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Preface

This book is intended to serve as a reference for the design and implementa-
tion of parallel quantum chemistry programs. Development of efficient quan-
tum chemistry software capable of utilizing large-scale parallel computers
requires a grasp of many issues pertaining to both parallel computing hard-
ware and parallel programming practices, as well as an understanding of the
methods to be implemented. The text provides an in-depth view of paral-
lel programming challenges from the perspective of a quantum chemist, in-
cluding parallel computer architectures, message-passing, multi-threading,
parallel program design and performance analysis, as well as parallel imple-
mentation of important electronic structure procedures and methods such as
two-electron integral computation, Hartree–Fock and second-order Møller–
Plesset perturbation (MP2) theory, and the local correlation method LMP2.
Some topics relevant to parallel computing in quantum chemistry have not
been included in this book. Thus, performance tools and debuggers are not
treated, parallel I/O is only briefly discussed, and advanced electronic struc-
ture methods such as coupled-cluster theory and configuration interaction
are not covered.

We will assume that the reader has a basic understanding of quantum
chemistry, including Hartree–Fock theory and correlated electronic structure
methods such as Møller–Plesset perturbation theory. Readers can find intro-
ductory discussions of these methods in, for example, Jensen1 and the classic
Szabo and Ostlund text.2 A comprehensive and somewhat more advanced
treatment of electronic structure theory can be found in Helgaker, Jørgensen,
and Olsen.3 No prior experience with parallel computing is required, but the
reader should be familiar with computer programming and programming
languages at the advanced undergraduate level. The program examples in
the book are written in the C programming language, and at least a rudimen-
tary knowledge of C will therefore be helpful. The text by Kernighan and
Ritchie4 covers all C features used in this book.

Scope and Organization of the Text

This book is divided into two parts. In Part I we will discuss parallel
computer architectures as well as parallel computing concepts and termi-
nology with a focus on good parallel program design and performance
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analysis. Part II contains detailed discussions and performance analyses of
parallel algorithms for a number of important and widely used quantum
chemistry procedures and methods.

An outline of the contents of each chapter is given below.

Chapter 1: Introduction

Here we provide a brief history of parallel computing in quantum chemistry
and discuss trends in hardware as well as trends in the methods and algo-
rithms of quantum chemistry. The impact of these trends on future quantum
chemistry programs will be considered.

Chapter 2: Parallel Computer Architectures

This chapter provides an overview of parallel computer architectures, includ-
ing the traditional Flynn classification scheme and a discussion of computa-
tion nodes and the networks connecting them. We also present an overall
system view of a parallel computer, describing the hierarchical nature of par-
allel architecture, machine reliability, and the distinction between commodity
and custom computers.

Chapter 3: Communication via Message-Passing

This chapter covers message-passing, one of the primary software tools re-
quired to develop parallel quantum chemistry programs for distributed mem-
ory parallel computers. Point-to-point, collective, and one-sided varieties of
message-passing are also discussed.

Chapter 4: Multi-Threading

The importance of multi-threading will continue to increase due to the emer-
gence of multicore chips. Parallelization by means of multi-threading is dis-
cussed as well as hybrid multi-threading/message-passing approaches for
utilizing large-scale parallel computers.

Chapter 5: Parallel Performance Evaluation

Design and implementation of efficient parallel algorithms requires careful
analysis and evaluation of their performance. This chapter introduces ideal-
ized machine models along with measures for predicting and assessing the
performance of parallel algorithms.

Chapter 6: Parallel Program Design

This chapter discusses fundamental issues involved in designing and imple-
menting parallel programs, including the distribution of tasks and data as
well as schemes for interprocessor communication.
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Chapter 7: Two-Electron Integral Evaluation

An important, basic step performed in most quantum chemistry programs is
the computation of the two-electron integrals. Schemes for parallel computa-
tion of these integrals and detailed performance models incorporating load
imbalance are discussed.

Chapter 8: The Hartree–Fock Method

The Hartree–Fock method is central to quantum chemistry, and an efficient
Hartree–Fock program is an essential part of a quantum chemistry program
package. We outline the Hartree–Fock procedure and present and analyze
both replicated data and distributed data Fock matrix formation algorithms.

Chapter 9: Second-Order Møller–Plesset Perturbation Theory

Second-order Møller–Plesset (MP2) perturbation theory is a widely used
quantum chemical method for incorporating electron correlation. This chap-
ter considers parallel computation of MP2 energies, comparing the perfor-
mance achievable with simple and more sophisticated parallelization strate-
gies.

Chapter 10: Local Møller–Plesset Perturbation Theory

Local correlation methods represent an important new class of correlated elec-
tronic structure methods that aim at computing molecular properties with the
same accuracy as their conventional counterparts but at a significantly lower
computational cost. We discuss the challenges of parallelizing local correla-
tion methods in the context of local second-order Møller–Plesset perturbation
theory, illustrating a parallel implementation and presenting benchmarks as
well.

Appendix A: A Brief Introduction to MPI

The Message-Passing Interface (MPI) is the primary mechanism used for ex-
plicit message-passing in scientific computing applications. This appendix
briefly discusses some of the most commonly used MPI routines.

Appendix B: Pthreads

Pthreads is a standard for creating and managing multiple threads. We give a
brief introduction to multi-threaded programming with Pthreads, including
an example Pthreads program.

Appendix C: OpenMP

OpenMP is a set of compiler extensions to facilitate development of multi-
threaded programs. We describe these compiler extensions, using example
source code illustrating parallel programming with OpenMP.
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1
Introduction

The need for parallel software for scientific computing is ever increasing.
Supercomputers are not only being built with more processors, but parallel
computers are also no longer limited to large machines owned and managed
by high-performance computing centers; parallel desktop computers are in-
creasingly widespread, and even laptop computers have multiple processors.
Development of scientific computing software must adapt to these conditions
as parallel computation becomes the norm rather than the exception. In the
field of quantum chemistry, additional factors contribute to the need for par-
allelism. Quantum chemistry has become an indispensable tool for investi-
gating chemical phenomena, and quantum chemical methods are employed
widely in research across many chemical disciplines; this widespread use
of quantum chemistry reinforces the importance of rapid turnaround com-
putations, which can be addressed by parallel computing. Additionally, for
quantum chemistry to continue to be an integral part of chemical research,
quantum chemical methods must be applicable to the chemical systems of
interest, including larger molecules, and parallelism can play an important
role in extending the range of these methods. Parallel implementations can
broaden the scope of conventional quantum chemical methods, whose com-
putational cost scales as a high-degree polynomial in the molecular size, and
enable the treatment of very large molecular systems with linear-scaling or
reduced-scaling methods.

In the following, we will first give a brief historical sketch and current
perspective of parallel computing in quantum chemistry. We will then discuss
trends in hardware development for single-processor and parallel computers
as well as trends in parallel software development, including the parallel
programming challenges following the emergence of new quantum chemical
methods and the changes in hardware.
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