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Preface

The Eighth International Workshop on Applied Parallel Computing (PARA 2006)
was held in Umea, Sweden, June 18-21, 2006. The workshop was organized by
the High Performance Computing Center North (HPC2N) and the Department
of Computing Science at Umea University. The general theme for PARA 2006
was “State of the Art in Scientific and Parallel Computing.” Topics covered at
PARA 2006 included basic algorithms and software for scientific, parallel and
grid computing, tools and environments for developing high-performance com-
puting applications, as well as a broad spectrum of applications from science and
engineering.

The workshop included 7 plenary keynote presentations, 15 invited minisym-
posia organized in 30 sessions, and 16 sessions of contributed talks. The min-
isymposia and the contributed talks were held in five to six parallel sessions. The
main workshop program was preceded by two half-day tutorials. In total, 205
presentations were held at PARA 2006, by speakers representing 28 countries.
Extended abstracts for all presentations were made available at the PARA 2006
Web site (www.hpe2n.umu.se/para06).

The reviewing process was performed in two stages for evaluation of original-
ity, appropriateness, and significance. In the first stage, extended abstracts were
reviewed for selection of contributions to be presented at the workshop. In the
second stage the full papers submitted after the workshop were reviewed. In to-
tal, 120 papers were selected for publication in this peer-reviewed post-conference
proceedings.

A number of people contributed in different regards to the organization and
the accomplishment of PARA 2006. First of all the Local Organization Com-
mittee did a greatly appreciated and enthusiastic job. We also acknowledge
the following people for the assistance and support during the workshop days:
Yvonne Lowstedt and Anne-Lie Persson; Niklas Edmundsson, Roger Oscarsson,
and Mattias Wadenstein. A special thanks goes to the PARA 2006 secretary,
Lena Hellman, to Anders Backman and Bjorn Torkelsson for designing and man-
aging the PARA 2006 Web site including the electronic paper submission system,
powered by Commence, and to Mats Nylén and Mikael Rannar for their profes-
sional assistance in compiling and editing the PARA 2006 program, the booklet
of extended abstracts, and the final proceedings. PARA 2006 would not have
been possible without the personal involvement of all these fine people. We also
greatly acknowledge all minisymposia organizers, the review coordinators and
all the referees for their evaluations in the second review stage, which included
several rounds and resulted in these professionally peer-reviewed post-workshop
proceedings. Finally, we would also like to thank the sponsoring institutions for
their generous financial support.



VI Preface

Since 1996 the international PARA conferences have become biennial and are
organized by one of the Nordic countries. The three first workshops including
PARA 1996 and the last PARA 2004 were held in Lyngby, Denmark. The other
three, besides this one, were held in Umea, Sweden (PARA 1998), in Bergen,
Norway (PARA 2000), and in Espoo, Finland (PARA 2002). The PARA 2008
workshop will take place in Trondheim, Norway, May 13—-16, 2008.

March 2007 Bo Kagstrom
Erik Elmroth

Jack Dongarra

Jerzy Wasniewski



In Memoriam and Dedication

Every day we are reminded of the perishables of life and that our individual
lives are only a gift for a finite time. Unfortunately, at PARA 2006 this was no
exception. Our colleague Amelia De Vivo, Universita degli Studi della Basilicata,
Italy, passed away during the conference on June 21, 2006 in Umea, Sweden.
Another of our colleagues, Olav Beckmann, Imperial College London, UK died
on November 9, 2006; this workshop was the last professional engagement of his
career. As a token of our friendship and admiration of Amelia De Vivo and Olav
Beckmann, we dedicate the PARA 2006 conference proceedings to them, from
all PARA 2006 participants and with our regards to their families.
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Abstract. Power consumption and heat dissipation issues are pushing
the microprocessors industry towards multicore design patterns. Given
the cubic dependence between core frequency and power consumption,
multicore technologies leverage the idea that doubling the number of
cores and halving the cores frequency gives roughly the same performance
reducing the power consumption by a factor of four. With the number of
cores on multicore chips expected to reach tens in a few years, efficient im-
plementations of numerical libraries using shared memory programming
models is of high interest. The current message passing paradigm used
in ScaLAPACK and elsewhere introduces unnecessary memory overhead
and memory copy operations, which degrade performance, along with
the making it harder to schedule operations that could be done in paral-
lel. Limiting the use of shared memory to fork-join parallelism (perhaps
with OpenMP) or to its use within the BLAS does not address all these
issues.

