially 
the temperature and anisotropy dependence of magnetic structure. Relatedly, dynamical Glauber-
Metropolis Monte Carlo simulations have been used to study the approach to metastability of the 
magnetization of the permalloy thin films from certain important initial configurations. This work is 
being extended to include experimentally accessible film sizes and different geometries. Studies of the 
magnetic structure on a smaller size scale are well underway to obtain more detailed information of the 
structure of domain walls and their evolution during the technologically very important process of 
magnetic reversal. Of particular importance, both technologically and from a fundamental physics 
perspective, are the mechanisms for the reversal of macroscopic or mesoscopic magnetic moments, 
whether spontaneous (bad for archival purposes) or driven (good for writing information).

Micromagnetic simulations of nickel particles ranging in size from 50 to 900 nm, and 100 nm thick Ni 
films have also been performed, with very exciting results. This is being done in collaboration with 
Professor E. Dan Dahlberg's nano-monopole magnetic force microscopy (nmMFM) experimental 
program at the MMC on the same physical systems. The simulations are not only in excellent 
agreement with the nmMFM measurements, they go even further to reveal the full magnetic structure 
of the nickel particles, whereas nmMFM gives direct information only about the magnetic fields near 
the surface of these particles. This joint simulational/experimental effort is an outstanding example of 
the value of such collaborations when the distance scale of the experimental methods overlaps the 
distance scale possible in simulations.

The simulations on the Ni particles were done using a micromagnetic code which solves Landau 
Lifshitz Gilbert equation (LLG) for the magnetic microstructure, which is a damped version the 
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classical magnetic equations for precession. This is apparently a very different approach from the 
Metropolis Monte Carlo simulation method, and is frequently the preferred approach because it is 
considered to be more physical in its description of the system's approach to metastable states from a 
given initial state. However, it does not, in its most convenient and available form, include the effects 
of finite temperature (i.e., it is a zero temperature approach), which on the other hand is the strength of 
the Metropolis Monte Carlo simulation. A Langevin adaptation of the LLG equations may be used to 
include finite temperatures, while a Glauber adaptation of the Metropolis Monte Carlo method may be 
used to make the diffusive dynamics of the Monte Carlo evolution more realistic.

These researchers are also continuing their other large-scale computing efforts on several projects on 
quantum fluids. The longest standing project is the simulation of liquid 4He in constrained and reduced 
geometries and the response of these systems to atomic and neutron scattering; this has recently and is 
currently being extended to the recently discovered rare-gas Bose Einstein condensed systems.

In collaboration with Eckhard Krotscheck at the University of Linz and Artur Polls at the University of 
Barcelona, the quantum statistical mechanics of superfluid mixtures of helium three is being researched 
in liquid helium four (3He in 4He), with particular attention to the influence of the fermion component 
3He on the superfluid phase transition. Because of the presence of 3He, there is the traditional and 
vexing "albebraic sign problem" of fermion systems in "exact" quantum Monte Carlo simulations. 
While the small number of 3He atoms in a 1,000 particle system (i.e., 60 fermions) makes the sign 
problem potentially more manageable, the resultant statistics associated with such a small number of 
particles are inadequate to represent a macroscopic system in the vicinity of a superfluid transition. 
Thus, this work is focusing on the semi-analytic Feenberg-Jastrow Euler-Lagrange approach in order to 
produce a good enough importance sampling function-in this case, the quantum many-body density 
matrix-to enable simulations to be applied to considerably larger systems-hopefully 10,000 or more 
particles.

The second quantum fluids project requiring large-scale computational efforts is the development of a 
method to do quantum molecular dynamics at finite temperatures applicable to strongly correlated 
quantum fluids such as the helium liquids and nuclear matter. In the first phase of this research, a time 
averaging of a pure state density matrix is being implemented with specified energy expectation value.

Cynthia A. Cattell, Associate Fellow

Studies of the Kinetic Physics of Planetary Magnetospheres
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The auroral acceleration region is characterized by regions of alternating upward and downward 
current and associated acceleration of electron and ion beams. An outstanding question is identification 
of the source of free energy for particular observed electrostatic waves since the particular species that 
supplies the free energy has implications for heating mechanisms for various particle populations, the 
formation of nonlinear waveforms, and the viability of suggested mechanisms for forming electric 



potential structures that produce aurora.

(click for a larger version of the figure - warning: 150k image)

Figure 1: Panels show 10 cuts at various x distances down the magnetotail of vperp vs. vparallel. Bins 

are 50 km/s in size. Cuts are separated by 2.5RE and are for all y and z values. Simulation runs include 
a 0.1 mV/m convection field. Note the lack of data near vparallel = 0 and the general crescent shape of 
the distribution.

(click for a larger version of the figure - warning: 150k image)

Figure 2: Same as Figure 1, but now includes the realistic wave fields in addition to the convection 
electric field. Same general distribution shape, but note the much larger velocities in both directions. 
Also note the additional small scale structure, and the partial filling of areas near vparallel = 0. The 

addition of waves has modified the regions accesible in phase space and produced greater energization.

These researchers have analyzed the linear stability of several events from new FAST satellite auroral 
zone data and are continuing to study further events with more careful analysis and fitting of the model 
to the observed distribution functions. While the bi-Maxwellian model is adequate for modeling 
populations in the upward current region, the electrons in the downward current regions are not 
Maxwellian. A new theoretical model of these electrons has been developed and included in the 
stability code. Utilizing data to obtain the model parameters, the stability of upflowing electrons is 
determined with much more accuracy. In addition, two new codes have been developed. The first is an 
electrostatic dispersion relation solver in the approximation that the ions have a finite perpendicular 
temperature and the electrons are highly magnetized. This is used to look at the transition between EIC 
and Bernstein modes in the electrostatic limit. The second is a reduced EM dispersion relation solver 
that solves the electromagnetic dispersion relation using only the terms in the dielectric tensor, which 
are important for waves near the ion cyclotron frequency. This allows a look at the transition from ES 
to EM waves in a way that makes the physics of the transition clear.

Further work is determining whether the electromagnetic component can be used to constrain the ratio 
of the densities of the hot and cold electron components. The presence or absence of a cold component 
in the auroral plasma is currently a topic of much debate, and expeimental observations can only 
provide an upper limit accurate to ~20% due to uncertainty from photoelectrons contamination. 
However, the electromagnetic corrections to EIC waves may provide another method to measure the 
cold electron density. These researchers have found that the wave vector and E/B ratio of the most 
unstable mode depends on this density. With a small fraction of cold electrons, the wave vector of the 
most unstable mode is associated with a wave with a smaller E/B ratio. When there are no cold 
electrons in the model plasma, the most unstable mode can be larger and the mode has E/B>>c. We can 
predict E/B ratios of the most unstable mode for the H+, O+, and He+ cyclotron and electromagnetic 
dispersion relations of these plasmas. The predicted E/B ratios can be compared to the ratios measured 
on FAST. This work has completed the calculations for a plasma model with a small percentage of cold 
electrons. Runs for the plasma model with no cold electrons are being concluded. Experimental 
observations of helium mode is being compared with theoretical predictions that the magnetic 
components of the He mode are stronger than the H mode. Additional work is examining the 
relationship of the linearly unstable waves, including electron acoustic waves, to the non-linear solitary 
waves and modulated waves that are simultaneously observed.
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To address the question of the effect of perturbation electric and magnetic fields on energization, 
scattering, and transport of charged particles in field-reversed magnetic field geometries, this work has 
utilized numerical codes to trace the trajectories in specific prescribed background magnetic fields for 
several different types of perturbations. The research is focussed on two areas-the effects of 
electrostatic perturbations on energization and transport in the Earth's magnetotail and the effects of 
ultra-low frequency (ULF) electromagnetic waves on ions in the magnetosphere of Neptune. Although 
there has been a massive effort to understand and characterize the orbits and to determine their 
importance for the dynamics of the magnetotail, particle energization, and formation of the plasma 
sheet, ring current, and radiation belts, most studies have neglected the fact that large amplitude 
perturbations in the electric field are observed over a broad range of frequencies and scale sizes. 
Preliminary studies indicate the trajectories of particles are dramatically changed. More recent work 
has provided information on the energization of particles and changes in distribution functions. 
Because of the broad range of critical questions researchers have answered on the basis of trajectory 
studies that neglect perturbations, it is vital to determine whether the inclusion of realistic perturbations 
invalidates their conclusions. Test particle calculations are being performed using models appropriate to 
the specific planetary magnetosphere being studied. The advantage of test particle calculations is that it 
is relatively easy to examine many different models of the perturbations, source populations, and the 
planetary magnetic field. Diagnostics have been added to determine bulk energization and pitch angle 
scattering, modeling of distributions, and pseudo-surface of section plots. The first sets of runs (those 
for the no wave case and those including one wave mode) have recently been completed. Study of 
processes occuring in the magnetospheres of the outer planets has provided a unique opportunity to 
extend the understanding of space plasma physics. These magnetospheres are very different from the 
Earth's magnetosphere, which has provided the experimental basis for most paradigms. Understanding 
which processes associated with the motion of particles in a field-reversed magnetic field are important 
in all planetary magnetospheres and their similarities and differences can help to apply results to 
astrophysical systems even more different from the case of the Earth.

