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Since the formation of the original Scientific Computin 



In the context of the present HPCC Program, the MICS Division was one of the 
pioneers in encouraging and supporting research in parallel computing. As the 
AMs Program it acquired the first experimental parallel machine [the Denelcor 
Heterogeneous Element Processor at Los Alamos National Laboratory (LANL)] in 
the DOE, and it supported the design and construction of the first hypercube par- 
allel computer (the Cosmic Cube at Caltech), as well as other novel computer 
architectures, such as the Ultracomputer at New York University and the CEDAR 
cluster at the University of Illinois at Urbana. The MICS Division continues to 
operate the National Energy Research Supercomputer Center (NERSC) at Liver- 
more (the successor to the MFE Computer Center), which provides supercom- 
puter and networking services to the DOE research and educational communities. 
http://www. nersc.gov/ 

In 1983, the Lax Report (“Report of the Panel on Large-Scale Computing in Sci- 
ence and Engineering) cited the successful DOE programs in computational sci- 
ence and called for the federal government to provide supercomputer resources to 
all US scientists. As a result of that report and others like it, a number of federally 
sponsored programs in supercomputing research and access were begun, among 
them the DOE Supercomputer Initiative, the Advanced Research Projects Agency 
(AWA) Strategic Computing Initiative, and the National Aeronautics and Space 
Administration (NASA) Telescience Initiative. The National Science Foundation 
(NSF) created supercomputer centers at several universities. It is not surprising, 
then, that these four agencies have come to play the leading role in the develop- 
ment and implementation of the HPCC Program. The HPCC Program has 
evolved into a very successful interdisciplinary research and development program, 
a model of interagency collaboration, and an excellent example of federal, indus- 
trial, and academic cooperation. 
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DOE High Performance Computing and 
Com m u n ica t ions Prog ram 

The charter of the MICS Division calls for managing the DOE component of 
the HPCC Program and the DOE research and development component of the 
Clinton/Gore National Information Infrastructure (NII) Initiative. The mission 
of the MICS Division, within the DOE Office of Energy Research, is to con- 
tribute to DOE programs and to the national interest through research in and 
the application of advanced mathematical, computational, computer, and com- 
munications sciences. The following sections describe DOE participation in each 
of the five components of the HPCC. 

High Performance Computing Systems (HPCS) 

The DOE has an active and ongoing interest in developing the conceptual foun- 
dations for future generations of computing hardware and software that will 
increase speed and capacity to trillions of operations per second (Tflops) for use 
on the many computationally intensive computer applications. The DOE also 
has an interest in encouraging the development of future generations of machines 
in such a way that architecture advances can be integrated into effective, flexible 
computing environments. An important long-term goal that guides DOE 
research in this area is the development of high-performance computational facil- 
ities that are architecturally balanced in a way that makes them useful for a broad 
range of DOE applications. The DOE is especially interested in research that 
leads to increasing the understanding of the architectural limitations that will 
shape the design of future machines and in the impact on basic parallel s o h a r e  
of architecture scale-ups that lead to higher performance on those leading-edge 
DOE computer applications. 

Advanced Software Technology and 
Algorithms (ASTA) 

Robust, efficient software and algorithms are the keys to making HPCC systems 
useful and economically viable. Clear, overriding evidence from experiences with 
earlier computer systems shows that improvements in software and algorithms 
lead to greater gains in performance than do improvements in machine architec- 
ture. However, the computer systems of the past had relatively simple architec- 
tures, which made possible the development of software and applications 
algorithms without much attention to the machine architecture. Today, the utility 
of such simple architectures for software development has been thoroughly 
exploited. The complexity of current and contemplated architectures requires the 
extensive development of new software technologies, computational methods, 
and programming techniques for full realization of the enormous computing 
power of parallel and distributed computer systems. 

Addressing this development challenge requires a rethinking of the current para- 
digms for the disciplinary and organizational relationships that represent the tradi- 
tional method of conducting research at most universities and federal laboratories. 
Individual groups of single-area specialists who work alone are being replaced by 
interdisciplinary teams of specialists who work closely with computational scientists 

Collaborations in the Computational Testbed for 
industry have on-site access to the extensive com- 
puting power of the Advanced Computing Labo- 
ratory, including many o f  the world-famous Los 
Alamos National Laboratory codes developed 
strategically over the past fifty years. 
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Grand Challenges 
Grand Challenges are fundamental problems in 
science and engineering with broad economic 
and scientific impact whose solutions can be 
advanced by applying high-performance com- 
puting techniques and resources. 

National Challenges 
National Challenges are major societal needs that 
computing and communications technology can 
help address in key areas such as the civil infra- 
structure, health care, manufacturing processes 
and products, national securiQ and public access 
to government information. 

and computer scientists to develop and implement efficient, effective software and 
algorithms. The new research paradigm guided the formation in 1992 of research 
groups composed of laboratory and university specialists in the relevant science 
disciplines and the computational sciences, working in some instances with scien- 
tists from industry, to seek solutions to Grand Challenges in energy applications, 
such as global climate modeling, high-energy physics, fusion energy, materials sci- 
ence, structural biology, and rational drug design. The Grand Challenge approach 
to solving particular scientific problems continues to drive the development of 
improved software and algorithms. In turn, that area of science is enriched by the 
discovery of new phenomena made possible by advances in computational power 
and visualization. 

National Research and Education Network (NREN) 

In 1985, Congress mandated a study of the computer networking requirements of 
the research community in the United States. The preparation of such a far-reaching 
study, together with a recognition of the widespread use of remote access to super- 
computers through federal supercomputer programs, focused the attention of the 
US research community and the federal agencies on the need for reliable, high-speed 
computer networks. 

Within the DOE, computer networks have been used extensively since the mid- 
1970s for various scientific and technological applications, primarily in the areas 
of fusion energy and high-energy physics. However, these networks had limited 
capacity and were incompatible with each other. Because of a significant increase 
in networking requirements, the Energy Research (ER) community endorsed a 
proposal to create the ESnet. The ESnet has been developed to be compatible with 
existing networks, while incorporating a nondisruptive transition path to emerging 
international network standards. The ESnet is the vehicle through which the ER 
community has become a full partner in the Internet community of computer net- 
works and through which the ER community will become an integral part of the 
NREN. The ESnet leads in adopting innovative network technologies and pro- 
vides the ER community with the quality resources required to accomplish DOE’S 
mission. 
hnp://www.es. net/ 

Information Infrastructure Technology and 
Applications (IITA) 

The MICS Division contributes significantly to the IITA component of the HPCC 
Program by supporting collaborative research environments. Collaborative research 
requires virtual reality, image understanding, intelligent systems interfaces, and data- 
bases and object bases, all of which are elements of the IITA goals. These goals call 
for demonstrating prototype solutions to National Challenges by using HPCC- 
enabling technologies. 

One of the IITA efforts focuses on developing and improving the tools and tech- 
nologies needed to support energy-demand and energy-supply management as an 
application on the NII-an application that enables end users, whether they are 
from the residential, industrial or commercial sector, to make smart energy decisions. 
These smart energy decisions result in several benefits. Energy savings can offset the 
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need for capital investments in new generating capacity. Existing buildings can 
become more energy efficient, and new designs can benefit from tools developed as a 
result of the additional available information. Utilities will be better equipped to 
manage energy generation, transmission, and distribution. The introduction of more 
information and competition in energy supply offers the end users greater choices in 
alternative energy suppliers as well as energy sources. 

The program being put in place for energy-demand and energy-supply manage- 
ment will support research to develop tools, technologies, and protocols for wide- 
area and distributed networks that are scalable and operable over the Internet and 
the NII. We expect that the program will include prototype projects for the evalu- 
ation of energy-demand-management applications; the development of distributed 
data-handling and data-analysis tools for the compilation, interpretation, and use 
of energy production and usage statistics. The program will also likely include the 
development of distributed computing technologies for integrating residential 
information and energy appliances, for enabling energy management in commer- 
cial and public buildings, and for providing end users an interactive interface to 
delivery systems. 

Basic Research and Human Resources (BRHR) 

The MICS Division supports basic research in applied and computational mathe- 
matics and computer science that underpins most, if not all, its sponsored activities 
in high-performance computing and communications. Whereas the first three com- 
ponents of the HPCC Program outlined above are concerned with research and 
implementation that have a near- or intermediate-term impact, the activities spon- 
sored under the basic research component are necessary for the long-term health 
and vitality of computational science. 

The base program in applied mathematics supports a broad range of activities at 
universities and the DOE laboratories in the complementary areas of modeling, 
analysis, and the numerical simulation of physical phenomena that arise in energy 
systems. Most of the projects involve applications-driven studies of the mathemati- 
cal and numerical tools that are required for understanding the behavior of complex 
discrete and continuous systems. 

The base program in computer science focuses on understanding how parallel and 
distributed computer systems can be applied effectively to large-scale scientific 
problems. Supported projects include research in the programming of development 
models and tools, management and visualization of scientific data, improved 
libraries for parallel computers, software performance-analysis techniques, and mes- 
sage-passing utilities for facilitating distributed computing. 

The goals of the human resources component of the HPCC Program are the devel- 
opment and enrichment of the nation’s human resources in applied mathematics, 
computer science, and computational science through investment in education and 
training at all levels (from elementary school through college and beyond). The 
MICS Division, in partnership with other DOE programs, has created a number of 
innovative educational programs highlighting computational and communications 
technologies for use in education programs and curricula at all grade levels. Many 
of these programs are conducted in collaboration with the DOE laboratories and 
local state governments, universities, and education systems. 
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Federal High Performance Computing and 
Communications Program 

Major Components 

http://www. hpcc.gov/ 

Work in the federal HPCC Program and other federally sponsored efforts in 
supercomputing access and research culminated in the establishment of the presi- 
dent’s High Performance Computing and Communications Initiative, which was 
introduced by Vice President (then Senator) Albert Gore and announced on Feb- 
ruary 5, 199 1, by Dr. D. Alan Bromley, the presidential science advisor. Subse- 
quently, Congress passed the High-Performance Computing Act of 1991 (EL. 
102-194) with strong bipartisan support, and it was subsequently signed into law 
by President Bush on December 9, 1991. 

The federal HPCC Program drives US leadership in advanced computing and 
communications technologies and their application to fundamental challenges in 
science and engineering and to the emerging global information infrastructure. 

The HPCC Initiative seeks to increase and strengthen US competitiveness in the 
areas of national security, science, technology, industry, and education by accelerat- 
ing the research, development, deployment, and acceptance of a new generation of 
computing, communication, and information. 

The HPCC Program has demonstrated substantial and widespread progress. 
Accomplishments of the program are documented more fully in an on-line hyper- 
text document available on the Internet. This on-line version uses tools developed 
under the program to document the HPCC Program in a form that is likely to be 
viewed often by as many people as will read the traditionally printed document. 

The initial priority goals of the HPCC Program included the following: 
The development of advanced high-performance computing and commu- 
nication technology to drive US leadership in the understanding, produc- 
tion, and application of these advanced systems and in the provision of 
these services. 
The implementation and enhancement of the NREN to link the knowledge 
and expertise of our top researchers and academic minds, to help solve both 
fundamental and applied problems that face our nation, to enable collabo- 
ration in the research and education communities, and to facilitate access to 
unique sources of information, facilities, and resources. 
Training and education to build America’s capability to use technology effi- 
ciently throughout the economy. 
The enabling of tractable solutions to the Grand Challenges-fundamental 
problems in science and engineering that have broad economic and scien- 
tific impact and that require unprecedented computational power and 
resources. 

These four goals have been enriched by the addition of two goals for developing 
the technologies and services to enable the following: 

The National Challenges-fundamental applications that have broad and 
dlrect impact on the nation’s competitiveness and the well-being of its citizens. 
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The initial steps toward an integrated and interoperable NIJ that is capable 
of supporting societal needs in the imminent information age. 

In February 1995, the National Research Council, responding to a request from 
Congress, released the report of the committee formed to study the status of a 
major HPCC initiative. The report, titled “Evolving the High Performance Com- 
puting and Communications Initiative to Support the Nation’s Information 
Infrastructure,” acknowledges the value of the program and its contributions to 
the advancement of high-performance computing and communications. The 
report also endorses increased emphasis on a large-scale, integrated information 
infrastructure. 

The efforts to develop the NII will build on the technical strengths developed by 
the HPCC Program and the lessons learned from attaclung the Grand Challenges 
and understanding the requirements of the National Challenges. The resulting pro- 
gram will strengthen the nation’s preparedness to be a leader in the global informa- 
tion economy of the twenty-first century. 

Organization 

Twelve federal departments and independent agencies participate in the HPCC 
Program. Planning, funding, and implementation are the result of the participants’ 
close cooperation with each other and with private industry and academia. These 
efforts help ensure that the program meets the needs of these communities and that 
the results are effectively brought into the research and educational communities, 
the commercial marketplace, and academia and to the general public. 

The twelve agencies that will actively participate in the HPCC Program in 
FY 1996 are the following: 

AHCPR-Agency for Health Care Planning 

ARPA-Advanced Research Projects Agency 
DOE-Department of Energy 
ED-Department of Education 
EPA-Environmental Protection Agency 
NASA-National Aeronautics and 

NIH-National Institutes of Health 
NIST-National Institute of Standards 
and Technology 
NOM-National Oceanic and 
Atmospheric Administration 
NSA-National Security Agency 
NSF-National Science Foundation 
VA-Department of Veterans Affairs 

and Research 

Space Administration 

The National Coordination Office (NCO) for High Performance Computing and 
Communications coordinates the activities of the participating agencies through 
the High Performance Computing, Communications and Information Technology 
(HPCCIT) Subcommittee. The first director of the NCO, Donald A. B. Lind- 
berg, completed his successful term early in 1995 and returned to his full-time 
position as the director of the National Library of Medicine. The new NCO 
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director is John C. Toole, who reports to John H. Gibbons, the president’s sci- 
ence advisor and director of the Office of Science and Technology Policy. As a 
full-time director and chair of HPCCIT, Toole will be responsible for the coordi- 
nation of the expanding HPCC Program. 
gopher://gopher. hpcc.gov/l I/about. nco/ 

The HPCCIT Subcommittee reports to the Committee on Information and 
Communications (CIC) R&D Committee of the National Science and Technol- 
ogy Council (NSTC). The NSTC was formed at the beginning of the present 
administration and is chaired by President Clinton. NSTC and CIC succeed the 
Federal Coordinating Council on Science, Engineering, and Technology (FCC- 
SET) and its Committee on Physical, Mathematical, and Engineering Sciences 
(CPMES) in the HPCCIT reporting structure. 

Federally chartered and federal organizations, industrial and academic organiza- 
tions, and professional societies have provided critical analyses of the HPCC Pro- 
gram through conferences, workshops, and reports. These efforts have sharpened 
the program goals, have made the program accomplishments better understood, 
and have helped strengthen program planning and management. 
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HIGHLIGHTS 

The Paragon system’s MP Linpack performance topped the previous record of 
170 Gflops, which was set on Fujitsu’s Numerical Wind Tunnel, by more than 
100 Gflops. The Sandia factorization code captured attention by running at 
102 Gflops on a Paragon system in October 1993, so this new performance 
represented a greater than threefold increase in 14 months. 

“Today is a milestone for the nation’s High Performance Computing community,” 
said Edward A. Masi, president of Intel’s Scalable Systems Division and vice presi- 
dent of Intel Corporation. “The Paragon system’s performance today shows that 
we’re on the right track to Tflops and highlights the breakthroughs that can result 
from technology collaborations between industry and the national labs.” 

“We wouldn’t be where we are today without the innovative thrusts like the 
HPCC Initiative, and the leadership of agencies such as the DOE and ARPA and 
companies such as Intel,” said Ken Kliewer, director of ORNLk Center for Com- 
putational Sciences. “With this decisive increase in performance, we’ve demon- 
strated that we really can do networked teraflop computing today. Now we need 
to press hard to bring networking technology and availability up to a level that 
will allow us to use our most powerful supercomputers as national resources-to 
flexibly and easily couple large systems at different sites in response to problem 
demands, and thereby solve problems that are beyond the scope of any single 
machine.” “Intel has made a definitive claim to the ‘world land speed record’ for 
computing,” said Jack Dongarra of ORNL and the University of Tennessee, who 
developed the Linpack benchmark and has issued a new Linpack report confirm- 
ing the Paragon system’s results. “These are very impressive numbers.” 

LANL Ocean Model Honored as Best Use of Information 
Technology 

A Los Alamos National Laboratory computer model that simulates the evolution 
of the world’s oceans was chosen in June 1994 by the Smithsonian Institution as 
one of the worlds best uses of information technology. 

The parallel ocean model was named the best entry in the science category of 
the 1994 Computerworld Smithsonian Awards program. The parallel ocean pro- 
gram is the first global ocean circulation model developed for use on massively 
parallel computers. It simulates at high resolution the incredibly complex evolu-‘ 
tion of ocean currents and temperature that are critical to an understanding of 
global climate. 

Scientists Richard Smith, John Dukowicz and Robert Malone developed the par- 
allel ocean program at Los Alamos’ High-Performance Computing Research 
Center. 

Los Alamos’ computer model takes advantage of the increased computation 
power of massively parallel computers: machines that divide a problem among 
thousands of simple processors running in parallel, unlike traditional vector 
machines that use complex processors to race through problems one instruction 
at a time. The parallel ocean model is based on the widely used Bryan-Cox 
Semter ocean model, but has been completely rewritten for efficient execution 
on the 1,024-processor Connection Machine-5 supercomputer. 
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“The model simulates the evolution in time of the ocean currents and distribu- 
tions of temperature and salinity,” Malone said. “The model covers the three- 
dimensional global ocean, including realistic bottom topography and coastal 
boundaries of continents and islands.” 

Los Alamos recently carried out the highest-resolution global ocean simulation 
ever. The model has a resolution of 19 miles at the equator, decreasing to four 
miles near the poles. The model shows ocean eddies and narrow boundary cur- 
rents like the Gulf Stream. 

“Comparisons between the variability of the sea surface height as simulated by the 
model and as measured by the TOPEX/Poseidon satellite are very encouraging,” 
Malone said. “Thanks to the improved model formulation and numerical meth- 
ods, we can integrate a year of simulated time at this very high resolution in only 
28 hours on 256-nodes of the CM-5.” Every simulated year involves the output of 
about 50 gigabytes of data, or the equivalent of 8,000 average-sized novels. 

Malone said development of the parallel ocean model is sponsored by the Depart- 
ment of Energy’s Computer Hardware, Advanced Mathematics and Model Physics 
program and the DOES High-Performance Computing and Communication pro- 
gram. Los Alamos scientists work closely with researchers sponsored by the Navy, 
the National Science Foundation and the National Oceanic and Atmospheric 
Administration. Sun Microsystems Inc. nominated the Los Alamos model for the 
award. 

The Computenvorld Smithsonian Awards program recognizes creative and innova- 
tive uses of technology that benefit society in 10 categories. The leaders of U.S. 
information technology companies this year nominated more than 275 applica- 
tions, from which five finalists were selected in each category. 

The awards program began in 1989 to recognize the positive impact that informa- 
tion technology has on society. The awards honor outstanding applications of 
information technology, while clearly identifying to the general public the benefits 
of information technology. In 1992, Los Alamos’ Genome Sequence Data Base, 
the Department of Energy’s computer repository for all genetic sequence informa- 
tion, captured a Computenvorld Smithsonian award in the science category. 
(Excerpts from HPC Wire, June 10, 1994) 

ESnet Asynchronous Transfer Mode 

Contributions to the HPCC Program by ESnet reached a major milestone on Sep- 
tember 25, 1994 when a multi-year contract with Sprint was signed for high-speed 
Asynchronous Transfer Mode (ATM) communications services. 

This milestone marked a significant step in a process that began in early 1991, 
when national interest in the “next-generation’’ Internet - the NREN - and the 
associated HPCC Program initiative began to develop, with a goal of promoting 
American competitiveness in the areas of computing and communications. The 
services will provide transmission speeds of 622 million bits per second, which is 
about 8,000 pages of information. 

I 

These figures illustrate the progress in high- 
resolution global ocean simulations carried out 
in the Parallel Ocean Program by scientists at 
Los Alamos, Argonne, and Lawrence Livermore 
National Laboratories. Both figures display the 
magnitude of the vertically integrated velocity 
The top figure was made from results obtained ai 
half-degree resolution on the CM-2, the first 
massively parallel computer in the Lo8 Alamos 
High Performance Computing Research Center. 
The bottom figure is from a simulation made on 
the 1024-node CM-5, using 1280 points in longi- 
tude (0.28) and 896 variably spaced points in lati- 
tude (0.17 average). Narrow western boundary 
currents like the Gulf Stream and Kuroshio are 
evident in both figures, but they are weak in the 
upper figure because of the coarse resolution anc 
our inability to carry out multidecade integrations 
on the CM-2. Improved numerical methods and 
the increased power of the CM-5 made possible 
longer and more realistic simulations. 
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CASA Gigabit Testbed Sets World Record 

The CASA [computer testbed wide-area network] collaboration between DOE 
researchers at Los Alamos, NASA researchers at Caltech and the Jet Propulsion 
Laboratory, and NSF researchers at the San Diego Supercomputer Center, have set 
a world record of 500 Mbytes/s (TCP/IP) and 792 Mbytes/s [raw High Perfor- 
mance Parallel Interface (HIPPI)] transfers over a 2,000-km link. This product of 
bandwidth times distance for host-to-host transfer is higher than any other 
ground-based testbed and is a significant step in the quest for a gigabit network. 
The carriers collaborating in the CASA testbed are MCI, Pacific Bell, and US 
West. 

The CASA Gigabit Testbed connects supercomputers at all four sites using HIPPI 
crossbar switches and HIPPI/SONET [synchronous optical network] Gateways 
and is part of a project involving five testbeds that is intended to advance the tech- 
nology and understanding required for high-speed networking. The results from 
the project will also contribute to the research needed for the proposed NREN, 
which is intended to link government, industry, and higher education communi- 
ties involved in general research activities. 
http://www.nknr.net/CASA/cdca.htrnI 
http://www.n'e-5.knlgov/knp/ 
htzp://www.ccsfcaItech.edu/ 
http://www.jpl. nasa.gov/ 
http://www. sdsc. edu/ 
http://www.ssd. inteI. corn/paragon. html 

This board is the single-channel HIPPIISONET 
Gateway that provides an interface from HIPPI to 
a single OC-3 SONET channel operating at 155 
megabitsls. The gateway is used to interconnect 
HIPPI networks over SONET OC-3 lines at dis- 
tances up to 3,000 miles. 

u s  D E P A R T M E N T  O F  E N E R G Y  

http://www.nknr.net/CASA/cdca.htrnI
http://www.n'e-5.knlgov/knp
http://htzp://www.ccsfcaItech.edu
http://www.jpl
http://nasa.gov
http://www
http://www.ssd


H I G H  - P E  R F O  R M A  N C  E C O  M P U T 1  N G A N D  C O M M U N I  C A T 1  0 N S 





exploit modern multiprocessor architec gh-level libraries to facili- MIN = -0.18E + MAX = 0.28E + 01 
tate the implementation of the adaptive 
for problem setup and data analysis. 

Combustion technology is critical to our nation’s economy. It is a major source of 
energy, plays a dominant role in transportation, and is an important factor in 
many industrial processes. Both the requirements of energy efficiency and emission 
reduction have led industry to the increased use of computer simulation t ign 
combustion devices. However, existing computer simulation codes are li n 
their ability to represent faithfully the detailed physical processes and the complex 
geometries of practical engineering devices. The HPCC Grand Challenge team in 
Computational Fluid Dynamics and Combustion Dynamics, consisting of 
researchers at LLNL, LANL, the Courant Institute for the Mathematical Sciences, 
and the University of California, Berkeley, are developing a new generation of 
computational tools for simulating combustion processes. These tools are based on 
state-of-the-art numerical alg hms and use modern software technology to make 
the complexity of the compu 

An example of the type of capability we are developing is shown in the figure-a 
simulation of a pulse combustor. Pulse combustors are characterized by a periodic 
combustion process. A burning cycle drives a resonant pressure wave, which in 

gies, and interfaces to the codes 
The figure is an image of a two-stroke engine 
made of a composite overlapping grid and a verti- 
cal flow component. The magnitude and sign of 
the vertkal flow velocity can be easily interpreted 
from the color bar beneath the image. Blue repre- 
sents the maximum negative velocity; violet repre- 
sents the maximum positive velocity There are 
separate components for the transverse ports, 

ead, cylindec and exhaust port The pis- 
wed to move vertically and cut off both 

ust and transvene ports. The composite- 
grid-generation algorithm automatically cuts 
th d finds the proper in 

e motored flow throug 
three-dimensional 
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turn enhances the rate of combustion, resulting in a self-sustaining, large-scale 
oscillation. In collaboration with scientists at the Combustion Research Facility at 
Sandia National Laboratories (SNL), we have developed a new three-dimensional 
modeling capability to study the behavior of pulse combustors. The model com- 
putes fully three-dimensional fluid dynamics in the combustion chamber and 
incorporates lower-dimensional approximations for the inlet valve that controls the 
injection of fuel and the tail pipe whose acoustic properties control the cyclic 
behavior of the device. 

The figure shows the injection phase when the pressure in the combustion cham- 
ber is low and fuel is entering the combustion chamber. Fuel enters the combus- 
tion chamber, hits the stagnation plate, and becomes entrained by a vortex ring 
formed by flow separation at the edge of the splash plate. We are currently using 
this modeling tool to study the interplay of vortex dynamics and chemical kinet- 
ics. Understanding this relationship will play a critical role in improving pulse 
combustor design. 

We have also established collaborations with industrial partners in the burner 
industry, in order to better focus our algorithm development activities to be 
responsive to industry needs. We have been collaborating with Coen Co. in 
Burlingame, California, and Babcock and Wilcox in Alliance, Ohio, in extending 
and validating our numerical methodology to simulate low-NOx natural gas burn- 
ers. The methodology being developed incorporates realistic chemistry, radiative 
heat transfer, and turbulence models in a low Mach-number formulation. We are 
also participating in a computer code benchmarking activity sponsored by the Gas 
Research Institute, which is funded by the gas production industry. The goal of 
this activity is to evaluate the state of the art in modeling natural gas burners and 
to determine future needs in that area. 

This work is supported by the DOE's HPCC Program. It is an outgrowth of a sus- 
tained research effort over the last ten years in numerical methods for partial differ- 
ential equations sponsored by the AMs Program of the DOE's MICS Division. We 
are collaborating with combustion researchers at LLNL, LANL, and SNL on the 
development of models and comparison with other computations and with experi- 
mental data. We are also working with industrial collaborators at Coen Co., Bab- 
cock and Wilcox, and Reaction Engineering International, as well as participating 
in industry-wide collaborative research sponsored by the Gas Research Institute. In 
the aerospace community, we have ongoing collaborations with NASA researchers 
at the Ames and Lewis Research Centers on algorithms for computational fluid 
dynamics. We are also working with members of that community on software 
infrastructure issues, such as grid generation. 
hnp://w ww. nersc.~ov/doc/Comp~Rrcb/CCSE/bb9~ btml 

I Petroleum Reservoir Modelinp: 

The accurate and efficient modeling of flow in permeable media is of critical 
importance to the public health and economic well-being of the United States. For 
example, future oil and gas production in the United States depends on enhanced 
oil recovery and reservoir characterization technologies. Effective reservoir manage- 
ment requires the intense computer simulation capability of parallel reservoir simu- 
lators, which have the potential to solve larger, more realistic problems in the 
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numerical modeling of fluid flow in permeable media than were previously possi- 
ble to solve. Also of importance is the management and protection of groundwater 
supplies-a problem with similar scientific and engineering fundamentals involv- 
ing multiphase transport in permeable media. 

To date, most industrial reservoir engineering codes use less than 100,000 grid- 
blocks and model fewer than 1,000 wells. Many geological, physical, and chemical 
features of importance are modeled as crude approximations because this method 
is the only practical means currently available for obtaining solutions. Preliminary 
studies indicate that parallel computation enables one million gridblock models to 
become feasible and eventually standard; thus more accurate and useful results will 
be possible than ever before. This is the Grand Challenge in modeling permeable 
media. 

The Center for Petroleum and Geosystems Engineering (CPGE) at The University 
of Texas at Austin and the Subsurface Modeling Group (SMG) at Rice University 
have both developed substantial expertise in the theory and practice of reservoir 
engineering, groundwater hydrology, and computational science. These groups use 
an interdisciplinary approach to research through the involvement of faculty and 
research scientists in applied mathematics, computational science, and chemical, 
petroleum, and environmental engineering. Both the CPGE and the SMG have 
industrial affiliates, currently Texaco, British Petroleum, Elf Aquitaine, and 
INTERA, Inc, and a long and close relationship with those in the industry that 
develop and use reservoir and aquifer simulators. 

‘I Projector 

The scientists at the University of Texas at Austin and at Rice University have 
developed accurate and efficient serial and parallel numerical algorithms for the 
solution of linear and nonlinear, coupled partial differential equations, including 
advective dominated transport equations and elliptic/parabolic flow equations. 
The SMG has developed efficient parallel domain decomposition solvers for the 
large, sparse linear systems that result from temporal and spatial discretizations. 
Both groups have experience with computational science applications related to 
the modeling of subsurface multiphase flow and multicomponent reactive trans- 
port, surface water, and root-soil systems and to the interpretation of microscopic 
data on macroscopic scales through the use of up-scaling, renormalization, and 
homogenization techniques, optimization, and three-dimensional visualization. 

The CPGE and the SMG are in the third year of a DOE Grand Challenge 
research project titled Parallel Algorithms for Modeling Flow in Permeable Media. 
The objective of this work is to investigate the use of high-performance parallel 
processing as a tool to simulate the behavior of petroleum reservoirs and ground- 
water aquifers. The two research areas addressed in this project are enhanced oil 
recovery and the removal of contaminants from fresh water aquifers. Two parallel. 
special purpose reservoir simulation codes and one parallel groundwater code 
(UTCHEM, UTCOMC RParSim) have been developed, tested, and applied to 
field problems. 

In addition, scalable, parallel domain-decomposition linear solvers have been 
developed for UTCHEM as well as parallel optimization software for groundwater 
remediation. 
http://www.pe. utexa. edu/HPCC/hpcc. html 

This reservoir simulation illustrates the use of our 
compositional simulator (UTCOMP) to evaluate 
the use of horizontal wells with vertical drain- 
holes for tertiary oil recovery with carbon dioxide. 
Such simulations require complex modeling tech- 
niques and are computationally very expensive. 
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Simulation of ion-temperature-gradient-mode tur- 
bulence in a tokamak. Shown are the contours of 
perturbations in the electrostatic potential at four 
different times illustrating the transition from linear 
(top) to nonlinear (bottom) states. Particle and fluid 
simulations for the Numerical Tokamak Project 
have made major quantitative progress in compar- 
isons with each other and with experiments, par- 
ticularly in the core of L-mode discharges in the 
Tokamak Fusion Test Reactor experiment at Prince- 
ton University Developing such realistic simulations 
of tokamak turbulence to optimize performance is 
an important component of the US.  program to 
harness practical fusion energy. 

I Numerical Tokomak 

Significant Numerical Tokamak computational accomplishments are the develop- 
ment and optimization of a suite of fluid and kinetic three-dimensional simulation 
codes for massively parallel processing (MPP) computers; testing and comparison 
of various MPP hardware and programming paradigms and studies of MPP perfor- 
mance scaling with the number of processors; improvement of code performance 
by factors of 10-100 with careful MPP optimization and by additional factors of 
10-1 00 with optimized spatial grids; development of advanced perturbative, 
implicit, and hybrid algorithms to improve simulation efficiency further; develop- 
ment of new tools to handle storage and retrieval of large data sets and to post- 
process and visualize the data interactively on distributed computing networks with 
the help of HPCRC resources and staff; building of portable codes and code mod- 
ules for MPPs and clusters, class libraries, parallel fast Fourier transforms (FFTs) 
and elliptic matrix solvers, convolution routines, and parallel input/output (UO) 
using NetCDF. 