1 Introduction

The idea that computational modeling and simulation represents a new branch
of scientific methodology, alongside theory and experimentation, was introduced
about two decades ago. It has since come to symbolize the enthusiasm and sense
of importance that people in our community feel for the work they are doing. But
when we try to assess how much progress we have made and where things stand
along the developmental path for this new “third pillar of science,” recalling
some history about the development of the other pillars can help keep things in
perspective. For example, we can trace the systematic use of experiment back
to Galileo in the early seventeenth century. Yet for all the incredible successes
it enjoyed over its first three centuries, and the considerable contributions from
many outstanding scientists such as G. Mendel or C. R. Darwin, the experimental
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method arguably did not fully mature until the elements of good experimental
design and practice were finally analyzed and described in detail by R. A. Fisher
and others in the first half of the twentieth century. In that light, it seems clear
that while Computational Science has had many remarkable youthful successes,
it is still at a very early stage in its growth.

Many of us today who want to hasten that growth believe that the most
progressive steps in that direction require much more community focus on the
vital core of Computational Science: software and the mathematical models and
algorithms it encodes. Of course the general and widespread obsession with hard-
ware is understandable, especially given exponential increases in processor per-
formance, the constant evolution of processor architectures and supercomputer
designs, and the natural fascination that people have for big, fast machines. But
when it comes to advancing the cause of computational modeling and simula-
tion as a new part of the scientific method, there is no doubt that the complex
software “ecosystem” it requires must take its place on the center stage.

At the application level the science has to be captured in mathematical mod-
els, which in turn are expressed algorithmically and ultimately encoded as soft-
ware. Accordingly, on typical projects the majority of the funding goes to support
this translation process that starts with scientific ideas and ends with executable
software, and which over its course requires intimate collaboration among do-
main scientists (physicists, chemists, biologists, etc), computer scientists and
applied mathematicians. This process also relies on a large infrastructure of
mathematical libraries, protocols and system software that has taken years to
build up and that must be maintained, ported, and enhanced for many years
to come if the value of the application codes that depend on it are to be pre-
served and extended. The software that encapsulates all this effort, energy, and
thought, routinely outlasts (usually by years, sometimes by decades) the hard-
ware it was originally designed to run on, as well as the individuals who designed
and developed it.

Thus the life of Computational Science revolves around a multifaceted soft-
ware ecosystem. But today there is (and should be) a real concern that this
ecosystem of Computational Science, with all its complexities, is not ready for
the major challenges that will soon confront the field. Domain scientists now
want to create much larger, multi-dimensional applications in which a variety
of previously independent models are coupled together, or even fully integrated.
They hope to be able to run these applications on Petascale systems with tens
of thousands of processors, to extract all the performance that these platforms
can deliver, to recover automatically from the processor failures that regularly
occur at this scale, and to do all this without sacrificing good programmability.
This vision of what Computational Science wants to become contains numerous
unsolved and exciting problems for the software research community. Unfortu-
nately, it also highlights aspects of the current software environment that are
either immature or under funded or both [3].
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2 The Challenges of Multicore

It is difficult to overestimate the magnitude of the discontinuity that the high
performance computing (HPC) community is about to experience because of
the emergence of the next generation of multi-core and heterogeneous processor
designs [4]. For at least two decades, HPC programmers have taken for granted
that each successive generation of microprocessors would, either immediately or
after minor adjustments, make their old software run substantially faster. But
three main factors are converging to bring this “free ride” to an end. First, sys-
tem builders have encountered intractable physical barriers — too much heat, too
much power consumption, and too much leaking voltage — to further increases
in clock speeds. Second, physical limits on the number and bandwidth of pins
on a single chip means that the gap between processor performance and mem-
ory performance, which was already bad, will get increasingly worse. Finally,
the design trade-offs being made to address the previous two factors will render
commodity processors, absent any further augmentation, inadequate for the pur-
poses of tera- and peta-scale systems for advanced applications. This daunting
combination of obstacles has forced the designers of new multi-core and hybrid
systems, searching for more computing power, to explore architectures that soft-
ware built on the old model are unable to effectively exploit without radical
modification [5].