Alexander Grosberg, Fellow

Complete Enumeration of Protein Energies on a Lattice

Recently, there has been growing interest in industry, academia, and government in the field of 
bioinformatics, due to the large amounts of data being generated by the many genome sequencing and 
protein sequencing projects taking place worldwide. So far, few computational techniques have been 
able to provide insights about the relationship between sequence and physical properties for these 
biopolymers. The sequence analysis techniques used in this massive computational project may be 
relevant to analysis methods for those datasets as well.

This project is an enumeration of the conformations of several different sizes of polymers on a lattice. 
When each conformation is found, an energy value is calculated for it-based on the spatial separations 
of monomers in the conformation. The energy spectrum is now being found for several different 
interaction models (Potts interactions, hydrophobic type interactions, and Miyazawa-Jernigan 
interactions) and for 500 different sequences of monomer species along the chain.
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Jeff Chuang, Graduate Student Researcher



Physically, these researchers wish to determine the scaling of several quantities with polymer length 
(free energy, density of states, standard deviation of the free energy, freezing temperature). These are 
key issues in protein folding. All of these quantities can be calculated from knowledge of the energy of 
the conformations of the polymer. Enumerations are then performed for both compact and 
unconstrained polymers. For the compact polymers (polymers packed into a dense conformation), the 
above quantities for chains of length 18, 27, 36, and 48 are calculated. For the unconstrained polymers, 
enumerations of polymers of lengths 10 to 18 are performed.

J. Woods Halley, Fellow

Numerical Studies of Fluids and Disordered Solids
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Atomically relaxed titanium/titanium dioxide interfaces (bottom) obtained using self-consistent tight 
binding simulation techniques.

In this ongoing program, simulation methods are used to study condensed matter interfaces. 
Simulations of the electrode-electrolyte interface include the dynamics of the molecules during electron 
transfer to or from the electrode, and the study of the electronic structure of oxides and metals at the 
electrode-electrolyte interface using self-consistent tight binding molecular dynamics as well as ab 
initio plane wave techniques. These researchers are studying solvation, transport and ion pairing in 
polymer electrolytes and their instances with battery electro density molecular dynamics techniques. 
Finally, the interaction of gases with superfluid helium four and dilute Bose-Einstein condensed 
systems.
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Calculated activation energy, transfer coefficient, and equilibrium potential of electron transfer of the 
copper water interface have been found to be consistent with experimental results obtained by 
collaborators at Argonne. Former graduate student, Sean Walbran,now a Humboldt fellow at the Max 
Planck Institute in Julich, Gemany, obtained these results on the cuprous-cupric electron transfer 
reaction in water at a copper electrode. Qualitatively, the copper electron transfer reaction differs 
considerably from this group's previous study of ferrous-ferric electron transfer-in the copper case, the 
electrode approach energy dominates the reaction barrier, whereas in the iron case, solvent fluctuation 
dynamics were found to be the main contribution.

For studies of inner shell-electrochemical processes, simultaneous calculation of metallic electronic 
structure and atomic dynamics (direct dynamics) is required. These studies first focussed on a simple 
model for a copper electrode in contact with water. Postdoctoral research associate, Yu Zhou, modeled 
the interaction of a chloride ion with a copper surface using modifications of this code. Walbran 
implemented non-local pseudo-potentials in this model for the study of aluminum and magnesium 
electrodes, obtaining work functions, cohesive energies, and structural parameters in agreement with 
experimental values. Collaborator David Price has also completed a calculation of the Cd-H2O 
interface. These researchers are now extending these studies of s-p metals. In particular, they are now 
able to allow the electrode atoms as well as solvent molecules to relax in these simulations. However, 
Walbran, in his thesis, showed that a full treatment of the d-electrons on the copper electrode will be 
computationally infeasible for some time.

The current program for attacking these more complicated systems involves an extension of earlier 
work on tight binding models of oxides that initally used equation of motion techniques to make one 
electron tight binding studies of defects in rutile titanium dioxide. More recently, these calculations 
were made Hartree self-consistent, included atomic motion, and fit the model to bulk results from first 
principles calculations in collaboration with the group of James Chelikowsky of the Chemical 
Engineering and Materials Science Department at the University of Minnesota. A study of localized 
electronic states (polarons) in bulk rutile as a function of temperature and box size has been completed 
using this code, and results have been obtained that demonstrate that localization occurs at 
temperatures above 100 K. Codes have been written to implement order N algorithms for these 
methods that have also been used in collaboration with Argonne National Laboratory to study the 
structure of twist grain boundaries in rutile. During the last period, this work has found that electronic 
structure of transition metals can be surprisingly well represented by the same methods. Patrick 
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Schelling, a former graduate student and now a postdoc at Argonne, has made such models for titanium 
and copper. He is currently studying a model of the titanium/rutile interface using these methods.

Shaul Hanany, Principal Investigator

Preparation for the Analysis of the MAXIMA and ARCHEOPS Cosmic Microwave Background Anisotropy Data 
Sets

The study of the nature and evolution of the universe, that is, the science of cosmology, has undergone 
a remarkable revolution in the last ten years. At the heart of that revolution are new experimental 
efforts that are yielding immense amounts of data. Cosmology has been transformed from a data-
starved state to data-swamped in less than a decade. This data is providing unprecedented views of the 
very early universe and how it evolved from a fraction of a second after the big-bang to its present 
state. Some of the most compelling problems in fundamental physics have either arisen or sharpened 
because of cosmological discoveries.
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Matt Abroe, Graduate Student Researcher Julian Borrill, Lawrence Berkeley National Laboratory, 
Berkeley, California
Ken Ganga, College de France, Paris, France
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The cosmic microwave background radiation (CMB) is a relic of the big bang. The rediation travels 
through the universe practically undisturbed. The CMB was first discovered in 1965 and immediately 
recognized as one of the most important cornerstones of the big bang model for the evolution of the 
universe. Observing the CMB today is analogous to taking a snap-shot of the universe at its earliest 
observable age.

The CMB is extremely uniform in intensity over the entire sky. In 1992, the DMR instrument aboard 
NASA's COBE satellite discovered intensity fluctuations across the sky. This anisotropy is widely 
believed to encode matter density variations in the early universe that later collapsed gravitationally to 
form the galaxies and clusters of galaxies observed today.

The COBE-DMR discovery initiated an intense scientific program whose goal was a complete mapping 
of the CMB anisotropy over the entire sky with a resolution of few arcminutes, because detailed 
understanding of the CMB anisotropy is an extremely powerful tool to constrain models of the early 
universe, understand structure formation, and provide cosmological parameters to better than 1%. 
Those include the total matter density in the universe, the amount of negative energy density, the 
amount of baryons, and hence, the amount of dark matter, and the expansion parameter.

This research is participating in three collaborations that are mapping the CMB anisotropy-the 
MAXIMA and Archeops balloon borne experiments and the Planck Surveyor satellite. MAXIMA is a 
balloon borne program funded by NASA and the NSF and in collaboration with the University of 
California at Berkeley. It has already been launched twice and collected large quantities of high-quality 
data. Archeops is a balloon borne program conducted by a subset of the international consortium of 
scientists who are building ESA's Planck satellite. The payload has already been launched once, 



mapped a large part of the sky, and will be launched at least twice within the next three years.

The nature of the analysis of the data generated by these experimental programs requires linear algebra 
operation on very large matrices, on the order of 50,000 x 50,000 elements each. Currently, only 
parallelized supercomputers and high-performance algorithms can handle these data sets. These 
researchers have installed and compiled the necessary software packages and prepared them for the 
data analysis. The first results of the work are appearing during 2000, working on data from MAXIMA.