Our success in exploiting the new computational resources of the HPCC Program 
have enabled or accelerated the following important recent physics accomplish- 
ments: larger, more efficient three-dimensional, toroidal gyrofluid and gyrokinetic 
simulations using the CM-5 and C90 supercomputers relevant to tokamak experi- 
ments; code cross-comparisons leading to closer agreement between gyrokinetic and 
gyrofluid simulations of a Tokamac Fusion Test Reactor (TFTR) test case and stud- 
ies of the scaling of the turbulent transport with respect to the physical parameters 
of interest and the isotopic composition of the plasma; a major step forward in sim- 
ulated thermal diffusivities, fluctuation spectra, and parameter scalings agreeing 
more closely with experiments (e.g., TFTR discharges); quantitative determination 
of the importance of nonlinearly self-generated sheared flows in influencing turbu- 
lence; progress in simulations of ion-temperature-gradient, trapped electron, and 
alpha-particle-driven toroidal Alfven eigenmode instabilities; and inclusion of more 
physics in the simulations (impurities, collisions, kinetic electrons, velocity shear, 
toroidicity, curvature drifts and resonances, and magnetically trapped particles). 

The long-range goal of the Numerical Tokamak Project (NTP) is the reliable pre- 
diction of tokamak performance using physics-based numerical tools describing 
tokamak physics. The NTP is accomplishing the development of the most 
advanced particle and extended fluid models on MPP environments and is under- 
taking simulations of unprecedented relevance to magnetic fusion experiments as 
part of a multiinstitutional, multidisciplinary numerical study of tokamak core 
fluctuations. 

The NTP is a continuing focus of the Office of Fusion Energy’s theory and compu- 
tation program. Near-term HPCC work concentrates on developing a predictive 
numerical description of the core plasma transport in tokamaks driven by low- 
frequency collective fluctuations. This work addresses one of the greatest intellectual 
challenges to our understanding of the physics of tokamak performance and needs 
the most advanced computational resources to progress. We are conducting detailed 
comparisons of kinetic and fluid numerical models of tokamak turbulence. The 
fluid and kinetic simulations have different physics and computational attributes 
and advantages. The comparisons of their results provide an important calibra- 
tion and are leading to the improvement of each and the development of hybrid 
models that embody aspects of both. 
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The combination of emerging massively parallel processing hardware and algorith- 
mic improvements is resulting in an estimated 102-1 06 performance increase. 
Development of information processing and visualization tools is accelerating our 
comparison of computational models to one another, to experimental data, and to 
analytical theory, providing a bootstrap effect in our understanding of the target 
physics. The measure of success is the degree to which the experimentally observed 
scaling of fluctuation-driven transport may be predicted numerically. The NTP is 
advancing the HPCC Initiative through its state-of-the-art computational work. 
We are pushing the capability of high performance computing through our efforts, 
which are strongly leveraged by support from the Office of Fusion Energy. The 
designation of the NTP as a DOE Grand Challenge is accelerating progress in 
developing a deeper understanding of tokamak turbulence by providing new com- 
putational resources and by unifying the NTP consortium. NTP researchers ate 
collaborating with applied mathematicians, fluid dynamicists, space scientists, and 
computer scientists funded by other programs in DOE, NSF, NASA, and the 
supercomputer vendors. 
http://www. a d  lanLgov/GTandCbal/Tok/BLueBook. hml 

I Materials Science 

A key to designing materials for structural, magnetic, optic, electrical, and high- 
temperature applications is our understanding and ability to control the synthesis 
and processing at the atomic level. As many of the crucial macroscopic properties 
of materials actually depend on defects, clusters, and microscopic structures 
involving hundreds to thousands of atoms, it is only with the availability of mod- 
ern high-performance computing, provided by the HPCC Program, that first- 
principles modeling of these important structures and related materials properties 
can now be undertaken. To this end, we have developed and tested and are now 
applying a hierarchy of increasingly accurate and computationally intensive tech- 
niques: classical molecular dynamics, tight binding molecular dynamics, and a6 
initio methods. Parallel computing combined with new algorithms that scale lin- 
early with the number of atoms are being used to efficiently calculate the elec- 
tronic structure and quantum mechanical forces for systems of up to 500 atoms 
for ab initio methods and up to 10,000 atoms for tight binding molecular dynam- 
ics using the Paragon X P / S  35. 

The project involves cooperative research between scientists at the national labora- 
tories (ORNL, Ames, and Brookhaven) and the use of massively parallel super- 
computers within the Center for Computational Science (CCS) at ORNL (Intel 
Paragon X P / S  150, X P / S  35, X P / S  5 ,  mpdotl and Kendall Square KSR-2), as well 
as smaller Paragons and other massively parallel supercomputers at Ames and State 
University of New York (SUNY), Stony Brook. 

The melting and pressure-temperature phase diagram of carbon illustrates the 
results of conditions that are too extreme for laboratory experiments but show that 
accurate molecular dynamics simulations are leading to new insights in the under 
standing of natural and artificial diamond synthesis. 

The illustration shows 5 12 carbon atoms in a diamond lattice in the process of 
melting (T >4000 K). In the picture, the red atoms indicate fourfold bonded 
(diamond-like) atoms, and the blue atoms indicate threefold (graphitic) bonded 
atoms. There are also twofold and fivefold coordinated atoms. The large number of 
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threefold atoms indicates that the liquid phase is less dense than the fourfold dia- 
mond phase. This characteristic is in contrast to the nature of silicon, in which the 
liquid phase has a higher average coordination than the diamond structure. By run- 
ning such simulations for the coexistence conditions of the solid and liquid phases, 
we determine the melting temperature of diamond (as a function of pressure). 

Magnetic alloys are at the heart of a wide range of technological applications from 
the oldest of structural materials to the next generation of data storage and retrieval 
devices. However, a detailed microscopic understanding of alloy magnetism is lack- 
ing, hindering further development of these technologies. A new ab initio method 
has made possible, for the first time, the study of the nature of the magnetic state 
in disordered alloys. In the illustration Ni (large blue spheres) and Cu (small red 
spheres) atoms occupy the lattice sites of a 256-atom/unit cell model of a Ni-rich, 
disordered NiCu alloy. The local Ni-site magnetic moment is distributed inhomo- 
geneously, varying from a minimum of approximately 0.29 Bohr magnetons (short 
blue arrows) to a maximum of approximately 0.6 Bohr magnetons (long red 
arrows). Interestingly, the magnetic moment on a Ni site correlates with the total 
magnetic moment on the nearest neighbor shell of atoms surrounding it: large red 
arrows tend to be surrounded by other reddish arrows, while small blue arrows are 
surrounded by either Cu sites having no moment or other blue arrows. The results 
of these simulations are being used to reinterpret results of neutron-scattering mea- 
surements of magnetic correlations in these alloys and to provide new insights into 
the properties of magnetic alloys. 
http://www. ccs. orml.gov/GC/materiah/text/BB95-p 1. html 

I Comoutational Chemistrv 

Theoretical and computational chemistry play a critical role in developing molecu- 
lar-level descriptions of physical, chemical, and biological processes in natural and 
industrial systems. Theory provides the conceptual framework for the analysis and 
interpretation of experimental data. Modeling and simulation provide quantitative 
information that may be expensive, difficult, or even impossible to obtain in the 
laboratory. 

Modeling macroscopic processes in the environment is, however, one of the most 
challenging problems ever undertaken in theoretical and computational chemistry. 
In addition, the current generation of computational chemistry software, although 
often well optimized for serial scalar and vector supercomputers, is constrained by 
algorithmic, performance, memory, and I/O limitations. 

The Grand Challenge Project in Computational Chemistry seeks to develop new 
algorithms, software, and diagnostics required to overcome these limitations. The 
objective is to enable the use of MPP architectures to solve Grand Challenge prob- 
lems in computational chemistry within the next five years. In particular, we wish 
to develop molecular modeling systems that are capable of solving problems orders- 
of-magnitude larger than currently possible. 

We are meeting this objective with a focused program of research and development 
in three related areas. 

We are developing new algorithms that both scale to larger numbers of 
processors and use much less memory than do traditional methods. 
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We are developing prototype codes to test these algorithms. 
We are developing and adapting software technology that will permit the 
efficient integration of these new algorithms into major existing computa- 
tional chemistry applications. 

The codes are validated by proof-of-principle calculations representative of the 
challenges faced by DOE and industry. 

Essential to this Grand Challenge project is access to massively parallel processors- 
high-speed networks of hundreds to thousands of computers. The hardware we 
have been using includes the IBM Scalable POWERparallel System (SP), the 
Intel DELTA and Paragon, the KSR-2, and the CRAY-3TD. The economies of 
scale make such hardware the least expensive for assembling large-scale computa- 
tional resources-precisely the kind of resources necessary for electronic struc- 
ture applications for large molecular systems of great interest in industrial and 
academic research. 

By harnessing this new level of computational power, the parallel algorithms, 
software, and tools developed in this project serve a dual purpose: (1) they 
directly support research on Grand Challenge problems (such as the biodegrada- 
tion of hydrocarbons), and (2) they indirectly benefit other problem areas such as 
the design of polymers, composite materials, and drugs. 

The effort brings together computer scientists, mathematicians, computational 
scientists, and theoretical chemists from both Argonne National Labortory (ANL) 
and Pacific Northwest Laboratory (PNL). 

A critical feature of the project is the involvement of the pharmaceutical and 
chemical industries, to ensure that the focus remains on real problems. Current 
industrial participants include Allied Signal, Inc.; Amoco Chemical Co.; E. I. 
DuPont de Nemours and Co.; Exxon Research and Engineering Co.; and Phillips 
Research Center. 

A team of researchers from ANL and PNL, in collaboration with several indus- 
trial corporations, has developed innovative multiprocessing techniques that-for 
the first time-make it possible to conduct quantum chemistry calculations of 
large molecular systems on a wide range of massively parallel computers. These 
calculations are essential both to DOE and to industry in finding solutions to 
complex problems in environmental chemistry, such as the disposal of chlorofluo- 
rocarbons and the percolation of toxic chemicals through clay-based landfills and 
waste sites. 

Scientists have been using self-consistent-field methods to attack such problems 
on conventional supercomputers. These methods have been hampered, however, 
by limited scalability and inefficiencies from extra computation. 

The parallel self-consistent field implementation developed by the ANL-PNL 
team overcomes these limitations. The implementation was developed as part of a 
Grand Challenge project in computational chemistry funded by the DOE HPCC 
program. To speed data communications among processors, a novel programming 
strategy makes it much easier to write efficient programs for machines with 
nonuniform memory access costs. This strategy was incorporated in a Fortran- 

flop) A 38-atom carbonate system-Pre-HPCCP; 
(Bottom) A 389-atom zeolite system-current 
HPCCP simulation. Computational complexily effec- 
tively grows as the cube of the number of atoms. 
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The semileptonic decay of a D mezon into a kaon, 
electron, and neutrino via the weak interactions 
(through the weak W boson) is illustrated above. 
Strong interaction corrections to this process 
(called form factors) have been calculated and 
compared with experimental data. 

callable communications library, called the Global Array library. This research has 
already motivated IBM to add such a capability to its massively parallel SP system. 

The ANL-PNL team has successfully run the new parallel code on the massively 
parallel IBM SP, the Intel DELTA and Paragon, the KSR-2, the CRAY-TSD, and 
clusters of workstations, thus dramatically increasing the scale of problems that can 
be approached. For example, the code may be used to study transition metals with 
coordinated ligands such as that shown in the top figure. The code may also be 
used to simulate more complex molecules in this field or in other areas such as zeo- 
lite chemistry as is shown in the bottom figure. These studies are providing new 
insights into the phenomenon of catalysis. The research has also enabled scientists 
to determine an important scaling factor that makes it easy to assign the ideal 
number of processors to the molecule under study. 
http://www, mcs. anL.gov/Projec~s/chemacc94. htmL 

I Quantum Chromodynamics 

Numerical simulations of quantum chromodynamics (QCD), the fundamental 
theory of the strong interactions of high-energy physics, are being done on the 
massively parallel computers at ORNL and LANL. A portable multiple instruc- 
tion, multiple data (MIMD) code has been developed which runs on the Paragon, 
CM-5, T3D, SP2, workstation clusters and other MIMD machines, and a single 
instructing, multiple data (SIMD) code has been optimized for the CM-5, with 
key sections written in CDPEAC. These codes are being used for computations of 
the properties of QCD at low and intermediate energies. The main thrust of these 
computations is matrix elements of strongly interacting particles, including the 
decay constant of B mesons, pion-scattering amplitudes, the kaon B parameter and 
semi-leptonic form factors. 

The MIMD Lattice Collaboration (MILC) has been using the 512-node Intel 
Paragon computer at ORNL to compute fundamental properties of elementary 
particles. Our main focus has been on the parameter fB, which describes the decay 
of B mesons. B mesons are the particles which will be studied in great experimental 
detail at the planned B Factory, to be built at the Stanford Linear Accelerator Cen- 
ter; they are also the subject of intense experimental study at existing national facil- 
ities, such as Fermi National Laboratory and the Colliding Electron Storage Ring 
at Cornell University. 

Such experiments have the capability to unlock fundamental secrets of nature. 
However they can only fulfill their promise if quantities such as fl3 can be com- 
puted accurately from first principles. The most recent result from such a compu- 
tation by the MILC is f B  = 147 f 6 f 23 MeV, which is the most precise result 
available worldwide for this quantity. 

Even though the main thrust of this work is basic research, this research has had 
important practical consequences. The codes provide stress tests of all key fea- 
tures of parallel computers: integer and floating-point operations, internode 
communications, and I/O. Several problems were uncovered with the Intel 
iPSC/860 and Intel Paragon that had not been detected by Intel diagnostic soft- 
ware or by other users. Large sections of the code are now incorporated in stan- 
dard Intel diagnostic sobare .  
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Lattice QCD is a branch of elementary particle physics that seeks to further the 
understanding of the properties of quarks and gluons (the most basic constituents 
of matter) by modeling their interactions on the computer. Such calculations strive 
to confirm the Standard Model of particle physics and ultimately guide the search 
for the physics which lies beyond. 

Physics Accomplishments 
Hadron Spectrum with Wilson and staggered fermions 
Improved operators for studying Glueball Spectrum 
Determination of light and strange quark masses 
Pseudoscalar and vector meson decay constants 
Comprehensive study of semileptonic form-factors for D meson decays 
State of the art calculation of the kaon B parameter 
B parameter for left-right penguin operators 
Clarification of quenched approximation using chiral perturbation theory 
Topological susceptibility with an improved action 

Computational Accomplishments 
Developed optimized code for QCD on the Crays, CM-5, and the T3D. 
Helped debug the software and hardware on the CM-5. 

http://physics. indiana. edd-sg/qcd-doe. html 
http://nqcd. lanlgov/lattice- QCD/ 
htcp://physics. indiuna. edd-sg/milc/doe. html 

I Global Climate Modeling 

Understanding the processes that control the Earth's climate and predicting future 
changes in climate that are due to natural and anthropogenic influences will 
require computer models of the climate system that are more comprehensive and 
realistic than those we now have. Such models, known as general circulation mod- 
els or global climate models, describe the time-evolving circulation and thermody- 
namics of the atmosphere and oceans, the two main components of the climate 
system. One of the principal impediments to the development of better models is 
the limited computational capacity of present-day supercomputers. The advent of 
MP computers like the CM-5 and T3D provides an alternative approach with the 
promise of greatly increased computational power. 

The current model is based on the widely used Bryan-Cox-Semtner ocean model, 
but it has been completely rewritten and extensively reformulated for efficient exe- 
cution on the Connection Machine. The model simulates the evolution in time of 
the ocean currents and distributions of temperature and salinity. Its domain is the 
three-dimensional global ocean, including realistic bottom topography and coastal 
boundaries of continents and islands. The model is forced by atmospheric wind 
stress and fluxes of heat and fresh water at the ocean surface; these can be obtained 
either from climatological observations or from a global atmospheric model. Sig- 
nificant improvements have been made in the formulation and solution tech- 
niques of the parallel version of the model. Some of the advantages of these 
improvements are the following: 

Any number of islands can be included at no extra computational cost. For 
example, the new model uses all 80 islands that can be seen at 0.5 resolution, 
in contrast with previous calculations at the same resolution that used the 
traditional method. Those calculations were limited to only three islands 
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These figures illustrate results obtained with a 
hierarchical three-dimensional protein structure 
prediction algorithm using the protein crambin 
(Brookhaven Protein Data Base designation 
1crn.pdb) as an example. The top structure is the 
known structure from the data base. The bottom 
structure represents the best selection from a 
large ensemble o f  candidate chains generated on 
an fcc lattice by using our guided-replication 
Monte Carlo chain-generation algorithm. 

(Australia, New Zealand, and Antarctica) to save computer time. 

tially. The new method runs stably with no smoothing, yielding a much more 
realistic representation of bottom topography. 
A new technique for massively parallel computers has been developed that 
greatly reduces the time spent solving a critical elliptic equation in the model. 
The traditional “rigid-lid’’ boundary condition at the ocean surface has been 
replaced with a physically more realistic “free-surface’’ treatment that has the 
added advantage of even faster convergence in the elliptic equation solver. 
The new model can take timesteps four to six times longer than was possible 
with the traditional formulation. 

The old method requires that the bottom topography be smoothed substan- 

Thanks to the improved model formulation and numerical methods, it is possible 
to integrate one year of simulated time at this very high spatial resolution in only 
28 hours on 256 nodes of the CM-5; this time includes the output of about 50 
Gbytes of data every simulated year. The Parallel Ocean Program also runs on the 
CRAY T3D and Intel Paragon massively parallel computers, as well as workstation 
clusters and traditional Cray vector computers. 
http://www. del. lanl.gov/GrandChul/GCM/gcm. html 

I Computational Biology 

This algorithm and its implementation in both serial and parallel form were devel- 
oped with funding support from the DOE HPCC Grand Challenge Progrm- 
Computational Structural Biology. In particular, this support has enabled us to 
develop a highly efficient three-dimensional-structure prediction procedure using 
large-scale parallel computing resources such as the Intel Paragon and the IBM 
SP- 1 systems. We have benchmarked speed improvements of approximately 225 
when running 500 nodes on an Intel Paragon versus a single-processor IBM 
RS6000 workstation (roughly 6 minutes versus 23.8 hours). Without such large- 
scale computing resources it is virtually impossible to advance our practical abili- 
ties to predict the three-dimensional structure of biologically significant proteins. 
Such prediction efforts are vital to both rational drug design and to the develop- 
ing of a deeper understanding of the relationship between protein structure and 
biological function. Our ability to accurately predict protein three-dimensional 
structure from amino-acid sequence and to quickly model and test protein struc- 
tures is also essential to understanding the pathogenesis of various diseases at the 
molecular level. 

The so-called de novo protein structure prediction problem is of vital importance 
to both pharmaceutical drug designers and to molecular biologists because protein 
three-dimensional structure essentially determines the protein’s biological function. 
The Computational Biology Grand Challenge has two major goals: 

the development and validation of algorithms and procedures for three- 
dimensional protein structure prediction/modeling; and 
the implementation of a protein folding workbench, which allows biologists 
and biochemists to efficiently use large-scale parallel computing resources in 
order to explore various approaches to protein structure prediction and 
modeling. 

The emphasis in this work is on biologically relevant models that can incorporate 
general experimental data and that provide interfaces oriented to the needs of the 
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biology/biochemistry community. The general methodology relies on a hierarchi- 
cal approach to the structure prediction problem, which moves from a coarse- 
grained representation (discrete lattice) to a fine-grained, full-atom representation 
of the protein structure. 

This work is carried out at ANL and in the Beckman Center for Computational 
Biology at Caltech, which provides for numerous interactions with the biology/bio- 
chemistry communities and the computer science community. Resources at Caltech 
include 12 networked high-performance workstations and high-speed fiber-optic 
interconnections to both the Caltech Concurrent Supercomputing Facility and the 
regional Southern California high-performance computing facilities. The regional 
fiber-optic connections (ATMs) have been provided through a grant from Pacific 
Bell to a member of the Grand Challenge team. 

There is a strong connection between the Grand Challenge team and two NSF sci- 
ence and technology centers-the NSF Science and Technology Center for 
Biotechnology at the University of Washington, and the NSF Science and Technol- 
ogy Center for Research on Parallel Computation at Rice University and Caltech. 
http://www. compbio.caLtecb.edu/ 

JGroundwater Remediation 

Over half of the US population depends on groundwater for its water supply. 
Groundwater is also an important source of irrigation and industrial process water. 
In many regions, available sources of groundwater are a fundamental constraint on 
development and economic activity. Groundwater supplies are increasingly threat- 
ened by organic, inorganic, and radioactive contaminants introduced to the envi- 
ronment by improper disposal or accidental release. Estimates of remediation costs 
at US government sites alone range in the hundreds of billions of dollars. Protect- 
ing the quality of groundwater supplies is a problem of broad societal importance. 

Remediation methods remain extremely (and potentially prohibitively) expensive 
and unpredictable in their success. The codes developed under HPCC will be crit- 
ical in developing effective remediation strategies. Numerical modeling of ground- 
water transport, at the Grand Challenge level of massively parallel computing, will 
improve the competitiveness of the US economy in three ways: by the direct appli- 
cation of groundwater technologies to groundwater problems, by the application 
of these technologies to related industrial processes, and by the application of 
generic massively parallel computational methods to industrial processes. 

The major research effort under this initiative is the continuing development of a 
state-of-the-art parallel computer code, the Groundwater Contaminant Transport 
simulator, which models the flow and reactive transport of subsurface fluids 
through a heterogeneous porous medium of irregular geometry in three spatial 
dimensions. The code is designed to run on a massively parallel, distributed mem- 
ory computer such as the Intel Paragon or even on a collection of workstations. 

Modeling is essential to understanding the extent of contamination and to devel- 
oping effective remediation strategies. Modeling efforts are hampered by three 
issues: the proper mathematical description of the physics and chemistry govern- 
ing flow and transport, the sparsity of data characterizing any one site, and the 
computational power required to apply sophisticated models to realistic situations. 

Top view of a groundwater contaminant simula- 
tion. Groundwater flow is from the top edge of 
the figure, and the green surface indicates a very 
low level of contaminant, 
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The Grand Challenge addresses the issues of data sparsity and computational 
power. Advances in these two areas will provide valuable information and tools to 
improve the third: mathematical descriptions of the problem. 

The only foreseeable technology to address the computational power requirement 
is massively parallel computing. Both in its hardware and software aspects, this is 
an emerging technology. The purpose of the project is to develop this technology 
in place, in a form powerful enough to create a broad new capability for the pre- 
diction of groundwater remediation efforts, and thus to enable improved, cost- 
effective and reliable remediation strategies. 

The project is developing a new, state-of-the-art, parallelized flow and transport 
code to model groundwater transport and supporting technologies for parameter 
estimation. It will validate these codes, including sample applications to contami- 
nation sites. 

HPCC funding also supports the accquistion of parallel computing equipment. 
The groundwater remediation codes make particularly heavy use of the Intel 
Paragon, a distributed memory parallel supercomputer. Partnership in Computa- 
tional Science (PICS) consortium machines include the following: 

ORNL 
X P S / 5  (66 compute processors), XPS/35 (512 compute processors), 
and the XPS/150 (2048 compute processors) 
BNL and SUNY at Stony Brook 
X P S / 5  (56 compute processors) 
Rice University 
X P S / 5  (56 compute processors) 
Texas A&M University 
Sigma S2 (28 compute processors) 
University of South Carolina 
X P S / 5  (56 compute processors) 

http://www.isc. tumu.edu/PICS/BlueBook. html 

High Performance Computing Research Centers 

The HPCRCs were established in December, 1991, to facilitate the solution of 
tomorrow’s complex, interdisciplinary problems in science, industry, and defense 
by focusing on a few Grand Challenge and National Challenge applications and by 
providing unique simulation environments and advanced computational resources. 

Advanced Computing Laboratory at Los Alamos National Laboratory 
Established in 1989, the ACL is the site of much research in advanced computing 
because it provides an experimental laboratory environment which encourages 
and supports innovative hardware, software, and computational techniques. The 
A C C  goal is to promote the transfer of advanced computing technologies to 
industry, academia, and other national laboratories. 

Maintaining High-Performance Computing Capabihies. The ACL is an 
outgrowth of parallel processing research undertaken during the early 1980s in the 
Computer Research and Applications Group. Los Alamos acquired and used pro- 
totype parallel computers developed by Denelcor and Intel to study the perfor- 
mance improvement obtainable by employing many processing elements on a 
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single problem. Because high-performance computing is a Los Alamos core compe- 
tency, it is essential that future needs in this area be addressed today and that the 
ACL remain ready to handle them. 

In 199 1, Los Alamos was named a DOE High-Performance Computing Research 
Center (HPCRC), a designation shared by only one other center in the country. 
The ACL is the foundation of this center. The High Performance Computing and 
Communications Program is driven by the recognition that unprecedented com- 
putational power and its creative use are needed to investigate and understand a 
wide range of scientific and engineering Grand Challenge problems-fundamental 
problems of critical national importance whose solution requires significant 
increases in computational capability. The program calls for a national research 
and development effort in high-performance computing, with emphasis on com- 
puting and networking technology, software and algorithms, Grand Challenge 
applications, and basic research in computational science. 

ACL Facihty and Stafl The staff of the ACL currently numbers 15 full-time 
employees. Of this number, four are system specialists, three compose the visualiza- 
tion team, and several are principal investigators for ongoing scientific thrusts at the 
facility, such as the Global Ocean Modeling project; the Computer Hardware, 
Advanced Physics, and Model Physics project; and the TeleMed and Parallel 
Object-Oriented Methods and Applications (POOMA) s o h a r e  efforts. Major 
hardware currently at the ACL are two massively parallel processing computers: a 
1024-processor CM-5 computer from Thinking Machines and a 256-processor 
CRAY T3D. Other ACL computers include two multiple processor SGI computers 
and high-end workstations from IBM, Sun, and SGI. 

Because the ACL envisions that future computing will be configured as a networked 
heterogeneous computing environment, it has attempted to provide a testbed for 
the rest of the Computing, Information, and Communications Division at Los 
Alamos and to work with groups in the division to ensure the transfer of promising 
ideas. This computing environment will include traditional supercomputers; mas- 
sively parallel computers; clusters of symmetric multiprocessors and high-end work- 
stations; and high-capacity, high-performance data storage systems. 

ACL Projects 
POOMA. One of the most critical needs in high-performance computing is the 
development of software that will allow users to port codes from one machine to 
another as new computer models come out or as it becomes advantageous to use 
disparate computers to solve a problem. Many ACL activities address this need and 
are major components of the future vision for the ACL. 

POOMA is a softwaEe project designed to aid significantly in code portability. 
Members of the team are from the ACL and the Distributed Computing Group 
(CIC-8) at Los Alamos. The POOMA component library, or Framework, provides 
a rich variety of objects that allow the rapid prototyping and development of 
portable engineering and scientific simulations on parallel computers. The 
POOMA Framework grew out of the Object-Oriented Particle Simulation class 
library developed by researchers affiliated with the Numerical Tokamak Grand 
Challenge. The goal of the Framework is to allow the movement of codes between 
serial, distributed, and parallel computers with no change to the source code. 
In FY 1995, the POOMA project team established a collaboration with 10 other 

H I G H - P E R F O R M A N C E  C O M P U T I N G  A N D  C O M M U N I C A T I O N S  



1 PROGRAM SUMMARIES 

institutions, and team personnel began serving as principal investigators on two 
National Science Foundation proposals. A POOMA workshop, hosted in February 
1995 by Los Alamos, brought together more than 100 participants and resulted in 
plans for a second workshop in 1996. An alpha release of POOMA sofnvare will 
be available in early FY 1996. 

TeleMed. TeleMed grew out of the Sunrise project-a coordinated effort to 
develop a nationally scalable, high-performance-networked environment that can 
support a variety of applications, ranging from health care and materials to engi- 
neering data. The environment will have a common, reusable infrastructure and 
will be capable of efficiently managing large amounts of information. 

We are developing TeleMed in collaboration with physicians at the National Jewish 
Center for Immunology and Respiratory Medicine in Denver, Colorado. The 
physicians, who travel around the country to share their expertise in pulmonary 
diseases and radiology with other physicians, are a scarce, expensive resource. 
TeleMed allows participating doctors to view radiographic data from anywhere in 
the country, without leaving their offices, via a sophisticated multimedia interface. 
The system can thus be used for diagnostic purposes as well as for training. 
TeleMed has received considerable attention and interest from the National Insti- 
tutes of Health and several computer vendors. The TeleMed s o h a r e  is also being 
modified for nonmedical use. Members of the TeleMed team are from the ACL and 
the Network Engineering (CIC-5), Distributed Computing (CIC-8), and Com- 
puter Research (CIC-3) Groups. 

Visualization. Visualization is a strong emphasis at the ACL. The Visualization 
team has developed interactive visualization tools for the CRAY T3D. The impor- 
tance of visualization as an aid to scientists in understanding their applications 
cannot be underestimated: it is the primary means of analyzing data. One of the 
primary aims of the team is to ensure a balance between the amount of computa- 
tion that must be done on the visualization computer and that which can be exe- 
cuted on a supercomputer. 

The ACL is a dynamic entity in the middle of an industry whose changes are so 
rapid that setting the path to follow is an ongoing activity. The criticality of the 
Los Alamos mission requires that computational techniques must be at the very 
top of the curve. The ACL provides a window to the outside world to foster the 
exchange of expertise and knowledge between Los Alamos and external sites. 

Center for Computational Sciences at Oak Ridge National Laboratory 
The ORNL Center for Computational Sciences (CCS) is a DOE HPCRC, estab- 
lished in the context of the HPCC initiative. Among the principal priorities of the 
initiative are the following: 

utilizing and moving to maturity state-of-the-art computing systems, 
using these systems to make meaningful contributions to problems of a 

extending the penetration of high-performance computing within the 
scale warranting the appellative “Grand Challenge,” and 

industrial sector. 

In 1994, the scale of CCS operations and activities achieved a level fully consistent 
with these priorities, and we emphasize that the scale continues to expand. 
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An illustration of the CCS computing environment is given here. The Intel 
Paragon XPIS 5 (now 70 GP nodes-one compute processor and one message- 
passing processor per node) has been in operation since November 1992, serving 
largely as a system and component test platform and in an important role in code 
development. Our primary production facility has been the Intel Paragon X P / S  
35, with 512 GP nodes and 32 Mbytes of memory per node. Our Kendall Square 
KSR1-64 and the IBM SP2 continue to perform very well. 

It is this combination of machines that has made possible important scientific and 
engineering advances in materials science, atmospheric science, groundwater flow 
and transport modeling, quantum chromodynamics, computational chemistry, 
automotive crash analysis, and many other studies. 

The CCS computing power is currently taking a huge step, with the addition of 
an Intel Paragon XPIS 150, with 1,024 MI? nodes (two compute processors and 
one message-passing processor per node), memory per node of 64 or 128 Mbytes 
for a total of 70 Gbytes, and 600 Gbytes of disk space. This machine will place 
the CCS at the top level of world-wide computing environments, and its archi- 
tecture will also provide an additional level of programming challenge, consistent 
with one of the CCS primary responsibilities. 

Illustrative of the CCS computing power are the crash simulations using a Depart- 
ment of Transportation model for the Ford Taurus. The Taurus model is detailed, 
and the results are of substantial value in understanding crash dynamics, with the 
behavior of materials, and their consequences. These results have been obtained 
with a parallel DYNA-3D code developed at ORNL. We expect run times of less 

An illustration of the ccs computing environment. 
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than one hour on our most powerful machine for a typical problem, such as a 50% 
offset crash of two Ford Taurus sedans moving at 35 mph. MPEG (Motion Picture 
Experts Group) animations of these simulations are available on the CCS Web. 

A major component of the CCS program is support for the Computer Hardware, 
Advanced Mathematics, Model Physics (CHAMMP) program of the DOE Office 
of Health and Environmental Research (OHER). The CHAMMP program is a 
primary contributor to the understanding of global climate change and requires 
state-of-the-art computational capabilities. 

Much of the applications research in the CCS has been accomplished through 
PICS, a consortium of ORNL, three national laboratories, and five universities. 
PICS has also been a key participant in the critically important world of software 
development. 

Although machines and software are clearly of central importance, a properly struc- 
tured high-performance computing environment includes much more: a large- 
capacity, high-performance, data storage and access system; programming support; 
operating procedures and policies reflecting sensitivity to the users; networks and 
connectivity; and visualization capabilities. These are now in place as essential com- 
ponents of the CCS. 

Working with the Atmospheric Radiation Measurement (ARM) project, also an 
OHER program, we now have a CCS/ARM data storage system that includes 
high capacity in both tape and disk systems. A 100-Tbyte IBM tape robot is 
being added, and the Storage Tek tape robot will be upgraded with new tape drives 
and robotics to 15-Tbyte capacity. The current storage system management 
software is NSL-UniTree. Through a cooperative research and development 
agreement, the CCS, together with LLNL, LANL, SNL, and IBM Federal, 
continues to develop a much faster, parallel, nenvork-centered storage system 
called the High Performance Storage System. We are testing this storage system 
and anticipate that it will soon become the dominant high-performance storage 
software system. 

