Programming Paradigms, Tools and Algorithmsfor the Spectral
Solution of the Electronic Schrddinger Equation on
Non-Uniform-M emory Paralle Processors

Background

We propose to develop software tools and methods that are appropriate for current and future
generations of large scale shared memory computer systems. Our purpose is to enable a more
productive utilization of these architectures for scientific computation. Work undertaken by our
team will extend and drive the development of programming paradigms, tools and algorithms
for this important machine class, with particular emphasis on assessing the influence of memory
architecture on code performance. We will specifically focus on agorithms for solving
differential equations appropriate to quantum chemistry, which are both computationally and
memory intensive. To accomplish our goals we bring together a team of world class scientists
taken from academia, the developers of the Gaussian computational chemistry code (Gaussian
Inc.), and an innovative multinational computer hardware/software company (Sun
Microsystems).

Our emphasis on shared memory parallel processors recognizes the fact that, in the last five
years, this environment has become increasingly prevalent and available. Dramatic increases in
sngle processor performance that continue to track M oore's Law [1] have decreased the need for
massive paralelism for many applications. Moreover, improvements in memory system
hardware, such as the development of non-uniform memory access (NUMA) technologies, have
permitted shared address space architectures to scale to processor numbers that were previoudy
the sole domain of distributed memory machines. However, maximizing performance on large
shared memory processors without resorting to an essentialy distributed memory programming
model presents substantial challenges in the design of all levels of software; from compilers to
operating systems, and from operating system related middleware to the end user’s application
code. Addressing these challenges, while also furthering the development of an exciting new
category of computational chemistry methods, is the aim of this proposal.

In researching different paralel agorithms for solving differential equations we will use both
libraries for accessing on-chip performance monitoring counters (e.g. [2, 3]) and complete
machine simulation [4]. The former are useful for obtaining statistics, e.g. the ratio of cache
misses on code sections of interest, while the latter can yield more detailed information, e.g.
cache miss ratios broken down in terms of their various causes (mapping conflicts, misses
arising from previous coherency-related invalidations, etc). Simulation also permits performance
to be evaluated on non-existing variants of a machine, for example, to predict performance
changes resulting from changing the cache line size. The downside of smulation is that it is
usually slow. Also the majority of simulators are expensive commercial products beyond the
means of most software developers. Thus, to date simulation has not been widely used as a tool
to aid in algorithm design and analysis. This project aims to demonstrate this utility in the design
of scalable algorithms for solving differential equations. We will build on the substantial work
aready undertaken at the Australian National University (ANU) to develop a comparatively fast,
freely available SPARC based full machine simulator [5]. Our work will involve extending the
existing simulator (e.g. to include a variety of memory models), normalizing the results of
smulation to those obtained using on-chip counters on existing hardware, predicting
performance on as yet un-built machines, and exploring operating system changes (such as
modifications to the page allocation and migration algorithms [6]).
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As aready noted, our project will focus on algorithms for solving differential equations
appropriate to quantum chemistry. Specifically we will use the Gaussian computational
chemistry package. This is the market leading quantum chemistry code that is used extensively
throughout the world [7]. At the time of writing the program comprises over a million lines of
code and is available for virtualy &l current generation computing platforms. While the code
can perform a variety of different computations, the majority solve the Schrédinger equation for
a system of nuclei and electrons. The implementation in Gaussian, like most chemistry
applications, relies on the well known fixed nuclei approximation where the differential
equations are solved for the motion of the electrons moving in the field of the fixed nuclei.
Solving this problem is referred to as solving the electronic Schrodinger equation, or solving the
electronic structure problem. However, even within the confines of fixed nuclei, further
approximations are required. Different approximations give rise to different electronic structure
methods, and invariably these all result in a set of coupled partial differential equations that must
be solved. Differential equations can be solved either on a physical grid, or by using a spectral
expansion. Gaussian derives its name from the fact that a spectral approach is used, expanding
the solution(s) in abasis of Gaussian functions located on each nuclear centre.