Norton M. Hintz, Principal Investigator

Proton-Nucleus Reactions

This project is analyzing data from experiments at the Los Alamos Meson Physics Facility (LAMPF) 
and the Indiana University Cyclotron Facility (IUCF) on nuclear structure with intermediate energy 
protons. These experiments are followed by a detailed numerical analysis of the data to compare with 
current models of the fundamental proton-nucleus interaction and nuclear structure. For this purpose, a 
number of large computer codes for use on the supercomputers have already been developed and 
modified.

Currently, there are three areas in which final (as yet unpublished) data requiring analysis have been 
determined. These are in measurements of elastic and inelastic proton cross sections and spin 
observables at several energies, scattering measurements on non-spherical nuclei to determine nuclear 
size and shape parameters, and two neutron pickup reactions to measure pairing correlations in nuclei.

Research Group 

Michael A. Franey, Research Associate

In the first case, primary interest is in the modification of the fundamental proton-proton and neutron 
interactions inside of the nuclear medium. This nuclear density dependence is fundamental to the 
theory of proton nucleus interactions and is of direct significance to astrophysical theories of the origin 
of the universe and the dynamics of neutron stars and black holes. The modification of the nucleon-
nucleon interaction in nuclei is a manifestation of the underlying quark structure of nucleons.

In the second area, determinations of the nuclear shape parameters (quadrupole, octupole, 
hexadecapole, and higher) can be compared with modern Boson models for nuclear excitation modes.

In the last area, the experiments are very sensitive to the departures of the motion of individual 
nucleons in the nucleus from completely independent orbits (pairing correlations are the most 
important). The experiments can also give, upon analysis, information on the modifications discussed 
above of the nucleon-nucleon interaction when the nucleons interact in states of high angular 
momentum.

Previous work compared the cross sections and spin analyzing powers of 650 MeV protons on 206- and 
208Pb with large basis shell model (Random Phase Approximation) calculations, using an effective 
nucleon-nucleon interaction derived from earlier analysis of the Pb elastic scattering data. The 
conclusions were that the shapes of the cross section data (scattering probability vs angle) were well 
represented by the theory, but that the magnitudes (normalization of data to theory) needed adjusting by 
factors of from 0.3 to 2.7 depending upon the particular nuclear excitation state. This indicates that the 
effective interaction needs slight adjusting or that the shell model space needs to be even larger.



Robert L. Lysak, Associate Fellow

Numerical Investigations of Solar Wind-Magnetosphere-Ionosphere Coupling

This research is working to more deeply understand solar wind-magnetosphere-ionosphere coupling 
(i.e., the transfer of the mass, momentum, and energy of the solar wind through the earth's 
magnetosphere and to the ionosphere) and the implications of this coupling for the formation of the 
aurora. Past focus has been on the dynamics at the magnetopause, the boundary between the solar wind 
and the magnetosphere. Now, the focus is being switched to the coupling between the magnetospheric 
tail and the inner magnetosphere and ionosphere. This tail region has been the focus of intense 
research, since the tail is periodically subject to a global reconfiguration, called a magnetospheric 
substorm, which releases the magnetic energy stored in the stretched tail into the inner magnetosphere 
causing the aurora. Previously developed models are well suited to modeling this phenomenon. A 
variety of codes are being used to describe various aspects of these processes. Two linearized codes 
have been developed to describe the propagation of MHD waves in the magnetosphere-one of which 
focuses on the ionospheric interaction and the other that is more global in scope. In addition, these 
researchers are continuing to collaborate with the group of Professor Thomas Jones of the Astronomy 
Department at the University of Minnesota, who has developed a three-dimensional, compressible, 
nonlinear MHD code, which has been used to model Kelvin-Helmholtz instabilities in compressible 
astrophysical situations.
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This code is being used to model two situations of particular interest to the magnetosphere-ionosphere 
coupling problem. First, it is being applied to an auroral flux tube, including ionospheric dynamics. An 
investigation of how the Kelvin-Helmholtz instability can drive field lines resonances in the 
magnetosphere has been started. Although this scenario was first proposed over twenty years ago, no 
complete numerical model of this interaction has been developed to date. This research has begun an 
investigation of this phenomenon by studying the excitation of magnetospheric cavity modes by the 
Kelvin-Helmholtz instability. The second area of application of this code will be in the dynamics of the 
magnetotail. No code of this level of sophistication has yet been applied to this important problem, and 
although this work is just beginning, it is very likely to lead to important new results.

The next major area of code development involves the propagation of MHD waves through the 
magnetosphere. Again, there are two aspects of this research. A two-dimensional MHD code has been 
developed to describe the interaction of MHD waves with the collisional ionosphere. This code has 
helped determine the effects of the atmosphere at modifying the Alfvén wave signature as observed on 
this ground. This code is now being generalized to include horizontal gradients in the plasma 
parameters and the ionospheric conductivity as well as to include changes in the ionospheric 
conductivity in response to electron precipitation. This model is being extended to three dimensions to 
more realistically model the ground signatures of localized current distributions. The second area of 
research on wave propagation is a global code with a simplified ionosphere. This code is based on a 
code developed by Dong-Hun Lee, now a professor at Kyung Hee University in Korea, while he was a 
graduate student at the University of Minnesota. This collaboration has found that cavity modes in the 
Earth's plasmasphere (the closed field line region close to the equatorial plane) resonate at the 10 mHz 
frequencies associated with Pi2 pulasations, a characteristic substorm wave. This model is being 
extended to include the magnetotail to better understand the propagation of these waves and their role 
in substorm timing.

The final project involves studying the stability of observed auroral particle distributions using both 
electrostatic and electromagnetic dispersion relation solvers. These codes involve searching for zeroes 
of the dispersion relation in the complex plane, which gives the frequencies and growth rates of 
instabilities in the auroral zones. An electrostatic particle-in-cell simulation is being used to describe 
the nonlinear evolution of these instabilities. Use of these codes enable more complete predictions for 
the particle and wave measurements made along auroral field lines, such as those made from the Polar 
and Fast Auroral Snapshot (FAST) satellites.

Oriol T. Valls, Fellow

Numerical Studies in Condensed Matter Theory

 

Density/impurity concentration phase diagram of a hard-sphere system. The lines shown represent the 
location of transitions involving liquid and glassy states.

This group is studying the properties of superconductors with unconventional pairing states. In one 
project, they are using the numerical methods already developed to study the nonlinear electrodynamics 
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of superconducting materials in the p-wave pairing states with either point or line nodes. They are also 
solving the nonlinear London equations to compute the magnetic penetration depth as a function of the 
angle between crystallographic axes and applied magnetic field for both d- and s-wave pairing states.
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These studies emphasize several materials in addition to the better known high-temperature oxides for 
which evidence for unconventional superconductivity has been accumulating. These include several 
heavy fermion compounds, organic salt superconductors, and certain cubic perovskites such as 
strontium Ruthenate.

A second project is studying transport properties of layered superconductors along the crystallographic 
c-axis. This includes a study of coupled phase transitions (one first order, one second order) with a 
view to explain certain features of the field versus temperature phase diagram in d-wave materials.

A final project involves the dynamics of glassy systems. The "microcanonical" Monte Carlo method 
developed by these researchers, which has made the computational efficiency of the simulations 
considerably better than that of conventional Monte Carlo procedures, is being used and extended to 
continue studying the topography of the phase space (the structure of metastable minima separated by 
local maxima) of a glassy system. Present emphasis is being placed on the study of the effects of 
impurities in glassy hard sphere systems. This is achieved through the introduction of a random 
potential in the simulation.

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

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

Research Group 

Brian Sheposh, Graduate Student Researcher
Robert Zuniga, Graduate Student Researcher

This stage of the investigation is focused on the development of the computer code that will perform 
the necessary calculations. It is anticipated that in the next stage of investigation, multiple 
configurations will be tested and the code will be extended to include visual simulations.