To provide the key visualization capabilities that this overall environment requires, 
ORNL has now transferred its visualization laboratory, VizLab, to the CCS. The 
VizLab includes an extensive array of hardware and sofiware and has already made 
important contributions to the work of the CCS. A spectrum of Silicon Graphics 
systems is in place, and virtual reality capabilities are projected. 

As previously noted, extending the impact of high-performance computing in the 
industrial realm is a central expectation of the CCS. We view this expectation as 
an important opportunity. Accordingly, we have established the Computational 
Center for Industrial Innovation (CCII) to serve as a focal point for ORNL/indus- 
trial collaborations built around high-performance computing. The CCII was des- 
ignated a DOE National User Facility in August; we are already seeing extensive 
industrial interaction and participation in the CCII. 

In addition to the primary support for the CCS provided by the DOE MICS 
Division of the Office of Scientific Computational and Technology Research 
(John Cavallini, Acting Associate Director), major support is provided through 
the CHAMMP Program (Dr. David Bader, Director) and from ORNL. 
http:llwww. ccs.ornl.gov 
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In 1983, the Office of Energy Research, noting NERSC’s success at serving the 
MFE Program, chose to expand the role of the center beyond MFE. NERSC is 
now the principal provider of general-purpose computing services to the pro- 
grams of the Office of Energy Research, namely MFE, High Energy and Nuclear 
Physics, Basic Energy Sciences, Health and Environmental Research, and 
Applied Mathematical Sciences. The center presently has a CRAY C-30 and two 
CRAY-2 production supercomputers and also houses a CRAY Y-MP dedicated to 
education. 

When NERSC was first formed, in addition to the central computing facility, 
User Service Centers having modest computing power were established at several 
of the major MFE sites. The centers were connected to LLNL by 50-Kbytes/s 
land lines, making it possible to support file transport as well as terminal traffic. 
Thus, through this network (the MFENET), a distributed computing capability, 
albeit primitive by today’s standards, has been in effect since 1976. 

“orad 

CRAY Y-MP EL (NES) 

National Energy Research Supercomputer Center at 
Lawrence Livermore National Laboratory 

NERSC, located at LLNL, is the principal supplier of production high- 
performance computing and networking services to the nationwide ER community 
and has been for over two decades. 

Originally called the Controlled Thermonuclear Research Computer Center and 
subsequently known as the National Magnetic Fusion Energy Computer Center, 
NERSC was formed in 1974 as a response to the computational demands of the 
MFE Program. With the computing needs of the MFE Program far exceeding the 
available resources, it was felt that the most practical solution was to provide a 
state-of-the-art central computing facility that would be accessible to researchers 
throughout the United States over a high-speed network. 

A pictorial representation of the machine room. 
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In 1986, NERSC was asked to expand MFENET to provide general-purpose 
data communications for the ER community. The new network, called ESnet, 
currently has over 30 backbone sites and operates at T1 (1.5 Mbytes/s) speed. It 
supports several communications protocols and is interconnected with other 
major wide-area networks and with local-area networks. 

Managing ESnet and providing other networking services has become a major 
component of the NERSCs mission. The center expects to provide a two-order- 
of-magnitude increase in network bandwidth capability over the next few years. 
It is the network that supplies the glue that enables the scientific computing 
community to work cooperatively, The existence of a centrally managed ER net- 
work backbone will greatly facilitate the successful implementation of an inte- 
grated, distributed computing environment for more than 4,000 NERSC users. 

NERSC currently houses one CRAY Y-MP C90 (the A-machine), two CRAY-2s 
(the C- and F-machines), one CRAY T3D parallel computer (the H4P-machine) 
that is dedicated to the Industrial Computing Initiative of the High-Performance 
Parallel Processing Project, one Y-MP EL (the NES-machine) that is dedicated to 
education, supercomputing auxiliary servers (SAS), and extensive facilities for data 
storage and communications. 
htcp://www. nersc.gov/ 
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National Research and Education Network 

The NREN component will establish a gigabit communications infrastructure for 
the enhancement of the ability of US researchers and educators to perform collab- 
orative research and education activities, regardless of their physical location or 
local computational and information resources. 

Energy Sciences Network 

ESnet is a nationwide computer data communications network managed and 
funded by the US DOE Office of Energy Research. ESnet interconnects the 
diverse and widely dispersed ER community, which consists of the DOE national 
laboratories and US universities funded by the DOE to conduct energy research. 
ESnet facilitates remote access to major ER scientific facilities, provides needed 
information dissemination among scientific collaborators throughout all ER pro- 
grams, and provides widespread access to existing ER supercomputer facilities. 
ESnet is engineered, installed, and operated by the networking staff of the NERSC 
located at LLNL. 

Contributions to the HPCC by ESnet reached a major milestone on September 
25, 1994, when a multiyear contract with Sprint was signed for high-speed ATM 
communications. 

This milestone marked a significant step in a process that began in early 1991, 
when national interest in the next-generation Internet-the National Research 
Education Network (NREN)-and the associated HPCC Program initiative began 
to develop, with a goal of promoting American competitiveness in the areas of 
computing and communications. 

During this time, an approach was developed that would push the technology 
through a communications services procurement for ESnet. The procurement 

Late-I 995 

Topology of ESnet. 
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would utilize telecommunication services based on emerging fast-packet technology 
in a production-level, mission-oriented environment. The approach incorporated 
multiyear cooperation with the selected vendor to encourage US investment and 
development in this emerging and strategically important area. The ESnet Fast- 
Packet Services procurement was also cited as an outstanding example of intera- 
gency cooperation. NASA joined DOE in the development of this procurement 
specification and the evaluation of responses. Accordingly, NASA is now making 
use of this DOE contract for ATM services as well and has recently ordered service 
for five sites. 

Networking continues to grow in its role to support research in the DOE. Monthly 
traffic doubled in the course of 1994. An interim T3 (45-Mbyteds) upgrade to the 
network was put into place in early 1994 in anticipation of the ATM services. By 
the end of 1994, four DOE sites were passing test traffic over the Sprint ATM ser- 
vice, and by January 1995, the first production traffic was in operation using ATM 
data communications services, with two more sites added before going into full 
production. ESnet's X.500 Directory Service has seen considerable growth in both 
usage and size during 1994. Information for more than 135,000 individuals at 
more than 20 ESnet sites may be accessed on-line. 

ESnet provides an array of communications services based on leading-edge tech- 
nology in a growing-demand environment. ESnet has managed to provide DOE 
researchers with production quality services 24 hours per day, seven days per week. 
http://www. es. net/ 

Scalable Communications Library at Michigan State 
University 

The main goal of the Michigan State project is to improve the programmability of 
scalable parallel architectures while offering performance comparable with that of 
programming using low-level interfaces. The method proposed to achieve this goal 
is to develop and study a scalable communications library. The library, called Com- 
PaSS, is intended to offer efficient, scalable, and portable communication services 
to parallel applications across a variety of parallel platforms, including both MP 
computers and workstation clusters. 

Hierarchical Structure 
The ComPaSS library is organized according to a hierarchy. The Low-Level Com- 
munication Services module contains operations that can be invoked either directly 
by message-passing applications or indirectly though calls generated by a compiler 
for a data-parallel language. The High-Level Communications Services module 
offers an assortment of data manipulation and control operations to Single-Program 
Multiple Data applications. These operations include both those related to data 
decomposition and realignment and those that implement application-specific 
functions, for example, linear algebra routines. Finally, the project studies how 
specific applications can benefit from ComPaSS. 

The hierarchical structure of ComPaSS supports both the message-passing pro- 
gramming paradigm and programming in data-parallel languages. ComPaSS 
complements related projects in the field by providing high-performance imple- 
mentations of operations needed in both these programming paradigms while 
providing interfaces compatible with existing and emerging industry standards. 
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For example, the interfaces to message-passing operations are consistent with 
other packages and the emerging message-passing interface standard, and the 
operations for data parallel programming are consistent with the needs of High- 
Performance Fortran. 

Low-Level Communication in Massively Parallel Computers 
ComPaSS provides global communication operations for both data manipulation 
and process control. Many operations are based on a small set of low-level commu- 
nication primitives. In particular, the one-to-many, or multicast, operation distrib- 
utes a single value to multiple nodes, and the multireceive operation is used to read 
input from multiple nodes. In the ComPaSS library, these low-level operations are 
optimized for specific classes of commercial, scalable, parallel computers. For 
example, we have developed unicast-based, multicast communication support for 
wormhole-routed hypercubes, such as the NCUBE nCUBE-2; for wormhole- 
routed, multidimensional meshes, such as the Intel Paragon; and for wormhole- 
routed, switch-based networks, such as the IBM SP-112. Moreover, we have used 
these operations to construct efficient implementations of other collective commu- 
nication operations, such as global reduction and all-to-all broadcast, for these 
architectures. 

Low-Level Communication in Clusters 
We have also developed efficient communication interfaces for workstation clus- 
ters, including those based on the Fiber Distributed Data Interface (FDDI) as 
well as ATM interconnects. For ATM networks, our goal is to investigate how to 
exploit certain characteristics of ATM in order to improve communication per- 
formance. We have developed and are currently refining a set of collective opera- 
tions that rely on an underlying virtual topology composed of ATM virtual 
multicast channels. We have analyzed, prototyped, and tested implementations 
on an ATM testbed and have shown how several of ATM’s salient features, such 
as full-duplex I/O, high-bit rate, concurrent sends, and hardware multicast, are 
very useful in reducing the turnaround time of such operations. 

High-Level Programming Support and Applications 
At the higher level, we have developed for High Performance Fortran an efficient 
data redistribution library, which has been implemented on both the IBM SP-1/2 
and FDDI-based workstation clusters. We have proposed efficient data distribu- 
tion and alignment algorithms that can help programmers and compilers to 
achieve better load balancing and to reduce interprocessor communication. In 
addition, we have used the ComPaSS library routines to improve the performance 
of parallel applications, namely, parallel eigenvalue and singular-value algorithms, 
and parallel-data-clustering and image segmentation algorithms. 

Current Activities 
Our ongoing efforts include efficient implementation of other communication ser- 
vices, such as all-to-all broadcasting, gathering, scattering, and global reduction, on 
computing platforms such as the CRAY T3D, the Intel Paragon, the IBM SP-1/2, 
and the ATM-based workstation clusters. These results will be used to improve the 
performance of message-passing-interface and High Performance Fortran imple- 
mentations, as well as implementations of distributed shared memory. We are also 
expanding our set of ComPaSS-supported applications to include additional 
image-processing algorithms and data management systems in collaborative efforts 
with researchers in these areas. 
http://www. cps. msu.edu/- mckinley/ComPaSS/ 
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Information Infrastructure Technology 
and Applications 

The IITA component of the HPCC Program is a research and development pro- 
gram that is intended to develop the technology base underlying a universally 
accessible National Information Infrastructure and to work with industry in using 
this technology for developing and demonstrating prototype National Challenge 
applications. 

Energy Demand Management 

One of the IITA efforts focuses on developing and improving the tools and tech- 
nologies needed to support energy demand and supply management as an appli- 
cation on the NII-an application that enables end users from the residential, 
industrial, and commercial sectors to make smart energy decisions. 

These smart energy decisions result in several benefits. Energy savings can offset 
the need for capital investments in new generating capacity. Existings buildings can 
become more energy efficient, and new designs can benefit from tools developed as 
a result of the additional available information. Utilities will be better equipped to 
manage energy generation, transmission, and distribution. The introduction of 
more information and competition in energy supply offers the end users greater 
choice-alternative energy suppliers as well as energy sources. 

The program being put in place for energy demand and supply management will 
support research to develop tools, technologies, and protocols for wide-area and 
distributed networks that are scalable and operable over the Internet and NII. We 
expect that the program will include prototype projects for the evaluation of 
energy-demand-management application and the development of distributed 
data-handling and data-analysis tools for the compilation, interpretation, and use 
of energy production and usage statistics. The program will also likely include the 
development of distributed computing technologies for integrating residential 
information and energy appliances, for enabling energy management in commer- 
cial and public buildings, and for providing end users an interactive interface to 
delivery systems. 

The IITA component is the youngest of the HPCC Program, having been formal- 
ized in February 1994. 

The DOE IITA Program combines research and development of information 
infrastructure technologies with mission-related-application testbeds. The testbeds 
will be nationally scalable, innovative, information driven, and relevant to indus- 
trial competitiveness and will be performed in conjunction with US industry. This 
program has three objectives: 

to improve industry access to the DOE scientists and engineers to improve 
the flow of technology from the department’s national laboratories and pro- 
duction facilities into the private sector: 
to assist the department in maintaining its core competencies, especially its 
traditionally strong information technology expertise, in the national labo- 
ratories; and 
to increase the internal effectiveness of departmental activities. 
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The benefits to DOE from this program are threefold: 
it will allow a more cost-effective approach to carrying out the missions of 
the department during a period of constrained budgets: 
by providing industry an open connection to this infrastructure, it will 
facilitate collaborations between industrial scientists and engineers and 
their counterparts in DOE laboratories and production facilities; and 
it will provide testbeds and demonstrations of information-infrastructure 
technology and applications that are relevant to the National Information 
Infrastructure. 

The Distributed, Collaboratory Experiment 
Environments (DCEE) Program at 
Law re n ce Berkeley Nation a I La bora t o ry 

The fusion of computers and electronic communication has the potential to 
enhance dramatically the output and productivity of US researchers. A major step 
toward realizing that potential can come from combining the interests of the scien- 
tific community at large with those of the computer science and engineering com- 
munity to create integrated, tool-oriented computing and communication systems 
to support scientific collaboration. Such systems can be called “collaboratories.” 

Remote control of machines is nothing new, and even video transmission over 
computer networks is becoming familiar. But over the past several years, a collec- 
tion of emerging technologies and advances in distributed computing and data 
management have made it possible to do something more. Today, a realistic goal is 
“te1epresence”-the feeling that you can work as effectively and efficiently as if you 
were there. Perhaps computers, networks, and s o h a r e  will even help you work 
better in some ways than if you were there-with multiway teleconferencing, for 
instance, or even with virtual reality. 

The DCEE Program Vision 
A collection of emerging technologies, together with work in distributed data han- 
dling and distributed computing done in the DOE Energy Research community 
over the past several years, can make it possible to create distributed scientific and 
industrial laboratory environments that provide complete location-independent 
access to instruments, data-handling and data-analysis resources, and collaborators. 

The goal of the DCEE Program is less an incremental change of today’s routine 
use of PCs and local-area networks in laboratory environments than it is the intro- 
duction of a new paradigm more akin perhaps to virtual reality. The vision is for a 
scientist thousands of miles away to get the same sense of presence and control as 
if he or she were at the experiment site. 

The expected value of these geographically distributed environments includes sub- 
stantially increased effectiveness in doing science and an enabling capability for 
analytical and high-value production use by industry. This program will provide 
new and refined computing and communications technology in testbed environ- 
ments to enable remote laboratories (collaboratories) .The program will then try to 
establish metrics to determine the effectiveness of the approach and, if necessary, 
to set new directions to increase effectiveness during the course of the project. 
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Pathways to Progress: The DCEE Testbeds 
Five projects, beginning in early 1995 and running about two years, will build 
and operate testbeds for collaboratories. The testbeds will provide remote access 
to the kinds of expensive, hard-to-duplicate facilities, ranging from electron 
microscopes to a tokamak fusion reactor, to which scientists physically travel. By 
building these testbeds and using them for real-world experiments, we will be 
able to study both the technical and the social aspects of controlling apparatus, 
taking data, and interacting with colleagues by wire. 

A call for proposals (Appendix B) is intended to bring together the DOE, uni- 
versity, and industry communities to extend, enhance, refine, and integrate the 
relevant technologies in ways that contribute to dramatic increases in the effec- 
tiveness of small- and large-scale scientific research collaborations for which the 
scientific expertise, facilities, and instrumentation are geographically distributed. 
The objectives are to identi+, evaluate, and enhance the use of information, 
computing, and telecommunications technologies that will support routine 
“connection” among people and laboratory facilities that are scattered all over 
the country. 

The projects resulting from this call for proposals will be managed as a single pro- 
gram in order to bring the technologies together with a base of distributed com- 
puting experience and human-factors research in the sociology of remote 
collaboration. The primary distributed-computing focus of the project will be to 
enable shared data, human interaction, remote instrumentation control, etc., 
rather than to develop ways to distribute a primarily computational problem over 
a dispersed collection of workstations. 

To ensure that the overall program contributes to the stated goals, an independent 
entity will provide integrated program management through mechanisms like 
negotiating the details of the technology to be supplied by the grantees so that the 
combined projects will produce a collection of interoperating results and a focused 
knowledge base. 

The methodology for carrying out this project will include soliciting research and 
development that will be applied to specific problems in, or will be demonstrated 
in the context of, one of several testbeds that are prototypical of the distributed 
environments described above. The developed technology and knowledge will be 
used to build and enhance the prototype of the operational distributed collabora- 
tion environments that will serve as pilots for the vision espoused above. 

Examples of interest areas for this solicitation include, but are not limited to, alter- 
native elements for building the distributed, open environments; cognitive and 
sociological issues for effective use of the remote environment; integration of exist- 
ing commercial systems into the DCEE applications that support the testbeds; 
tools for developing distributed software; integration of heterogeneous platforms 
and common programming environments; enhancement of the collaboratory envi- 
ronment tools; enhancement of testbed platforms; and enhancement of the inte- 
gration of centralized DOE/ER facilities into collaboratory environments. In 
general, we are looking not for new implementations of existing basic technology 
(e.g., Internet-based teleconferencing, DCEE-like network services, Mosaiclhttp 
information-sharing systems), but rather for enhancements, innovative uses, inte- 
gration, analysis of the use, etc., of these technologies. 
bttp://www-ig. LbL.gov/DCEEpage/DCEE- Overview. btm L 
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High Performance Computing Systems 

HPCS focuses on the fundamental scientific and technological challenges of accel- 
erating the advance of affordable, scalable, parallel high-performance computing 
systems. Developing underlying technologies in prototype form, along with associ- 
ated tools, allows the evaluation of alternatives as the prototype systems mature. 
Evaluation continues throughout the research and development process, with 
experimental results used to refine successive generations of systems. 

National Laboratories 

Ames Laboratory Scalable Computing Laboratory 
The Scalable Computing Laboratory (SCL) is a joint effort of Ames aboratory, 
through the AMs Program of DOES MICS Division, and Iowa State University, 
through the Center for Computational and Physical Mathematics and the Insti- 
tute for Physical Research and Technology. The purpose of the SCL is to promote 
the development and use of state-of-the-art computers in research performed by 
Ames Laboratory and Iowa State University. 

The following resources, including the processors detailed in the table, are avail- 
able at the SCL: 

Power Onyx 
nCUBE2S 
Paragon S2 
MasPar 2 
nCUBE2 
MasPar 1 

Processors at the SCL 
Number 

%e 

Speed (MHz) 

Memory (Mbytes) 

Disk (Gbytes) 

Theoretical (Mflops) 

Net MQUIPS 

Front end 

Date acquired 

4 

MIPS 
RSOOO 

7 5  

1024 

12 

1200/1200 

-20 

None 

9/94 

256 

Custom 
CMOS 

25 

1024 

3 

98461752.9 

42.28 

None 

8/93 

35 

I8601 
XP 

50 

1088 

4 

3200/2400 

24.65 

None 

3/93 

4096 

Custom 
CMOS 

12.5 

256 

0 

1600/600 

15.67 

Salmoneus 

8/92 

128 

Custom 
CMOS 

20 

410 

0 

393.81301.2 

12.60 

Pelops 

8/90 

16384 

Custom 
CMOS 

12.5 

256 

0 

12001550 

16.54 

Sisyphus 

2/90 

http://w w w. scl. arneslab.gov/ 
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SP system. By September, the acquisition was-complete and installation was 
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begun. In October 1993, a cooperative research and development agreement was 
signed between IBM and Argonne to explore tools, software, and IIO systems for 
ensuring that the full potential of the SP is realized. 

The IBM system offers a set of capabilities that are not available from the other 
vendors. In particular, the Ish4 SP system is the first scalable, parallel system to 
offer multiple levels of I/O capability. Each node has substantial disk space and 
memory, providing local physical storage memory commensurate with the process- 
ing power of the node, thus allowing large problems and problem segments to run 
on individual nodes. The internode network architecture provides relatively high 
bandwidth, as well as good behavior with irregular communication patterns, per- 
mitting the efficient use of advanced algorithms that adapt to the structure of the 
problem. Additionally, the system includes a large, high-performance I/O architec- 
ture that contains a significant number of connections to the external I/O net- 
work, thus providing a very high aggregate bandwidth to secondary storage and 
other external devices and network connections. 

To encourage use of the new massively parallel machine, Argonne has formed col- 
laborative projects in such areas as computational chemistry, computational biol- 
ogy, programming methodologies, software, and systems management techniques. 
The first SP workshop was held on March 9-10, 1994. Presentations from this 
first workshop are available in WMW format. 

Argopne’s programs in high-performance computing and communications have 
emerged as hndamental to nearly every research activity at the Laboratory. Recog- 
nizing the importance of both the Internet and the emerging area of virtual reality, 
Argonne recently collaborated with Northeastern University in the first attempt to 
provide a multiuser virtual environment at a national conference (Supercomputing 
’94). Argonne is also one of two testbeds for a new ARl?A/DOE/NASA/NSF, 
multi-institutional, scalable I/O project, whose goal is to design scalable I/O sys- 
tems that can keep pace with computing power growth. 

Argonne continued to excel in the development of portable programming tools 
and libraries for parallel and especially massively parallel processing systems. 
Notable examples are MPI, the message-passing interface for which Argonne and 
Mississippi State University have developed an abstract device implementation; 
Fortran M, a small set of extensions to Fortran that supports a modular approach 
to the construction of parallel programs; and PETSc, a set of parallel, extensible 
techniques for scientific computing. Argonne’s emphasis on portability ensures 
that advances in new computer architectures will not necessitate rewriting huge 
amounts of computer code. 

As an outgrowth of its work in portable software tools, Argonne began exploring 
the usefulness of scalable parallel supercomputers for scientific and industrial 
applications. To this end, the Laboratory was the first to acquire an IBM SP sys- 
tem and is collaborating with IBM in a major cooperative research and develop- 
ment agreement to develop parallel schedulers, scalable algorithms, and advanced 
visualization techniques. Argonne has been working closely with US industry to 
exploit the SP system for projects such as molecular modeling-important, for 
example, in environmental remediation-and rational drug design. Major accom- 
plishments include the design of a direct distributed version of the Hartree Fock 
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code that achieves 95% speedup on the SP and the identification of the first 
energy profile of the malate dehydrogenase enzyme, which is vital in the biochemi- 
cal pathway that converts sugar. 

Building on its expertise in high-performance computing, Argonne has recently 
established the Computing and Communications Futures Laboratory. The goal is 
to (1) develop new computing sciences technology for integrating information and 
scientific supercomputing into a coherent body of tools and methods, (2) apply 
these new methods and facilities to important DOE (and national) problems, such 
as providing better ways for supporting remote multidisciplinary collaborations, 
and (3)  transfer this new technology to industry for rapid adoption by industrial 
users. As a first step, Argonne installed a Cave Automatic Virtual Environment, or 
CAVE-one of only four in the world. Argonne was a co-organizer of the virtual 
reality room (VROOM) display at SIGGRAPH 94, where the CAVE was used for 
immersive three-dimensional exploration of scientific and engineering data. The 
Laboratory has also established a multimedia laboratory, with a special facility for 
conducting multimedia experiments and integration experiments with massively 
parallel computers. 

Argonne conducts pioneering work in high-performance computational simula- 
tion of complex phenomena. For example, Argonne researchers (in collaboration 
with scientists at the University of Illinois) have used the SP system to construct 
the largest and most accurate phylogenetic tree of prokaryotic organisms; the 
information is helping scientists gain a better understanding of the evolution of 
life. Other major achievements include completion of the first validated imple- 
mentation of a global circulation model on a scalable parallel computer and the 
first Green’s function Monte Carlo calculation used to compute the ground state 
of elements with six nuclei. 

In the area of advanced networking, Argonne is exploring ATM networks, the 
fiber channel standard, HIPPI, and various wireless systems. One pilot project, 
which has been underway for about nine months, involves the use of integrated 
services digital network lines for extending the MICS Division local-area network 
to support experiments in telecommuting. Another project, called LabSpace, 
focuses on extending text-based virtual environments and emerging distributed, 
collaborative environment technologies to include support for audio, video, and 
shared environments. Argonne also recently completed the first ESnet authentica- 
tion of Kerberos, as part of a joint project with three other national laboratories 
and NERSC. 

Several projects are already underway to encourage industry to jointly tackle com- 
plex scientific challenges with broad scientific and economic impact. For example, 
Argonne computer scientists are collaborating with NASA Langley on the sensitiv- 
ity analysis of thin-layer Navier-Stokes codes; essential to this project are recent 
advances in automatic differentiation, an area in which Argonne is the worldwide 
leader. Argonne researchers are also exploring advanced finite-element techniques 
on distributed-memory computers; this work, which has expanded to a formal 
cooperative research and development agreement, is enabling more realistic model- 
ing of the thermomechanical behavior of brakes. Two new programs will also be 
pursued. The first, the Argonne/Northwestetn Optimization Technology Center, 
will seek to develop the next generation of network-enabled optimization s o h a r e  
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and will secure industrial partners and joint postdoctoral researchers. The second, 
the DOE Advanced Computing Technologies Initiative, will involve the collabora- 
tion of industry and academia in developing improved reservoir-modeling software. 
http://www. mcs. anl.gov/Projects/hp~inrf/index. html 
http://www. mcs. anl.gov/Projects//spl/index. html 
http://www. mcs. anl.gov/Projects/sp l/report/index. htm I 
http://www. mcs.anl.gov/Projects//l/announce. html 
http://www. mcs. an l.gov/Projects/high~4/b~gh~4. htm I 

Los Alamos National Laboratory Advanced Computing Laboratory 
In December 199 1, Los Alamos National Laboratory was named a national High 
Performance Computing Research Center (HPCRC) by the DOE HPCC Pro- 
gram. The ACL is the foundation of this center. The goal of the ACL as an 
HPCRC is to promote technology transfer in advanced computing to industry, 
academia, and other national laboratories through the operation of an experimen- 
tal computational laboratory. The ACL will support an advanced environment 
that allows computational scientists working together in interdisciplinary teams 
to solve today’s Grand Challenges, to form the building blocks of tomorrow’s 
computing environment, and to educate others in the tools of the trade. 
Together, the Grand Challenge problems, the Grand Challenge Computing Envi- 
ronment, and the ACL form the nucleus of the HPCRC. 

The ACL provides access in an open facility to a variety of advanced and novel 
computer architectures to allow experiments in such areas as computational mod- 
eling, networlung, and visualization. Resources available in the Advanced Com- 
puter Laboratory are: 

ACL Facility--Hardware Pro$h 
The ACL is committed to providing a state-of-the-art computational envi- 
ronment that couples novel high-performance computer architectures with 
the best in advanced workstation technology and high-speed networking 
capabilities. By exploiting the unique strengths and capabilities of each 
technology to address particular aspects of complex computational chal- 
lenges, this heterogeneous environment enables us to take on some of the 
largest scientific computations ever attemped. 

Advanced Workstations 
We are continuing to obtain the latest in workstation technology, particu- 
larly high-performance workstations, and to test a variety of new, unna- 
nounced hardware and software. These efforts provide a setting where 
individuals can evaluate the equipment in a complex, heterogeneous envi- 
ronment to determine early the suitability of the equipment for their 
applications. Our relationships with workstation vendors, such as Sun 
Microsystems, Hewlett Packard, Silicon Graphics, Inc., and IBM, have 
enabled us to build a first-class environment that supports all aspects of 
the computational life cycle-from design through development and pro- 
duction to the analysis of results. 

Thinking Machine Corporation’s CM-5 
The CM-5, a major focal point of the high-performance computational 
capabilities at the ACL, was acquired in March 1992. Over a period of 
years, the CM-5 has supported the development and production operation 
of a wide range of scientific applications, generally processing about 7000 
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jobs. In addition to placing some of its users among the finalists for the 
Gordon Bell Award, the extraordinary power and flexibility of this machine 
has helped to push forward rapidly the frontiers of several scientific disci- 
plines. The CM-5 has made practicable the simulation of extremely large- 
scale, complex systems that have been previously unachievable. The CM-5 is 
currently configured with 1,056 processing nodes, 4,224 vector units, 32 
Gbytes of main memory, 440 Gbytes of on-line, high-speed disk storage, 
and four 100-Mbyte-per-second HIPPI interfaces coupling it with other 
available computing resources. Perhaps even more significant, the CM-5 
offers a rich variety of programming languages and models, making it one 
of the most flexible MPP environments available. 

Cray Researcb, Inc. 's T3D 
The first CRI entry in the MPP market is the T3D. The ACL acquired a 
T3D, which began operating in March 1994. The T3D is part of the 
High Performance Parallel Processor Project, which focuses on accelerat- 
ing the integration of high-performance computing technology into the 
mainstream of national industrial activity. Work is currently underway to 
develop the software tools that will make the great power of this and 
other massively parallel machines readily available to our industrial collab- 
orators for the solution of complex problems in research, development, 
and production. 

The ACL T3D is composed of 128 Alpha processors with a total of 8 
Gbytes of main memory. The T3D is directly coupled to a Y-MP with 
three processors, 5 12 Mbytes of main memory, 90 Gbytes of RAID 
(redundant array of inexpensive drives) disk, and a 1 00-Mbyte-per-second 
HIPPI interface. With its powerful node-level processors coupled to a 
very fast, low-latency interprocessor interconnect as well as the I/O 
resources of the Y-MP front end, the T3D provides an effective environ- 
ment fot traditional message-passing programming models as well as for 
distributed shared memory programming. 

IBM Power2 Risc System/GOOO 
The IBM Power2 RS6000/590 first arrived at the ACL in August 1993. 
With 5 12 Mbytes of main memory, a 66-Mhertz Power2 super-scalar 
processor, including four arithmetic units and 256 Mbytes of data cache, 
this machine is a formidable computational engine in its own right. 
Equipped with both HIPPI and ATM network interfaces, the Power2 has 
played a significant role in ongoing research of the application of high- 
speed networking capabilities to the solution of complex distributed com- 
putational problems. 

Silicon Grapbics Inc. Onyx 
The Onyx from Silicon Graphics, Inc., is a focal point for most of the data 
visualization activities taking place at the ACL. The Onyx has two 75- 
Mhertz MIPS R8000 processors, 512 Mbytes of main memory, an extremely 
powerful Reality Engine 2 graphics pipeline, and two RM-4 raster managers. 
The Onyx also supports connections to several high-performance network 
testbeds including HIPPI and ATM. 

http://www. ad. hnlgod 
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Oak Ridge National Laboratory Center for Computational Sciences 
Resources are also provided to a number of other organizations or programs 
involved in systems evaluation (e.g., NASA, M A ,  universities, and other federal 
laboratories) in order to assist scientists and engineers in evaluating current archi- 
tectures and systems with an eye to superior capabilities in the future. 

Resources available are the following: 
Intel Paragon xp/S 5 
The X P / S  5 ,  which has been in operation since November 1992, now serves 
largely as a system and component test platform and plays an important 
role in code development. 

Intel Parugon x p / S  35 
Our primary production facility is the Intel Paragon X P / S  35, which has 
5 12 computer processors and 32 Mbytes of memory per node. 

Intel Paragon xp/S 150 
The immediate hture will see striking expansion within the CCS. We have 
completed acceptance tests on an Intel Paragon X P / S  150, a machine having 
the new MP architecture, which will be added to our current complement of 
machines. The MP architecture means that each of the 1,024 nodes of the 
X P / S  150 will include two computer processors and one message-passing 
processor. This machine was delivered in January 1995. 

IBM SP2 
The new IBM SP2 is just beginning operation. 

Sandia National Laboratories Massively Parallel Computing Research 
Laboratory 
Sandia continues its leading work in high-performance computing at the Mas- 
sively Parallel Computing Research Laboratory. The major components at the 
MPCRL are 

IntellGamma 
Intel/Paragon 
nCUBE/2 

The goal of this program is to provide mission-critical capabilities to DOE and 
to keep the United States at the forefront of advanced computing technology. 
Emphasis is placed on bringing research results to bear on real engineering codes 
of relevance to Sandia and US industry. Work on operating systems, tools, algo- 
rithms, and scientific applications is integrated and deployed on the fastest general- 
purpose computing platform in the world. 