But despite the rapidly approaching obsolescence of familiar programming
paradigms, there is currently no well understood alternative in whose viability
the community can be confident. The essence of the problem is the dramatic
increase in complexity that software developers will have to confront. Dual-core
machines are already common, and the number of cores is expected to roughly
double with each processor generation. But contrary to the assumptions of the
old model, programmers will not be able to consider these cores independently
(i.e. multi-core is not “the new SMP”) because they share on-chip resources in
ways that separate processors do not. This situation is made even more com-
plicated by the other non-standard components that future architectures are
expected to deploy, including mixing different types of cores, hardware acceler-
ators, and memory systems. Finally, the proliferation of widely divergent design
ideas shows that the question of how to best combine all these new resources and
components is largely unsettled. When combined, these changes produce a pic-
ture of a future in which programmers must overcome software design problems
that are vastly more complex and challenging than in the past in order to take
advantage of the much higher degrees of concurrency and greater computing
power that new architectures will offer.

The work that we currently pursue is the initial phase of a larger project
in Parallel Linear Algebra for Scalable Multi-Core Architectures(PLASMA) that
aims to address this critical and highly disruptive situation. While PLASMA’s
ultimate goal is to create software frameworks that enable programmers to sim-
plify the process of developing applications that can achieve both high perfor-
mance and portability across a range of new architectures, the current high levels
of disorder and uncertainty in the field processor design make it premature to
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attack this goal directly. More experimentation is needed with these new designs
in order to see how prior techniques can be made useful by recombination or
creative application and to discover what novel approaches can be developed
into making our programming models sufficiently flexible and adaptive for the
new regime.

Preliminary work we have already done on available multi-core and hetero-
geneous systems, such as the IBM CELL processor, shows that techniques for
increasing parallelism and exploiting heterogeneity can dramatically accelerate
application performance on these types of systems. Other researchers have al-
ready begun to utilize these results. Under this early PLASMA project, we are
leveraging our initial work in the following three-pronged research effort:

— FExperiment with techniques — Building on the model of large grain data flow
analysis, we are exploring techniques that exploit dynamic and adaptive out-
of-order execution patterns on multi-core and heterogeneous systems. Early
experiences with matrix factorization techniques have already led us to the
idea of dynamic look-ahead, and our preliminary experiments show that this
technique can yield great improvements in performance.

— Develop prototypes — We are testing the most promising techniques through
highly optimized (though neither flexible nor portable and thus not general
enough) implementations that we, and other researchers in the community,
can use to study their limits and gain insight into potential problems. These
prototypes are also enabling us to assess how well suited these approaches
are to dynamic adaptation and automated tuning.

— Provide a design draft for the PLASMA framework — An initial design plan
for PLASMA frameworks for multi-core and hybrid architectures is being
developed and, in combination with PLASMA software prototypes, will be
distributed for community feedback.

Though it is clear that the impact of the multi-core revolution will be ubig-
uitous, we believe that, in developing a programming model for this radically
different environment, there are clear advantages to focusing on Linear Algebra
(LA) in general and Dense Linear Algebra (DLA) in particular, as PLASMA
does. For one thing, DLA libraries are critically important to Computational
Science across an enormous spectrum of disciplines and applications, so a pro-
gramming framework of the type we envision for PLASMA will certainly be
indispensable and needs to be achieved as quickly as possible. But DLA also has
strategic advantages as a research vehicle, because the methods and algorithms
that underlie it have been so thoroughly studied and are so well understood.
This background understanding will allow us to devise techniques that maxi-
mally exploit the resources of the microprocessor platforms under study.

As a third point, we claim that the techniques developed for LA are general
enough to be utilized in other software libraries. In this respect, the research
performed on the PLASMA project is expected to be beneficial for other libraries.
Historically this has been the case with LAPACK and its use of the BLAS.
Nowadays several libraries outside the LA discipline have followed the LAPACK
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example and their performance heavily relies on the BLAS. The inverse is not
true, and we can not find such a generality in other disciplines.