Theoretical Physics Institute

Philippe de Forcrand, Principal Investigator

The Deconfinement Phase Transition in One-Flavor Quantum Chromodynamics
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These researchers studied the deconfinement phase transition of one-flavor Quantum Chromodynamics 
(QCD) using the multiboson algorithm. The mass of the Wilson fermions relevant for this study is 
moderately large, and the non-hermitian multiboson method is a superior simulation algorithm. Finite 
size scaling is studied on lattices of size 83 x 4, 123 x 4, and 163 x 4. The behaviors of the peak of the 
Polyakov loop susceptibility, the deconfinement ratio, and the distribution of the norm of the Polyakov 
loop are all characteristic of a first-order phase transition for heavy quarks. As the quark mass 
decreases, the first-order transition gets weaker and turns into a crossover. To investigate finite size 
scaling on larger spatial lattices, these researchers use an effective action in the same universality class 
as QCD. This effective action is constructed by replacing the fermionic determinant with the Polyakov 
loop identified as the most relevant Z(3) symmetry breaking term. Higher-order effects are 
incorporated in an effective Z(3)-breaking field, h, which couples to the Polyakov loop. Finite size 
scaling determines the value of h where the first order transition ends. This analysis, at the endpoint 
hep, indicates that the effective model and QCD are consistent with the universality class of the three-
dimensional Ising model. Matching the field strength at the end point hep to the k values used in the 
dynamical quark simulations, the group estimated the endpoint kep of the first-order phase transition. 
They found kep ~ 0.08, which corresponds to a quark mass of about 1.4 GeV.

http://static.msi.umn.edu/reports/search


Keith Olive, Principal Investigator

Monte-Carlo Study of Vortex Phase Diagram in Layered Superconductors

Thermodynamics and transport properties of Type II superconductors in magnetic field are essentially 
properties of the vortex matter. A peculiarity of high Tc superconductors is a very high amplitude of 
thermal fluctuations in the vortex state. This leads to destruction of the low temperature vortex crystal 
state well below the mean field upper critical field. The only way to obtain quantitative information 
about the phase diagram in the vortex state is large scale numerical simulations.

These researchers have used the supercomputing resources of the Supercomputing Institute to study the 
phase diagram by Monte-Carlo simulations of the three-dimensional uniformly frustrated XY model. 
The properties of the melting transition have been investigated for different anisotropy parameters. This 
study shows that the pancake alignment above the melting transition increases with decreasing of the 
anisotropy. At high anisotropies, the melting is accompanied by a significant drop in the coupling 
energy and the destruction of vortex lines, while at small anisotroppies, the vortex lines preserve their 
continuity at the melting transition. In the linelike melting regime, several universal properties of the 
transition and of the liquid phase are found. These properties include the scaling of the melting 
temperature with anisotropy and magnetic field, the effective line tension of vortices in the liquid 
regime, the latent heat, the entropy jump per entanglement length, and relative jump of Josephson 
energy at the transition as compared to the latent heat.

Medical School

Department of Cell Biology and Neuroanatomy

Christopher N. Honda, Principal Investigator

Three-Dimensional Analysis of Spinal Cord Tissue

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

Research Group 

Anie Roche, Research Associate

Before being analyzed further, each stack of images must be processed using deconvolution software 
(huygens) residing on certain workstations in the Supercomputing Institute's Basic Sciences Computing 
Laboratory because the deconvolution process is critical to the research.



Ernest F. Retzel, Principal Investigator

Computational Comparative Genomics of Plants

Research Group 

John A. Crow, Computational Biology Center, University of Minnesota, Minneapolis, Minnesota
John Frreeman, Computational Biology Center, University of Minnesota, Minneapolis, Minnesota
James Johson, Computational Biology Center, University of Minnesota, Minneapolis, Minnesota
Mike Karo, Computational Biology Center, University of Minnesota, Minneapolis, Minnesota
Alan Kilian, Computational Biology Center, University of Minnesota, Minneapolis, Minnesota
Timothy Kunau, Computational Biology Center, University of Minnesota, Minneapolis, Minnesota
Harold Longley, Staff
Margaret Mayer, Staff
Christina Raph, Staff
Elizabeth Shoop, Research Associate
Kevin Silverstein, Research Associate
Sopheap K. Sim, Research Associate
Sheila M. St. Cyr, Research Associate
Rodney Staggs, Computational Biology Center, University of Minnesota, Minneapolis, Minnesota

The Computational Biology Centers are currently conducting a comprehensive comparative study of 
several plant genomes. This study involves gathering genomic sequence and map data and combining it 
together in a single data source. In addition, similarity search programs are being executed 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 is 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 provides a more comprehensive view of the genomes of plant species 
that is currently available. These researchers are currently generating the similarity information using 
similarity programs such as blast and fasta.

Department of Laboratory Medicine and Pathology

Lynda B.M. Ellis, Principal Investigator

Biocatalysis/Biodegradation Database

Supercomputing Institute resources are being used to support activities of the University of Minnesota 
Biocatalysis/ Biodegradation Database (UM-BBD). The UM-BBD is a database of microbial 
biocatalytic reactions and biodegradation pathways primarily for xenobiotic, chemical compounds. The 
goal of the UM-BBD is to provide information on microbial enzyme-catalyzed reactions that are 
important for biotechnology. The reactions covered are studied for basic understanding of nature, 



biocatalysis leading to specialty chemical manufacture, and biodegradation of environmental 
pollutants. Individual reactions and metabolic pathways are presented with information on the starting 
and intermediate chemical compounds, the organisms that transform the compounds, the enzymes, and 
the genes. The present database has been successfully used to teach enzymology and use of 
biochemical internet information resources to advanced undergraduate and graduate students, and is 
being expanded primarily with the help of such students.

Research Group 

Edward Bryan, Research Associate

William B. Gleason, Fellow

Computer Modeling Studies of Relevance to Therapeutic Agents and Their Delivery

This research involves structure-based modeling of biological systems with the potential for use as 
therapeutic agents. A major goal is to understand the biomolecular recognition of glycosaminoglycans 
(sulfated carbohydrate derivatives) by proteins. Systems under investigation include acidic and basic 
fibroblast growth factor, vascular endothelial growth factor, and bone morphogenetic protein. The 
physiological activities of these proteins are modulated by their interaction with molecules structurally 
related to the anti-coagulant, heparin, a member of the glycosaminoglycan family. This part of the 
project uses homology modeling to generate three-dimensional structures for proteins of known amino 
sequence but unknown three-dimensional structure. The other portion of the project involves modeling 
the three-dimensional expansion of cardiovascular stents using finite element analysis techniques. 
Stents are metallic reinforcing devices that are often deployed after lumen enlargement of diseased 
blood vessels by balloon angioplasty. Models of coated stents are being developed in order to rationally 
design coatings for the development of therapeutic agents from coatings.

Research Group 

Haraldur Bjarnason, Faculty Collaborator
Svenn Borgersen, BIOsimulations Inc., Eagan, Minnesota
Eric Eccleston, Research Associate
Chi-Ting Huang, Research Associate
Mohammed Iftekhar, Graduate Student Researcher
Ruth Nicholson Klepfer, Graduate Student Researcher
John Mertz, Minneapolis, Minnesota
Benjamin Miles, Supercomputing Institute Undergraduate Intern
William Ojala, Research Associate
Eden V. Paster, Supercomputing Institute Undergraduate Intern
Nhi T. Tran, Supercomputing Institute Undergraduate Intern

A model for the three-dimensional structure of the 165 amino acid isoform of vascular endothelial 
growth factor (VEGF) has been constructed. The model was built using homology modeling based on 
three-dimensional coordinates deposited at the Protein Data Bank for the 121 amino acid isoform as 
well as the nuclear magnetic resonance derived structure of the heparin-binding region of the VEGF 
molecule. This model is useful for evaluating site-directed mutants of potential therapeutic value. 
Collaborative work is in progress to prepare sufficient quantities of VEGF165 for crystallographic 



studies as well as to prepare site-directed mutants.

Franz Halberg, Associate Fellow

Chronobiologic Assessment of Physiologic Chronomes from Womb to Tomb

Strokes and other adverse vascular events are major cripplers at an estimated yearly cost of over $30 
billion. A system for the chronobiologic analysis of cardiovascular records is being developed with 
focus on disease prevention but also addressing the question of the optimal scheduling of treatment 
when needed. Ambulatory devices are now used in different geographic locations for the automatic 
monitoring of blood pressure and the ECG for seven days at the outset. Chronobiologic analyses of 
such records serve first and foremost to improve screening, diagnosis, and treatment. They also serve, 
from a basic viewpoint, to assess how environmental factors affect human physiology, notably heart 
rate and blood pressure. This work's pursuit of these goals is greatly facilitated by access to 
supercomputing resources to analyze beat-to-beat records for resolving chronobiologic and chaotic 
endpoints, automatically update reference standards as added data accumulate, detect the earliest risk 
by means of chronome alterations, and follow up at-risk individuals longitudinally by means of control 
charts. A chronotherapeutic trial is also being pursued to optimize the timing of treatment of blood 
pressure disorders.