The Sandia work in chemically reacting flow was named one of the other three 
finalists in the international 1994 Gordon Bell Prize competition. The SALSA 
code sustained more than 65 Gflops/s during the iterative solution of complex 
equations governing fluid dynamics, heat transfer, mass transfer, and chemical 
kinetics. This represented 46% of the peak computational rate of the Intel Paragon 
configuration at the time and an unprecedented level of performance on a sparse, 
unstructured finite-element computation. SALSA integrates Sandia research efforts 
in operating systems, meshing, load balancing, iterative solver libraries, and several 
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physical sciences. It makes simultaneous analysis of realistic fluid flow and chemi- 
cal kinetics possible and provides a prototype virtual design capability for chemical 
vapor-deposition reactors. 

An important enabling technology for these successes was SUNMOS, an efficient 
parallel operating system written at Sandia to support high-performance scientific 
computing on distributed-memory computing systems. In comparison with the 
machine’s original operating system, the Sandia system uses far less memory, 
improves bandwidth and latency, and exploits the full computational capacity of 
each node’s hardware. SUNMOS is designed to be adapted to new parallel 
machines (adaptation has already occurred), receives product support from Intel, 
and is licensed to more than 20 sites around the world. 

Sandia has also developed several important tools that fill the gap between the 
operating system and the applications codes. One example is the automatic mesh- 
generation tool, CUBIT. In many industrial and laboratory computing problems, 
interactive mesh generation is the slowest step. By automating much of this step, 
CUBIT has drastically reduced meshing time. Sandia won an R&D 100 Award 
for this work in 1993 and has established a consortium with six industrial partners 
to fund commercialization of this technology. 

Once a mesh is computed, it must be decomposed and mapped to the processors 
of a distributed-memory machine. Sandia has also addressed this performance- 
critical task through the development of Chaco, a state-of-the-art library of mesh 
partitioning and mapping algorithms. Chaco contributed to the record-breaking 
performance of SALSA and is used in many other Sandia codes. It is also used in 
many contexts other than parallel computing. Examples relevant to high-perfor- 
mance computing include very large scale integration routing, database layout, 
sparse matrix ordering and DNA sequencing. Chaco is licensed to more than 80 
sites around the world. 
http://www. cs.sandia.gov 

U n ive rs it ies 

Supercomputer Computations Research Institute at Florida State 
University 
The Supercomputer Computations Research Institute (SCRI) is an interdiscipli- 
nary program established to support research in computational science, to train 
researchers from various academic disciplines, and to provide them access to super- 
computers. Authorized by Congress and established at Florida State University 
(FSU) in 1984, this program was designed to respond to the need to upgrade 
research capabilities at universities throughout the United States, in fields that 
require large-scale computers. It is a cooperative venture between FSU, the US 
DOE’S MICS Division, and the State of Florida. 

Scientists at the SCRI form one of the largest and most productive groups in 
numerical simulations of quantum field theories, such as QCD and the Standard 
Model. The scientists and their collaborators around the world are carrying out 
massive numerical investigations into the properties of the elementary particles 
and their interactions. They have also been in the forefront among developers of 
algorithms and related software for this purpose. 
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The group of experimenters in high-energy physics participate in experiments at 
CERN (European Center for Nuclear Research) and at the Fermi National Accel- 
erator Laboratory (Fermilab) and are leaders in the fields of detector simulations 
and data acquisition, handling, and analysis. Most of the data handling of the 
ALEPH experiment at CERN and DO at Fermilab is carried out by scientists at 
the SCRI. 

SCRI scientists are involved in developing similar detector and data-handling 
capabilities for the new experimental facility for nuclear physics at the Continuous 
Electron Beam Accelerator Facility. This work, along with a similar theoretical 
effort, proceeds using computational techniques aimed at understanding the 
physics that will be investigated there. 

Work in condensed matter physics focuses on (1) improving the understanding of 
mechanisms underlying the formation of complex spatio-temporal structures in 
systems driven outside thermal equilibrium and (2) developing methodology and 
algorithms for that purpose. 

Ab initio computations in chemistry are among the hallmarks of work carried out 
at the SCRI. Various scientists are also involved in work in applied mathematics, 
engineering, meteorology, pattern recognition, nonlinear dynamics and chaos, and 
structural biology. 

The SCRI was one of the first institutions to develop and use cluster environments 
in production mode. The Distributed Queuing System (DQS), developed at the 
SCRI, is one of the most widely used scheduling/executing mechanisms in such 
distributed environments. SciAn, a general purpose scientific and animation pro- 
gram, was also developed at the SCRI. It is in use in 16 countries around the 
world and at dozens of educational, government, military, and commercial sires 
in the United States. 

The SCRI is also engaged in outreach programs. Along with several industrial and 
local governmental partners, the SCRI brings Internet services and network edu- 
cation to the local Leon County schools and community through SCRI mentor- 
ing programs and the Tallahassee Free-Net. The Tallahassee Free-Net is based on 
software written and maintained by SCRI personnel who also help other commu- 
nities port this software in order to start their own Free-Nets. 

Computing and Networking Facilities at the SCRI 
CRAY FMP 4/32 
The CRAY Y-MP 4/32 supercomputer has 4 supercooled processors, 32 
million words of main memory, 128 million words of SSD memory, and 
24 Gbytes of high-speed disk storage. It is heavily used by DOE scien- 
tists, SCRI associates, and visiting researchers from other universities and 
institutions. 

Our Cray is maintained and operated by FSU and Academic Computing 
& Networking Services and is located at Innovation Park, an off-campus 
research facility, near the National High Magnetic Field Laboratory. 

Connection Machine CM-2 
The Thinking Machines Corporation CM-2 Connection Machine is a mas- 
sively parallel computer system containing 65,535 processors, each capable 

u s  D E P A R T M E N T  O F  E N E R G Y  



of one-bit operations. This allows the CM-2 to read and write data in 64K 
chunks. The CM-2 also contains two hundred fifty-six 64-bit floating point 
processors and 2 Gbytes of main memory. This memory is supplemented 
by a 10-Gbytes data vault, which uses data striping to attain impressive 
data-transfer rates (the disk controller is a micro VAX 11). Tasks are per- 
formed on the CM-2 by submitting jobs to the Sun 4/690MP front end 
machine, which then communicates with the CM-2. The CM-2 is capable 
of performing a maximum of IO-billion floating-point operations per sec- 
ond on properly parallelized code. 

CLusters of workstations 
Workstations now compose a large component of the computing resources 
utilized by SCRI scientists. The current installed base is composed of 80 
IBM RS/6000s, 20 DECstations (5000s and 3100s), 18 DEC Alpha 3000 
Model 400s, 10 VAXStation 4000s, 2 IBM Powerseries 4 workstations (ser- 
ial numbers 1 and 6), and 26 miscellaneous workstations (including Suns, 
DEC Fileservers, 2 NeXts, 5 Silicon Graphics, and 1 HP system). SCRI has 
organized 51 of the IBM RS/6000 systems into a U N M  “compute cluster” 
which is partially interconnected with fiber-optic networking (fiber chan- 
nel). Seventeen DEC Alpha 3000 Model 400s compose the OpenVMS 
“compute cluster.” Machines in the clusters are allocated to scientists, as 
required. This has led to a shift in computing strategies, with many users of 
the Cray Y-MP or CM-2 now also using the workstation cluster as a third 
(UNIX) and a fourth (OpenVMS) “supercomputer.” 

An FDDI backbone joins these computers to the Computer Science Department 
Sun network, the High Energy Physics Department VAX/VMS local-area cluster, 
the FSU/FAMU College of Engineering networks, the SCRI Open VMS local 
area cluster, the SCRI UNIX compute cluster, and several other departmental net- 
works. This campus network provides access to a number of regional, national, 
and worldwide networks, including ESnet, NSFnet, HEPnet, BITnet, FIRN, and 
SURAnet. The SCRI network supplies over 4,300 SPECmarks of computing 
power and more than 90 Gbytes of disk storage. 
http://www.scri$u. edu/ 
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Basic Research and Human Resources 

The BRHR component is designed to increase the flow of innovative ideas by 
encouraging investigator-initiated, long-term research in scalable high-performance 
computing: to increase the pool of skilled and trained personnel by enhancing 
education and training in high-performance computing and communications; and 
to provide the infrastructure needed for the support of these research and education 
activities. 

Ap p I ied Mat hema tica I Sciences 

The AMs Program is a subprogram managed by the MICS Division, which origi- 
nated in the early 1950s as a result of a suggestion by John von Neumann. Over 
the years the AMs program has changed considerably but has never lost sight of 
its original purpose, which is to support mathematical and computational research 
that facilitates the use of the latest high performance computer systems in advanc- 
ing our understanding of science and technology. 

The research projects supported by AMs are categorized as follows: 
Mathematics of Physical Systems, 
Optimization Theory and Mathematical Programming, 
Dynamical Systems Theory and Chaos, 
Geometric and Symbolic Computation, and 
Numerical Analysis and Scientific Computation. 

Universities 
I Mathematics of PhysicaZ Systems 
Analysis, Scientific Computing and Fundamental Studies in Fluid Mechanics 

Principal Investigators: Herbert Keller and Philip Saffman 
Co-Investigators: Thomas Hou and Daniel Meiron 
California Institute of Technology 
hbk@ama.caltech.edu 

This project is an integral parr of a broad research and training program in large- 
scale scientific computing and applied mathematics that centers on problems in 
fluid mechanics, materials science and free boundary problems. The main physical 
phenomena studied concern the structure, stability and evolution of viscous flows 
and changes of phase as occur in dendritic growth, epitaxial growth and direc- 
tional solidification. Problems in vortex dynamics, turbulent transition, fully 
developed turbulence, bubble dynamics, porous media flows, Rayleigh-Taylor and 
Richtmeyer-Meshkov instabilities are being studied. Computational methods in 
fluid dynamics relating to bifurcations and path following have been developed. 
New methods to stabilize and enhance the convergence of iterative methods for 
solving these nonlinear problems are being devised and applied. 

String Theory and Non-Commutative Geometry 
Principal Investigator: Arthur Jaf6e 
Harvard University 
jaffe@math.harvard.edu 

We are investigating the relationship between analysis, noncommutative geometry, 
and theoretical physics, especially the quantum theory of fields and string theory. 
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Of special interest recently has been several problems: the construction of the first 
extensive set of examples of noncommutative spaces; the development of an equi- 
variant index theory appropriate for analysis on these noncommutative spaces; the 
investigation of Chern-Simons invariants within gauge theory and their quantum 
analogs; the development of the theory of Pfafians on infinite dimensional spaces; 
and the achievement of a new construction of supersymmetric quantum field the- 
ory, by a new method of infinite-dimensional approximation which respects the 
super-invariance of the limit. Our short term goals are to develop new mathemati- 
cal methods to deal with these questions, and especially to discover new geometric 
invariants and symmetries of these non-commutative spaces. Our long term goals 
are to use these methods to understand the physical world. 

Major recent progress includes the following activities: 
1. At the previous workshop in Albuquerque I reported on the first example of 

noncommutative manifolds, the noncommutative Riemann surfaces, which 
we constructed by combining methods of noncommutative geometry with 
classical analysis of Bergman kernels. We have now extended these results in 
two major directions. First, we have examples of complex, noncommutative 
spaces of higher dimension. These are noncommutative Cartan domains. 
Secondly, we have noncommutative super-spaces, which contain the non- 
commutative Cartan domains as subspaces. The construction of these spaces 
involves analytic and algebraic aspects. They can be regarded as deformation 
quantizations of classical, underlying domains. 

2. We have investigated the noncommutative geometry of these spaces. In par- 
ticular, we have studied the Chern character for entire cyclic cohomology, 
which provides explicit formulas for invariants. We reported on the solution 
to the cocycle condtion discovered by Jaffe, Lesniewski, an Osterwalder at 
the previous workshop. (In cohomology, this is the only known solution to 
the cocycle condition. By general results, it gives us a manifold invariant for 
each idempotent in the algebra of operators basic to our theory.) We have 
since studied the equivariant form of this cohomology, where a compact Lie 
group acts on the quantum space. We are currently investigating the rela- 
tion between this framework and the elliptic genus studied by Witten and 
others in the framework of string theory and quantum field theory. 

3. We are currently extending our results, announced in 1992, for the new 
infinite-dimensional mollification of Fourier series and their application to 
super-symmetric quantum fields. We have a number new estimate on the 
analytic nature (continuity) of infinite dimensional Pfafians. These are par- 
tially written up and not yet published. 

4. We have defined the concept of a noncommutative gauge theory (Shome- 
rus). The combinatorial nature of these models is constructed and related to 
a lattice version of Kac-Moody algebras, whose representations are being 
studied. 

Mathematics and String Theory 
Principal Investigator: S.-T. Yau 
Harvard University 
yau@math.harvard.edu 

In the past year, Klemm, Hosono, Theisen and Yau continued their previous pro- 
ject: computing the mirror map and the instanton calculations for Calabi-Yau 
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manifolds whose moduli space has dimension greater than one. The calculation 
involves a detailed understanding of invariants of finite abelian group action on 
certain polynomial ring and its relation to hypergeometric functions defined by 
a system of partial differential operators. It gives a good understanding of how 
periods of integral behave. 

The second project was carried out by Klemm, Lian, Roan and Yau. The researchers 
studied the mirror map and the Yukawa coupling for Calabi-Yau manifolds, discov- 
ering that these quantities themselves satisfy certain nonlinear differential equations. 
They can be considered to be higher dimensional generalization of the Schwarzian 
equation. (The Schwarzian equation plays an important role in the theory of uni- 
formization and the theory of special function). The researchers found these with 
the help of a computer, however everything can be done rigorously. 

These nonlinear equations should be interesting for other purposes as well. They 
can be solved by a system of linear equations, namely the Picard Fuchs equations. 
By making use of such equations, Lian and Yau were able to understand and prove 
certain classical conjectures in projective geometry, namely for the generic quintic 
in projective four space, the number of rational are divisible by 125. In the case of 
algebraic K3 surfaces, the solutions to the nonlinear equations turn out to be 
related to certain representations of the Monster group. We think this develop- 
ment is exciting, and expect to make much more progress in this area. 

The Dynamical Systems of Climatology and Fluid Mechanics and Their 
Approximation 

Principal Investigators: C. Foias, R. Temam, M. Jolly, and S. Wang 
Indiana University 
temam@daewoo.math.indiana.edu 

The understanding of the equations of fluid mechanics and turbulence and the 
development of efficient numerical codes for the solution of these equations are 
challenging problems of considerable importance in particular in industry or for 
studies in meteorology or global climate change. The aims for this project are 
threefold: 

1. To explore what can be learned about these problems from the theoretical 
and computational viewpoints, using the dynamical systems approach to 
turbulence. 

2. To develop new efficient computational algorithms taking into account the 
physics of turbulence and well adapted to the current evolution of large- 
scale computing towards parallel computing. 

3.  To devote special attention to the problems related to the study of the cli- 
mate and global changes. 

As part of (l), we prepare a book about the relations between attractors, statistical 
solutions of the Navier-Stokes equations and the conventional theory of turbu- 
lence. Another aspect of the book will be to study Inertial Manifolds (IM) and 
Approximate Inertial Manifolds (AIM) in fluid mechanics. 

By definition IMs and AIMS produce a differentiated treatment of low and high 
frequency components of a flow and relate in this way to the multiresolution 
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methods and to data compression in scientific computing. They can potentially 
produce multiresolution methods and versions of the multigrid methods taking 
into account the physics of turbulence. Their effective implementation also raises 
totally new numerical problems on the interaction of low and high modes. The 
development of such algorithms and their effective implementation on highly or 
massively parallel computers is the object of part (2) of this project. 

Finally part (3)  of this project is devoted to the study of coupled atmosphere and 
ocean models. The aim is to provide a solid mathematical support for the study of 
various models used in meteorology and oceanography and for the analysis of the 
numerical methods applied to these models. We believe that, in the long range, 
these studies are important for our understanding of the climate. Models based on 
the primitive equations are considered, as well as simpler models of quasi- 
geostrophic type. 

In regard to the highlights of our work, part of this project is devoted to the study 
of coupled atmosphere and ocean models. The aim is to provide a solid mathemat- 
ical support for the study of various models used in meteorology and oceanogra- 
phy and for the analysis of the numerical methods applied to these models. We 
believe that, in the long range, these studies are important for our understanding 
of the climate. Models based on the primitive equations are considered, as well as 
simpler models of quasigeostrophic type. 

Riemann Problems for Nonlinear Conservation Laws in One and Two Space 
Dimensions 

Principal Investigator: Suncica Canic 
Iowa State University 
canic@iastate.edu 

The focus of this research is twofold: the first is to develop and extend analytical 
and numerical tools to study two-dimensional Riemann problems and the second 
is to study the stability and construction of solutions for nonlinear conservation 
laws in one space dimension. 

The first part of the project is a joint work with Barbara L. Keyfitz at the Univer- 
sity of Houston. We study a class of two-dimensional Riemann problems for the 
transonic small disturbance equation that models weak shock reflection at a 
wedge. The main goal is to theoretically describe possible shock interactions and 
use this knowledge to improve numerical simulations. We are particularly inter- 
ested in the regimes where standard shock polar analysis fails. This is for example 
the case in von Neumann reflection for which numerical and experimental results 
show a region of high velocity gradients that cannot be captured by standard 
approach. 

Because of self-similar nature of shock reflection phenomenon the model equations 
we study change type from hyperbolic to elliptic in self similar coordinates. We 
obtained a complete description of a solution in the hyperbolic region where the 
flow is supersonic, by solving (nonstandard) quasi-one-dimensional Riemann prob- 
lems. The flow in the subsonic region in governed by a nonlinear degenerate elliptic 
equation that has not yet been studied. Using monotone operator techniques, we 
were able to show that, depending on the type of the boundary data, the degenerate 
elliptic equation admits either a solution with a square root singularity along the 
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sonic line, or a solution is smooth with some restrictions on the velocity gradient 
at the sonic line. Based on the type of the hyperbolic wave interaction and on the 
type of a free boundary problem for a position of a transonic shock, we conjecture 
a bifurcation diagram that contains classes of solutions that correspond to experi- 
mentally and numerically observed shock reflection patterns. The solution with 
square-root singularity promises to explain von Neumann reflection. For complete 
description of a solution in each class of the bifurcation diagram we need to prove 
the existence of a solution of a corresponding free boundary problem. This is a 
subject of our current research. 

The second focus of this research is one-dimensional systems of conservation laws 
that change type. The main goal is to study the structure and understand the 
shock wave stability of solutions. To distinguish between different solution struc- 
tures we identified classes of quadratic systems of conservation laws that give rise 
to equivalent solutions, using the theory of Lorentz transformations of Minkowski 
space. Moreover we identified generic models where the genericity conditions 
derive from the viscosity admissibility criterion for shock part of a solution. This 
was done in collaboration with Bradley Plohr, at SUNY in Stony Brook. 

To understand the stability of admissible shock waves we study generic quadratic 
models and the stability of solutions under two-parameter perturbations or Rie- 
mann initial data. We obtained stability criteria for admissible shock waves using 
the theory of unfoldings of vector fields within the framework of the fundamental 
wave manifold. This is particularly interesting for numerical simulation of multi- 
phase flow through porous media by recently developed numerical methods which 
attempt to minimize the effects of numerical diffusion relative to physical diffusive 
phenomena. We plan to extend these results to perturbations within the three- 
parameter family that arises naturally in this context. 

Multiresolution Molecular Dynamics Algorithms for Million Particle Simula- 
tions of Porous Glasses 

Principal Investigators: Priya Vashishta and Rajiv K. M i a  
Louisiana State University 
priyav@bit.csc.Isu.edu 

Molecular dynamics (MD) approach provides the phase-space trajectories of parti- 
cles through the solution of NewtonUs equations. Highly efficient multiresolution 
algorithms have been designed for parallel machines. The long-range Coulomb 
interaction is calculated with a divide-and-conquer scheme, called the fast multi- 
pole method (FMM), which reduces the computational complexity from O(N2) to 
O(N). For short-ranged two- and three-body interactions, we have employed a 
multiple time-step (MTS) approach in which the force on a particle is subdivided 
into primary, secondary, and tertiary components. A significant reduction in com- 
putation is achieved by exploiting different time scales of these force components. 
The performance of this approach has been tested on the Touchstone Delta at Cal- 
tech and the IBM SP1 machine at Argonne National Laboratory. For a 4.2 million 
particle silica glass, the execution time for a single MD time step is only 4.84 sec- 
onds on the 512-node Delta machine! The execution time scales linearly with the 
size of the system and the computation dominates the communication time. 

Porous silica is an environmentally safe material which has numerous technological 
applications: it is used in thermal insulation of refrigerators; in passive solar energy 
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collection devices; and in catalysis and chemical separation. Since these applica- 
tions are due to the remarkable porous structure of the system, it is important to 
understand the size and spatial distributions of pores and the morphology of pore 
interfaces. Structural properties and mechanical failure in porous silica have been 
investigated with 1.12-million atom M D  simulations. At the critical density, some 
pores percolate through the entire system causing fracture. Morphology of fracture 
surfaces is analyzed in detail. 

We are currently developing multiresolution MD algorithms for the newly 
acquired 42 Alpha processor system based on two GIGA SWITCHES from Digi- 
tal Equipment Corporation. Message passing interface (MPI) will be developed for 
the GIGA SWITCH based system. Crack propagation and fracture in high tem- 
perature ceramic films will be carried out using multimillion atom MD simula- 
tions. 

Research in Geometry and Elementary Particle Physics 
Principal Investigator: Isadore Singer 
Massachusetts Institute of Technology 
ims@math.mit.edu 
Assistant Professor: Scott Axelrod 

The object of this project is to stimulate and conduct research at the interface of 
modern geometry and elementary particle physics. The liaison between global 
geometry and high-energy theoretical physics began twenty years ago with the 
recognition that gauge theories in physics were fibre bundles and connections in 
mathematics. We could hardly have imagined how rapidly the new interaction of 
modern mathematics and physics would grow and how much impact it would 
have on mathematics. The subject is more exciting today than ever before. 

Recent activities include the following: 
1. Scott Axelrod has extended Chern/Simons perturbative quantum field 

theory to the case where the moduli space of flat connections has positive 
dimensions. 

2. W. Taylor (postdoc) is studying the effects of matter on topology changing 
amplitudes for quantum gravity in two and higher dimensions. 

3. I. Singer has constructed the master field for two dimensional gauge 
theories. 

Analyses, Algorithms, and Computations for High-Temperature 
Superconductivity 

Principal Investigators: Qiang Du, Michigan State University; Max 
Gunzburger and Janet Peterson, Virginia Polytechnic Institute and 
State University 
gunzburger@vtccl .cc.vt.edu 

Superconductivity has become a subject of renewed interest since the recent dis- 
covery of materials that retain superconductive properties at temperatures above 
the boiling point of nitrogen. We have achieved significant progress in the model- 
ing, analysis, and computation of superconducting phenomena. Our work so far 
has focused on mezoscale models as typified by the celebrated Ginzburg-Landau 
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equations; these models are intermediate between the microscopic models (that 
can be used to understand the basic structure of superconductors and of the 
atomic and subatomic behavior of these materials) and the macroscale, or homog- 
enized, models (that can be of use for the design of devices). The models we have 
considered include a time dependent Ginzburg-Landau model, a variable thickness 
thin film model, models valid for high values of the Ginzburg-Landau parameter, 
models that account for normal inclusions and fluctuations and Josephson effects, 
and the anisotropic Ginzburg-Landau and Lawrence-Doniach models for layered 
superconductors, including those with high critical temperatures. In each case, we 
have developed or refined the models, derived rigorous mathematical results that 
enhance the state of understanding of the models and their solutions, and devel- 
oped, analyzed, and implemented finite element algorithms for the approximate 
solution of the model equations. We have also applied our codes to some interest- 
ing simulations of superconductivity in the presence of applied fields and currents. 

Generalized Grid and CFD Technology in OceadAtmospheric Modeling 
Principal Investigators: Joe F. Thompson 
Mississippi State University 
whitf@ERC.MsState.Edu 

The main approach is to use techniques developed in the field of Aerospace Engi- 
neering for analyzing ocean flows. Full Navier-Stokes equations in the conservative 
form in an inertial frame of reference are solved using a general curvilinear coordi- 
nate system. The scheme is finite volume, implicit, upwind and third order accu- 
rate in space and second order accurate in time. Time integration is by using the 
modified artificial compressibility method. The temperature and salinity equations 
are strongly coupled with the momentum and continuity equations. Buoyancy 
terms due to temperature and salinity are included in the momentum equations. 
Wind stresses are applied at the free surface. A novel approach is used to imple- 
ment the viscous free surface boundary conditions in which a local orthonormal 
coordinate system has been used which leads to the simplest expressions possible. 
The entire eigensystem has been derived for solving the set of six equations. The 
various features of the scheme have been tested using many test cases. Flat plate 
solutions have been obtained for the velocity components; temperature and salin- 
ity and are in good agreement with Blasius profiles. Velocity and temperature pro- 
files have been obtained for the backward facing step and are in good agreement 
with other computations and experiments. The hydrodynamic flow field of the 
entire Atlantic ocean, as well as the entire world oceans, has been obtained with 
rigid lid, no applied stress conditions and is found to be in equilibrium. Multi- 
blocking approach was used to generate the curvilinear grids as well as for the 
solution procedure. Actual bottom topography was included in building the grid 
using the ETOPOS dataset. The Atlantic grid was built using 8 blocks (approxi- 
mately 1.2 million points) and the world grid was built using 26 blocks (3 million 
points). Forty-one grid points were used from the bottom to the free surface in all 
blocks. Work is in progress in applying the wind stress data from the Hellerman 
and Rosenstein dataset. Natural convection in a square cavity is another test case 
that was considered with satisfactory results. Work is in progress to solve more test 
cases with natural convection. In another development, the governing equations 
themselves were examined to find the most suitable form to solve the ocean flows. 
With respect to an inertial frame the governing equations can be cast in the so 
called conservative form. However, a steady flow in the rotating frame would 
appear as an unsteady flow in the absolute frame. On the other hand, the govern- 
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ing equations in the rotating frame contain the Coriolis term as a source term. 
(Here buoyancy is not included and the centrifugal term has been taken into 
account in the definition of the acceleration due to gravity). Including source 
terms in a numerical scheme has to be done very carefully and can lead to errora- 
neous results. During the course of this investigation it was found that the govern- 
ing equations in a rotating frame can be cast in a fully conservative form for 
incompressible flows using a tensor identity. This formulation has been checked by 
solving the Ekman boundary layer problem over a viscous wall, as well as the 
Ekman boundary layer problem with applied wind stress at the free surface, with 
very good agreement. The Atlantic flow is now being solved using this approach. 

Core Support for the Board on Mathematical Sciences 
Principal Investigator: John Tucker 
National Academy of Sciences 
jtucker@nas.edu 

The Department of Energy contributes partial support for the core activities of the 
Board on Mathematical Sciences. These core activities include the work of the 
board in organizing the annual Department Chairs Colloquium and an annual 
National Science and Technology Symposium; in preparing reports throughout the 
year on topics in research, education and cross-disciplinary science of importance to 
the mathematical sciences community; and in advising the federal agencies on new 
directions in mathematical sciences research, education, and outreach that originate 
from the community or from other disciplines, industry, and business. Contribu- 
tions to this effort are made also by other ICEMAP agencies (AFOSR, ARO, NSA, 
NSF, and ONR). 

Microwave Processing of Ceramic Materials 
Principal Investigator: Gregory A. Kriegsmann 
New Jersey Institute of Technology 
grkrie@waves.nj it.edu 
Industrial Contacts: F and M Technologies, Fairfax, VA 22032 

The understanding and optimization of microwave processing of ceramic materi- 
als give rise to interesting and challenging scientific problems whose solutions 
require the integration of several mathematical disciplines. These include, but are 
not limited to, differential equations and boundary value problems, asymptotic 
and numerical methods, and the mathematical foundations of heat transfer, and 
electromagnetics. The goals of our research project are twofold. The first is the 
mathematical understanding of the basic physical mechanisms which make the 
processes work. The second is the development and application of asymptotic, 
numerical, and other approximate methods required to obtain an accurate quan- 
titative description of these processes. 

Our research to date has primarily been focused on two aspects of microwave pro- 
cessing of ceramics. The first deals with the physical modeling and mathematical 
analysis of the heating of thin cylindrical samples in a single mode applicator. 
Such problems arise in fiber processing and in the joining of thin ceramic samples. 
We have discovered a mechanism which produces hot spots in the cylinder and 
have analyzed their dynamics. The hot spot will propagate and consume the entire 
sample when the cylindrical axis and the applied electric field are parallel. If the 
temperature is high enough, the entire sample will melt. If the cylindrical axis is 
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orthogonal to the applied electric field, then the spot will propagate outwards and 
stop. This dynamic may be useful in joining two cylindrical samples where the 
localized high temperature fuses the joint between them. 

The above models of heated cylinders and our previous models of heated slabs and 
compact objects have all been based on the assumption that the electric field 
impinging upon a ceramic sample is known. When a sample is placed in a 
microwave applicator the determination of this field becomes part of the problem. 
We have begun to incorporate cavity physics into our heating models. Specifically, 
we have modeled and analyzed the microwave heating of a ceramic slab in a 
TE103 waveguide applicator. Our analysis produces a bistable response curve relat- 
ing the steady-state temperature to the power produced by the microwave source. 
The shape of this response curve intimately depends upon the coupling of the 
microwave to the cavity, and the effect of the subsequent heating on this coupling. 
The choice of a ceramic slab was necessary to produce this explicit dependence. 
This explicit dependence allowed a systematic study of the effects of the cavity on 
the heating process. 

Studies in Nonlinear Problems of Energy 
Principal Investigator: Bernard Matkowsky 
Northwestern University 
mat@mat.esam.nwu.edu 

We concentrate on modeling, analysis and large-scale scientific computation of 
combustion and flame propagation phenomena, with emphasis on the transition 
from laminar to turbulent combustion. More than 165 papers citing the grant 
have been published, and our efforts have twice been recognized for top accom- 
plishment by DOE. 

Determining the transition from laminar to turbulent fluid flow is one of the most 
fundamental problems in science. While some progress has been made on this 
problem, far less is known about the transition from laminar to turbulent combus- 
tion. In the transition process a flame passes through stages exhibiting increasingly 
complex spatial and temporal patterns which serve as signatures identifying each 
stage. Often the transitions arise via bifurcation. We investigate nonlinear dynam- 
ics, bifurcation and pattern formation in the successive stages of transition. We 
describe the stability of combustion waves and transitions to combustion waves 
exhibiting progressively higher degrees of spatio-temporal complexity. 

Combustion involves compressible fluids in which exothermic chemical reactions 
occur. Strong coupling exists among chemical reactions, transport processes and 
fluid dynamics, and the resulting system is difficult to analyze. Scientists therefore 
resort to approximate descriptions. One aspect of our research program is the sys- 
tematic derivation of appropriate, approximate models from the original models 
governing combustion. The approximate models are then analyzed. We are partic- 
ularly interested in understanding the basic mechanisms affecting combustion, 
which is a prerequisite to effective control of the process. 

Combustion waves are characterized by large activation energies, so that chemical 
reactions are significant only in thin layers, termed reaction zones. In the limit of 
infinite activation energy, the zones shrink to moving surfaces, termed fronts, 
which must be found during the course of the analysis, so that the problems are 
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moving free boundary problems. The analytical studies are carried out for the lim- 
iting case with fronts, while the numerical studies are carried out for finite, though 
large, activation energy, thus corresponding to reaction zones. Accurate resolution 
of the solution in the reaction zones is essential. The fact that the reaction zones 
move, and their location is not known a-priori, poses a challenge to numerical 
computations. To meet this challenge we developed adaptive pseudo-spectral 
methods, which have proven to be very useful for the accurate, efficient computa- 
tion of solutions of combustion, and other problems. 

Our approach is based on a synergism of analytical and numerical methods. Our 
computations build on and extend information obtained analytically. In addition, 
solutions obtained analytically serve as benchmarks for the computations. More- 
over, ideas from analysis are also used to suggest new and better computational 
methods. Finally, the computational results suggest new analysis to be considered. 