Under the broad umbrella of electronic structure methods, our focus will be linear scaling and
related methods [8]. As the name suggests these algorithms are designed to show asymptotic
linear scaling with system size, i.e. with the number of atoms in the computation. This is a
dramatic reduction in cost from the cubic or higher order scaling that was previoudy the norm
(see Significance and Innovation). This area has experienced rapid development in the last five
years, in part because increases in computer power now permit systems of sufficient size to be
studied that the idea at the core of linear scaling methods, namely locality of interactions,
becomes meaningful. Linear scaling electronic structure methods promise to revolutionize
computation, opening up the possibility of first principles quantum calculations on nanoscale
systems, such as enzymes, ion channels, nanotubes, molecular electronic devices etc. This will
be especially trueif, as is the objective of this proposal, we can develop highly scalable parallel
implementations for shared memory computers.

Implementing efficient parallel algorithms for these new methods presents a number of
problems. Two critical issues are computational load balance, and optima partitioning and
placement of the large sparse arrays that are involved. Load balancing is crucial, since the
computational tasks at the core of the new methods depend greatly on the distance between the
atoms involved. Essentially, atoms that are close give rise to much work; those separated by
long distances give rise to little. Data partitioning is important since a truly scalable algorithm
should not replicate any O(N) data structure, while data placement is critical to ensure that
frequently-used data is “close” to where it is required. Given these difficulties, performance
smulation will be avital tool in our research into parallel implementations of these methods.

In addition to the technical difficulties of developing efficient parallel algorithms, non-trivial
software engineering issues are associated with implementing and maintaining these algorithms
within a large commercial package like Gaussian. Our work will be of little merit if the code we
develop fals into disrepair because it is too costly to maintain. To have maximum impact our
software must be readable, extensible and maintainable, and should not deviate substantially
from the standard code which is continuously being developed by people outside of this project.
For these reasons the ultimate goal of this project is to work within the OpenMP programming
paradigm [9]. Thisisastandard that, in contrast to other shared memory programming standards
like pthreads [10], results in minimal difference between the sequential and parallel source code.
We state this as our ultimate goal, because currently OpenM P does not, for example, include any
model for task or work queues [11], or any concept of locality in data and process placement. An
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objective of this proposal is to demonstrate the utility of these (and other) concepts, then
working through our industrial partner Sun, seek to put forward ideas for how the OpenMP
sandard might usefully evolve. In this respect we note that some extensions to account for
NUMA characterigtics have already been proposed by some hardware vendors [12]. However
there is no general consensus on what these extensions should be, and very little research on the
utility of these proposed extensions for redl life application codes. Our work will fill this void.

In summary this project brings together experts in computer science, software engineering and
electronic structure methods. By working as a team will we will be able to produce advances
that have a long term practica impact on the field. The project contains elements of
mathematical modeling, software engineering and software-hardware co-design; key
components of the “Complex Systems” ARC priority research area. M oreover the computational
methods that are the target of this work are immediately applicable to the ARC priority research
area of “Nano-Materials and Bio-Materias’. Success of this project will be measured in several
ways, including (but not limited to):

* The &bility to redligtically simulate the performance of a highly complex rea world
computational science application code, and to use this information to aid the design of
paralel software.

» The ability to predict the effect of architectural and operating system changes on the
performance of a complex application, and thereby give guidance to the hardware and
software groups within Sun as to how they may want to change their products.

» Significant advances in the development of efficient NUMA-aware parallel electronic
sructure algorithms for linear scaling and related methods.

* Proposals for extensions to the OpenM P standard, particularly in the area of task or work
queues and NUMA aware bindings.