Research Group 

Germaine Cornélissen-Guillaume, Pediatrics Department, University of Minnesota, Minneapolis, 
Minnesota
Bohumil Fiser, Institute of Physiology, Masaryk University, Komenskeho nam, Czech Republic
Miroslav Mikulecky Sr., Department of Internal Medicine, Comenius University, Bratislava, Slovakia
Miguel A. Revilla, Departamento de Matematica Apicada y Computacion, Universidad de Valladolid, 
Valladolid, Spain
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Toward this goal, several new programs are in development, and these are routinely applied for the 
analysis of data as they accumulate. Existing records are organized into databases so reference values 
can be regularly updated and any abnormality can be easily detected. Derivations from such norms are 
found in patients with coronary artery disease. A library of programs for such chronobiologic 
applications is being organized and integrated with the incorporation of graphic displays of the results. 
For instance, the computation of speed and acceleration (that is of the first and second derivatives) of 
blood pressure were found to correlate with the left ventricular mass index, thus indicating their 
putative usefulness as risk markers.

(Click to view a larger version of the figure - warning: 50k image)

A reduced heart rate variability is associated with a 550% increase in the risk of coronary artery 
disease, whereas an excessive circadian blood pressure amplitude (CHAT, brief for circadian 
hyperamplitude-tension) is associated with a 720% increase in the risk of cerebral ischemic events. 
Differences in the correlation dimension of patients with coronary artery disease are observed by night, 
but not by day, rendering a chronobiological approach mandatory. About-weekly and other low-
frequency components become more pronounced with advancing age and may provide added 
information on cardiovascular disease risk, notably since they are now found to be amplified after 
coronary artery bypass grafting.

Environmental effects on heart rate variability and on other aspects of human physiology are slowly 
being recognized. Recent results reveal changes along the scale of the solar cycle on the sectoring of 
colonies of bacteria. Low-frequency components, with periods of about 9.5 years, have also been 
shown in a unique 15-year record of urinary 17-ketosteroids by a clinically healthy man. In both data 
series, associations with the geomagnetic disturbance index are demonstrated. Cross-spectral 
techniques relating biological information to physical records (also available in short intervals for very 
long spans, some covering several hundred years) thus gain in interest from a basic viewpoint as well.

The vascular disease risk associated with an elevated circadian amplitude of blood pressure has also 
been validated in a 7-year follow-up of 24 patients seen locally at the dental school. Recently, 
additional corroboration has been secured on the basis of 24-hour blood pressure profiles from over 
two thousand subjects. The relative merits of different endpoints of blood pressure variability can thus 
be investigated and compared.

Research is being continued on heart rate variability (HRV) and the international project on the 
chronome mapping of HRV. Cardiac interbeat intervals are being recorded for spans of seven days or 
longer on subjects in different geographic locations. Collaborators in Norway are above the arctic 
circle, where the effect of geomagnetic disturbances is much stronger. These researchers are also 
monitoring an online service that lists the nowcasting of magnetic storms, a service that is anticipated 
to facilitate research on the effect of stormy weather in space on HRV. Recent results indicate that 
magnetic disturbances are found to be consistently associated with a decrease in HRV, affecting a 
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specific spectral region, pointing to a mechanism other than the parasympathetic nervous system. 
Different endpoints of HRV are being mapped as a function of age for both genders and also as a 
function of a battery of environmental variables. Apart from influences from global geomagnetic 
disturbances, examination is being done on effects from various meteorological variables. Further study 
is being done on how these HRV endpoints vary as a function of the seasons in different geographic 
locations.

Stephen S. Hecht, Principal Investigator

Biochemistry, Biology, and Carcinogenicity of Tobacco-Specific N-Nitrosamines

Cigarette smoking causes approximately 30% of all cancer deaths in the United States. It is responsible 
for 85% of the 160,000 lung cancer deaths expected in 1998. Snuff-dipping is an acknowledged cause 
of oral cavity cancer and the use of moist snuff in the United States has increased remarkably in recent 
years. In spite of advances in tobacco control and smoking cessation, there are still 48 million smokers 
in the United States, about 25% of the adult population. Approximately 500 billion cigarettes and 121 
million pounds of smokeless tobacco were consumed in 1997 in the United States.

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 includes tumors of the pancreas, nasal mucosa, and liver. NNN causes 
tumors of the esophagus and nasal mucosa in rats 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 occurrence of NNK and NNN in tobacco products, and on biochemical studies, it 
is thought that these compounds play a significant role as causative factors in human cancers associated 
with tobacco use.

Research Group 

Edward McIntee, Research Associate
Carol Powers, Graduate Student Researcher

Although there are parallels between NNK and NNN metabolism in rodents and humans which support 
this hypothesis, there are key aspects that must be explored for further evaluation. One specific aim of 
this project is to investigate 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. Further investigation 
is then done on DNA and protein pyridyloxo-butylation by NNK and NNN by elucidating the 
structures of the major adducts formed with DNA and hemoglobin. The final stage of the project is then 
investigating the metabolism of NNK and NNN in humans by determining levels of NNN metabolites 
in human urine, characterizing perviously 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.

Overall, this project is performing 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. These researchers believe that an understanding of the mechanisms by which 
tobacco smoke carcinogens cause cancer will lead to new insights on individual cancer susceptibility 
and development of innovative strategies to prevent tobacco related cancers.

Department of Microbiology

David H. Sherman, Principal Investigator

The Molecular Genetics of Antibiotic Biosynthesis in Streptomyces

These researchers are investigating the molecular genetics of antibiotic biosynthesis in Streptomyces-a 
gram positive soil organism that naturally produces a vast array of medically important antibiotics and 
chemotherapeutic agents.

The polyketide-derived family of antibiotics and lipid-derived fatty acids represent two major classes 
of important metabolic products that are biosynthetically related, yet distinctly regulated in 
Streptomyces. In their biosynthesis, multi-component synthases catalyze iterated condensation of thio-
esters from acetate in the fatty acids and acetate, propionate, and butyrate in the polyketides. The 
objective of this laboratory's research program is to dissect the molecular events of each synthase 
component involved in the chain assembly process. These researchers are also interested in the 
regulatory events that control expression of genetically related primary and secondary metabolic 
pathways. Ultimately, the aim is to engineer metabolic pathways using rational approaches such as site-
directed mutagenesis, in vitro genetic recombination and gene replacement. The development of this 
technology will provide novel methods for production of new antibiotics and other chemotherapeutic 
agents (which are still very much needed to treat a variety of human and animal diseases), as well as 
other useful fine chemicals.

Research Group 

Min He, Biological Process Technology Institute, University of Minnesota, Minneapolis, Minnesota
Mustafa Varoglu, Research Associate

In addition to the polyketides antibiotics and fatty acids, these researchers are investigating the kinetic 
parameters controlling production levels of cephalosporin antibiotics, the resistance mechanism of the 
anti-cancer agent Mitomycin C, and metabolic engineering of biodegradable thermal plastic 
polyhydroxyalkanoates.

Department of Neuroscience

Bagrat Amirikian, Principal Investigator

Neural Networks for Neuroprosthetic Control



Electrical signals emitted from cells in the motor cortex of monkey brains are correlated with arm 
movements. Therefore, it should be possible to use motor-cortical signals to drive a prosthetic arm. 
These researchers are developing and decoding algorithm that is capable of transforming motor cortical 
signals into a control signal for a prosthetic arm. The decoding algorithm will take shape as an 
Artificial Neural Network (ANN). ANNs belong to a class of mathematical functions which, when 
parameterized correctly, can perform arbitrary input/output transformations. The resources of the 
Supercomputing Institute are helping to significantly decrease the amount of time it takes to find the 
range of parameters appropriate for this task.

Research Group 

Thomas Naselaris, Graduate Student Researcher

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 is to further understand how the proper pattern of connections develops between retinal 
axons and the central visual centers. This project is 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. This project is a continuing effort by this laboratory 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 is to determine the role of members of the Eph subfamily of receptor tyrosine kinases in 
development of the normal pattern of retinotectal connections. In general, the approach to this project is 
altering the expression by retinal cells of specific receptors and then studying the resulting pattern of 
retinotectal conncections in developing chick embryos.