We have also considered a number of problems in which combustion waves are 
employed to synthesize advanced materials. Our efforts are directed toward under- 
standing fundamental mechanisms. A finely ground powder mixture in the form of 
a cylinder, say, is ignited at one end, initiating a combustion wave which propagates 
through the porous solid mixture, converting unreacted powder into the desired 
product. Among the results recently obtained were descriptions of methods of 
enhancing the propagation of the synthesis wave by pumping gas through the 
porous solid, a description of deformation (e.g., densification) of the porous solid 
during synthesis, and a description of the effect of melting of one or more of the 
solid components of the mixture followed by flow of the liquid melt through the 
pores. 

During the past year invited talks were presented on our work at (1) Bilateral 
US/Russia Workshop on Fundamental Aspects of SHS, Honolulu, Hawaii; (2) Sec- 
ond International Symposium on SHS, Honolulu, Hawaii; (3) Dynamics Days- 
Europe, Budapest, Hungary; (4) International Conference on Pattern Formation in 
the Natural Environment, Noordwijkerhout, Netherlands; ( 5 )  Joint US/Japan 
Workshop on Mathematical Modeling in Combustion and its interaction with 
Numerical Computation, Kauai, Hawaii; (6) Gordon Conference on Oscillations 
and Dynamical Instabilities in Chemical Systems, Newport, Rhode Island; and 
(7) Annual meeting of the American Institute of Chemical Engineers, St. Louis, 
Missouri, as well as a number of colloquia at various universities and institutes. 

Studies of Spatial and Temporal Disorder in Macroscopic Systems 
Principal Investigator: Daniel L. Stein 
University of Arizona 
dls@albert.physics.arizona.edu 

I have been developing new mathematical techniques for dealing with a broad 
class of problems involving disordered and nonequilibrium systems. These include 
the generic multidimensional characteristic boundary exit problem, conforma- 
tional fluctuations in proteins, and problems related to the dynamics and statistical 
mechanics of spin glasses. 

These techniques are being developed for the study of mathematical problems aris- 
ing from physical, chemical, or biological systems in which an underlying spatial 
or temporal randomness plays a crucial role in determining some aspect of their 
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macroscopic behavior. The results of this investigation are expected to lead to an 
improved understanding of these systems, and to provide a new set of mathemati- 
cal tools for the analysis of related problems. 

This work has so far led to, among other things, the discovery of a wide range of 
new phenomena in first passage time problems for noisy dynamical systems which 
do not obey detailed balance; the development of new spin glass models in which, 
for the first time, a dimension-dependent transition in ground state multiplicity 
has been found and analyzed; a thorough revision of the basic concepts underlying 
state-space dynamics of a wide class of disordered and complex systems; and a new 
approach to the solution of the problem of diffusion on a randomly fluctuating 
lattice. 

A close coupling between analytical and numerical methods was employed for 
most of these studies. Results are being applied to diverse problems, ranging from 
the effects of fluctuations in open chemical systems, the diffusion of ligands in 
globular biomolecules, and the low-temperature properties of disordered magnetic 
systems. 

Singular and Nonlinear Processes in Applied Mathematics 
Principal Investigator: Michael Tabor 
University of Arizona 
tabor@math.arizona.edu 

In broad terms this research program breaks down into three main areas: (1) com- 
plex space/time singularities of nonlinear differential equations, (2) physical singu- 
larities in fluid mechanical and magneto-hydrodynamic processes and (3)  the 
dynamics of knots and curves. 

In the first area a new type of perturbative expansion based on singularity analysis 
techniques (the Painleve method) has been developed that provides a powerful 
new method for computing the Melnikov function for a wide range of systems 
including those with many degrees of freedom. These results show a deep connec- 
tion between the analytic structure of perturbed integrable systems and separatrix 
splitting. The techniques developed to date are now being extended to a wider 
class of system. 

In magneto-hydrodynamic (mhd) turbulence the coupling (the Lorentz force) 
between the velocity and magnetic fields makes the problem very difficult: to date 
there have been very few analytical results and computer simulations are expensive 
and difficult to interpret. By developing a Lagrangian approach to the fully cou- 
pled equations of incompressible mhd (in both 2 and 3 dimensions), some 
progress has been made in identifying current sheet formation (subject to certain 
reasonable assumptions about the pressure field). These studies are providing a 
realistic model with which to study finite time singularities in mhd problems 

When the geometry and dynamics of knots and curves are considered as real, 
physical (rather than purely topological) objects have significant applications to a 
wide range of problems in physics and biology and connections with the theory of 
integrable systems. Of particular current interest is the observed, iterated, stretch- 
ing and writhing of the bacterial filament, bacillus subtilis, that leads to self-assem- 
bly into macroscopic fibers. Modeling this process has led to new mathematical 
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results concerning the properties of writhe, a formulation of the dynamics of elas- 
tic filaments subject to eternal forces which provide a realistic model of the bacter- 
ial motion (and are relevant to a variety of other processes) and efficient new 
algorithms for the simulation of filament dynamics. 

Studies of Complexity in Fluid Systems 
Principal Investigators: E Constantin (Mathematics), T. Dupont (Com- 
puter Science and Mathematics), H. M. Jaeger (Physics), L. E Kadanoff 
(Physics and Mathematics), S. R. Nagel (Physics) 
Investigators: R. Almgren, R. Benzi, A. Bertozzi, M. Brenner, F. Cattaneo, 
J. Miller, I. Procaccia 
University of Chicago 
const@zaphod.uchicago.edu 

A group of researchers from Mathematics, Theoretical Physics, Experimental 
Physics and Computer Science are working in a joint effort to study fluids- 
“normal” liquids or granular ones-in simple physical settings. Work on turbu- 
lence studies how fluid responds when it is heated from below. A study of 
three-dimensional droplet snap-off addresses the question: what is the shape of a 
liquid drop when it falls from a faucet and fissions in two or more pieces? There 
are difficulties in these problems, related to moving free boundaries and to the 
presence of many significant length and time scales. There are three simultane- 
ous approaches used. One is to devise adequate numerical methods. The second 
is to study analytically the PDEs involved. The third is to provide direct experi- 
mental access to the phenomena. Here is a list of topics we study: 

1. Turbulence 
Models of turbulence 
Closure in 3D turbulence 
Structure functions, bulk dissipation, inviscid singularities 
Magnetic field generation and turbulent transport in magneto-fluids 

2. Kinetics of fragmentations 
3.  Hydrodynamic approach to sonoluminesence 
4. Moving interfaces in two-dimensional geometries 

Models for rupture and spreading in thin films and necks 
Fluid/solid interface in solidification 

5. Droplet snap-off in three dimensions 
6. River network evolution 
7. Granular fluids 

Convection and compaction 
Theory of inelastic collision-states. 

An Interdisciplinary Mathematical Approach to the Analysis and Development 
of Intermediate Models of Atmospheric and Oceanic Dynamics 

Principal Investigator: James H. Curry 
University of Colorado at Boulder 
curry@newton.colorado.edu 

The scientific and mathematical focus of this research is to establish an interdisci- 
plinary research program and group whose focus will be the nonlinear dynamics 
of intermediate models of atmospheric, oceanic and coupled atmospheric-oceanic 
models. 
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The objective of this research is to develop tools and strategies which will be useful 
in crafting large models and studying the long term behavior of their solutions. 

We expect our research to make contributions to the understanding of the roles of 
physical processes, sensitivity to dynamic variables, and careful analysis of model 
solutions. Intermediate models provide a natural arena for such research effort 
because of how they are constructed. We believe the current strategies for develop- 
ing such models might be enhanced by using other approaches, for example, those 
which use “dynamical systems” or “Lie Group” methods. 

Indeed, Dr. Scott A. Herod has already established a new class of exact solutions 
to the beta plane version of the Barotropic vorticity equation using Mathematica 
software partially developed through this effort. 

Selfsimilar Solution of Multidimensional Conservation Laws 
Principal Investigator: Barbara Lee Keyfitz 
University of Houston 
blk@math.uh.edu 

The current focus of the project is on multidimensional Riemann problems. This 
work is all joint with Suncica Canic, at Iowa State University, who is supported on 
a separate DOE grant. We have formulated a theory for the interaction of oblique 
shocks; we are simultaneously trying to develop this theory and to use it to give a 
complete mathematical description of the transition from regular to Mach reflec- 
tion in weak shocks. We are working, for the moment, on a simplified model, the 
unsteady transonic small disturbance equation, which ignores entropy waves and 
provides a valid description of the fluid dynamics only near the shock (but this is 
where the analysis is needed). Our idea is to analyze self-similar solutions to Rie- 
mann problems using a lower-dimensional analysis of the similarity equations. 
When the original unsteady problem has two space dimensions, the reduced equa- 
tions have two independent variables: they form a quasi-one-dimensional system. 
These equations behave like standard conservation laws in many ways; however, 
they are nonautonomous, and they change type in a way somewhat different both 
from steady transonic flow and from unsteady time-dependent problems in one 
space dimension. Both a “hyperbolic Riemann problem” and an elliptic free- 
boundary problem, where the elliptic equation is degenerate at the “sonic line,” 
come into play. Furthermore, this degeneracy in the elliptic problem, when lin- 
earized, appears to behave like an unusual type of Tricomi problem, one not previ- 
ously associated with transonic flow. 

We have begun an analysis of this problem by proving an existence theorem for 
the degenerate elliptic equation, and we are in the process of incorporating the 
free-boundary problem in our analysis. 

We are also completing an analysis of the quasi-one-dimensional problem in the 
hyperbolic regime; this is somewhat simpler, and can be carried out for a larger 
class of two-dimensional conservation laws, including some nonlinear wave 
equations. 

We plan to complete the analysis of this problem, and then generalize our results 
to more complete gas dynamics models. This would have exciting implications for 
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analytical study of multidimensional conservation law problems, since the Mach 
reflection problem is merely a prototype of the possible complexity of solutions. 
We have also begun work with Dragan Mirkovic at Iowa State University on 
numerical simulation for this model. 

I am also continuing work, commenced under a previous DOE grant, on stability 
of hyperbolic to elliptic shocks in unsteady problems in a single space dimension. 
A review article on this topic will appear in ZAMM next year. 

A graduate student, Zhang Zhuang Zhi, at the University of Houston, has proved 
an existence theorem for a model related to the perturbation of a quadratic coinci- 
dence line flux. He is now investigating asymptotic behavior of this system. 

Singular Perturbation Techniques in Queuing Theory 
Principal Investigators: Charles Knessl and Charles Tier 
University of Illinois at Chicago 
tier@courant.math.uic.edu 

The purpose of our research project is to develop approximations to queuing mod- 
els that arise in the performance analysis of computer and communication sys- 
tems. Our specific research goal is to analyze systems for which traditional analytic 
and computational techniques fail to provide useful information about system per- 
formance. This often occurs for systems that are large, such as containing a large 
number of nodes or population size. For such complex systems, exact formulas for 
the performance measures are not known or are sufficiently complicated that it is 
difficult to extract useful information from the formulas. Thus approximations can 
play an important role. Our contribution has been to introduce the use asymp- 
totic and singular perturbation techniques to these models. These approximations 
require the development and application of new asymptotic and singular perturba- 
tion techniques to difference, differential-difference, integral, and integro-differen- 
tial equations. The methods are based on the WKB method, boundary layer 
analysis and matched asymptotic expansions. New nontrivial extensions of these 
methods have previously been developed to solve problems in a wide variety of 
applications which led to remarkably accurate results. The approximations 
obtained are often most accurate for parameter ranges over which the numerical or 
computational algorithms are most difficult to implement. Thus, the asymptotic 
approach complements other approaches to these problems. We have made sub- 
stantial processs in the following important areas: large queuing network, tran- 
sient behavior of stochastic models, processor sharing queues, and buildup of large 
queue lengths in networks. 

Discrete and Continuous Models of Conservation Laws 
Principal Investigator: James Greenberg 
University of Maryland, Baltimore County 
greenber@math.umbc.edu 

Research is being carried out in three areas: ( 1 )  Continuum Limits of Discrete Par- 
ticle Systems, (2) Shear and Antiplane Shear Flows in Visco-Plastic Materials, and 
(3) Efficient Algorithms for Hyperbolic Conservation Laws with Source Terms. 

The genesis of research area (1) goes back to 1944 when Von Neumann proposed 
using a system of nonlinear spring or chain equations to obtain approximate solu- 
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tions to the nonlinear wave equation. Though it is now agreed that these chain 
equations provide an unfaithful approximation to the underlying wave equation, 
they have served as a successful test bed for the investigation of systems where 
numerically induced dispersion is a dominant effect competing with the nonlin- 
earities of the system and where the fine scale oscillations have an influence on the 
evolution of the mean field or observable quantities of interest. These equations 
also serve as a test bed for real lattice calculations where the small parameters in 
the system are physical constants rather than a numerical length scale. The princi- 
pal goal in all of this research is the development of equations for the mean fields 
or observables which take into account the average effect of the rapidly oscillating 
component of the discrete systems. 

Research in the second area is concentrating on the modeling of Visco-Plastic 
materials, the analysis of energy dissipation mechanisms present when such materi- 
als are flowing plastically and the question of when such materials may be 
described adequately by rate independent constitutive equations. This project 
involves a thorough analysis of the underlying equations and extensive numerical 
experimentation. 

The third project involves the development of algorithms for solving hyperbolic 
conservation laws with spatially varying, time independent source terms. The goal 
of this work is the development of time dependent algorithms with the property 
that they will preserve “stable” steady solutions to the underlying conservation 
laws. Traditional algorithms tend to destroy steady solutions. We have had some 
success with these ideas for a model problem involving a scalar conservation law 
and are now applying these ideas to gravity-driven flows modeled by the shallow 
water equations over a nonuniform ocean or stream bed. 

Nonlinear Resonance 
Principal Investigator: J. Kevorkian 
University of Washington 
kevork@amath.washington.edu 

The goal of our research is to develop explicit asymptotic solutions that are valid 
over a time interval proportional to the reciprocal of the small parameter for reso- 
nant systems that arise in (1) nonlinear dynamics, and (2) nonlinear wave interac- 
tions. We rely on extensive numerical computations to verify the asymptotic 
validity of our results. 

In nonlinear dynamical systems, we have completed work on the solution of burst- 
ing oscillations that occur in pancreatic and other types of cells where the electrical 
potential across the cellular membrane undergoes a succession of active and silent 
phases. We have also completed work on non-Hamiltonian systems that exhibit 
sustained resonance. Here, it is necessary to solve a strictly nonlinear oscillator 
equation for the resonant phase that is coupled with a first-order system for the 
slow variables. In a third project we study a class of conservative near-integrable 
Hamiltonian systems with three degrees of freedom in the presence of two simulta- 
neous resonances, one in the leading perturbation term and one in the next order. 
Applications arise in dynamics, nonlinear optics, the interaction of particles in a lat- 
tice, and in other areas. The formal reduced problem that is encountered also mod- 
els the effect of self-fields in the dynamics of electrons in free-electron lasers. 
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In current work we are deriving explicit results for this case with the aim of predict- 
ing the numerically observed chaotic motion that occurs at high beam intensities. 
In nonlinear wave interactions, we have completed work extending the method of 
multiple scales, originally developed to describe perturbations to a quiescent state, 
to the case of perturbations to any known exact solution including strong shocks. 
We have also completed work on the asymptotic solution of a pair of weakly non- 
linear hyperbolic conservation laws with source terms. Here we focus on the behav- 
ior of small disturbances to a uniform state that is marginally unstable (in the 
linearized sense) for a critical value of a parameter. We derive conditions under 
which such solutions are equilibrated by small nonlinearities and evolve into travel- 
ling waves. The equation governing the evolution of the dominant disturbance con- 
tains nonlocal terms and exhibits a novel bifurcation process. We show that the 
effect of weak dissipation is to smooth shocks. However, if dissipation is present to 
leading order solutions are considerably altered, although smooth travelling waves 
still exist. Applications of these results are in fluid mechanics, plasma physics, com- 
bustion, and population dynamics. Current work concerns the generalization to 
n>3 conservation laws, for which waves may interact resonantly, to study the com- 
bined effect of resonance and marginal instability. 

Research in Geometry, Symmetry, and Physics 
Principal investigators: Gregg Zuckerman, Math; Howard Garland, Math; 

Yale University 
gregg@pascal.math.yale.edu 

Igor Frenkel, Math; Gregory Moore, Physics 

The Mathematical, Information, and Computational Sciences Division supports a 
Yale project which is joint between the mathematical physics group in the mathe- 
matics department and the high energy physics group in the physics department. 

The current graduate fellow supported by the grant is a student of Moore’s named 
Sanjay Rangoolam. Sanjay will be receiving his Ph.D. in physics this spring. He, 
Moore, and Stephan Cordes have just finished an enormous review on the founda- 
tions of topological quantum field theory. This work will appear in the proceed- 
ings of the les Houches Summer School held in August, 1994. 

We are not supporting any postdocs at this time. A year ago, we supported a 
mathematical physicist named Bong Lian, who is now a postdoc with S. T. Yau at 
Harvard, and is supported again by a grant from Scientific Computing. 

Besides conducting research at the frontier between mathematics and theoretical 
physics, our group runs a highly successful seminar entitled Geometry, Symmetry, 
Physics. Almost all of our speakers are visitors, most of them short term and a few 
of them long term. Some world-class speakers from the last half year are 

Boris Feigin, Landau Institute 
Edward Witten, Institute for Advanced Study 
Alexander Beilinson, MIT 
Robbert Dijkgraaf, Amsterdam University 
Vladimir Turaev, Steklov Institute, St. Petersburg 

Witten’s two October 1994 lectures announced his revolutionary and recently 
much publicized joint work with Nathan Seiberg on four-dimensional supersym- 
metric gauge theory. This breakthrough is having a major impact on both mathe- 
matics and particle physics. 
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I Optimization Tbeo y and Matbematical Propamming 
Algorithms for Mathematical Programming 

Principal Investigator: Donald Goldfarb 
Columbia University 
goldfarb@columbia.edu 

During the past year and one-half and continuing to the present time we have 
been working primarily on three topics: 

1. Polynomial and strongly polynomial algorithms for network flow and 
generalized network flow problems. 

2. Data-parallel implementations of the simplex method for solving large- 
scale linear programming problems. 

3. Combined modified log barriedaugmented Lagrangian methods for non- 
linearly constrained nonlinear programming problems. 

Topic (1) 
In this area we have developed several strongly polynomial dual simplex algorithms 
for solving the maximum flow problem, including the first one to have a worst- 
case complexity of O(n3). All of our methods require at most 2mn pivots. Here, n 
is the number of nodes and m is the number of arcs in the network. 

We recently developed a combinatorial algorithm for the generalized circulation 
problem that has a better polynomial time complexity than any previously pro- 
posed algorithm for this problem. We are currently working on a simplex version 
of our algorithm with an equally good complexity. 

Another project involves developing a polynomial time algorithm for the general- 
ized minimum cost flow problem. 

Topic (2) 
We developed three different data-parallel implementations of the simplex method 
for solving dense linear programming problems. The efficiency of these implemen- 
tations depends crucially on special data structures called stripe arrays, We tested 
our codes on a Connection Machine CM-2 massively parallel computer system 
and on the CM-5. 

We are currently working on a data-parallel reduced tableau simplex algorithm for 
solving linear programs with generalized upper bound constraints. 

Topic (3)  
We have developed a combined modified log barriedaugmented Lagrangian 
method for solving nonlinearly constrained nonlinear programming problems. 
Our algorithm has been shown to be convergent even for nonconvex program- 
ming problems. We are also currently studying the application of interior point 
methods to problems involving the minimization of linear functions over fairly 
general cones. 
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New Algorithms for Large-Scale Linearly Constrained Optimization with Bound 
Constraints 

Principal Investigators: Thomas F. Coleman, Computer Science and Center 
for Applied Mathematics, Cornel1 University; Fadil Santosa, University of 
Delaware 
Research Associates: Chunguang Sun, Yuying Li 
coleman@cs.cornell.edu 

Our research program is concerned with the design and understanding of practical 
and efficient numerical algorithms for continuous optimization problems. Our 
primary focus is the development of algorithms for large-scale optimization: 
exploitation of sparsity and use of parallelism are two dominant themes. Current 
research projects are the following. 

Box-Constraints 
Many applied optimization problems contain simple bound, or box, con- 
straints on some of the variables. Underpinning our work in this area is our 
recent discovery of a new way to deal with bound constraints occurring in 
continuous optimization problems. We are continuing this investigation 
with adaptation to the large-scale case and to the situation where there are 
additional linear equality constraints: min {f(x): + Ax = b, - 1 \leq x \leq u \}. 

Efficient Algorithms for Large-Scale Optimization with Applications to 
Inverse Problems 
This project is in collaboration with Professor Fadil Santosa, University of 
Delaware. We are investigating the use of some of our new interior opti- 
mization methods, related to the method mentioned above, in the solution 
of two important inverse problems: electrical impedance tomography and 
image enhancement. Electrical impedance tomography is a method for 
imaging the interior of a domain from boundary measurements of voltages 
and currents. The problem, arising in nondestructive evaluation and envi- 
ronmental monitoring, is characterized by its large size and illposedness. 

Optimization and Eigenvalue Computations with Application to Meteorology 
and Oceanography 

Principal Investigators: Jorge Nocedal and Valerie Taylor 
Northwestern University 
nocedal@venus . eecs. nwu. edu 

Our research program encompasses four projects in large-scale nonlinear optimiza- 
tion and high-performance computing. 

The first project is devoted to the design of an algorithm for equality constrained 
optimization that does not require the computation of a null space basis. The new 
algorithm, which was motivated by our recently developed ETR code, is designed 
to exploit the properties of problems defined by partial differential equations. 

The second project considers the treatment of nonlinear inequality constraints. 
The goal is to study the global convergence properties of interior-point algorithms 
for solving general nonlinear programming problems. We use trust region tech- 
niques and study both a purely primal as well as a primal-dual algorithm, paying 
close attention to the nonconvex case. 
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The third project is devoted to the development of software implementations of 
several of our algorithms. To support this, as well as future software projects, we 
are developing a collection of basic optimization subroutines that can be used as 
building blocks in a wide range of nonlinear optimization codes. This new soft- 
ware will form part of the network-enabled optimization system of our Optimiza- 
tion Technology Center. 

The fourth project studies the use of optimization methods in weather forecasting 
simulations. We are particularly interested in four-dimensional variational assimi- 
lation. The optimization problems arising in this approach are extremely large, 
nonlinear and dense. We are experimenting with a new optimization algorithm 
that combines the best properties of truncated Newton and limited memory 
methods. This project also focuses on the study of data structures for representing 
limited memory matrices and efficient algorithms for vector and matrix operations 
that can support the computational and storage demands of our optimization 
techniques. We have concentrated so far on the CRAY Y-MP shared memory mul- 
tiprocessor, and the Intel Touchstone distributed memory multiprocessor. We are 
studying memory demands, I/O limitations, and resource (e.g., computational 
units) utilization. 

Research Efforts in Constrained Optimization and its Applications 
Principal Investigators: John E. Dennis, J .  and Richard A. Tapia 
Rice University 
rat@rice.edu 

Today, we are very aware that research in optimization theory is being driven by 
specific applications. We have also learned that there are various basic modules, 
notions, or concepts that are fundamentally effective and can be used as the basic 
ingredients in designing an effective algorithm for solving a particular problem 
from business, science, or engineering. We very happily believe that the past ten 
years of extremely active research activity in the general area of interior-point 
methods for linear programming problems has identified one of these so-called 
fundamental modules; an effective way of handling inequality constraints. Since 
most problems in business, sciences, and engineering have such constraints, exten- 
sions to more general problem areas is of critical importance. Another module is 
the use of improved direct search methods for problems (of small or moderate 
dimension) where derivatives are impossible to evaluate. Our research has centered 
around the understanding, extension, and application of these two modules: the 
so-called interior-point methods from linear programming and the so-called direct 
search methods for unconstrained optimization. 

Active interior-point research areas that were born or nurtured at Rice include 
superlinear convergence, 
convergence of the iteration sequence, 
convergence of the iteration sequence to the analytic center of the solution 

the use of indicators to identify zero variables in the solution set. 
set, and 

The following breakthroughs in the area of interior-point methods for linear pro- 
gramming were accomplished: 

produced the first algorithm for linear programming that possessed both 
polynomial complexity and superlinear convergence, 
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produced the first algorithm for linear programming that was quadratically 
convergent and possessed best known complexity under no assumptions of 
nondegeneracy, 

produced the first proof of the convergence of the iteration sequence gen- 
erated by a primal-dual interior-point method under no assumption of 
nondegeneracy, and 

produced the first proof of the convergence of the iteration sequence gener- 
ated by a primal-dual interior-point method to the analytic center of the 
solution set. 

Included among the accomplishments for the parallel direct search algorithms are 
the following: 

developed the first unifying global convergence theory for an entire class of 
direct search methods, many of which had no known convergence analysis 
and 

developed an extension for the parallel direct search methods that con- 
structs an exact penalty function to handle general constraints and yet does 
not require the use of derivatives. 

Our research plan is to extend these two algorithms to more general problems, to 
find ways of utilizing parallelism, and to apply them to important problems from 
science, engineering, and business. 

A very important part of the previously funded DOE activity has been the inclu- 
sion of doctoral students whose theses work was related to the project mission. 
Huge efforts were made to promote the participation of women and members of 
underrepresented groups in the research activity. These efforts have been extremely 
successful. 

Highlights during our work include the following: during the course of this 
research Richard Tapia was inducted into the National Academy of Engineering, 
and John Dennis was appointed President of the Mathematical Programming 
Society. 

Solving Linear Problems under Uncertainty: Using Decomposition, Importance 
Sampling and Parallel Processors 

Principal Investigators: George Dantzig and Peter Glynn 
Co-Investigator: Gerd Infanger 
Stanford University 
sherry.tellam@forsythe.stanford.edu 

The principal investigators and their colleagues are continuing their analytical and 
numerical work on stochastic linear programming problems, which are linear pro- 
gramming problems in the presence of uncertainty. Stochastic linear programming 
is a difficult area of theoretical and practical importance. The progress made in 
this project will have implications for the efficient generation and distribution of 
electric power over a large grid, the efficient scheduling and transmission of tele- 
phone calls over a large network, and the determination of optimum strategies for 
airline crew and flight scheduling. Apart from its practical significance, this work 
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in stochastic linear programming has relevance for addressing broader questions 
related to applying essentially deterministic techniques to resolve nondeterministic 
phenomena. 

New Approaches to Linear and Nonlinear Programming 
Principal Investigators: Walter Murray and Michael A. Saunders 
Stanford University 
WALTEROSOL-Walter.Stanford.edu 

The project involves the discovery and the study of the theoretical properties and 
computational performance of algorithms that solve linear and nonlinear programs. 
Particular emphasis is placed on algorithms to solve large problems. Such problems 
are important in a wide variety of applications. For example, the safe and efficient 
distribution of electricity and the identification of the state of an electrical network 
are both large-scale nonlinearly constrained optimization problems. 

Some of the highlights from this year’s work are as follows: A new SQP algorithm 
was developed for large-scale problems [I] and implemented at the general-pur- 
pose package SNOPT. The application of SNOPT to the important class of crajec- 
tory optimization problems has invoked considerable interest in the US. and 
European aerospace communities. A more flexible SQP method was discovered 
and shown to be convergent under weaker assumptions [2]. This work provides a 
solid foundation for our new sparse SQP algorithm. An important question was 
resolved concerning the stability of a factorization of quasi-definite matrices that 
arise in barrier methods for linear programming [3]. A rounding-error analysis has 
shown that the perturbations that occur when solving the linear systems arising in 
barrier methods are of a type that cause the ill-conditioning to be benign when 
strict complementarity holds [4]. A new second-derivative method for uncon- 
strained optimization was formulated [5] based on finding a partial Cholesky fac- 
torization of the Hessian. The new method is one of the most efficient available 
for practical computation. 

Cooperation with Industry 
We are collaborating with McDonnell Douglas on optimal trajectories. Our soft- 
ware is also part of a widely distributed Boeing package for optimal trajectories. 
We are also collaborating with Power Engineering Associates and PTI on a num- 
ber of projects connected to optimal power flow. We have recently started collabo- 
rating with ESCA on constrained dynamic dispatch. This is part of a new wave of 
problems that arise in electrical utilities due to new legislation aimed at increasing 
competition and new environmental laws. Software we have developed is in wide 
spread use throughout industry, Government agencies and educational institutes. 
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Research on Infeasible Interior-Point Algorithms for 
Linear and Nonlinear Programming 

Principal Investigator: Yin Zhang 
University of Maryland, Baltimore County 
yzhang@math.umbc.edu 

Today the interior-point methods of choice for general linear programming are 
primal-dual infeasible interior-point algorithms. Theoretically, these methods 
have good global convergence behavior and better local convergence rates than 
other classes of methods. Computationally, these methods are superior to other 
interior-point methods and frequently outperform the simplex method on large- 
scale problems. 

The PI has been working on both the theory and the practical implementation of 
infeasible interior-point methods. The objectives of this project are as follows: 

1. to further advance the theory of infeasible interior-point algorithms; 
2. to develop new and enhance existing computational techniques; 
3. to develop a sofnvare package that is state-of-the-art, most accessible and 

4. to extend the infeasible interior-point approach to other mathematical pro- 
user-friendly; and 

gramming problems. 

We have been making steady progress in our project. we have obtained a series of 
results on the convergence properties of Mehrotra-type predictor-corrector inte- 
rior-point methods-a class of methods proven to be the most efficient in prac- 
tice. Our software package LIPSOL is currently at the beta-testing stage, available 
through the Internet. The beta version has already been used by a number of 
researchers and groups in their research. 
http://math. um be. edu/+yzbang/ose-pToj. htlnl 

I Dynamical Systems and Chaos 
Characterizing the Dynamics of Spatio-Temporal Data 

Principal Investigator: Eric J. Kostelich 
Co-Principal Investigator: H. Dieter Armbruster 
Arizona State University 
kostelich@asu.edu 

The apparent spatial coherence of many large-scale systems with complex 
dynamics implies that the underlying behavior can be described mathematically 
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with relatively few appropriate degrees of freedom. In addition, many pattern- 
forming systems exhibit a high degree of symmetry. The goal of this research pro- 
ject is to elucidate the dynamical mechanisms that underlie the spatiotemporal 
behavior in a few specific examples. It is hoped that these examples will be simple 
enough to be amenable to analysis, but complex enough to give some insight into 
the dynamics of other, more difficult systems of greater relevance in physics, 
chemistry, and mathematics. 

In many cases, it is possible to extract detailed information about a spatiotemporal 
dataset using a standard mathematical tool, sometimes called Karhunen-Loeve (K- 
L) analysis. Currently we are working on three projects as part of this research: 

1. An analysis of 2-D Navier Stokes flow for general monochromatic forcing. 
We perform large-scale simulations, and analyze them using the symmetries 
of the problem and the K-L analysis. The emphasis is on the low dimen- 
sional dynamic behavior of intermittent, laminar, and turbulent flow states. 

2. An analysis of the spatiotemporal dynamics of cellular flames. The data 
come from a laboratory experiment on premixed flames which involves the 
combustion of premixed gases on a circular porous burner. The dynamics 
of the resulting cellular flames is intriguing. We are processing a large num- 
ber of video frames to extract the motion of the boundaries of the cells. K- 
L analysis is used to characterize the observed structures and their temporal 
behavior in mathematical terms.We plan to develop a phenomenological 
model for the dynamics of these cells. 

3. An attempt to apply some of the methods used so successhlly for chaotic 
time series data to spatiotemporal data. By using K-L analysis to find an 
approximate low dimensional model of some of the spatiotemporal behav- 
ior, some of the methods that have been developed for chaotic time series 
data may be applicable to spatially extended data. Specifically we plan to 
develop methods in which the dynamics of certain spatio-temporally 
chaotic systems can be altered by making small changes to parameters or 
the applied forcing of the system. 

Numerical Analysis of Bifurcations in Dynamicd Systems 
Principal Investigator: John Guckenheimer 
Research Associate: Alexander Khibnik 
Cornell University 
gucken@macomb.cam.cornell.edu 

There are projects in which there was significant progress during the first year of 
the grant period: 

1. We have been studying the detection of Hopf bifurcations and multiple 
hopf bifurcations in families of vector fields. These methods employ a 
“minimal augmentation” strategy in which bifurcations are characterized by 
the same number of equations as the codimension of the bifurcation. We 
have evaluated our techniques on several model problems arising from neu- 
robiology. Comparisons are made between our approach and methods that 
require the computation of eigenvectors associated with Hopf bifurcation. 
Willy Govaerts, Mark Myer and Bernd Sturmfels have been collaborators 
in this work. 
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2. We have developed techniques for performing computer generated proofs 
for global properties of planar vector fields. There are few analytical tools 
for determining the number and location of limit cycles in planar vector 
fields. Numerical integration tends to be reliable, but tools for verifying 
that a numerically computed phase portrait is correct have been lacking. 
Our work is a step in this direction. We avoid the fundamental difficulty 
that error estimates for the accuracy of a trajectory are subject to exponen- 
tial growth by using a geometric approach. The work to date has formu- 
lated and tested an algorithm for rigorous computer verification of the 
phase portrait of structurally stable planar polynomial vector fields. Work 
will continue on verification of properties of bifurcations in families of vec- 
tor fields. Salvador Malo was a collaborator in this work. Ramin Farzaneh 
is completing a thesis this year in which similar techniques are developed 
for proving the existence of stable periodic orbits in a three-dimensional 
vector field. 

