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Eighth Annual Workshop on New Methods in 
Electronic Structure Calculations Held June 14-17, 
1996
The Eighth Annual Workshop on New Methods in Electronic Structure Calculations was held at the 
Hubert H. Humphrey Center on the University of Minnesota West Bank Campus from June 14-17, 
1996. Previous conferences on this topic have been held at St. Mary's College, St. Mary's City, 
Maryland; University of Illinois at Urbana-Champaign; Ohio State University, Columbus, Ohio; 
Cornell University, Ithaca, New York; North Carolina State University, Raleigh, North Carolina; 
Pennsylvania State University, State College, Pennsylvania; and University of California at Santa 
Barbara.

The electronic structure problem is central to the fields of quantum chemistry, materials science, and 
condensed matter physics. Accurate quantitative electronic structure calculations are necessary to 
understand a variety of systems, ranging from simple molecules to complex materials such as high-
temperature superconductors.

By its very nature, the study of the electronic structure of matter is a computational field. Developing 
the most efficient algorithms and utilizing the highest performance computers is crucial to its progress.

As algorithms have improved and high-performance computers have expanded in power and 
availability, it has become possible to solve problems of increasing complexity. As this trend continues, 
one can foresee density functional solutions for large-scale structures such as amorphous and 
disordered solids, liquids, glasses, and advances in strongly correlated systems such as Mott insulators, 
heavy fermion systems, and high-temperature superconductors. 

This workshop series is related to national research initiatives in both advanced materials science and 
high-performance computing. Because of the importance of algorithms and advanced computer 
architectures, it fulfills a necessary role in the electronic structure community. The New Methods in 
Electronic Structure Calculations Workshop series is a forum where experts on algorithms and 
methods discuss these technical issues and expose students to the complete cross section of methods 
from different fields. This provides an opportunity for significant exchange among disciplines and 
rapid advances in the field of electronic structure calculation. 
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Solving the Two-Electron Integral Problem in 
Hartree-Fock-Theory
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Theoretical methods for studying fundamental biochemical processes at the electronic level hold 
tremendous promise for enabling rational drug design, the interpretation of biophysical measurements, 
and understanding the complex mechanisms of life. A primary difficulty in such theories is that, as the 
size of the systems become larger and more complex, the empirical methods become less reliable. One 
promising approach to avoid empiricism is to employ first principles quantum mechanical methods. 
Although the quantum mechanical equations governing chemistry are well known, their mathematical 
solution is extremely demanding of computer time-so demanding that it is impractical to apply these 
methods to most biochemical problems. 
University of Minnesota Supercomputer 
Institute researchers Matt Challacombe 
and Eric Schwegler, who had been 
working with Chemistry Professor Jan 
Almlöf before his death in January, 
1996, have developed novel methods for 
reducing the cost of first principle 
calculations and have made an initial 
application to the p53 tumor suppressor 
tetramerization monomer shown in 
Figure 1. Mutations in the p53 tumor 
suppressor are the most frequently 
observed genetic alterations in human 
cancer. 

A central model in first principles 
quantum chemistry is the Hartree-Fock 
theory. In this model, each electron 
moves in the average potential from all 
other electrons, and the exchange 
interaction (a manifestation of the Pauli 
exclusion principle) is exactly accounted 
for. Missing from the Hartree-Fock 
approximation is the dynamical 
correlation resulting from their pairwise 
Coulomb repulsion. However, the 
Hartree-Fock approximation is often the 
starting point for theories that do 
account for electron correlation. Within 
the density functional theory, Hartree-
Fock exchange appears to be a necessary 
ingredient in the best functionals, which 
are able to achieve chemical accuracy (1 
kcal/mol).

Figure 1
Electrostatic potential isosurfaces of the p53 tumor suppressor 
tetramerization monomer. The isosurfaces correspond to ±0.06 atomic 
units, with the red surface corresponding to positive values. This 
calculation involved 3836 basis functions and was carried out on an IBM 
RS6000 model 590 workstation. Timing for one Fock build is 3.3 central 
processor unit (cpu) hours. 