Research Group 

Cesar Ercole, Staff
Bill Jurney, Graduate Student Researcher
Dan Selski, Research Associate
Amila Silva, Graduate Student Researcher

Department of 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 is influential in focusing the next level of rational implant design 
refinement. This work is optimizing 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 differentes, is being analyzed using biphasic finite 
element modeling techniques. The role of biologic factors, and their interaction with the mechanical 
environment, are now being examined through cytokine and growth factor network feedback 
relationships recently proposed in the computational biology literature. Experimental validation is 
provided by data obtained through pressures sensors attached to the test implant in a coordinated 
experimental effort.

Research Group 

Olivier Mouzin, Supercomputing Institute Research Scholar

Jack L. Lewis, Principal Investigator

Biomechanics of Articular Cartilage

Research Group 

Douglas Adams, Research Associate
Michelle Fedewa, Graduate Student Researcher
Peter Mente, Graduate Student Researcher
Michelle Oyen-Tiesma, Graduate Student Researcher

Articular cartilage weakens and fractures during the progression of osteoarthritis. Understanding the 
relationships between constituent tissue microstructure and resultant mechanical properties of normal 
and diseased articular cartilage is an important goal of this research.

Department of Pharmacology

George L. Wilcox, Fellow

Axonal Propagation of Impulses in Peripheral Afferents: Models Based on Molecular Information

This project is a long-term multidisciplinary endeavor involving the fields of molecular and cellular 



biology, computer science, pharmacology, and mathematics. Biophysically detailed models of impulse 
propagation in neurons have been studied with mathematical models since the pioneering work of 
Hodgkin and Huxley in 1952. The equations they formulated were a system of four partly dissipative 
semilinear parabolic partial differential equations with Neumann boundary conditions. Over the years, 
more complexity has been added to the basic model, and as a result, typical systems today may 
comprise 20 to 30 coupled nonlinear differential equations. Such equations have been studied by 
biologists, mathematicians, and computer scientists for many decades. Due to the nonlinear nature of 
the equations, there is very little hope of obtaining analytical solutions. The only option available is to 
compute numerical solutions.

Research Group 

Bagrat Amirikian, Research Associate
Matt C. Anderson, Undergraduate Student Researcher
Ihab A. Awad, Graduate Student Researcher
Arthur Christopoulos, Research Associate
Rogene M. Eichler West, 
Carolyn Fairbands, Research Associate
Brent Grocholski, Supercomputing Institute Undergraduate Intern
Lee Hinman, Graduate Student Researcher
Adam Hupp, Eden Prairie, Minnesota
Walid Ibrahim, Undergraduate Student Researcher
Matthew Jansen, Graduate Student Researcher
Erik C.B. Johnson, Undergraduate Student Researcher
Tinna M. Laughlin, Graduate Student Researcher
Shibin Li, Graduate Student Researcher
Leonard Lichtblau, Faculty Collaborator
John McLeon, Graduate Student Researcher
Steven C. Miller, Supercomputing Institute Undergraduate Intern
Todd Ojala, Graduate Student Researcher
Alpana Seal, Calcutta, India
Larry Silvermintz, Graduate Student Researcher
Laura Stone, Graduate Student Researcher
Justin M. Sytsma, Supercomputing Institute Undergraduate Intern
Pradyumna Upadrashta, Graduate Student Researcher
Anthony Varghese, Research Associate
Yiyi Xin, St. Paul, Minnesota

In the recent past, widespread use of the techniques of molecular biology has made it possible to 
sequence and clone the genes responsible for the proteins that cause cellular excitability such as cell 
membrane ion channels and ion pumps. In addition, by expressing genes that code for ion channels in 
cells such as the Xenopus laevis oocyte (as has been done in the past by the Professor Wilcox), it has 
become possible to study the detailed kinetics of these channels and dissect the components of cellular 
excitability at a molecular level. In addition, the result of mutations in the genetic code can also be 
studied, thus allowing the investigation of harmful genetic mutations. Finally, it is also possible to 
construct mathematical models of the action of antiarrhythmic drugs at the molecular, cellular, and 
tissue levels.

In this work, these researchers are simulating electrical activity of two types of cells-myelinated A-d 
sensory afferent neurons and unmyelinated C-type afferent neurons responsible for transmission of 
pain. Collaborators in the University of Leicester have constructed cDNA libraries for such cells and 



have started constructing databases of ion channels with information about kinetics and pharmacology. 
With this molecular information, these researchers are in a position to construct models of propagation 
of electrical activity in single neurons (cell soma, axon, and nerve terminals). In addition to numerous 
questions about normal physiology of these systems, the effects of mutations and drugs can be 
effectively studied.

Currently, these researcher's codes on the IBM SP are implemented in the C++ language. They are 
taking full advantage of the optimization tools in the new xlC compiler. The KAI C++ compiler is 
currently being beta tested to parallelize the codes. Parallelization efficacy is being tested by running 
the codes by varying the number of CPUs used and comparing run times.

Current runs are being made with both a variable-step, variable-order implicit method as well as a 
fourth order explicit time-integrator. With these methods, typical run times are projected to be eight 
hours on a single CPI for each case. With approximately thirty parameters, this implies that in order to 
study parameter sensitivities (e.g., doubling and halving parameter values are anticipated one at a time), 
roughly six hundred cases need to be run in order to understand parameter sensitivities. The 
independence of these evaluations indicates that explicit parallelization (running multiple jobs on 
multiple processors) are possible during these sensitivity analyses. In addition, by adding better 
formulations of potassium channels and additional temperature-, ligand-, and pH-sensitive cation 
channels, an additional thirty parameters need to be tested. Simulations of the effects of ion channel 
blocking drugs and interactions with intrinsic nerve properties introduce a further ninety parameters. 
Finally, a model of neuropathic pain introduces another sixty parameters.

Current runtimes on the SGI Origin 2000 are approximately sixteen hours on a single CPU. While the 
code did run in parallel, changes to the compilers have forced crucial parts of the code to run in serial 
mode with significant degradation in performance. With the imminent release of an SGI C++ compiler 
with OpenMP directives, the work will be free of the above problems and performance of the codes 
should improve considerably.

Department of Physiology

Linda M. Boland, Principal Investigator

Simulations of Voltage-Dependent Ion Channel Gating

Research Group 

Joseph Cooley, Supercomputing Institute Undergraduate Intern
Anthony Varghese, Research Associate

Voltage-gated ion channels regulate the electrical properties of excitable cells. This work is interested 
in understanding the mechanisms of ion channel opening and closing that alters cellular excitability and 
biological signaling. To this end, these researchers are studying potassium channel gating for potassium 
channels comprised of single (homomeric) or multiple (heteromeric) subunits. They also express 
potassium channels harboring site-directed mutations and/or large structural changes as a way to 
address the relationship between protein structure and function. Continuous-time, discrete-state Markov 
models are being used to experimentally reconstruct measured ionic and gating currents from 
potassium channels. Numerical time-integration of mathematical models is 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 is being used in the lab. The ion 
channel simulations are useful in evaluating current hypotheses about channel gating mechanisms, 
making predictions and generating ideas for new experiments in the lab.

 

A Markov chain model was used to express ion channel gating as a system of differential algebraic 
equations with voltage-dependent transitions between the states in the activation pathway. The 
equations were solved using a variable time step, variable order, numerical integrator (DASPK). Shown 
are simulations of (A) ionic current through potassium channels and (B) gating currents from the 
voltage-dependent rearrangements of the potassium channel proteins as they respond to membrane 
depolarization and open a potassium-selective pore.

The model has now been tested and fully implemented with several data sets for potassium channel 
gating with single (homomeric) and multisubunit (heteromeric) composition. Experimental data is now 
being compared with simulations in order to estimate optimal parameter values that reconstruct the 
electrophysiological experiments. A heuristic search is being implemented for the most sensitive model 
parameters that, in turn, are used as starting points for multiple nonlinear regression searches in the 
remaining parameter space. These regression analyses are done in parallel to improve the ability to find 
a true global optimal set of model parameters. Further simulations and parameter estimation are needed 
for experimental data collected under different test conditions.

David Levitt, Principal Investigator

Protein Structure Determination and Development of Software for Automated Fitting of X-ray Crystallographic 
Electron Density Maps

The first part of this project involves computer refinement of protein structures determined from X-ray 
crystallographic data. These researchers are interested in three proteins-the bifunctional enzyme (6-
phosphofruto-2-kinase/fructose-2, 6-bisphosphatase), glucokinase, and the glucokinase regulatory 
protein. These three enzymes are involved in the regulation and control of blood glucose levels. Xplor 
or CNS is used as the first step in the refinement. Presently, the researchers do not have good crystals 
from any of these proteins. However, they have now purified large quantities of all three and are trying 
to crystallize them.