3.  We have investigated the use of “hybrid approaches to solving control the- 
ory problems. We have applied a general framework that was formulated 
earlier to a model problem: the stabilization of an inverted double pendu- 
lum sitting on a cart. Additional work with Stewart Johnson has developed 
a general theory of the properties of hybrid systems in two dimensions. 

4. We have begun a systematic classification of global properties of vector 
fields with two time scales, including their bifurcations. The theory associ- 
ated with these singular perturbation problems has been limited to low 
dimensional cases, and there is little information about systems in which 
there is more than a single fast dimension. 

Extensive Chaos 
Principal Investigator: Henry Greenside 
Duke University 
hsg@cs.duke.edu 

Characterizing the extensive spatiotemporal chaos of the complex Ginzburg-Lan- 
dau equation in large periodic intervals as a function of model parameters. By 
developing a scalable computer code for the Duke CM-5 parallel computer, we 
have studied and compared spatial correlation lengths, correlation times, densities 
of space-time defects, and Lyapunov dimension densities to understand the phase- 
and defect-turbulent regimes and the kinds of bifurcations that separate these 
regimes. We have shown that the so-called Ll  transition is better understood as a 
smooth crossover rather than as a sharp transition which suggests that phase tur- 
bulence is not distinct from defect turbulence in the thermodynamic limit of infi- 
nite system size. We have also found that the chaos correlation length defined by 
the Lyapunov dimension density is equal to the correlation length associated with 
amplitude fluctuations of the Ginzburg-Landau field over a range of parameter 
values. This suggests the possibility that the fractal dimension of high-dimensional 
homogeneous chaotic systems may be estimated by simple correlation function 
measurements. 

We have made related calculations on 2D and 3D coupled map lattices (CML) 
that undergo an Ising-like transition as the lattice coupling constant is varied. 
These results show that the dimension density is largely a LOCAL quantity and is 
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insensitive to the long-range order that appears in the dynamical equivalent of fer- 
romagnetic ordering. Calculations on a particular CML has shown that nonequi- 
librium systems with algebraic decay of spatial correlations can be extensively 
chaotic. 

We have recently finished developing scalable codes for simulating 2D general- 
ized Swift-Hohenberg models and the 3D Boussinesq equations with free-slip 
boundary conditions on CM-5 computers. We will be using these codes in 1995 
to understand the spiral-defect chaos state in Benard convection (especially the 
chiral-broken-symmetry experiments of Ecke and Ahlers) and recent experimental 
results at Duke by Bob Behringer that have visualized for the first time convec- 
tion patterns in porous media. 

We will be comparing the scalability, accuracy, and efficiency of Boussinesq solvers 
based on spectral methods and based on 4th-order-accurate finite difference meth- 
ods in which multigrid-preconditioned conjugate-gradient methods are used to 
solve the resulting linear equations. Our goal here is to develop efficient scalable 
algorithms for simulating convection in large-aspect ratios of order 50 or bigger, to 
make quantitative contact with existing laboratory experiments. 

Regular and Chaotic Dynamics Arising in Nonlinear Optics 
Principal Investigator: Gregor Kovacic 
Rensselaer Polytechnic Institute 
kovacg@rpi.edu 

The goal of the project is to investigate the interface between the theories of 
dynamical systems and nonlinear optics; in particular, to develop new techniques 
in dynamical systems that will allow us to solve problems in nonlinear optics and 
possibly find new optical phenomena, as well as to identify and solve problems in 
nonlinear optics that are amenable to dynamical systems techniques. 

In collaboration with Darryl D. Holm from the Los Alamos National Laboratory, 
my student Thomas A. Wettergren and I have developed an analytical description 
of a family of homoclinic orbits that is one of the sources of chaotic dynamics in 
ring-cavity lasers with short samples of lasing material. By numerical continuation, 
we determined the locus of parameters (cavity badness, transverse and longitudinal 
relaxation) in which these homoclinic orbits are present. We found this locus to be 
a two-dimensional surface that encloses the set of parameters for which one can 
observe the Lorenz-attractor-like behavior in lasers. Thomas A. Wettergren also 
developed a control-theoretic procedure which may be used in experiments to 
stabilize the homoclinic orbits and thus render them experimentally observable. 
Presently, Wettergren and I are working on identifying homoclinic orbits, which 
may cause chaotic dynamics, and also stable periodic solutions of Maxwell-Bloch 
partial differential equations that describe ring-cavity lasers with longer samples of 
lasing material. 

In the course of the project, I have developed several main aspects of the theory of 
“Orbits Homoclinic to Resonance Bands.” This theory is a tool for investigating a 
large class of near-integrable systems in which both resonance and instability are 
present at the same time, and renders a computable method for ascertaining the 
presence of a plethora of homoclinic and heteroclinic orbits in such systems. The 
tools used in establishing this method are the Melnikov method and geometric 
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singular perturbation theory. The homoclinic and heteroclinic orbits whose exis- 
tence this method allows us to compute are composed of several fast excursions 
away from a resonant surface with slow dynamics on it, interspersed with slow 
stretches near this surface. In the integrable limit, these homoclinic and hetero- 
clinic orbits collapse onto “singular orbits” composed of heteroclinic orbits and 
curves of equilibria. I have collaborated on this theory with Roberto Camassa 
from the Los Alamos National Laboratory, Tasso Kaper from Boston University, 
and Siu-Kei Tin from the University of Michigan. As an example of this theory, 
my student Thomas A. Wettergren and I have investigated a simple mechanical 
system of two resonantly driven coupled pendula, in which several classes of orbits 
homoclinic to resonance bands are present. Among them are several Silnikov-type 
homoclinic orbits and heteroclinic cycles. We are investigating whether some of 
these orbits are responsible for observable chaotic dynamics in this system. 

Alejandro Aceves of the University of New Mexico, Darryl D. Holm, my student 
Ilya Timofeyev, and I have been investigating a model of a nonlinear crystal in an 
optically pumped cavity. We assume this crystal to have both quadratic and cubic 
nonlinear susceptibilities, so that it can generate the second-harmonic frequency, 
as well as exhibit some resonant effects. Using the slowly varying amplitude 
approximation, we have derived a two-mode model that describes this optical sys- 
tem. This model is similar to the one that describes the resonantly driven pendula, 
and we are carrying out the calculations needed to determine the existence of 
orbits homoclinic and heteroclinic to equilibria inside a resonance band in the 
model’s phase space. We are also investigating the relationship of the existence of 
such orbits and their dynamical effects in the model to the dynamics of the origi- 
nal partial differential equations from which this model was derived. 

Stability, Bifurcation and Control of Hamiltonian Systems 
Principal Investigators: J. E. Marsden (UC Berkeley) and T.S. Ratiu (UC 

University of California at Berkeley 
marsden@violet.berkeley.edu 

Santa Cruz) 

One of the interesting projects Bloch, Krishnaprasad, Marsden and Ratiu com- 
pleted recently concerns dissipation induced instabilities for a special type of dissi- 
pation for group variables that is of double bracket form. Double bracket 
expressions arise in optimal control problems (as studied by Brockett), and in inte- 
grable systems theory, but here they are responsible for dissipative effects for which 
energy decreases, but the magnitude of angular momentum (or other conserved 
quantities) remains constant. We show that this type of dissipation occurs in a 
number of interesting examples, such as the Landau-Lifschitz equations of ferro- 
magnetics. We prove that if one is at an equilibrium which is linearly stable, but is 
a saddle point of the energy, then the addition of a small amount of double 
bracket dissipation destabilizes the system; this is an analogue of the dissipation 
induced instabilities theorem due to the authors for internal dissipation, which 
appeared in early 1994. A related ingredient developed is the theory of Lagrangian 
reduction; here the case of reduction for a configuration space which is a general 
Lie group is treated and a reduced variational principle is derived. 

An ongoing project of Bloch, Krishnaprasad, Marsden and Murray develops the 
theory of Lagrangian reduction (originally due to Marsden and Scheurle) for sys- 
tems with nonholonomic constraints, such as rolling constraints. They develop the 
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theory in a way compatible with control theoretic applications and the theory of 
geometric phases as developed by Marsden, Montgomery and Ratiu. In particular, 
we treat the snakeboard and other examples that exhibit locomotion generation 
through the interaction of internal and group variables. One of the interesting fea- 
tures of the theory is the way in which the constraints introduce forcelike terms in 
the Euler-Lagrange equations that can be identified with the curvature of an 
Ehresmann connection. The holonomy of this (and induced) connection(s) is 
what gives rise to the locomotion generation. 

Bloch, Ratiu and Flaschka have investigated an infinite dimensional version of the 
Shur-Horn convexity theorem. Here the subtlety is to find the right space to 
replace the group of volume preserving diffeomorphisms. The theory is developed 
and an analogue is found for measure preserving maps of the annulus. It is hoped 
that this will eventually lead to links with weak solutions of the fluid equations. 

Marsden and Scheurle continue their development of “pattern evocation” for 
mechanical systems with symmetry. They have developed a general theory that 
shows how to look for patterns in the solutions of mechanical systems with sym- 
metry by visualizing the solutions relative to a frame with a particular angular 
velocity. The predictions and further unexpected patterns have been discovered 
computationally in the case of the double spherical pendulum. The computations 
suggest interesting further bifurcations and these will be investigated in future 
work. 

Geometric Analysis of Multicomponent Wave Equations 
Principal Investigators: Robert Littlejohn and Alan Weinstein 
University of California at Berkeley 
alanw@math.berkeley.edu 

The first goal of this project has been to obtain a geometric understanding of 
the propagation of polarization vectors along characteristic rays of multicompo- 
nent wave equations. A manuscript describing some of the results obtained so 
far is nearly completed. It is being written by Weinstein and a postdoctoral visi- 
tor, Claudio Emmrich, with the assistance of Littlejohn and his student James 
Morehead. 

When the principal symbol of the differential operator under study (a matrix 
valued function on classical phase space) has an eigenvalue (itself a scalar valued 
function on phase space) of constant multiplicity, the corresponding eigenvec- 
tors (a “polarization type”) form a vector bundle over phase space. The ampli- 
tude (“polarization vector”) of a WKB eigenfunction must be a section of this 
bundle over a lagrangian submanifold on which the eigenvalue function is con- 
stant. It has been recognized in earlier work of Cordes, Dencker, Littlejohn/Flynn, 
and others that the propagation of the amplitude is given by parallel transport 
along the Hamiltonian flow of the amplitude function. The connection with 
respect to which this parallel transport is taken consists of two parts. The first is 
simply the projection into the polarization type of the trivial connection on vec- 
tor valued functions. (The holonomy of this connection is sometimes known as 
“Berry’s phase” in the case where the polarization type is one-dimensional.) To 
this standard connection must be added a second term, which heretofore has 
had no geometric interpretation. (It appears in various guises in the sources cited 
above; it is simply called the “no-name’’ term by Littlejohn/Flynn.) Our main 
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result is the description of the no-name term as an algebraic combination of 
three objects: the curvature of the “Berry” connection, the tensor which gener- 
ates Poisson brackets on phase space, and the original principal symbol. In par- 
ticular, one finds a term which is the contraction of the curvature and Poisson 
tensors. This “Poisson curvature” has previously appeared only in the equations 
for Hermitian-Kahler-Einstein connections which occur in the theory of Yang- 
Mills-Higgs fields. 

Our next goal is to understand the Bohr-Sommerfeld quantization conditions in 
this multidimensional context. It appears that the complete integrability of the 
ray equations is much too weak a hypothesis to insure the existence of WKB 
approximate eigenfunctions. 

A further goal is to study the important mode-conversion problems which occur 
when the principal symbol has eigenvalues of variable multiplicity. 

Project for the Development of Techniques for the Implemenatation of Control 
to Experimental Chaotic Systems 

Principal Investigators: Celso Grebogi and James A. Yorke 
University of Maryland 
yorke@ipst . umd. edu 
Other Investigators: Edward Ott, Tim Sauer, Eric Kostelich 

The project centers around developing and demonstrating new methods and 
algorithms whereby one can convert a chaotic attractor to one of the infinite 
number of attracting time-periodic motions embedded in the attractor by mak- 
ing only small time-dependent perturbations in an available system parameter. 
The method utilizes delay coordinate embedding, and so is applicable to experi- 
mental situations in which a priori analytical knowledge of the system dynamics 
is not available. It has become clear that these methods are potentially of enor- 
mous utility in a large number of situations. As such, this area offers great 
potential for enhancing the competitiveness of US industry and for making sub- 
stantial contributions to science and technology. The main limitation to very 
broad application of embedding to many situations with complex time dynamics 
is the need to fast, innovative, processing of large amounts of data and for 
appropriate algorithms. Our research has been addressing this problem. Another 
general problem in the control of chaotic systems is to rapidly take the system 
state from an initial point to some specified target in phase space by applying 
small controls. This target problem has been dealt with. 

I Geometric and Symbolic Computation 
Computation and Graphics in Mathematical Research 

Principal Investigators: David Hoffman and Joel Spruck 
University of Massachusetts at Amherst 
david@msri.org 

In 1986 David Hoffman and Joel Spruck began to develop a type of computa- 
tional laboratory, based on interactive scientific computer graphics and high 
speed computation, that could be used to study geometric interface problems in 
the physical sciences. The laboratory is now nationally and internationally recog- 
nized as an innovative and highly successful model of the use of sophisticated 
computer graphics in scientific research. 
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The goal in creating this computational laboratory was to develop an environ- 
ment to support pure and computational investigations in mathematics and to 
promote interdisciplinary research that requires a combination of theoretical and 
experimental methodology. We have had collaborations on this campus with 
researchers in polymer science, chemistry, physics and computer science and 
have developed cooperative relationships with other centers in Paris, Berlin, 
Bonn, and Rio de Janiero. Research in polymer physics continues with scientists 
in the Program for Polymer Physics at MIT. The center runs a visitor’s program, 
allowing researchers to spend between one week to several months working on 
projects in our laboratory. Visitors come from the United States and Europe, 
including those who are interested in emulating all or part of our environment 
at their home institutions. 

The primary thrust of our center is interdisciplinary research. A natural byprod- 
uct of our research is the development of computational algorithms to simulate 
mathematical and physical processes. This has resulted in the development of 
software to simulate various physical phenomena, from constrained plasma flow 
to the electron microscope imaging of the microstructure of compound materi- 
als. Post-doctoral students have had degrees in chemical angineering and in 
mathematical physics as well as in pure mathematics. A second important activ- 
ity is graduate and undergraduate training through involvement in research pro- 
jects. The laboratory has a research report series that describes the completed 
projects of affiliated individuals. Publications from our research have appeared 
or will appear in publications as diverse as Nature, the Communications of the 
ACM, Proceedings of the Royal Society London, computational physics jour- 
nals, and the Journal for Colloid and Interface Science, as well as numerous 
mathematics journals. In sum, the activities of the center involve more than a 
single department and the support requirements and scientific concerns are well 
beyond those of standard academic mathematics. 

Historically, the center’s research environment has been focused on its facility at 
the University of Massachusetts. This facility uses 3D graphics computers, cou- 
pled by a high-speed network and directly attached to professional-quality video 
equipment, to provide an environment for rapid computation and visualization. 
However, a necessary and increasingly important activity of the laboratory is to 
extend this environment, using network information retrieval, video, and dis- 
tributed computing technology, to support and enhance scientific collaboration 
with researchers at other locations (on- or off-campus). Toward this end, the 
center is participating on the World Wide Web and developing new software 
tools to augment the Web‘s capabilities. 

Through its publications, through its active visitors program, and through the 
use of innovative computing techniques, the center is able to extend its expertise 
to the broader scientific community. This model for scientific interaction has, to 
date, proven successful. We believe this model is adaptable to the emerging capa- 
bilities for real-time interaction over high-bandwidth communication networks. 
center research and technical staff are now developing the tools and techniques for 
this environment. 
bq://www.gang. umass. edu 
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Center for Computation and Visualization of Geometric Structures 
Principal Investigator: Richard McGehee 
University of Minnesota 
mcgehee@math.umn.edu 
Surface Evolver Software 

The Surface Evolver is an interactive program for the study of surfaces shaped by 
surface tension and other energies. A surface is implemented as a simplicial com- 
plex, that is, a union of triangles. The user defines an initial surface in a datafile. 
The Evolver evolves the surface toward minimal energy by a gradient descent 
method. The evolution is meant to be a computer model of the process of evolu- 
tion by mean curvature. 

The energy in the Evolver can be a combination of surface tension, gravitational 
energy, squared mean curvature, user-defined surface integrals, or knot energies. 
The Evolver can handle arbitrary topology (as seen in real soap bubble clusters), 
volume constraints, boundary constraints, boundary contact angles, prescribed 
mean curvature, crystalline integrands, gravity, and constraints expressed as surface 
integrals. The surface can be in an ambient space of arbitrary dimension, which 
can have a Riemannian metric, and the ambient space can be a quotient space 
under a group action. The user can interactively modify the surface to change its 
properties or to keep the evolution well-behaved. The Evolver was written for one- 
and two-dimensional surfaces, but it can handle higher-dimensional surfaces with 
some restrictions on the features available. Graphical output is available as screen 
graphics and in several file formats, including PostScript. 

The program is in the public domain, and is available on the Internet by anony- 
mous FTP from the Geometry Center. The center also prints hard copies of the 
user manual in its preprint series from time to time. 

The source code for the Evolver may be compiled and run on any system with a 
C compiler, but there are some special versions for certain systems. There is a 
Macintosh version, a %bit version for DOS, a NeXT version, and a version for 
multiprocessor Silicon Graphics machines. Evolver was created by Ken Brakke, 
Susquehanna University, under a project funded jointly by the NSF and DOE. 

I Numerical Analysis and Scientific Computation 
Linear, Non-Modal Phenomena in Numerical Analysis and Applied Mathematics 

Principal Investigator: Lloyd N. Trefethen 
Cornell University 
int@cs.cornell.edu 

Eigenvalues, or more generally spectra, are used throughout the mathematical 
sciences to study the evolution of time-dependent systems. In numerical analysis 
they are used for the investigation of analogous discrete problems and in the 
analysis and design of matrix iterations. 

Historically, the uses of eigenvalues were developed largely in the context of 
matrices and operators that are normal or close to normal: having orthogonal or 
close to orthogonal eigenvectors. Most applied problems, such as oscillations of 
solid structures or acoustic cavities, as well as the eigenvalue problems that arise 
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in quantum mechanics, fall in this category. However, there are a significant 
minority in which the degree of non-normality may be highly pronounced. Typ- 
ically this happens in cases where two mathematically distinct phenomena are at 
work, such as convection and diffusion. For a simple 1 D convection-diffusion 
equation on an interval, the condition number of the eigenvector basis increases 
exponentially as a function of the Peclet number (ratio of convection to diffu- 
sion). For incompressible shear flows, it increases exponentially as a function of 
the Reynolds number. 

In such situations, eigenvalue analysis may give little information (if one is care- 
ful) or misleading information (if one is careless). In hydrodynamic stability, for 
example, it is not possible to predict the onset of turbulence in a pipe or channel 
by looking for eigenvalues corresponding to unstable modes. Similarly, in certain 
numerical simulations, it is not possible to predict numerical instability by 
examining eigenvalues, or to design effective matrix iterations or preconditioners 
based on eigenvalues. 

This project, involving the PI and five graduate students, is devoted to the develop- 
ment of methods for treating highly non-normal problems that are not based on 
eigenvalues. Some applications we have dealt with recently include the following: 

Pseudospectra of Toeplitz matrices 
Sharpening the Kteiss matrix theorem 
Companion matrices and polynomial zerofinding 
Pruess’s theorem and the Hille-Phillips and Zabczyk examples 
Convergence of nonsymmetric matrix iterations 
Eigenvalue-free “hybrid GMRES” algorithm for nonsymmetric systems Ax=b 
Arnoldi and GMRES as matrix approximation problems 
Stability of the method of lines 
Time-stepping for spectral methods 
Stiffness of ODES 
Pseudospectra of the convection-diffusion operator 
Pseudospectra of the Papkovitch-Fadle operator 
3D linear, non-modal effects in fluid mechanics 

Projects ongoing at present include the following: 
Rapid computation and estimation of pseudospectra 
Generalization of the Kreiss Matrix Theorem to general complex regions 
Pseudospectra of random matrices 
“Ideal” versus “true” GMRES and Arnoldi iterations 
Pseudospectra and Arnoldi/GMRES lemniscates 
Spectra and pseudospectra for flow in a pipe 
Lineadnonlinear “bootstrapping” and transition to turbulence 

Finally, our group is involved with several projects unrelated to non-normality: 
Construction of a Matlab Toolbox for Schwarz-Christoffel mapping 
Eigenfunctions of polygonal regions-an you hear the shape of a drum? 
Stability of Gaussian elimination with partial pivoting 

High-Resolution Numerical Methods for Compressible Multi-Phase Flow in 
Hierarchical Porous Media 

Principal Investigator: John Trangenstein 
Duke University 
johnt@math.duke.edu 
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In this research project, the investigator and his post-doc, Sameer Khan, have 
been developing second-order Godunov methods and multigrid iterative methods 
for numerical simulation of surfactant flooding. Most of the effort in the first 
two years has been devoted to modifying the surfactant model in UTCHEM to 
remove discontinuities in the fluxes and infinite values for characteristic speeds. A 
side benefit of this work is significant improvement in algorithmic performance 
of the fluid properties models in the surfactant model. (Recent numerical experi- 
ments by Statoil, comparing this Godunov algorithm with UTCHEM, have 
found that the Godunov scheme is able to take stable explicit timesteps that are 
roughly 100 times larger than UTCHEM, for the same grid spacing.) The surfac- 
tant model has been developed for use in 1, 2 and 3D simulations. 

The investigator and his co-workers have developed a second-order Godunov 
method for this model, and are in the process of making extensive simulations 
to understand both the numerical method and the model predictions. They have 
performed a complicated analysis of the characteristic structure of the model; 
they use this characteristic information to select timesteps for stability, and to 
construct second-order accurate numerical fluxes. The simulator has been devel- 
oped for uniform grids in lD,  2D and 3D. 

The remaining portion of this research effort has been focused on developing 
adaptive mesh refinement for reservoir simulation. This work has combined 
multigrid and domain decomposition techniques with the same adaptive mesh 
refinement techniques used in the shear band project at Duke University (joint 
with David Schaeffer and Robert Behringer) via object-oriented programming in 
C++. Several preliminary approaches for upscaling fluid and rock properties have 
been studied, relating the effectiveness of physically derived multigrid averaging 
operators on improving the speed of convergence of multigrid iteration. The 
successful completion of the work has resulted in the Ph.D. thesis of Richard 
Hornung, and his subsequent NSF Industrial Mathematics postdoctoral research 
with Mobil Exploration and Producing Technical Center in Dallas. 

The combined surfactant model, Godunov method and adaptive mesh refine- 
ment have been developed in 1D and are currently being tested extensively. 
Extension of the multigrid iteration to the 2D surfactant model is under way, 
and depends only on the incorporation of the surfactant model parameters into 
the multigrid code. 

This work has been conducted in close cooperation with Gary Pope at the Univer- 
sity of Texas at Austin, and with Kent Holing of Statoil in Trondheim, Norway. 
(Statoil has been considering the use of surfactant flooding in a North Sea oil 
reservoir.) Two Ph.D. dissertations at Duke (Richard Hornung, 1994, and JShaled 
Furati, 1995) are a result of this research project. 

Computational Methods for Fusion 
Principal Investigator: Paul Garabedian 
New York University 
garabedian@cims.nyu.edu 

With Margaret Bledsoe, who visited the Courant Institute both in 1993 and in 
1994, we have developed a new and simplified treatment of the Burgers equa- 
tion. An elegant theorem about the existence and uniqueness of weak solutions 
is given that makes it easy to see how the theory for this equation applies to 
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more complicated problems of mathematical physics. A joint paper has been 
published and reprints will soon become available. 

In the spring of 1994 we had a visit from Henry Gardner that led to collaboration 
on a high performance code to compute three-dimensional equilibria in plasma 
physics. A paper summarizing this work has been submitted for publication. Initial 
studies are under way to generalize the plasma physics calculation so as to include 
the effect of bootstrap current, which is important for future technological applica- 
tions. In this connection we plan further collaboration during 1995 to make avail- 
able our best codes for stellarator power plant studies that are attracting attention 
both in this country and abroad. 

One of the most exciting developments on the project has been our success with a 
new parallel algorithm to solve linear elliptic partial differential equations in the 
plane. This method has been coded by Frances Bauer for an IBMI6000 cluster at 
the Courant Institute. Connie Chen is currently studying generalizations to make 
the method applicable to questions of transonic aerodynamics. 

For the less conventional methods of mathematical physics that are under investi- 
gation on this project a very modest increase in finding in future years could have 
major impact. This is especially true of the work on the parallel PDE solver and 
for our stellarator reactor studies. 

Applied Analysis and Computational Mathematics 
Principal Investigators: Peter Lax, Marsha Berger and Leslie Greengard 
New York University 
berger@ berger. cims . nyu. edu 

Our research encompasses the formulation, analysis and numerical resolution of a 
broad class of scientific problems. We study the behavior of a variety of partial dif- 
ferential equations, develop new numerical methods, and apply them in a number 
of application areas. 

Our numerical work is concentrated on several fronts. First, we are developing 
algorithms to handle the problem of complex geometry. For elliptic and parabolic 
problems, this involves the use of both surface and volume integrals for discretiza- 
tion, leading to well-conditioned linear systems, coupled with fast iterative meth- 
ods for their solution. For hyperbolic problems, this involves the development of 
finite volume schemes for use with Cartesian (non-body-fitted) and composite 
(structured overlapping) grids to automate the solution process. Second, we are 
applying our existing methods to a variety of problems such as the calculation of 
effective transport properties in composite materials, shocldbubble interactions 
and the generation of vorticity, and the computation of reacting flows. A new type 
of difference scheme based on the principle of positivity has been devised for mul- 
tidimensional hyperbolic systems of conservation laws. We have developed and are 
improving new methods for computing the motion of interfaces under surface 
tension. They are being applied to problems in branched pattern growth relevant 
to fluids and materials, and to the formation of bubbles in inertial fluids through 
mixing (the Kelvin-Helmholtz instability). 

Our modeling efforts include problems in singularity formation in interfacial 
flows with surface tension, for both Hele-Shaw and inertial flows, the generation 
of fine-scales and large-scale structure in liquid crystal/light interactions, pattern 
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formation and front dynamics in reacting chemical systems, and other issues in 
nonlinear optics and fluids. 

Our work in applied analysis has focused on several nonlinear problems related to 
fluid flow. Highlights include the proof that Krasny’s vortex blob method com- 
putes weak solutions to the incompressible 2D Euler equations with vortex sheet 
initial data for all time; a new large data existence theorem for one-dimensional 
gas dynamics using path integrals; and theorems on singularity formation in Hele- 
Shaw flow. A new direct trace formula for two-dimensional potentials was derived. 

Domain Decomposition and Parallel Computing for Elliptic Problems 
Principal Investigator: Olof Widlund 
New York University 
widlund@cs . nyu. edu 

The PI, his students and other research associates are developing domain decom- 
position algorithms for the large linear systems of algebraic equations that arise in 
many computational continuum mechanics problems. These methods are precon- 
ditioned conjugate gradient algorithms and they are designed with parallel and 
distributed computers in mind. The linear systems, which arise in fluid dynamics, 
elasticity, etc., are potential bottle necks since their solutions depend on the data 
everywhere in the region. Many other parts of the computations can be paral- 
lelized much more easily. 

Domain decomposition algorithms have now been developed for a number of dis- 
crete elliptic problems, in particular those based on lower order finite elements. 
There is also a useful general mathematical frame work for the analysis and design 
of such methods. These analytic tools are well developed and the mathematical 
insight has in several cases led to improved algorithms. The algorithms are increas- 
ingly accepted in the user community and their usefulness on loosely coupled sys- 
tems has been demonstrated repeatedly. 

Recently, the focus of our group has shifted to spectral elements and other numer- 
ical methods, which give rise to particularly ill-conditioned linear systems, and to 
mortar elements and other nonconforming finite element models. Recent results 
show that domain decomposition methods can be designed with an iteration 
count which is quite similar to those for lower order finite element problems. The 
new work has required the development of a number of new algorithmic ideas and 
mathematical tools. 

A number of graduate students are currently involved in this research project. 
They are Mario Casarin, Axel Klawonn, and Shannon Pahl. Mr. Casarin has 
already passed all his departmental exams. Mr. Pahl arrived to the Courant Insti- 
tute with prior research experience in the field last September. Mr. Klawonn is a 
German student who spent AY 93-94 with the PI supported by a German fellow- 
ship, and who will return for shorter visits in the next few years. In addition, two 
other students, Ian Bica and Dan Stefanica, in their second and first years of grad- 
uate studies, respectively, have expressed a considerable interest in the work of the 
research group. 

Other recent scientific collaborators are Xiao-Chuan Cai, Maksymilian Dryja, 
Andrew Knyazev, Yvon Maday, Luca Pavarino, Einar Ronquist, Marcus Sarkis, and 
Barry Smith. Professor Dryja, of Warsaw, Poland, is a long-term collaborator and 
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has written more than ten papers with the PI. Professor Knyazev, of Boulder, Col- 
orado, is a specialist on eigenvalue problems and he also has published papers on 
domain decomposition. Professor Maday, of Paris VI, France, is the inventor of the 
mortar elements and well known for his work on spectral elements. Dr. Ronquist is 
a Vice President for Research and Development at Nektonics Inc., Cambridge, 
Massachusetts, and a main developer of spectral elements and application s o h a r e  
for incompressible Navier-Stokes equations. Cai, of Boulder, Colorado, Pavarino, of 
Pavia Italy, Sarkis, of Boulder, Colorado, and Smith, of the Argonne National Lab- 
oratory, are all former students of the PI who have written joint papers with the PI 
in the last few years. 

Parallel Sparse Matrix Computations 
Principal Investigator: Alex Pothen 
Old Dominion University 
pothen@cs.odu.edu 

We consider the design, analysis, and implementation of algorithms for several 
computational problems in large-scale scientific computing. 

A fundamental problem in parallel computation is to partition the given problem 
into subproblems to be mapped to individual processors of a parallel computer, 
while maintaining good load balance and incurring low communication costs. We 
have devised an algebraic method called recursive spectral bisection (RSB) for par- 
titioning computations governed by graphs or meshes. RSB has become a popular 
partitioning tool for solving linear systems of equations in computational fluid 
dynamics and computational structural mechanics, domain decomposition meth- 
ods, and in many other application areas. A spectral nested dissection (SND) 
ordering for factoring sparse matrices in parallel has also been developed. Our 
computational results on Intel Paragon and a CRAY Y-MP show that, for many 
large-scale problems, the SND ordering leads to faster factorization (by a factor 
more than two) than the next best ordering. My graduate student Lie Wang com- 
pleted her Ph.D. thesis on SND in August 1992, and has joined IBM Canada. 

We have also applied spectral methods to reorder sparse matrices and graphs to 
reduce their envelope parameters. We have provided a theoretical analysis of 
spectral algorithms for these problems by formulating them as quadratic assign- 
ment problems. We are also working on the creation of improved algorithms for 
envelope-reduction, and on applying these orderings to compute incomplete fac- 
torization preconditioners. Our new algorithms decrease the envelope size of 
many large, sparse matrices by large factors relative to other ordering schemes. We 
have collaborated with Dr. Horst Simon (currently of Silicon Graphics) on parts of 
this and the previous project. 