2.1 Main Factors Driving the Multi-core Discontinuity

Among the various factors that are driving the momentous changes now occur-
ring in the design of microprocessors and high end systems, three stand out as
especially notable: 1) the number of transistors on the chip will continue to dou-
ble roughly every 18 months, but the speed of processor clocks will not continue
to proportionally increase; 2) the number and bandwidth of pins on CPUs are
reaching their limits and 3) there will be a strong drift toward hybrid installations
for petascale (and larger) systems. The first two involve fundamental physical
limitations that nothing currently on the horizon is likely to overcome. The third
is a consequence of the first two, combined with the economic necessity of us-
ing many thousands of CPUs to scale up to petascale and larger systems. Each
of these factors has a somewhat different effect on the design space for future
programming;:

1. More transistors and slower clocks means multi-core designs and more par-
allelism required — The modus operandi of traditional processor design —
increase the transistor density, speed up the clock rate, raise the voltage —
has now been blocked by a stubborn set of physical barriers — too much heat
produced, too much power consumed, too much voltage leaked. Multi-core
designs are a natural response to this situation. By putting multiple proces-
sor cores on a single die, architects can continue to increase the number of
gates on the chip without increasing the power densities. But since excess
heat production means that frequencies can not have a sustained increase,
deep-and-narrow pipeline models will tend to recede as shallow-and-wide
pipeline designs become the norm. Moreover, despite obvious similarities,
multi-core processors are not equivalent to multiple-CPUs or to SMPs. Mul-
tiple cores on the same chip can share various caches (including TLB!) and
they certainly share the bus. Extracting performance from this configuration
of resources means that programmers must exploit increased thread-level
parallelism (TLP) and efficient mechanisms for inter-processor communica-
tion and synchronization to manage resources effectively. The complexity of
parallel processing will no longer be hidden in hardware by a combination of
increased instruction level parallelism (ILP) and deep-and-narrow pipeline
techniques, as it was with superscalar designs. It will have to be addressed
in software.

2. Thicker “memory wall” means that communication efficiency will be even
more essential — The pins that connect the processor to main memory have
become a strangle point, with both the rate of pin growth and the band-
width per pin slowing down, if not flattening out. Thus the processor to
memory performance gap, which is already approaching a thousand cycles,
is expected to grow, by 50% per year according to some estimates. At the
same time, the number of cores on a single chip is expected to continue to
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double every 18 months, and since limitations on space will keep the cache
resources from growing as quickly, cache per core ratio will continue to go
down. Problems of memory bandwidth, memory latency, and cache fragmen-
tation will, therefore, tend to get worse.

3. Limitations of commodity processors will further increase heterogeneity and
system complexity — Experience has shown that tera- and petascale systems
must, for the sake of economic viability, use commodity off-the-shelf (COTS)
processors as their foundation. Unfortunately, the trade-offs that are being
(and will continue to be) made in the architecture of these general purpose
multi-core processors are unlikely to deliver the capabilities that leading
edge research applications require, even if the software is suitably modi-
fied. Consequently, in addition to all the different kinds of multithreading
that multi-core systems may utilize — at the core-level, socket-level, board-
level, and distributed memory level — they are also likely to incorporate
some constellation of special purpose processing elements. Examples include
hardware accelerators, GPUs, off-load engines (TOEs), FPGAs, and commu-
nication processors (NIC-processing, RDMA). Since the competing designs
(and design lines) that vendors are offering are already diverging, and mixed
hardware configurations (e.g. Los Alamos Roadrunner, Cray BlackWidow)
are already appearing, the hope of finding a common target architecture
around which to develop future programming models seems at this point to
be largely forlorn.

We believe that these major trends will define, in large part at least, the
design space for scientific software in the coming decade. But while it may be
important for planning purposes to describe them in the abstract, to appreciate
what they mean in practice, and therefore what their strategic significance may
be for the development of new programming models, one has to look at how their
effects play out in concrete cases. Below we describe our early experience with
these new architectures, both how they render traditional, cornerstone numerical
libraries obsolete, and how innovative techniques can exploit their parallelism
and heterogeneity to address these problems.

2.2 Free Ride Is over for HPC Software: Case of
LAPACK/ScaLAPACK

One good way to appreciate the impact and significance of the multi-core revo-
lution is to examine its effect on software packages that are comprehensive and
widely used. The LAPACK/ScalLAPACK libraries fit that description. These li-
braries, which embody much of our work in the adaptation of block partitioned
algorithms to parallel linear algebra software design, have served the HPC and
Computational Science community remarkably well for twenty years. Both LA-
PACK and ScalLAPACK apply the idea of blocking in a consistent way to a wide
range of algorithms in linear algebra (LA), including linear systems, least square
problems, singular value decomposition, eigenvalue decomposition, etc., for prob-
lems with dense and banded coefficient matrices. ScaLAPACK also addresses the
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much harder problem of implementing these routines on top of distributed mem-
ory architectures. Yet it manages to keep close correspondence to LAPACK in
the way the code is structured or organized. The design of these packages has
had a major impact on how mathematical software has been written and used
successfully during that time. Yet when you look at how these foundational li-
braries can be expected to fair on large-scale multi-core systems, it becomes clear
that we are on the verge of a transformation in software design at least as potent
as the change engendered a decade ago by message passing architectures, when
the community had to rethink and rewrite many of its algorithms, libraries, and
applications.