Research Group 



Timothy A. Anderson, Research Associate
Seth T. Gammon, Supercomputing Institute Undergraduate Intern

1999 UMSI Publications 
99/256 "The Structure of Vitellogenin Provides a Molecular Model for the Assembly and Secretion of 

Atherogenic Lipoproteins," C.J. Mann, T.A. Anderson, J. Read, S.A. Chester, G.B. Harrison, 
S. Köchl, P.J. Ritchie, P. Bradbury, F.S. Hussain, J. Amey, B. Vanloo, Journal of Molecular 
Biology, 285, p. 391 (1999). 

A complete Bibliography can be found on the Internet at:
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The second project deals with the development of the graphical software package maid. This package 
presents a unique approach to the refinement of protein structures based on X-ray crystallographic data. 
It provides an interface for performing real space molecular dynamics as one builds new structures into 
the electron density map. An early version of this package has already been published. Recently, a 
major revision of this package was carried out, and some important new featureswere added. This new 
version has a new graphical interface that should be more flexible. The main new feature being 
developed is a procedure for automating the building of protein structure into the electron density map. 
At present, this is a procedure that requires several weeks to a month of a skilled investigator working 
on a high performance graphics terminal. The new program has several steps. The first step searches 
through the entire map, looking for and building in amino acids for regions that are beta sheets or alpha 
helices. The second step extends these secondary structures into the loop regions. The third step 
combines the known amino acid sequence data with the tentative amino acids positions to determine 
the side chain assignment. If the program is successful, it should yield a structure that can be directly 
input into xplor for refinement.

Robert F. Miller, Principal Investigator and Jon Gottesman, Co-
Principal Investigator

Modeling Synaptic Transmission and Electrophysiology of Cells in the Retina

Research Group 

Tom Bartol Jr., Computational Neurobiology Laboratory, Salk Institute for Biological Studies, La Jolla, 
California
Kevin Crisp, Graduate Student Researcher
Mary Fagerson, Research Associate
Jurgen Fohlmeister, Faculty Collaborator
Dori Henderson, Graduate Student Researcher
Michael Hines, Oak Ridge National Laboratory, Oak Ridge, Tennessee
Thomas Naselaris, Graduate Student Researcher
Mark Newman, Graduate Student Researcher
Mike Sikora, Research Associate
Karis Stenback, Supercomputing Institute Undergraduate Intern
Joel Stiles, Pittsburgh Supercomputer Center, Pittsburgh, Pennsylvania
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This research is enchancing the understanding of amacrine and gaglion cell function in the vertebrate 
retina through a tightly coupled project of computer simulation analysis combined with physiological 
and morphological studies of single cells. The present work is directed toward three objectives-a new 
understanding of how ganglion and amacrine cells in the vertebrate retina generate nerve impulses and 
the role which voltage-gated ion channels in the dendrites play in impulse encoding, the mechanisms of 
glutamate release from ribbon synapses of biopolar cells and the role of diffusion and glutamate uptake 
in shaping the temporal waveform of the glutamate concentration profile in the synaptic cleft which 
interacts with AMPA and NMDA glutamate receptors and glutamate transporters, and the role which 
NMDA and AMPA receptors play in the generation of synaptic currents integrated by active or passive 
soma-dendritic tree structures. Computer simulations are being carried out for equivalent cylinder and 
compartmental models of cells using the neuron software package. Modeling of synaptic transmission 
and glutamate release, diffusion, and uptake are carried out using mcell simulator software.

Department of Psychiatry

Sheng He, Principal Investigator

Visual Information Processing and Functional Magnetic Resonance Imaging

Visual information processing is one of the most important cognitive functions. Significant advances 
have been made in the understanding of the human visual system, but basic questions of resolution, 
depth, and motion perception have not been satisfactorily answered. Where is the bottlenect that limits 
the ability to visually resolve spatial and temporal details? How is depth and motion information 
constructed in the visual system?

Functional Magnetic Resonance Imaging (fMRI) has become an increasingly important tool for 
studying cognitive functions. In collaboration with researchers at the Center for Magnetic Resonance 
Research, Professor He is using fMRI to study the cortical neural mechanisms of visual perception. In 
particular, he is focusing on neural mechanisms that underlie the spatial and temporal visual resolution, 
visual motion processing, and stereo depth generation in normal human observers.

fMRI experiments generate very large and complex data sets. Processed results are difficult to represent 
because of the complex nature of the human brain. Fortunately, some software (e.g., brainvoyager, 
AFNI) has recently been developed specifically for the purpose of fMRI data analysis. The attractive 
feature of this software is its capacity to transform a crumpled three-dimensional cortex into a flat two-
dimensional form or inflated smooth three-dimensional form, making the visualization of cortical 
activity much easier.

Department of Surgery

Kristen Gillingham, Principal Investigator

Random Assignment of Treatments in Solid Organ Transplant Research



In solid organ transplant research, many randomized clinical trials are conducted. These researchers 
have written a program in FORTRAN 77 that has allowed them to carry out the random assignment of 
various treatments to their study patients. In the past, this randomization program has been run on the 
University of Minnesota's NOS computer system. However, the NOS computer system was recently 
shut down, and since that time, these researchers have been exploring various other options. Because of 
the need to access the IMSL Library, these researchers are continuing their investigations with 
Supercomputing Institute resources.

Research Group 

Yan Zheng, Staff

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 utilizes the same time dependent 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 unexpected result in dynamical analysis-that is, for the first time, a 
technique that allows 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 is examining the electromyographic (EMG) signal present in 
the urethral straited muscle during bladder function.

Cancer Center

Sharon Murphy, Principal Investigator

Nitrosamines and P450s

Nitrosamines are a class of environmental carcinogens that requires metabolic activation to exert their 
carcinogenic 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 as of now, 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 is 
currently being done to model various membrane bound P450s from the crystal structure of these 
bacterial P450s.

Research Group 



Linda von Weymarn, Graduate Student Researcher

These researchers are 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, and understanding more about how very small differences in amino 
acid sequence can change the substrate specificity can help these researchers to understand more about 
nitrosamine carcinogenesis. 

Department of Surgery and Abbott Northwestern Hospital

Leonard S. Schultz and Lester F. Harris, Principal Investigators

Dynamic Simulations of Solvated Protein-DNA Complexes

Research Group 

Pamela D. Popken-Harris, Research Associate
Michael R. Sullivan, Research Associate

 

a. A 50bp DNA sequence containing 434 bacteriophage operators OR1 and OR2 in linear conformation 
with two 434 cI repressor protein dimers docked at the operators.

b. Two glucocorticoid receptor protein (GR) dimers docked at 2 glucocorticoid response element 
(GRE) sites within a 50bp DNA sequence from mouse mammary tumor virus (MMTV) 5' long terminal 
repeat (LTR) in linear conformation (close-up of c).

c. Five GR dimers docked at five GRE sites within a 160bp DNA sequence from MMTV 5' LTR in 
linear conformation.

d. Five GR dimers docked at five GRE sites within a 160bp DNA sequence from MMTV 5' LTR in 
super-helical conformation.

e. Five GR dimers docked at five GRE sites within a 160bp DNA sequence from MMTV 5' LTR in 
super-helical conformation with histone protein core octamer shown.

1999 UMSI Publications 
99/6 "Molecular Dynamics Simulation in Solvent of the Phage 434 cl Repressor Protein DNA 

Binding Domain Amino Acids (R1-69) in Complex with its Cognate Operator (OR1) DNA 
Sequence," L.F. Harris, M.R. Sullivan, and P.D. Popken-Harris, Journal of Biomolecular  
Structure & Dynamics, 17, p. 1 (1999). 