The solution of triangular systems is a bottleneck in the parallel solution of lin- 
ear systems by direct and preconditioned iterative methods. We have devised a 
product-form-inverse approach that replaces the conventional substitution algo- 
rithm by a matrix-vector multiplication algorithm, thus increasing the concurrency 
available at this step. An important idea here is that symmetric permutations of 
the triangular matrix can be used to further reduce the time required by a parallel 
algorithm. Algorithms for minimizing the number of steps in a parallel algorithm 
over several classes of permutations have been designed and implemented. Imple- 
mentations of this approach on distributed-memory multiprocessors have also 
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been completed. An error analysis of this approach shows it to be stable when the 
system is well-conditioned and in several other cases. 

Computations and Theory for Discontinuous and Stochastic Solutions of Partial 
Differential Equations 

Principal Investigators: James Glimm and W. Brent Lindquist 
glimm@ams.sunysb.edu 
State University of New York at Stony Brook 
Senior Research Personnel: Yuefan Deng,Bradley Plohr, Qiang Zhang 

This program focuses on the general problem of interface phenomena, which typi- 
cally give rise to mechanisms that occur on distinct length scales. The research 
combines high performance computing and mathematical theory. The computing 
features parallel architectures/algorithms, adaptive methods and front tracking. 
The mathematical theory uses stochastic PDEs, renormalization group ideas, and 
the study of nonlinear wave interactions. Target applications of this research 
include both basic science and technology including such problems as dispersion 
of solutes in environmental remediation, fluid mixing, shear bands and fractures in 
materials, and fabrication of fiber reinforced plastic composites. 

Flows in porous media: We have developed a theory for the dispersion of single- 
phase flow in a heterogeneous, isotropic, medium characterized by a log-normal 
permeability field. The key ingredients in this theory are a theoretical solution 
based upon renormalized and ordinary perturbation expansions which have been 
solved in lowest order and the use of front tracking based computations to verify 
the theoretical predictions. The major prediction of the theory is that the growth 
rate of the single-phase dispersion is expected to be non-Fickean as long as there 
are sufficiently strong spatial correlations in the medium permeability. This is in 
contrast to the majority of numerical simulations which allow only Fickean behav- 
ior. We are currently extending the numerical investigations to nonlinear (i.e., 
two-phase) flows and to nonisotropic media. 

We are applying the ideas resulting from this work towards more accurate scale-up 
procedures for porous media. This is a joint research project with Chevron Petro- 
leum Technology, British Petroleum Exploration, Inc. and Los Alamos National 
Laboratory. The general problem here is the development of coarse scale numerical 
and mathematical models which will accurately capture the integrated behavior of 
the finer scale features. 

Fluid Mixing We have been studying the impulsive and acceleration induced mix- 
ing of fluids (Richtmyer-Meshkov and Rayleigh-Taylor instabilities). We have per- 
formed fully nonlinear Richtmyer-Meshkov computations using front tracking. 
These calculations are in quantitative agreement with experimental measurements 
of the growth rate for a shocked air-SF6 interface, a “first” for any numerical cal- 
culation in this field. Using a renormalization group method, we have developed a 
model for the mixing zone growth rate for the Rayleigh-Taylor (RT) process. 
Starting with a modification of the Sharp-Wheeler model, a renormalization group 
fixed point is found. Further analysis shows that the fixed point is in quantitative 
agreement with experimental determinations of the mixing zone growth rate. 

Nonlinear Materials: We have suggested a new approach for the computational 
modeling of elastic-plastic deformation intended to improve simulations for large 
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deformation problems as occur in penetration mechanics (e.g., metal punching). 
The principle components of our approach are (a) a fully conservative, Eulerian, 
upwind finite difference approach with (b) material models based on a hyperelastic 
strain energy, (c) front tracking, (d) improved physics modeling for rate indepen- 
dent plasticity, and (e) special modeling to allow tracking of shear bands. This is 
the first occasion that fully conservative equations have been written for plastic 
deformation. The Eulerian formulation avoids Lagrangian mesh tangling. We are 
now applying this approach to specific test problems to demonstrate advantages 
over more standard methods. 

Manufcturing Processes: In collaboration with a manufacturing research team 
from Northrup-Grumman, we have initiated a study of resin transfer molding, a 
process of injecting liquid plastic resin into woven carbon fiber mats to produce 
lightweight, high strength structural components. Of interest is the development 
of predictive manufacturing design capability (i.e., modeling) to select or control 
the various process variables for optimization of manufacturing design. Our spe- 
cific goal, to identi@ process variables which would allow reduction of the forma- 
tion of microvoids during the injection process, has met with success. 

Adaptive Numerical Methods for Partial Differential EQuations 
Principal Investigator: Phillip Colella 
University of California at Berkeley 
colella@watt.berkeley.edu 

The goal of this work is the development of advanced numerical methods for non- 
linear partial differential equations. The methods include 

high-resolution finite difference methods for problems for which hyperboic 
behavior is important, e.g., shock dynamics and advectively dominated 
flows; 
finite difference methods for incompressible flow and various forms of 
adaptivity, i.e., ways of concentrating the computational effort where it is 
most needed as a function of space and time. Examples of the latter include 
local adaptive mesh refinement (AMR), in which grid points in a finite 
diference calculation are inserted and deleted dynamically and automatically 
by the program as the computation progresses; 
and front tracking, in which one uses a specialized, highly efficient treat- 
ment of thin fronts, such as combustion fronts, and boundaries between 
different materials. 

We are extending these methods for use in solving partial differential equations that 
arise in several new applications areas that are of particular scientific, technological 
or industrial interest. These new areas include materials processing, semiconductor 
device and process simulation, aerodynamics, porous media flow, and geophysical 
flows. 

Toolboxes and Templates for Large Scale Linear Algebra Problems 
Principal Investigator: James Demmel 
University of California at Berkeley 
demmel@cs. berkeley.edu 

We propose a three year effort to design and develop software tools to support 
efficient parallel scientific computing. This work will be a collaboration among 
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applications researchers in computational fluid dynamics and semiconductor 
device and process simulation, and computer scientists building parallel languages, 
libraries and low-level system support. By letting the applications motivate and 
test the software tools built by the computer scientists, we will insure that our 
tools provide appropriate abstractions to simplify the programmer’s job in building 
high performance applications, yet remain practical to implement. Specific tools 
include a language for finite difference computations on adaptive grids; distributed 
object libraries for representing grids, electric circuits, matrices, queues and other 
objects; a distributed scheduling and threads package; debugging tools; and a low 
level implementation language with support for distributed arrays and lightweight 
communications. Our implementation work will be done on the 128-processor 
CM-5 at Berkeley, but our goal is to be transportable to other massively parallel 
machines. 

Numerical Studies of Liquid Particle Dynamics and Emulsion Mechanics in 
Stokes Flow 

Principal Investigator: Costas Pozrihdis 
University of California at San Diego 
costas@ames.ucsd.edu 

We study the dynamics of deformable solid and liquid particles and their suspen- 
sions in different types of viscous flow. Particle types considered include elastic 
pellets, gas bubbles, liquid drops, liquid capsules, and biological cells; the latter 
are modeled as fluid capsules containing a viscous fluid and bounded by a mem- 
brane with generalized mechanical characteristics. Interest in these problems is 
motivated by the broad range of applications of deformable-particle-dynamics in 
the various branches of engineering and bioengineering involving particulate flu- 
ids. Examples include filtration, sedimentation, mixing of immiscible liquids, dis- 
persion of pollutants in porous media, and flow of blood in the human 
circulation. 

The objectives of the numerical studies are to describe the nature and magnitude 
of particle deformation, define limits for particle aggregation, coalescence, and 
breakup, and study the rheological properties of dilute and concentrated suspen- 
sions and emulsions including foam. The numerical studies are based on the 
implementation of generalized boundary integral methods for Stokes flow in two 
and three dimensions that (a) employ a novel method for coupling the fluid flow 
on either side of the interfaces and the mechanical response of the interfaces and 
(b) allow for iterative solutions of derived second-kind Fredholm integral equa- 
tions exploiting the benefits of parallel computation. In the case of suspensions, 
we perform dynamic simulations for flow in confined geometries or periodic con- 
figurations and study the statistics of the motion. 

Numerical Methods for Some Structured Matrix Algebra Problems 
Principal Investigator: Elizabeth Jessup 
University of Colorado at Boulder 
jessup@dot.cs.colorado.edu 

This project involves the design, analysis, and implementation of serial and paral- 
lel algorithms for certain structured matrix algebra problems. It emphasizes large 
order problems and so focuses on methods that can be implemented efficiently on 
distributed-memory MIMD multiprocessors. In this abstract, we introduce the 
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programming paradigm and library (PMESC) that we are designing to aid in 
developing efficient and portable implementations of numerical methods. 

Our work on these programming tools was spawned from our earlier study of par- 
allel root-finding methods for determining eigenvalues of symmetric tridiagonal 
matrices. Because the computational tasks required cannot be predicted in 
advance, such methods translate into dynamic programming problems. That is, an 
efficient implementation requires dynamic reassignment of tasks to processors in 
order to maintain a balance of processor workload. As we studied the load balance 
problem, we began to recognize common patterns in the different schemes for 
load balancing. In particular, a dynamic computational problem consists of five 
distinct phases involving different programming issues. We call these phases parti- 
tion, map, embed, solve, and communicate, and they are common to all dynamic 
numerical problems. 

The PMESC programming paradigm guides program development according to 
the five phases. While we developed PMESC to handle dynamic problems, it 
applies equally well to static and quasi-dynamic problems. We are currently evalu- 
ating a library of programming tools based the PMESC paradigm both as a mech- 
anism for building efficient and portable software and as an educational tool for 
novice parallel programmers. We anticipate the release of the PMESC library in 
spring of 1995. PMESC is the topic of the Ph.D. thesis of S. Crivelli. 

Fast Algorithms for Transport Models 
Principal Investigator: Thomas A. Manteuffel 
University of Colorado at Boulder 
tmanteuf@sobolev.colorado.edu 

The focus of this project is the study of multigrid and multilevel algorithms for the 
numerical solution of Boltzmann models of the transport of neutral and charged 
particles. In previous work a fast multigrid algorithm was developed for the numer- 
ical solution of the Boltzmann model of neutral particle transport in slab geometry 
assuming isotropic scattering. The new algorithm is extremely fast in the thick dif- 
fusion limit; the multigrid v-cycle convergence factor approaches zero as the mean- 
free-path between collisions approaches zero, independent of the mesh. Also, a fast 
multilevel method was developed for the numerical solution of the Bolamann 
model of charged particle transport in the thick Fokker-PLank limit for slab geom- 
etry. Parallel implementations were developed for both algorithms. 

This project has recently developed a new formulation for the steady state mono- 
energetic Boltzmann equation. It involves a scaled least-squares functional whose 
minimum represents the solution of the Bolamann equation. For isotropic scatter- 
ing the scaled functional was shown to be Velliptic with respect to a special norm. 
The norm, which we refer to as the Vnorm, is essentially the L2 norm plus an H1 
restricted to the direction of particle travel. The Vellipticity results guarantees that 
the problem is well-posed in the Hilbert space determined by the Vnorm. 

The construction of the functional facilitates discretization and numerical solution 
of the resulting discrete equations. The discretization follows from minimizing the 
functional over a finite dimensional subspace. The discrete solution will essentially 
be the best approximation in the subspace with respect to the Vnorm. The scaled 
functional is constructed so that any choice of subspace yields the proper behavior 
in the important diffusion limit. 
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A nested sequence of subspaces leads immediately to a convergent multilevel algo- 
rithm. Coarse grid correction corresponds to minimizing over a smaller dimen- 
sional subspace. The Vellipticity with respect to the Vnorm, which is similar to 
an H1 norm guarantees convergence of the multilevel algorithm. In fact, numeri- 
cal tests in slab geometry show that a full multigrid algorithm yields a solution 
accurate to the level of truncation error in an amount of work equivalent to half a 
dozen relaxation sweeps on the finest mesh. Moreover, local adaptive refinement is 
easily incorporated into this algorithm. 

The current focus of this project is the generalization of this algorithm to fully 
3-dimensional applications with heterogeneous material and mildly anisotropic 
scattering. The Vellipticity results have already been extended to this context. 
Algorithmic details such as the choice of discrete subspace, fine grid relaxation 
and hemoginization of material properties on coarse grids are current topics of 
research. 

This project is closely connected to projects at Los Alamos and Livermore National 
Labs. One important target application is well-logging with neutron emitting tools. 

Numerical Methods for Molecular Dynamics 
Principal Investigator: Robert Skeel 
University of Illinois at Urbana 
skeel@dna.cims.nyu.edu 

The objective is to find numerical algorithms suitable for large parallel computers 
that can much more efficiently model the dynamics of macromolecules such as 
proteins, DNA, and lipids. Emphasis is on the use of integration schemes, notably 
symplectic schemes, that can use large time steps to produce qualitatively correct 
simulations for long-time integrations. This research complements that of another 
project with a biophysicist and a computer scientist, centered on the development 
of high-performance software for macromolecular modeling. In particular, a paral- 
lel molecular dynamics program namdis being completed, and it will permit a 
more realistic testing of the ideas developed in the work reported here. 

Principal among the techniques being considered for long-timestep integration is 
the use of multiple time steps. The idea is that the large bulk of long-range inter- 
actions need to be evaluated far less often than short-range interactions. These 
methods cannot be studied by standard error analysis because the time interval 
between evaluations of some interactions is greater than, say, the period of the 
highest frequency component of the dynamics. Nor is the problem stiff, in the 
accepted sense of the word, because high frequency components form a significant 
part of the dynamics. We are designing multiple-timestepping MTS schemes, both 
symplectic and non-symplectic, which can be supported theoretically. We are also 
investigating novel implicit symplectic methods, which might be much cheaper for 
molecular dynamics than conventional implicit methods. 

Numerical Methods for Differential-Algebraic Equations in Real-Time 
Integration of Mechanical Systems 

Principal Investigator: Linda R. Petzold 
University of Minnesota 
petzold@cs.umn.edu 
Collaborators: 
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Uri Ascher (University of British Columbia) 
Peter Brown and Alan Hindmarsh (LLNL) 
Jean-Phillipe Brunet (Thinking Machines Corp.) 
Tony Dean (Exxon Research and Engineering Co.) 
Robert Green (Exxon Research and Engineering Co.) 
Robert Maier (Minnesota Supercomputer Center) 
Peter Moore (Tulane University) 
Yuhe Ren (University of Bath) 
Roger Wehage (U. S. Army Tank Automotive Command Center) 
Jeng Yen (U. of Minnesota Army High Performance Computing Research 
Center) 

This project focuses on the numerical algorithms and analysis which are needed 
for the effective real-time simulation of mechanical systems. Real-time simulation 
of mechanical systems is needed in robotics, as well as in the design and simula- 
tion of vehicles, including automobiles, high-speed trains, tanks and construction 
equipment. The overall objective is to enable improved computational capabilities 
for real-time simulation of systems from mechanics, and also of related electrical, 
chemical systems and power systems. Research includes analysis and numerical 
algorithm and software development addressing these issues: problem formulation 
and numerical stability, exploiting structure and parallelism, high-frequency oscil- 
lations, rank-deficient constraints, discontinuities and delays. 

Significant improvements to algorithms have been made in several of the above 
areas. For rank-deficient constraints, regularizations have been developed for 
index-one and for higher index mechanical systems with kinematic singularities. 
Convergence results have been derived for the regularizations, and tests on a 
slider-crank mechanism show that the new methods are robust and relatively easy 
to implement. High-frequency oscillations in an ordinary differential equation 
(ODE)/differential-algebraic equation (DAE) are a problem in computations like 
vehicle simulation and molecular dynamics because following the oscillations 
necessitates the use of an extremely small timestep. However, many of the oscilla- 
tions are not important for the overall numerical solution. Experiments and the- 
ory have shown that certain implicit methods can damp out the oscillation safely, 
in regions where its amplitude is too small to be important. However, once the 
stepsize is increased, there are problems with Newton iteration convergence. 
Coordinate-split techniques have been developed which appear to overcome this 
problem. We have been studying the underlying structure of oscillations in 
mechanics with the goal of developing efficient methods for situations where the 
oscillations cannot be safely damped. We have studied the conditioning and 
numerical solution of several important classes of delay-DAEs, and given conver- 
gence results for linear multistep and Runge-Kutta methods applied to retarded 
and neutral delay DAEs. 

Software and methods have been developed for large-scale systems of DAEs. The 
software package DASPK, which combines the time-stepping methods of DASSL 
with the GMRES iterative method, was completed in collaboration with Peter 
Brown and Alan Hindmarsh of LLNL. Analysis of a type of preconditioners for 
DAEs arising from a class of reaction-diffusion problems was completed. Data- 
parallel and message-passing versions of DASPK for the Thinking Machines CM-5 
were completed, and the data-parallel version was modified by TMC for inclusion 
in the next release of their library. Software for determination of consistent initial 
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conditions and for sensitivity analysis and optimal control of large-scale DAE sys- 
tems is in progress. 

PPMLIB, A Scalable Library for Computational Fluid Dynamics 
Principal Investigator: Paul R Woodward 
University of Minnesota 
paul@sI.arc.umn.edu 

This program of research is aimed at the development of scalable libraries for com- 
putational fluid dynamics. Numerical algorithms developed for DOE applications 
by the PI over the last decade will be adapted for efficient computation on mas- 
sively parallel computing platforms in use at DOE High Performance Computing 
Centers and at DOE laboratories. These algorithms will be packaged in modular 
form, callable from larger programs in the way that graphics or mathematical 
libraries are now used. The intent is to make these algorithms, and the tremendous 
advantages for computational fluid dynamics that they and the associated MPP 
systems offer, useful by a broad community both in the DOE and in US industry. 
The program is a research program because this form of packaging for CFD soft- 
ware is new, and a number of issues will have to be dealt with to make it success- 
ful, especially on MPP systems. 

Numerical and Asymptotoc Studies of Complex Flow Dynamics 
Principal Investigator: Jens Lorenz 
University of New Mexico 
lorenz@altona.unm.edu 

Studies of Slightly Compressible Flows 
A variety of important flow phenomena occur at low Mach numbers. Prime exam- 
ples include aeroacoustics, where one studies the generation of sound by vorticity, 
or problems where acoustic perturbations are used to alter the basic flow dynamics. 
In numerical simulations one faces two major difficulties: (1) the imposition of 
accurate boundary conditions at artificial boundaries, and (2) very long time cal- 
culations (on the acoustic scale) are required. Both of these issues are addressed by 
means of analytical and numerical studies. 

Computation of  Invariant Manifolds of  Dymmical Systems 
For dynamical systems depending on a parameter, we develop computational 
methods for path following of invariant manifolds. The aim is to develop a reliable 
code that can compute branches of invariant manifolds, and can detect and clas- 
sify bifurcations. To compute the manifolds, we use a numerical version of the 
Hadamard graph transform. Also, along the branch we compute indicators, which 
can tell if the branch can be continued or not and, ideally, can tell the nature of 
any potential bifurcation. The algorithm will be developed in close resemblance 
with analytical theories. Applications will include forced nonlinear oscillators, the 
Josephson junctions, and-as a long term goal-the transition to turbulence. 

Parallel Supercomputing: Advanced Methods, Algorithms and Software for 
Large-Scale Linear and Nonlinear Problems 

Principal Investigators: G. F. Carey and D. M. Young 
Associate Investigators: D. Kincaid and K. Sepehrnoori 
University of Texas 
carey@cfdlab.ae.utexas.edu 
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PROGRAM SUMMARIES 

Summury 
This report describes research progress on methods, algorithms and software for 
large scale parallel supercomputer applications. The focus is large-scale applica- 
tions of interest to DOE such as coupled viscous flow and heat or mass transport, 
and energy related applications such as petroleum and gas reservoir simulations 
on massively parallel systems. This interdisciplinary research involves collabora- 
tion in numerical mathematics and computer science with methodology and 
large-scale engineering applications in the respective colleges of Natural Science 
and Engineering. 

Some of the key developments in the past year are summarized next. First, a new 
class of parallel element-by-element spectral schemes was developed for the 
stream function-vorticity formulation of the Navier-Stokes equations. The algo- 
rithm involved the use of generalized iterative methods recast at the element sub- 
domain levels. The schemes were implemented on the NCUBE at Sandia and the 
Intel Touchstone. Parallel performance studies were conducted on representative 
Navier-Stokes problems. These results also provide the most accurate flow bench- 
mark studies to date for the recirculation zone in the “backward facing step” 
problem. Some interesting phenomenological results on the growth of the separa- 
tion zone with increasing Reynold’s number were obtained. Our research on mas- 
sively parallel domain decomposition strategies has also been very successful. This 
work was initiated jointly with Sandia and a paper describing the recent results of 
the research has been submitted to the AIAA journal. Our current extensions of 
this work involve implementation on the CRAY T3D at JPL. We are also devel- 
oping new multilevel strategies for parallel applications to semiconductor prob- 
lems. Bruce Davis is completing his Ph.D. research with Dr. Carey and they have 
developed a new hybrid multilevel spectral finite element scheme. The problem 
of interest is an augmented energy balance model for the semiconductor device 
equations. 

Dr. Young and Mr. Chen have been working on the development of iterative 
methods for solving large sparse nonsymmetric linear systems. A new method, 
called MGMRES, which can be viewed as a generalization of GMRES, has been 
developed for solving linear systems of the form Au=b for cases where a symmetric 
matrii Y is available such that Y and YA are symmetric (but not necessarily sym- 
metric and positive definite). By the application of MGMRES to an augmented 
linear system related to the Lanczos method one can derive LANGMRES, a 
method which can be regarded as a combination of the biconjugate gradient 
method and GMRES. LANGMRES is designed to combine the numerical stabil- 
ity of GMRES with the short recurrence properties of the biconjugate gradient 
method. 

Mr. Shengyou Xiao, under the direction of Dr. Young, has been working on paral- 
lel multigrid methods. They have demonstrated that certain nonperiodic problems 
can be transformed into periodic problems to which parallel multigrid methods 
can be applied and analyzed. Finally, some of our recent work has focused on the 
use of computational kernels (iterative B U S )  for solving sparse linear systems. 

Highlights 
1. First, a new class of parallel element-by-element spectral schemes was 

developed for the stream function-vorticity formulation of the Navier- 
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Stokes equations. Related calculations on the NCUBE and TOUCH- 
STONE provide the most accurate benchmark studies yet available for the 
backward facing step problem. 

2. A new method, called MGMRES, which can be viewed as a generalization 
of GMRES, has been developed for solving linear systems of the form 
Au=b for cases where a symmetric matrix Y is available such that Y and YA 
are symmetric (but not necessarily symmetric and positive definite). 

http://www. cfhb.ae. utexas. eduhdex. btml 

Immersed Interface Methods 
Principal Investigators: Randall J. LeVeque, Loyce M. Adams and Kenneth 

University of Washington 
rjl@amath.washington.edu 

l? Bube 

Many practical problems lead to partial differential equations with interfaces or 
internal boundaries across which the solution is not smooth. This nonsmoothness 
can arise from discontinuities in coefficients due to different material properties, 
or from singular source terms such as surface tension or latent heat release at the 
interface. In this research project, numerical methods are being developed that can 
be applied on uniform rectangular grids even when the interface is geometrically 
very complicated. A variety of applications are being studied. Fixed interfaces are 
present in heat conduction or wave propagation problems in heterogeneous mate- 
rials. In particular, the propagation of seismic waves in the earth is being studied 
in relation to the solution of seismic inversion problems of importance in oil 
exploration. Groundwater flow and contaminant transport requires solving trans- 
port equations in heterogeneous material. Moving interfaces arise in the solution 
of fluid dynamics problems with free surfaces and in melting or solidification 
problems. Multiphase fluid flow, as modeled for enhanced oil recovery, also 
involves moving fronts. Methods giving second order accuracy at all uniform grid 
points have already been developed for some of these problems, while others are 
currently being studied. 
ftp://amatb. Washington. edubu b/leveque/misc/doe.gnt 

Iterative Methods for Large-Scale Nonlinear and Linear Systems 
Principal Investigator: Homer Walker 
Utah State University 
walker@math.usu.edu 

The primary objective of this research is to develop robust and efficient Newton 
iterative (truncated Newton) methods for nonlinear problems, especially those 
that arise in the computational modeling of physical phenomena. Newton itera- 
tive methods are implementations of Newton’s method in which the linear sys- 
tems that characterize Newton steps are solved using iterative linear algebra 
methods. They are currently used to solve many problems of major scientific and 
economic importance, e.g., in aerodynamics modeling, semiconductor device 
modeling, and reservoir simulation. Despite the conceptual simplicity of these 
methods, they give rise to issues of considerable depth, the resolution of which 
may be crucial to their effectiveness. Work to date has resulted in improved 
strategies for obtaining convergence from poor initial guesses and for terminating 
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the linear (inner) iterations at each Newton (outer) iteration. These have been 
implemented in a well developed experimental code that has been effective on a 
number of realistic model problems. This code will be developed further into one 
or more codes that are suitable for public distribution and which can be applied 
to a wide range of problems. 

A concomitant objective is to develop improved iterative linear algebra methods; 
this is supportive of the primary objective as well as important in its own right. 
This work centers on the generalized minimal residual (GMRES) method and on 
“residual smoothing techniques applied to various Lanczos-based methods. 
Research relating to GMRES has so far resulted in simpler implementations and 
in improved techniques for detecting and handling ill-conditioning when it threat- 
ens to degrade the performance of the method. Future work will be aimed at 
developing effective parallel implementations. Residual smoothing techniques can 
be applied to the iterates and residuals from any method to obtain auxiliary iter- 
ates with residuals that decrease “smoothly” (even monotonically) in norm. These 
techniques are especially useful with Lannos-based methods, some of which are 
notorious for producing wildly varying residuals. Research to date has shown that, 
in practice, these techniques generate residual sequences that not only decrease 
nicely in norm but also remain accurate after the original method residuals have 
lost accuracy. In addition, they have been used to extend earlier theoretical results 
of Brown and Cullum and Greenbaum that correlate “peaks” and “plateaus” of 
various method pairs, such as the conjugate gradient and conjugate residual meth- 
ods, the Arnoldi and GMRES methods, and the biconjugate gradient and quasi- 
minimal residual (QMR) methods. 

A major collaboration with M. Pernice and L. Zhou at the Utah Supercomput- 
ing Institute is directed toward developing domain decomposition-based parallel 
implementations, with applications to reactive flow modeling. Other collabora- 
tions and applications are with M. Wheeler’s group at Rice University (oil reser- 
voir simulation) and with I? Brown and A. Hindmarsh at Lawrence Livermore 
National Laboratory (large-scale ODE solving, tokamak modeling). 

Numerical Conformal Mapping: Methods, Applications, and Theory 
Principal Investigator: Thomas Delillo 
Collaborators: Prof. Alan Elcrat and Prof. John Pfaltzgraff of Chapel Hill. 
Wichita State University 
delillo@twsuvm.uc.twsu.edu 

The goal of this project is the study and development of a variety of methods for 
numerical conformal mapping of simply and multiply connected regions. Applica- 
tions of these methods to the solution of boundary value problems for the Laplace 
and the biharmonic equation which arise in fluids, electrostatics, and elasticity and 
comparison with numerical methods for Fredholm integral equations are consid- 
ered. The fast Fourier transform (FFT) and conjugate-gradient-like methods for 
nonsymmetric systems are the important numerical tools. Ultimately, these meth- 
ods should be rigorously formulated as discrete interpolation problems. 

For conformal maps which use the unit disk as a the computational domain, a dis- 
crete interpolation method due to Wegmann has been found to be the best FFT 
method in many respects. However, if the target region is highly distorted or elon- 
gated, the map may suffer from a severe ill-conditioning known as the crowding 
phenomenon. We have given estimates of this phenomenon using the theory of 
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conformal invariants and have developed methods which avoid crowding in certain 
cases by using other computational regions, such as an ellipse, and representing the 
mapping function in terms of the Faber series of the region. The Dirichlet problem 
for the Laplace equation can then be transplanted and solved efficiently with FFTs. 
This procedure compares favorably with iterative solutions of second kind integral 
equations for the double layer potential in elongated regions. 

These Faber series methods are part of a class of methods under development for 
simply and multiply connected regions. The methods are all Newton-like meth- 
ods for computing the boundary correspondence between the computational and 
target regions and the conformal moduli. Conditions for a function defined on 
the boundary of the computational region to extend analytically to the interior 
yield conditions on certain Fourier coefficients. Linearization of these conditions 
leads to nonsymmetric systems at each Newton step which can be solved by con- 
jugate-gradient-like methods. For the doubly connected case, the map from the 
annulus is used. For the multiply connected case, computational regions whose 
boundary components are circles are used. The methods for multiply connected 
regions parallelize in a natural way. 

A classical technique for solving certain boundary value problems for the bihar- 
monic equation uses conformal maps. The biharmonic function is represented in 
terms of analytic Goursat functions and the boundary conditions conformally 
transplanted to the disk giving a linear system for the Taylor coefficients of the 
Goursat functions. This system is roughly like the identity plus a Hankel matrix. 
Initial computations indicate that conjugate-gradient-like iterative solvers con- 
verge rapidly as expected in this case. Extensions involving the Faber series meth- 
ods and comparisons with integral equation methods are planned. 

Laboratories 
I ORNL Computational Mathematics Project 
This project focuses on the development and analysis of basic numerical algo- 
rithms and techniques for solving large-scale scientific and engineering problems 
on advanced computer architectures. The current principal areas of research are 
the direct and iterative solutions of large sparse systems of equations on both 
serial and parallel computers, dense matrix computations on advanced computer 
architectures, and algorithms for solving partial differential equations. This project 
also supports the Alston S. Householder Postdoctoral Fellowship in Scientific 
Computing and provides partial support for a Distinguished Scientist. 

In sparse matrix factorization, symbolic factorization is a process for setting up the 
data structures required by numerical factorization. Since the data structures are 
not created until symbolic factorization has been performed, the size of the data 
structures is typically not known prior to symbolic factorization. Our effort in 
sparse matrix research has resulted in the first efficient and practical algorithm for 
determining the size of the data structures (from the input matrix and quantities 
computed also from the input matrix) before symbolic Cholesky factorization 
begins. The new algorithm has significant impact on the design of software for 
the solution of sparse, symmetric, positive, definite, linear, systems; storage 
requirement for every stage of the solution process can be determined a priori. 

The left-looking blocked sparse Cholesky factorization code that we have devel- 
oped has proven to be highly efficient. The code has been incorporated in a 
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number of applications, an example of which is the LIPSOL package for solving 
large-scale linear programming problems using the interior point method. By 
using our sparse Cholesky code, LIPSOL takes only 569 seconds to solve a par- 
ticular linear programming problem (specifically, pilot87, which is one of the 
benchmarking problems in linear programming); a previous version of LIPSOL 
took 2,315 seconds. 

Our work on iterative methods has resulted in significant improvements in one 
of the Grand Challenge applications ar O W L .  Most of the computational 
effort in determining energetics of materials using multiple-scattering, real-space 
formulation of the Korringa-Kohn-Rostoker approach is spent on solving linear 
systems describing hundreds of thousands of possible energy states and configu- 
rations. The traditional approach is based on dense triangular factorizations. By 
replacing dense LU factorizations with a transpose-free implementation of the 
quasi-minimal residual (QMR) method, the execution time is reduced by a fac- 
tor of more than 10. We have packaged a variety of QMR-based iterative meth- 
ods into QMRPACK, which is available from Netlib. Over 1,000 copies have 
been distributed since the release of the last version. 

Our work on iterative methods has also involved the use of preconditioned 
Krylov methods in solving differential algebraic equations (DAE), which arise in 
numerous important applications, such as modeling of chemical reactions, elec- 
trical networks, fluid flows, robotic motion, and gravitation. In particular, we 
have developed a new Krylov method for solving large, sparse linear systems of 
equations. Our study on the factors that adversely affect the performance of 
Krylov methods has led to new and practical algorithms for balancing a matrix 
to improve the accuracy of eigenvalue calculations and for computing a simple 
preconditioner that helps to accelerate the convergence of Krylov methods. 

Future plans include the following: 
Sparse Direct Methods. Large-scale optimizations are important techniques for 
solving many energy-related problems and managing energy resources. They 
often give rise to sparse, symmetric, indefinite linear systems. Methods based on 
matrix factorizations for solving these systems require pivoting to maintain 
numerical stability. We are investigating the possibility of incorporating pivoting 
into the left-looking, blocked, sparse Cholesky factorization algorithm for 
sparse, symmetric, positive definite matrices. The ability to pivot will extend the 
algorithm to handle sparse, symmetric, indefinite problems. This ability may 
also provide insight into strategies for handling pivoting in the solution of gen- 
eral sparse linear systems. Our left-looking, blocked, sparse Cholesky factoriza- 
tion code has proven to be one of the most efficient codes for solving sparse 
linear systems arising from a variety of applications, such as finite-element mod- 
eling of automobiles, computational fluid dynamics, and linear programming. 
An important aspect of the solution process is the reordering of the original 
matrix to reduce fill. We are working on improvements to the well-known mini- 
mum-degree algorithm for sparse symmetric matrices that also may lead to the 
design of minimum-degree-like reordering techniques for general, sparse, non- 
symmetric matrices. 