The Two-Electron Problem 

The Hartree-Fock self-consistent field equations are solved iteratively, requiring assembly of a Fock 
matrix with each cycle. Conventional implementations of Hartree-Fock theory are dominated by 
computation of exchange and Coulomb contributions to the Fock matrix. Calculation of the exchange 



and Coulomb matrices are expensive because they involve the computation and handling of two-
electron integrals, which are four index quantities. Calculation of the two-electron integrals (and 
therefore the Fock matrix) is formally an N^4 process, where N is the number of basis functions. 

In practice, the use of Gaussian basis sets and the thresholding of negligible integrals employed by 
state-of-the-art quantum chemistry programs yield computational complexities that are approximately 
N^3, and which approach a quadratic limit as N becomes large. Nevertheless, applications of Hartree-
Fock theory to systems with more than 2000 basis functions are rare; one of the largest calculation to 
date (N = 2700) was possible only through the exploitation of high (icosahedral) symmetry. For 
macromolecules, conventional ab initio methods are inapplicable. 

Linear Scaling 

These researchers have recently introduced linear scaling methods for computation of the Fock matrix 
that are valid for insulating systems (not conductors). Linear scaling computation of the Fock matrix is 
achieved with specialized methods that exploit the unique characteristics of the exchange and Coulomb 
interactions. 

The exchange interaction is a quantum phenomenon. For insulators, this interaction is short range, a 
feature that has been exploited to obtain linear scaling methods for computing the exchange matrix. 
These methods are described in more detail in the Journal of Chemical Physics, 105, p. 2726, 
(UMSIReport 96/17, March 1996). 

Figure 2

Average timings for construction of the Fock matrix two-electron 
components corresponding to a sequence of water clusters. Average times 
for one MONDO SCF cycle are also shown. Linear fits to the Fock 
matrix two-electron component times are shown as an aid to gauging 
linearity. Correlation coefficients of both fits are r = 0.999. 

Linear scaling computation of the 
Coulomb matrix is accomplished with 
hierarchical clustering technologies that 
rely on rapidly convergent series 
expansions to reduce complexity. This 
method is equivalent to computing the 
gravitational interaction between the 
Earth and the Moon by using the 
product of their masses divided by the 
separation of their center of masses, 
rather than adding up the individual 
interactions between all particles that 
compose the Earth and the Moon. This 
method is a tree-code implementation of 
the multipole series and provides an 
alternative to fast multipole re-
expansion methods used earlier by other 
researchers. This method is described in 
UMSI Report 96/168, September 1996. 

These linear scaling methods have been 
interfaced with a modified version of the 
ab initio quantum chemistry code 
HONDO 95.3, developed by Michel 
Dupuis of Pacific Northwest Laboratory. 
This modified version is called 
MONDO. MONDO Hartree-Fock 
calculations using the 3-21G basis set 
have been performed on a series of 



approximately spherical water clusters 
taken from an equilibrated molecular 
dynamics simulation. Timings for 
computation of the exchange and the 
Coulomb matrices are shown in Figure 
2, together with average times for one 
MONDO SCF cycle. These timings 
were obtained on an IBM RS/6000 
model 590 workstation. 

Ab Initio Electronic Structure of Proteins 

With linear scaling methods, large systems of biophysical relevance are accessible to first principles 
quantum chemical studies. One important molecular property readily obtained from Hartree-Fock 
theory is the electrostatic potential, which is widely implicated in molecular recognition and binding. 
Electrostatic potential isosurfaces of the p53 tumor suppressor tetramerization monomer are shown in 
Figure 1, and were derived from MONDO Hartree-Fock calculations using the 3-21G basis set. 

Linear scaling methods already exist for computation of the exchange-correlation matrix in density 
functional theory. In combination with the linear scaling methods for Hartree-Fock calculations 
discussed here, these techniques open the door to accurate quantum chemical methods that are 
appropriate for the study of large biochemical systems. 