A complete Bibliography can be found on the Internet at:
www.msi.umn.edu/reports/search 

These researchers are conducting experiments investigating the mechanisms of a genetic switch 
controlled by DNA regulatory proteins. The group previously reported that a high degree of nucleotide 
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similarity is conserved between nucleotide subsequences of the c-DNA that encode regulatory proteins, 
DNA recognition alpha helices, and their cognate operators or hormone response elements within the 
DNA to which they specifically bind. By model building, it was observed that amino acids located 
within the DNA recognition helices are spaced so that they align with trinucleotides identical to 
cognate codon-anticodon nucleotides within the DNA major groove halfsites and flanking regions of 
their DNA binding sites. These findings suggested that these amino acids may interact with their 
codon-anticodon nucleotides within their cognate DNA binding sites. These observations allowed the 
researchers to hypothesize a mechanism for a site specific DNA recognition code for DNA regulatory 
proteins. Molecular dynamics simulations are currently being conducted in solvent to investigate 
hydrogen bonding, van der Waals, and electrostatic interactions between amino acids of the DNA 
regulatory proteins and nucleotides of their specific DNA binding sites. Findings by this research group 
indicate that amino acids within the DNA recognition helices of both prokaryotic and eukaryotic 
regulatory proteins are interacting with their cognate codon-anticodon nucleotides within their specific 
DNA binding sites.

Preliminary findings suggest that the estrogen receptor (ER) and glucocorticoid receptor (GR) proteins 
might function at unique DNA binding sites in a manner similar to the classical genetic switch seen 
with the 434 bacteriophage repressor proteins interacting with their cognate DNA operator sites, see 
figure1a. This hypothesis is being investigated in both wetwork and computer experiments. It has been 
observed, using a gelshift assay, that the ER protein binds to non-consensus glucocorticoid response 
elements (GREs) located within the 5, LTR upstream of the MMTV proviral genes. A DNA sequence 
from the MMTV 5, LTR containing a consensus GRE and an adjacent non-consensus GRE site is 
shown in figure 1b. These two GRE sites, of the five GRE sites located within the MMTV 5, LTR 
sequence, see figure1c, are similar to the 434 bacteriophage operator sites comprising a genetic 
switch ,see figure 1a. These researchers are preparing to compute molecular dynamics simulations in 
solvent on the protein/DNA model of the putative GR/ER genetic switch as shown in figure 1b.

These researchers realize the importance of studying eukaryotic regulatory elements in their natural 
context to develop a better understanding of the requirements for controlling expression of transfected 
genes. Recently, a high-resolution crystal structure of a nucleosome core particle of chromatin was 
determined. This structure provided essential information for constructing an exact nucleosome model 
of the MMTV 5, LTR system that this group has studied for over a decade.

The chromatin structure of the MMTV LTR is highly ordered. In fact, one nucleosome encompasses 
the entire DNA sequence shown in figure 1c. These researchers are preparing a nucleosome model of 
the MMTV 5, LTR DNA sequence shown in figure 1c, with five GR dimers docked at the five GRE 
sites contained therein, see figure 1d and e.

Genetic engineering experiments designed to turn on or off gene transcription under the regulation of 
the steroid hormone receptor superfamily of DNA regulatory proteins are being continued, especially 
for the ER and GR proteins. These researchers are working interactively with both benchwork and 
computational methodology using the information gained to design laboratory experiments and to 
refine computer models. This back and forth experimentation using computers and benchwork is the 
basis for research in molecular medicine.

School of Dentistry



Department of Oral Sciences

Ralph DeLong, Principal Investigator

Helical Axis Mapping and Modeling

This investigation is using the helical axis to describe jaw function. Dentistry needs a method to assess 
jaw function that allows comparisons both between and within individuals. Computer models of the 
masticatory system exist. However, they are questionable for clinic use because of the time and 
expense involved in acquiring anatomic data. A promising method to assess jaw function is the helical 
axis, which describes motion as a rotation about an axis and a translation along this axis. The helical 
axis provides insight into the relationship between kinematics and joint anatomy, and thus, it can be a 
helpful diagnostic tool. Also, comparisons are more reliable because the helical axis does not depend 
on the precise location of anatomical landmarks.

This project is testing the helical axis concept by mapping the movement of models of teeth in an 
articulator, which simulates jaw motion. The coordinates of 96 anatomical points are being mapped as a 
function of relative jaw displacement using a three-dimensional digitizer. The paths of motion for these 
96 points are being determined by fitting quintic splines to the points. From these curves, the helical 
axis parameters are calculated and compared to the expected values.

Research Group 

Ching-Chang Ko, Faculty Collaborator
Hongyi Wang, Research Associate

During the past year, this project concentrated on verifying the helical axis algorithms using a computer 
simulation. Three-dimensional jaw motion was simulated by rotating a three-dimensional digital image 
of a lower jaw 1° about a helical axis at a known location. The (x,y,z) coordinates of a set of points on 
the before and after rotation images of the jaw were used to back calculate the helical axis parameters. 
The predicted parameters were within 1% of the actual parameters. To make the simulation more 
realistic, a random error of ±100 microns was added to the coordinates of the after rotation set of 
points. Under these conditions, the agreement was still better than 5%. The results validate the 
algorithms and verify the concept of using the digital images of the jaws to calculate the location of the 
helical axis.

School of Public Health

.

Department of Epidemiology

Larry Atwood, Associate Fellow



A Comparison of Methods in Genetic Epidemiology

It is widely accepted that multiple genes are responsible for the common diseases that affect humanity. 
Furthermore, these genes interact with each other and with the environment in complex relationships 
that are poorly understood. Several statistical methods attempt to solve this problem by detecting and 
locating these genes. The relative performance of these methods is largely unknown, as close form 
solutions to problems do not exist. Power analyses have to 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 (sibpair, sibship, nuclear, extended) is 
largely unknown.

A typical trait might have as much as 30-40% of its total variation attributable to genetic variation. The 
assumption made here is that this variation is due to a few genes (oligogenes), i.e., between two and 
six. Each of those genes will have at least two forms (alleles) to produce the variation. The relationship 
between the alleles can be additive or non-additive (dominant). The allele frequencies can vary. The 
relationships between genes can also be additive or non-additive. Individual alleles can interact with 
environmental factors. All of these factors must be accounted for in a simulation that captures the 
reality of genetic systems.

A second problem is that of family structure. A common belief is that large families are more powerful 
than an equivalent number of individuals organized in small families or even sibpairs. This problem 
obviously has important implications for the design of studies of complex traits, yet little work has 
been done due to the computational demands.

1999 UMSI Publications 
99/27 "Linkage of Diastolic Blood Pressure to D2S1790 in a Random Sample of Mexican American 

Families," L.D. Atwood, P.B. Samollow, J.E. Hixson, M.P. Stern, and J.W. MacCluer, 
University of Minnesota Supercomputing Institute Research Report UMSI 99/27, February 
1999. 
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Currently, this project is using supercomputing resources to address these problems by considering a 
broad range of genetic models and family structures. For each model-family combination, the two most 
popular methodological approaches are used to detect and localize genes effecting a simulated trait. 
These two approaches fall largely into two areas-model-based analysis and model-free analysis (or 
parametric and non-parametric). These approaches are represented in the software packages pap 
(model-based) and genehunter2 (model-free). These programs are the primary tools for analysis. For 
each model-family combination, at least 100 random replicates are simulated. From these replications, 
power and error curves are generated so that the relative performance of the two methods can be 
compared directly.
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Metropolitan State University

Department of Information and Computer Sciences

Jigang Liu, Principal Investigator

Performance Evaluation of Parallel Computational Geometry Algorithms on the IBM SP

An experimental environment for testing and evaluating parallel computational geometry algorithms 
has been designed and implemented on a MasPar system five years ago by Professor Liu. The data 
acquiring system was based on the X window and motif. The TCP/IP and Unix IPC mechanisms were 
used to conduct the communication between the acquiring and computation systems. Three algorithms 
were implemented on MasPar. The system ran smoothly and substantial progress has been developed.

In this project, Professor Liu would like to transfer the system established on MasPar to the IBM PS, 
and wishes to see how much better IBM PS will do than its counterparts, MasPar does. The goal of the 
project is to create an experimental environment for analyzing and evaluating the performance of 
parallel computational geometry algorithms. The environment has three major components, data 
acquiring, communication, and computation systems.

Minnesota State University

Department of Management

Rakesh Kawatra, Principal Investigator

Design of a Multiperiod Capacitated Minimal Spanning Tree with Node Outage Costs

The Multiperiod Capacitated Minimal Spanning Tree With Node Outage Costs problem 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. The cost of the network is the sum of link 
layout cost and node outage 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 problem is formulated as an integer-programming problem. A branch exchange heuristic 
procedure is used for solving the problem, and a Lagrangian relaxation method is used to find a lower 
bound for the optimal objective function value.
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