Significance and Innovation

This proposal targets electronic structure methods for “large” systems, and their efficient
implementation on shared memory parallel processors. What is a “large” system requires some
discussion. Essentially the asymptotic computational cost of all spectra based electronic
structure methods is dependent on the number of functions used in the spectral decompostion.
This in turn is linearly related to the number of atoms in the system (as the functions are atom
centered). Without pre-screening methods such as Hartree-Fock (HF) or Density Functional
Theory (DFT), scale with the fourth power of the number N of functions/atoms — nominally
O(N#). Careful use of screening reduces this to O(N3) or dightly less [13]. In this context,
depending on the computer, implementation etc, a “large” calculation might comprise a few
hundred atoms. Other methods, such as the most commonly used coupled-cluster gpproach [14],
scales as O(N7). As a consequence, a “large” coupled-cluster calculation may have only a few
tens of atoms.

More recent approaches for HF and DFT calculations have formally reduced the scaling of the
time dominant part of the computation from O(N*) to O(N) [15, 16]. When coupled with an
efficient parallel implementation, these improved a gorithms will enable routine calculations on
systems with many thousands of atoms. For the more expensive coupled-cluster methods,
achieving O(N) scaling is considerably more complicated, although still technically possible
[17]. For these methods our short term strategy will be to pursue awell parallelized conventional
coupled-cluster method, and then to gradually include linear scaling ideas. This will still be
extremely valuable as coupled-cluster methods provide the most accurate, generally applicable,
electronic structure method that is currently available [14]. The method is used as a “gold
standard”, to which other results are compared. It is widely used for computing accurate heats of
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formations that are then used as input data for other computational models, e.g. combustion
models. Thus increasing the number of atoms that can be treated with these “expensive”
methods, even dightly, is still very significant.

For the average computational scientist, our emphasis on the shared memory parallel
environment will be beneficial since small-scale shared memory paralel systems are the normin
many research groups. This is not surprising, since the cost of adding a second processor is
usually minimal compared to the cost of the base system. Beyond their local environment this
research group is likely to have access to a larger shared memory paralel system. Be that a
machine manufactured by Sun, Compag, SGI etc, beyond a certain size virtualy all such
machines display some NUMA characteristics. Thus our focus on NUMA paralel
implementations is both widely applicable and of much current interest. For example, at this
time there is no consensus on the best programming paradigm using NUMA machines. Compaq
has proposed a series of extensions to the OpenM P model for use on their GS product line [12],
SGI has adifferent set of ideas for use on their Origin systems [18]. In both cases very little data
is available to demonstrate the utility, or otherwise, of their proposed schemes. Our work would
fill this gap, and would be extremely timely as the community is beginning to consider how the
OpenMP standard may evolve beyond version 2.

This project brings together experts from both the computational chemistry and computer
science areas with the aim of dramatically improving the paralel performance of an extremely
widely used electronic structure code. To achieve this goal we will use the recently developed
approach of (execution-driven) complete machine smulation [19]. This approach will yield the
greatest accuracy in the ordering of memory interactions between processors and also capture all
interactions and effects such as page mapping policies that arise from the operating system. It
has the added advantage that the application code can be smulated unmodified. Such an
approach will allow us to analyze in detail the memory access patterns of the code and thereby
determine optimal data placement on NUMA architectures. Through simulation we will be able
to assess performance on new architecture types without necessitating the building of new
hardware. Thus, as well modifying the application to better fit the hardware, we will be in the
unigque position of being able to suggest hardware modifications that improve application
performance.

This project will also advance the field of computer smulation. Traditional simulation
techniques require detailed simulation of the CPU pipeline in order to obtain realistic ordering of
memory events in the shared memory context. However, this may decrease simulation speed by
up to two orders of magnitude. Working closely with our industrial partner, Sun, we will explore
computationally inexpensive methods of improving timing accuracy that do not require full
pipeline simulation. Optimizing and exploring performance-accuracy tradeoffs in the modeling
of NUMA memory systems is also expected to produce novel work. The use of a non-trivial and
important application such as Gaussian is essential to validate this work.
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