For a more detailed discussion of this research, please see the two University of Minnesota 
Supercomputer Institute Research Reports mentioned in this article (UMSI 96/17 and UMSI 96/168). 
They are available by contacting our Research Report Coordinator, Susan Kilber Kalenze, 
kilber@msi.umn.edu. 

International Conference on Parallel Computing, October 3-4, 1996 

The Supercomputer Institute and IBM Corporation are sponsoring the International Conference on 
Parallel Computing from October 3-4, 1996. The conference, formerly scheduled to take place in San 
Jose, California in August, has been moved to Minneapolis. 

The conference will bring together scientists and post-graduate students to discuss distributed parallel 
applications in computational sciences and to foster cross-disciplinary interactions in the general area 
of high-performance computing. There will be a mix of talks dealing with novel programming and 
algorithmic aspects as well as state-of-the-art technical advances. Invited speakers will be from around 
the world and are currently being contacted. This will be a concentrated forum to discuss progress on 
enhancing the number of applications that run in parallel. 

For further information, 
please refer to the 

ICPC World Wide Web announcement. 

Symposium on Modeling in Biochemical Engineering, October 11-
12, 1996 

The conference will bring together scientists and post-graduate students to discuss distributed parallel 
applications in computational sciences and to foster cross-disciplinary interactions in the general area 
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of high-performance computing. There will be a mix of talks dealing with novel programming and 
algorithmic aspects as well as state-of-the-art technical advances. Invited speakers will be from around 
the world and are currently being contacted. This will be a concentrated forum to discuss progress on 
enhancing the number of applications that run in parallel. 

The main objectives of the conference are to examine the principal methods currently used to model 
biological systems, and to delineate future directions for modeling that will foster a distinctively 
creative role from chemical engineers in the economic exploitation of bioprocesses. The conference 
will also serve as an occation to honor Professor Arnold G. Fredrickson, University of Minnesota, for 
his outstanding contributions to the modeling of microbial processes. 

For further information, 
please refer to the 

Modeling in Biochemical Engineering World Wide Web announcement. 

Workshop on Evolutionary Algorithms, October 21-25, 1996 

The Supercomputer Institute and the Institute for Mathematics and its Applications are jointly 
sponsoring a Workshop on Evolutionary Algorithms which will take place October 21-25, 1996. It will 
bring together key researchers for a concentrated discussion of theory and applications of evolutionary 
algorithms, including genetic algorithms, evolution strategies for problem solving and evolutionary 
programming. The workshop will be organized around a limited number of plenary lectures with 
generous blocks of time for interactive discussion sessions. 

The workshop will be of interest to: 

• practitioners from industry with applications in search, optimization, and machine learning 
• mathematicians working in dynamical systems and Markov processes 
• people interested in application areas and algorithms for high-performance computing. 

For further information, 
please refer to the 

Workshop on Evolutionary Algorithms World Wide Web announcement. 
Graduate student Hyun-Chul Jung and Professor Seung-Urn Choe of the Department of Earth Science, 
Seoul National University, Seoul, Korea visited Astronomy Professor Tom Jones at the Institute over 
the summer. They worked with Professor Jones on high-performance computing research in 
Astronomy. Their research focuses specifically on the dynamics of young supernova remnants. 

Geology and Geophysics Professor David Yuen hosted Asahara Zwase, Satoru Honda, and Tommy 
Nakakuki from the Department of Earth and Planetary Sciences at Hiroshima University, Hiroshima, 
Japan. 



Supercomputer Institute Research Scholars 
Engaged in Postdoctoral Work at the University of 
Minnesota
The Supercomputer Institute is pleased this year to sponsor eight Research Scholars who are working 
in the fields of Aerospace Engineering and Mechanics, Astronomy, Chemical Engineering and 
Materials Science, Computer Science, and Geology and Geophysics. Research Scholars are often 
postdoctoral associates who work closely with Supercomputer Institute principal investigators on 
cosponsored research initiatives supported by federal grants and the Supercomputer Institute. 