Iterative Methods. We will expand the capability of QMRPACK by including 
solvers that handle complex matrices and complex symmetric matrices. In paral- 
lel with the development of QMRPACK, we plan to investigate the extension of 
the transpose-free QMR (TFQMR) method to a more robust algorithm that 
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incorporates look-ahead for handling breakdowns. Our involvement with the 
material science code for computing the energetics of materials using the multi- 
ple-scattering real-space formulation of the Korringa-Kohn-Rostoker approach 
leads us to believe that block iterative methods may be more appropriate. We 
intend to develop block versions of our look-ahead Lanczos QMR methods and 
to test their effectiveness on this application. 

We also plan to investigate the use of a variety of Krylov methods in the solu- 
tion of large, sparse linear systems of equations that arise in the solution of 
DAE. In particular, we will focus on the development of efficient precondition- 
ing techniques on parallel architectures and on analyzing the role of non-nor- 
mality on the convergence behavior of preconditioned iterative methods. We 
intend to use the enhanced DAE solver to simulate groundwater transport prob- 
lems and to predict the effect of applying “pump and treat” or in situ bioremedi- 
ation methods at different waste sites. In turn, we are also interested in using the 
solver to test and refine our mathematical models of the in situ vitrification 
process. 

Dense Matrix Computations. We will develop a C++ interface for linear algebra 
routines called SCALAPACK++, an object-oriented library for implementing 
linear algebra computations on distributed-memory multiprocessors. The bene- 
fits of such an interface include the ability to hide the implementation details of 
distributed matrices from the application programmer and the ability to support 
a generic interface to basic computation kernels. 

I Brookbaven National Laboratory 
Analytical and Numerical Methods. This research involves the development, 
analysis, and evaluation of numerical methods for the solution of the large, com- 
plex, discrete systems of equations that arise in solving multidimensional elliptic 
and parabolic partial differential equations. The major focus of the program is 
the development of new techniques based on a rigorous theoretical foundation 
and the implementation of these methods on advanced computer architectures. 
Improvements over existing methods are required because of the increasing 
sophistication of the applications. These improvements involve the dimensional- 
ity and scale of the problems that can be attacked, the accuracy and robustness 
of the solutions obtained, and the computational efficiency of the methods. Pre- 
conditioned iterative methods are the major focus. Currently, preconditioners 
are being developed based on overlapping and nonoverlapping domain decom- 
position techniques and multilevel techniques. These preconditioners are being 
applied to, for example, singular perturbation problems, problems with complex 
geometries, problems on unbounded domains, and multidimensional coupled, 
parabolic, initial boundary-value problems. 

Specific Projects 
Least Squares Approximation Methods 
A new approach has been developed for least squares methods for nonsym- 
metric and/or indefinite elliptic boundary value. The approach involves 
introduction of weaker norms in the least squares functionals implemented 
in terms of conforming approximations to simpler symmetric boundary- 
value problems. The resulting methods are optimal with respect to solution 
regularity and can be solved efficiently. They have been applied to second- 
order, elliptic boundary value-problems and Stokes equations. Under devel- 
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opment are techniques to eliminate many of the extra degrees of freedom 
introduced by more-standard least squares techniques. 

Eme-Dependent Stokes Problems 
Preconditioners have been developed for the indefinite system arising in 
approximating time-dependent Stokes equations. For effective solution of 
the two-by-two block subsystem that enters at each time step, a good pre- 
conditioner for the resulting pressure operator is required. The pressure 
operator becomes more ill-conditioned as the time step is reduced (and/or 
the Reynolds number is increased). The preconditioners that have been 
developed give rise to iterative rates of convergence that are independent of 
mesh size as well as of time step and Reynolds number. 

Singularly Perturbed Problems 
An ongoing project is the development of numerical solution methods for 
singularly perturbed problems. The emphasis of this work is on convection- 
dominated convection-diffusion flow models in two and three dimensions, 
characterized by a large parameter multiplying the first-order derivative 
(convection) terms. Efficient methods for preconditioning and iteratively 
solving such convection-diffusion problems, involving, for example, 
streamline diffusion methods, have been developed. Work on stationary 
wave-propagation models is also in progress. 

Fractional Flow Modelfor Two-Phase Fluid Flow in Porous Media 
The fractional flow model results in coupled, nonlinear parabolic problems 
for the total pressure and the saturation of the first phase. A new method 
has been developed in which the pressure is modeled by a mixed finite- 
element method on a tetrahedrally decomposed, topologically regular cubic 
mesh. The saturation is modeled on the same mesh by a conforming finite- 
element approximation with upstream weighting. The method is being 
applied to a state-of-the-art code for modeling contaminant transport in 
groundwater, which is being developed as a Grand Challenge computation. 

Eigenvalue Computation 
Collaboration with materials scientists at BNL identified the problem of 
computing a modest number of the smallest eigenvalues of very large 
matrices and their corresponding eigenvectors. The matrices come from a 
positive, definite Hermitian operator defined on a large but finite, dimen- 
sional, complex vector space and are an effective parallelizable technique for 
computing the desired eigenvalues and eigenvectors. The technique utilizes 
subspace iteration and preconditioning of the matrix. It is providing a sta- 
ble and efficient tool for these problems. 

Digital Simuhtion of Electrochemical Problems 
In collaboration with BNL electrochemists, work is being done on 
improved numerical solution methods for the coupled systems of parabolic 
partial differential equations that arise in modeling electrochemical 
processes. Chemical reactions in the solution and at the electrodes are both 
involved, involving nonlinear equations often over long time periods. The 
goal of this work is to develop fast, accurate, robust, implicit methods that 
can extend the modeling to two (and possibly three) space dimensions and 
can solve more complex problems than current methods allow. 
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Educational Programs 
http://ams. ames~b.gov/AMSe~ucadtion. html 

The aim of the HPCC Program’s involvement in education is to advance compu- 
tational science as a new scientific methodology through curricula and education 
and to advance the use of information technology as an important educational 
tool. DOE’S involvement has leveraged the highest quality of supercomputing 
and communications resources to attract the best and the brightest to the DOE 
laboratories. 

During the three years that the HPCC Program has formally existed, the commu- 
nity of expert users has grown from a small enclave of researchers in computing 
and communications technologies to large groups of researchers and students in all 
fields. The community of able users spans all sectors of the economy and all sec- 
tors of society throughout the US. This growth in knowledge and ability was ini- 
tially the result of hands-on and formal training at HPCC-funded facilities and in 
industry, but today the training and education is being conducted on-line at uni- 
versities, colleges, elementary and secondary schools, museums, and libraries. 

Adventures in Supercomputing 
The Adventures in Supercomputing (Ais) program is designed to cultivate the 
interest of female, minority and disadvantaged elementary through high-school 
students in science, mathematics, and computing. To contribute to this end, the 
computer expertise and scientific knowledge of the teachers of these students will 
be improved through education, training, and curriculum materials. An environ- 
ment to support computing education for both students and teachers will be con- 
structed at no cost to the schools. An in-depth, continuing assessment of the 
program will be conducted to evaluate both the successes and failures of all of its 
aspects. 

The ability of the United States to compete in world markets increasingly depends 
on our ability to identify and train scientists and engineers. While the demand in 
these areas continues to rise, the traditional pool of prospective technologists 
(white males) continues to shrink as a percentage of the work force. In addition, 
there continues to be insufficient interest in technical areas across the population. 
For these reasons it is essential that minorities, including females, be targeted as 
future technologists. Exposure to programs such as this have the added advantage 
of raising the level of technical literacy, a matter of growing importance to our 
society. High performance computers are both a tool of modern technology and 
one of that technology’s major icons. From this perspective, it is most appropriate 
to use high performance computing in order to spur the imaginations of children, 
thereby drawing them into the world of science and technology. 

The Ais program was instituted in 1992 by the DOE as a five-year pilot project 
in Iowa, New Mexico, and Tennessee. Ames Laboratory, Sandia National Labora- 
tories-New Mexico, and Oak Ridge National Laboratory host the program in 
their respective states. In FY93, funds were provided to Dr. John Ziebarth, 
through the University of Alabama at Huntsville, and to Dr. David Zachman and 
Dr. Pat Burns at Colorado State University to expand the Ais program into 
Alabama and Colorado. 

To accomplish the goal stated above, the five participating institutions follow nearly 
identical programs. The project coordinator at each site will form a leadership team 
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with a rotating chair. The program will consist of five major components: 
1.  Summer institute-a summer institute for teacher enhancement and cur- 

riculum material development. 
2. Classroom computing environment-construction of a fully supported 

computing environment in the classroom of each participating school. 
3. Teacher positions-summer research positions in the high performance 

computing centers at each site for selected teachers from the program. 
4. Colleges of education-collaboration with the colleges of education in each 

laboratory’s neighboring universities. 
5. Assessment-development of assessment materials and an annual assess- 

ment workshop involving all five sites for the dual purposes of evaluation 
and incorporation of improvements into the program. 

The Ais curriculum is based on a successful program in Alabama that was initi- 
ated in the summer of 1989 by Dr. John Ziebarth. Over the past three years, 59 
high schools in the five states have been selected to participate in the program. 
The construction of the classroom environments was accomplished at each school 
during the summer and early fall after their selection. The computing classroom 
environment includes four new Macintosh computers, software, a printer, and net- 
working equipment all loaned to the school by the DOE. Most Ais schools are 
connected to the regional Internet networks via a 56 Kbyte leased phone line, 
which is also funded by the DOE. Each state provides ongoing technical support 
for the schools involved in the program. The assessment of the program is being 
conducted by the Center for Children and Technology at the Education Develop- 
ment Center in New York. 
htcp://ams.ameslab.gv~iS/AiS_intro. html 

New Directions in Education: The Undergraduate Computational and 
Engineering Sciences (UCES) Project 
The UCES project promotes the emerging field of computational science as an 
interdisciplinary approach to scientific analysis by identifying and supporting 
excellence in computational science education at the undergraduate level. Cur- 
rently, this support takes several forms: 

The primary emphasis is on collecting, developing, and distributing a set 
of educational materials in computational science. This is described in 
more detail below. 
To reward superior contributions to the field of computational science 
education, UCES sponsors a collection of awards for undergraduate stu- 
dents and faculty. 
To promote the field of computational science in general, UCES publishes 
Computational Undergraduate Education, an electronic magazine show- 
casing interesting development in the field. 
Finally, UCES serves as a resource for other efforts in computational engi- 
neering and science education. A list of related projects is available. 

Goah and Morphology of the Undergraduate Educational Project in Com- 
putational Science. The Undergraduate Educational project seeks to develop a 
set of educational materials in computational science that is suitable for under- 
graduates and advanced secondary-school students as well as teachers at both lev- 
els. It is our hope that the materials will be contributed by a wide variety of 
scientists and educators throughout the country who are drawn from the broad 
range of disciplines that now encompass computational science. The contributed 
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materials will be collected here at the Ames Laboratory, where they will be 
processed, stored on disk, and then distributed electronically via the Internet 
using either anonymous FTP or an E-mail fileserver (or both). Via the wide reach 
of the Internet we hope to make the materials available to educators at large 
research universities, small colleges, and teaching colleges throughout the country. 

In order to make these materials as useful as possible to such a wide range of peo- 
ple, we believe they should be divided (to as great a degree as can be managed) 
into self-contained modules. As an overall structure, we view the modules as being 
conceptually arranged into a three-dimensional sttucture. That is, there will be pri- 
mary modules organized along the lines of one or more “courses” in the funda- 
mentals of computational science (the “horizontal structure”) with the first course 
planned being an introductory one aimed at the college freshman level. These pri- 
mary modules will be pedagogic in nature, probably containing interactive tutori- 
als in, for example, MapleV or Mathematica. Examples of such primary modules 
would be “Introduction to Procedural Programming (e.g., C, FORTRAN, or Pas- 
cal) or “Interfacing Symbolic Algebra with FORTRAN.” 

In addition, the major pegagogic modules will be augmented by many smaller 
modules of two types: (1) case studies, examples, and applications drawn from as 
wide a variety of (relevant) fields as possible, and (2) broad conceptual descriptions 
of how the current subject relates to the various guiding themes of computational 
science, such as high performance computing or computer visualization. The case 
studies are meant to provide depth to each subject through the study of specific 
examples and should be quite self-contained, providing an introduction to the 
example, necessary background information, and perhaps some fraction of the 
code necessary for their use. The broad descriptions should be designed to provide 
by showing how common themes weave through the various subjects, i.e., they 
should help convey the fact that computational science is truly a subject in and of 
itself. These modules should provide students [omission]. 

The nature of the case studies is clearly quite open-ended, encompassing fields 
as wide ranging as physics, psychology, and economics, but the broad concepts 
are fewer in number. We have identified the following broad concepts (in no 
particular order): 

What is Computational Science? 
Graphics and Visualization 
Internet and Unix 
Algorithms 
Numerical and Error Analysis 
High Performance Computing 

Each of the support modules, whether of the broad description type or the case 
study one, should be designed to have a clear set of prerequisites (i.e., a vertical 
structure), much of which can be obtained by merely tracing up the vertical struc- 
ture to the root primary module. As part of the processing of modules before 
inclusion in the project, a list of prerequisites is planned. 

Finally, each module will contain cross-references to other modules treating related 
horizontal and vertical topics. 
http://dms.arnerlab.gov/UCES/index. hml 
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Computational Science Education Project 
The Computational Science Education Project (CSEP) has developed complemen- 
tary educational materials that are available over the World Wide Web (since the 
fall of 1993) and are thus in the public domain and accessible to anyone con- 
nected to the Internet. The main server is the SGI Challenge in the Physics Divi- 
sion at Oak Ridge National Laboratory; the principal UIU for this electronic 
book is http://csepl .phy.ornl.gov/csep.html. The CSEP was initiated in September 
199 1, by the US DOE, to develop an experimental syllabus for teaching interdis- 
ciplinary computational science. The CSEP has two major activities: the writing 
and maintenance of an electronic book and community outreach. As part of the 
outreach, the CSEP discusses the syllabus at professional society meetings and in 
professional journals and offers training workshops for educators who wish to 
teach from CSEP modules. The CSEP was favorably reviewed in the Media News 
column of the IEEE journal Computer (February 1995, page 108), and two of 
several publications on the CSEP written by CSEP staff won an honorable men- 
tion from the Ben Dasher Award Committee of the School of Technology at Pur- 
due University. 

The electronic book introduces students from diverse disciplines, including com- 
puter science, mathematics, and the basic and applied sciences, to high perfor- 
mance computing. The use of an electronic format greatly expands the scope of 
the syllabus, and animations, color images, image maps, and interactive shell 
scripts have been included. All images and animations are prepared using public- 
domain sofnvare. Since the materials are readily available to most universities, edu- 
cators are using them to rebuild their courses. The interdisciplinary nature of the 
project is intended to contribute to national technological competitiveness by pro- 
ducing a body of graduates with the necessary skills to operate effectively in high 
performance computing environments. 

To date, 35 volunteer authors and reviewers have contributed and revised materi- 
als. The volunteers represent a collaboration between universities, DOE laborato- 
ries, and industry, and work in the disciplines of oceanography, aerospace 
engineering, biology, chemistry, chemical engineering, computer science, earth sci- 
ences, mechanical engineering, nuclear engineering, numerical mathematics, and 
physics. 

The CSEP operates a growing number of mirror sites in the US and abroad. The 
foreign sires include the University of Tampere, Finland; Edinburgh University, 
Scotland; the University of Tuebingen and the University of Frankfurt, Germany; 
Hong Kong Baptist College; the University of Singapore; and the Academia 
Sinica, Taiwan. These sites improve the access to CSEP materials for the large 
number of European and Asian users. The CSEP has served hypermedia materials 
to over 9,000 sites in the US and abroad. 

Among the regular US users are the following institutions at which courses are 
taught with CSEP materials: the University of Tennessee, Knoxville; Vanderbilt 
University; State University of New York Institute of Technology, Utica; Colorado 
State University, Fort Collins; University of Oregon, Eugene; University of Tulsa, 
Oklahoma; Syracuse University; Cornell University; University of Kentucky, Lex- 
ington; University of Louisville, Kentucky; University of Utah, Salt Lake City; 
University of Georgia, Athens; Boston University, Massachusetts; and Drexel Uni- 
versity, Philadelphia. 
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A number of experimental approaches to electronic learning have been studied 
with the CSEP modules. The classes that allow individual freedom and encourage 
self-help skills among the students have been the most successful. All students 
exhibited newly acquired skills by the end of the year and appreciated the access to 
a whole structure of public-domain tools appropriate for application in their 
respective ateas of learning. The greatest progress was made in the topics of visual- 
ization and networking. The students were generally enthusiastic about these 
areas, at least partially because of the universal nature of these subject areas. These 
findings support the importance of self-learning units. 
http://csep1 .phy.ornl.gov/csep.html 
http://compsci. cas. vanderbilt. eddcsep. html 

Computational Science Graduate Fellowship Program 
Each year, the US DOE’S Office of Energy Research sponsors the Computational 
Science Graduate Fellowship (CSGF) Program through the MICS Division. The 
program is administered by Ames Laboratory. Fellowships are awarded for one- 
year renewable terms, from September 1 through August 3 1, in support of full- 
time graduate study and thesis research in the United States. Study and research 
under the fellowship is to be conducted in an applied science or engineering disci- 
pline with applications in high performance computing. 

The DOE is interested in areas of computational science that support the DOE 
mission. Working with current energy resources and exploring the possibilities for 
new forms of energy are DOE concerns that encompass many academic disci- 
plines. In addition to these concerns, computational science is also of interest to 
DOE in the study of energy-related health issues, the transportation of energy 
product and by-products, oil and gas exploration, and energy conservation-just 
to name a few. A DOE Computational Science Graduate Fellow should be either 
a scientist or an engineer who applies high performance computational technology 
in his or her discipline to help find answers to these energy issues. 

The basic objective of the CSGF Program is to encourage talented students to 
enter a period of study and research in computational science, accompanied by 
practical work experience at recognized research facilities. 

The fellowship program is designed to provide incentive and encouragement to 
students with outstanding academic records to continue their graduate studies in 
preparation for careers in computational science. 
http://ums. ameslab.gov/CSGF/home. htm I 
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DESCRIPTIO FOR 
HPCC CATEGORIES 
The budget and reporting (B&R) codes supply information for the five HPCC 
components. Each code 

KC07 Applied ciences Subprogram 
The mission of this su 
sion-critical scientific and engineering problems, through research in and applica- 
tions of advanced mathematical, computational, computer, and communications 
sciences and information technologies and (2) to meet, as authorized, the require- 
ments of the High Performance Computing Act of 199 1. 

the ability of DOE to solve mis- 

KC0701 Mathematical, Computatio 
Computer Sciences Research 

tion and characterization 

supported by the Office of Energy Research 
tional and mathematical capabilities and res 

the HPCC components 
(IITA) and the National 

ment, supercomputer peripheral items and associated items. 
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Recent Program Announcements 
This text is furnished for convenience only and interested parties should refer to 
the Federal Register for the official version. 

Department of Energy 
Ofice of Energy Research 
Energy Research Financial Assistance Program Notice 95-13: National 
Information Infrastructure 
Agency: US Department of Energy (DOE) 
Action: Notice inviting grant applications 

Summary 
The Ofice of Scientific Computing of the Ofice of Energy Research (ER), U.S. 
Department of Energy (DOE) hereby announces its interest in receiving research 
grant applications to support DOES program in the President’s National Infor- 
mation Infrastructure (NII) initiative. The DOE program is integral to and sup- 
portive of the multi-agency NII initiative through the High Performance 
Computing and Communications (HPCC) program which has been in place 
since 1992. 

DOE supports NII’s goals through the Information Infrastructure Technology 
and Applications (IITA) component of the HPCC program by (1) supporting 
research and development to solve important scientific and technical challenges; 
(2) reducing the uncertainties in industrial research and development through 
increased cooperation between government, industry, and universities and by con- 
tinued use of government and government-hnded facilities as a prototype user of 
early commercial NII products; and (3) supporting the underlying research, net- 
work, and computational infrastructures on which NII applications are based. 

Dates 
To permit timely consideration of awards in FY 1995, formal applications sub- 
mitted in response to this notice must be received by March 15, 1995. Earlier 
submission is encouraged. 

Addresses 
Formal applications referencing Program Notice 95- 13 should be forwarded to: 
U.S. Department of Energy, Office of Energy Research, Acquisition and Assis- 
tance Management Division, ER-64, (GTN), Washington, DC 20585. ATTN: 
Program Notice 95-13. The following address must be used when submitting 
applications by U.S. Postal Service Express Mail, any commercial mail delivery 
service, or when hand-carried by the applicant: U.S. Department of Energy, 
Office of Energy Research, Acquisition and Assistance Management Division, 
ER-64, 19901 Germantown Road, Germantown, MD 20874. 

For Further Information Contact 
Mary Anne Scott, Program Manager, Office of Scientific Computing, Office of 
Energy Research, ER-SO/GTN, U.S. Department of Energy, Washington, D C  
20585. (301) 903-9958. E-mail to hpcc@er.doe.gov. 
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Supplementary Information 
The NII program announced by Vice President Gore in 1993 encapsulates the 
promise of the Information Age to transform our society. Historically, communi- 
cation and computing technology, i.e., leading edge information technology, has 
been a powerful instrument of change in our society. The National Information 
Infrastructure program seeks to enhance national competitiveness and improve 
the quality of life of the general populace. The principles and goals of the NII are 
as follows: 

1. promote private sector investment; 
2. extend the “universal service” concept to assure that information resources 

3.  promote technological innovation and new applications; 
4. promote seamless, interactive, user-driven operation of the NII; 
5. ensure information security and network reliability; 
6.  improve management of the radio frequency spectrum; 
7. protect intellectual property rights; 
8. coordinate with other levels of government and with other nations; and 
9. provide access to government information and improve government pro- 

are available to all at affordable prices; 

curement. 

The DOE program is to approach these goals by supporting the NII through the 
Information Infrastructure Technology and Applications (IITA) component of the 
HPCC program and requests applications for grants to support research in the 
following areas: 

1. Wide Area and Distributed Network Based Technologies to Support Energy 
Demand and Supply Management 

The management of energy demand is a serious concern for two reasons: 
there is the dependence on imported oil and gas, which affects the balance 
of payments, and there are environmental concerns with respect to the 
burning of fossil fuels. The utility companies use telecommunications to 
support their principal business of managing and providing energy to their 
customers. However, the evolving nature of the corporate utility business 
requires the development of new distributed network technologies in areas 
such as interoper ability, authentication, privacy control, and multicast 
data aggregation in order to enhance the existing capabilities of utilities for 
real-time energy demand and supply management. In addition, the tech- 
nologies and infrastructures that support energy consumers and utility 
providers may be leveraged to accommodate other service providers by 
providing access to services and resources over the NII. Grant applications 
are sought for the development and implementation of both wide area 
based and distributed network tools, technologies, and protocols that 
enable energy utilities to improve efficiency, conservation, billing and cus- 
tomer service, and promotes end user interaction and control over their 
use of energy. These tools, technologies, and protocols must be scalable 
and operable over both the Internet and NII. Applicants are expected to 
be familiar with the current state of the art in these areas, especially in 
regard to issues dealing with how the consumer interfaces and connects to 
both the utility and the National Information Infrastructure. These tech- 
nologies may include, but are not limited to: 

distributed computing technologies to integrate residential informa- 
tion and energy appliances in addition to computer-based energy 
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monitoring and control systems; to enable energy management in 
commercial public buildings; and to provide end users an interactive 
interface to delivery systems and to the Internet and NII through 
these delivery systems; 

interpretation and intelligent use of energy production and usage 
statistics; 
security systems to ensure customer privacy and prevent unautho- 
rized access; 
demonstration or prototype projects to evaluate energy demand 
management applications over the Internet and the NII. 

distributed data handling and analysis tools for the compilation, 

2. Wide Area Network (EN) Based Hierarchical, Distributed Database and 
Data Storage Techno Logies and Techniques 
The advances in high performance computing and communications, 
combined with the sophisticated demands of both Grand and National 
Challenge applications, have accelerated the need for distributed, fast, 
interoperable and scalable technologies and techniques for storing, 
manipulating, and querying large data sets to handle the increased 
amounts of information. As a result, query techniques that are indepen- 
dent of database structures have become more important. Grant applica- 
tions are sought for the development and implementation of technologies 
and techniques for managing large datasets using WAN-based storage 
and database tools and protocols. 

3. Wide Area Network (EN) Based Colhboration Echnoha, Remote Facilities 
Usage, and Application Development 
The need to efficiently share information and facilities remotely, in addi- 
tion to the growing requirement for telepresence and telecommuting capa- 
bilities, requires enhanced collaborative technologies and techniques such 
as packetized video/audio streams and multimedia conferencing, shared 
whiteboards and concurrent editing/markup capabilities. Grant applica- 
tions are sought for the development, implementation, and advanced uses 
of WAN-based technologies and techniques for providing real-time, inter- 
active voice, video and data exchange across the Internet and other large 
distributed heterogeneous networks in addition to the demonstration of 
emerging technologies in an NII application context such as education, 
remote facility utilization, or environment applications. 

4. Wide Area Network Authentication and Security 
The growth of networking, as evidenced by the increased usage of the 
Internet and the attention devoted to the National Information Infrastruc- 
ture, will continue at its current rapid pace. The components of large inter- 
connected networks, local networks, hosts, computers, information, data, 
applications and users, all require some level of security. As the number of 
individuals, businesses, schools and other entities using networks grows, so 
does the need for more sophisticated authentication and security tools. 
Conversely, as information technologies become ubiquitous via the NII, it 
is important to protect the privacy of the end users of the NII. Grant 
applications are sought for the development, implementation, or advanced 
integration of scalable, WAN-based security and privacy tools and proto- 
cols in the areas of application and user interfaces, information search and 
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retrieval, and data storage and transmission that can operate across the 
Internet and other large distributed, heterogeneous networks. 

5. Gigabit Tecbno Logy Research 
Energy demand and supply management, heterogeneous distributed com- 
puting and virtual collaboratory environments will continue to drive high 
performance communications to meet both the aggregate and high end 
resource application requirements. Grant applications are sought for the 
development and/or demonstration of technologies to enable communica- 
tions networks, such as the Energy Sciences Network (ESnet), to support 
the aforementioned requirements for future information and data inten- 
sive network applications. These can include, but are not limited to, 
advanced collaboratory audio/visual tools; management and control of het- 
erogeneous traffk across local, metropolitan, and wide area ATM net- 
works; and network evolution and management tools (e.g., for IPv6, IP 
over ATM, IPv4, multicast, and ATM to ATM). 

In all the above areas, tools, technologies, protocols, services, and demonstration 
projects proposed should be scalable and interoperable with the heterogeneous 
NII and Internet technologies and services at both the hardware level and at the 
software gateway levels. For example, a multiprotocol router gateway to resi- 
dences/industrial buildings should also work over a wide variety of access media. 
Applicants are also expected to be familiar with the current state of the art in the 
area of their application submission. 

Collaborative research and innovative partnering among investigators at industrial 
firms, universities and national laboratories are encouraged. It is expected that 
grants will be awarded in the range of $100,000 to $500,000 for periods of one 
to three years. 

The FY 1995 Federal program is summarized in “High Performance Computing 
and Communications Technology for the National Information Infrastructure-a 
Supplement to the President’s Fiscal Year 1995 Budget.” This report can be 
requested by calling (301) 903-9958. A report, “The Information Infrastructure: 
Reaching Society’s Goals-Report of the Information Infrastructure Task Force 
Committee on Applications and Technology,” has been issued for public com- 
ment that addresses eight areas, including electrical power, in which NII applica- 
tions can enhance the quality of life. This report is available by calling (301) 
975-4529. 

In evaluating the scientific merit of the applications submitted, the following 
additional criteria will be considered: 

1. use and integration of current Internet and NII services; 
2. potential for impact on and advancement of NII applications, such as 

those called out by the Committee on Applications and Technology, espe- 
cially Energy Demand and Supply Management; 

3. potential for marketable and/or deployable technology and systems; and 
4. innovative partnerships. 

The Catalog of Federal Domestic Assistance Number for this program is 81.049, 
and the solicitation control number is EFSAP 10 CFR Part 605. 
Issued in Washington, D.C. on January 24, 1995. 
D.D. Mayhew Director, Office of Management Office of Energy Research 
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APPENDICES 

Acronyms 

ACL 
AHCPR 
AMs 
ANL 
ARM 
ARPA 
ASTA 
ATM 
BRHR 
CASA 
CAVE 
CCI 
CERN 
CHAAMP 
ccs 
CIC 
CPGE 
CPMES 
DARPA 
DCEE 
DOE 

ED 
EPA 
ER 
ESnet 
FCCSET 

FDDI 
Fermilab 
FFT 
FSU 
HIPPI 
HPCC 
HPCCIT 

HPCRC 
HPCS 
IITA 
I/O 
LANL 
LLNL 
MFE 
MFENET 
MICS 
MILC 
MIMD 
MP 
MPEG 

DQS 

u s  D 

Advanced Computing Laboratory 
Agency for Health Care Planning and Research 
Applied Mathematical Sciences 
Argonne National Laboratory 
Atmospheric Radiation Measurement 
Advanced Research Projects Agency 
Advanced Software Technology and Algorithms 
Asynchronous Transfer Mode 
Basic Research and Human Resources 
(computer testbed wide-area network) 
Cave Automatic Virtual Environment 
Computational Center for Industrial Innovation 
European Center for Nuclear Research 
Computer Hardware Advanced Mathematics and Model Physics 
Center for Computational Science 
Committee on Information and Communications 
Center for Petroleum and Geosystems Engineering 
Committee on Physical, Mathematical, and Engineering Sciences 
Defense Advanced Research Projects Agency 
Distributed, Collaboratory Experiment Environments 
Department of Energy 
Distributed Queuing System 
Department of Education 
Environmental Protection Agency 
Energy Research 
Energy Services Network 
Federal Coordinating Council on Science, Engineering, and 
Technology 
Fiber Distributed Data Interface 
Fermi National Accelerator Laboratory 
Fast Fourier Transform 
Florida State University 
High Performance Parallel Interface 
High Performance Computing and Communications 
High Performance Computing, Communications and Information 
Technology 
High Performance Computing Research Center 
High Performance Computing Systems 
Information Infrastructure Technology and Applications 
Input/Output 
Los Alamos National Laboratory0 
Lawrence Livermore National Laboratory 
Magnetic Fusion Energy 
MFE Network 
Mathematical, Information, and Computational Sciences 
MIMD Lattice Collaboration 
Multiple Instruction, Multiple Data 
Massively Parallel 
Motion Picture Experts Group 
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MPEG 
MPP 
NASA 
NCO 
NERSC 
NII 
NIH 
NIST 
NREN 
NOAA 
NSA 
NSF 
NSTC 
NTP 
OHER 
ORNL 
PICS 
PNL 
POOMA 
POP 

RISC 
SCL 
SCRI 
SIMD 
SMG 
SNL 
SONET 
SUNY 
TFTR 
URL 
VA 
VROOM 
www 

QCD 

Motion Picture Experts Group 
Massively Parallel Processor 
National Aeronautics and Space Administration 
National Coordination Office 
National Energy Research Supercomputer Center 
National Information Infrastructure 
National Institutes of Health 
National Institute of Standards and Technology 
National Research and Education Network 
National Oceanic and Atmospheric Administration 
National Security Agency 
National Science Foundation 
National Science and Technology Council 
Numerical Tokamak Project 
Ofice of Health and Environmental Research 
Oak Ridge National Laboratory 
Partnership in Computational Science 
Pacific Northwest Laboratory 
Parallel Object-Oriented Method and Applications 
Parallel Ocean Program 
Quantum Chromodynamics 
Reduced Instruction Set Chip 
Scalable Computing Laboratories 
Supercomputer Computations Research Institute 
Single Instruction, Multiple Data 
Subsurface Modeling Group 
Sandia National Laboratories 
Synchronous Optical Network 
State University of New York 
Tokamak Fusion Test Reactor 
Universal Resource Locator 
Department of Veterans Affairs 
Virtual Reality Room 
World Wide Web 
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