Dr. Valmor Fernandes de Almeida is working with Chemical Engineering Professor Jeffrey J. Derby on 
research aimed at modeling three-dimensional phenomena in crystal growth systems. This research has 
applications for the development of large, single crystals of exacting quality which are needed for the 
fabrication of advanced optical, magnetic, and electronic devices. These devices have a range of 
industrial, military, and medical applications. 

Dr. Byung-Il Jun is beginning his second year as a Supercomputer Institute Research Scholar. He 
received his Ph.D. at the University of Illinois at Urbana-Champaign in 1995. His thesis work at the 
National Center for Supercomputing Applications focused on the dynamics of supernova remnants. His 
previous numerical gasdynamic and MHDexperiences prepared him well for his work with Astronomy 
Professor Tom Jones on their research project entitled "Astrophysical Particle Acceleration and 
Dynamics of Supernova Ejecta." This research explores the highly nonlinear interactions between 
cosmic rays and the shock waves created by supernova explosions. 

Dr. Motoyuki Kido comes to the University of Minnesota from the Earthquake Research Institute at the 
University of Tokyo. He is working with Geology Professor David A. Yuen on research projects 
designed to model thermal convection in the Earth's mantle. 

Dr. George Karypis earned his Ph.D. at the University of Minnesota in 1996 and is conducting research 
with Computer Science Professor Vipin Kumar. Their research focuses on graph partitioning, a problem 
that has extensive applications in scientific computing, very large integrated circuit (VLSI) design, task 
scheduling, geographical information systems, and operations research. 

Dr. Junhui Liu has been conducting research at the University of Minnesota for the past ten months. 
She came to Minnesota from the University of Maryland where she earned her Ph.D. in Mechanical 
Engineering. Liu is working with Professor Graham Candler in the Department of Aerospace 
Engineering and Mechanics. Their work focuses on large eddy simulation of turbulent compressible 
flows. This work has applications in aircraft designs that have reduced drag and lower fuel 
consumption. 

Dr. Sriram Nivarthi earned his Ph.D. in Chemical Engineering in April 1995 at the University of 
Minnesota. He is working with Professor H. Ted Davis. They are studying fluid flow in porous media 
by application of lattice-Boltzmann simulations. Dr. Nivarthi is using a fully functional lattice-
Boltzmann code that is capable of simulating multiphase and multicomponent fluids. The interactions 
between fluid particles can be tuned to mimic real physical systems, like oil and water. This work has 
applications in the modeling of contaminant flow in groundwater. 

Dr. Serdar Ögüt is working with Chemical Engineering and Materials Science Professor Jim 
Chelikowsky. Dr. Ögüt earned his Ph.D. at Yale University in September 1995. Their research uses 
computational tools and high-performance computing resources to investigate the electronic and 



structural properties of solids, clusters, and liquids. This research has applications for the structure of 
large semiconductor clusters and for point defects in semiconductor materials. 

Dr. Yu Zhou is beginning his second year as a Supercomputer Institute Research Scholar. He is working 
with Physics Professor J. Woods Halley on research aimed at studying the adsorption of chlorine at a 
copper electrode in a model in which the electronic structure of the electrode is represented by density 
functional theory methods and the electronic structure is recalculated at each step of the molecular 
dynamics simulation. This research is part of a Department of Energy sponsored program to improve 
quantitative understanding of reactions, particularly electron transfer, which control corrosion 
processes at metal and oxide-electrolyte interfaces. 

Research Scholarships are awarded in response to nominations and matching funds provided by a 
University of Minnesota faculty member. Persons interested in a Research Scholarship in 1997-98 
should contact a Supercomputer Institute Principal Investigator in their field to discuss the possibility 
of nomination and cosponsorship. The deadline for nominations is January 15, 1997, so it is well 
advised for preliminary discussions to begin this fall. 