Historically, LA methods have put a strong emphasis on weak scaling or
1soscaling of algorithms, where speed is achieved when the number of processors
is increased while the problem size per processor is kept constant, effectively
increasing the overall problem size. This measure tells us when we can exploit
parallelism to solve larger problems. In this approach, increasing speed of a sin-
gle processing element should decrease the time to solution. But in the emerging
era of multiprocessors, although the number of processing elements (i.e., cores)
in systems will grow rapidly (exponentially, at least for a few generations), the
computational power of individual processing units is likely to be reduced. Many
problems in scientific computing reach their scaling limits on a certain number
of processors determined by the ratio of computation/communication. With the
speed of individual cores in the system on a decline, those problems will require
increased time to solution on the next generation of architectures. In order to
address the issue, emphasis has to be shifted from weak to strong scaling, where
speed is achieved when the number of processors is increased while the overall
problem size is kept constant, which effectively decreases the problem size per
processor. In other words we need to seek more parallelism in algorithms and
push their existing scaling limitations by investigating parallelization at a much
finer levels of granularity.

The standard approach to parallelization of numerical linear algebra algo-
rithms for both shared and distributed memory systems, utilized by the LA-
PACK/ScalLAPACK libraries, is to rely on a parallel implementation of BLAS -
threaded BLAS for shared memory systems and PBLAS for distributed memory
systems. Historically, this approach made the job of writing hundreds of rou-
tines in a consistent and accessible manner doable. But although this approach
solves numerous complexity problems, it also enforces a very rigid and inflexible
software structure, where, at the level of LA, the algorithms are expressed in a
serial way. This obviously inhibits the opportunity to exploit inherently parallel
algorithms at finer granularity. This is shown by the fact that the traditional
method is successful mainly in extracting parallelism from Level 3 BLAS; in the
case of most of the Level 1 and 2 BLAS, however, it usually fails to achieve
speedups and often results in slowdowns. It relies on the fact that, for large
enough problems, the O(n?) cost of Level 3 BLAS dominates the computation
and renders the remaining operations negligible. The problem with encapsulat-
ing parallelization in the BLAS/PBLAS in this way is that it requires a heavy
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synchronization model on a shared memory system and a heavily synchronous
and blocking form of collective communication on distributed memory systems
with message passing. This paradigm will break down on the next generation
architectures, because it relies on coarse grained parallelization and emphasizes
weak scaling, rather than strong scaling.

2.3 Preliminary Work: Exploiting Parallelism on Multi-core

We used the forgoing analysis of the problems of LAPACK/ScalLAPACK on
multi-core systems as the basis of some preliminary tests of techniques for do-
ing fast and efficient LA on multi-core. LA operations are usually performed
as a sequence of smaller tasks; it is possible to represent the execution flow of
an operation as a Directed Acyclic Graph (DAG) where the nodes represent
the sub-tasks and the edges represent the dependencies among them. What-
ever the execution order of the sub-tasks is, the result will be correct as long
as these dependencies are not violated. This concept has been used in the past
to define “look-ahead” techniques that have been extensively applied to the LU
factorization . Such methods can be used to remedy the problem of synchroniza-
tions introduced by non-parallelizable tasks by overlapping their execution with
the execution of more efficient ones [I]. Although the traditional technique of
look-ahead usually provides only a static definition of the execution flow that is
hardwired in the source code, the idea of out-of-order execution it embodies can
be extended to broader range of cases, where the execution flow is determined at
run time in a fully dynamic fashion. With this dynamic approach, the subtasks
that contribute to the result of the operation can be scheduled dynamically de-
pending on the availability of resources and on the constraints defined by the
dependencies among them (i.e., edges in the DAG).

Our recent work shows how the one-sided factorizations, LU, QR and Cholesky
can benefit from the application of this technique [2]. Block formulations of these
three factorizations, as well as many other one-sided transformations, follow a
common scheme. In a single step of each algorithm, first operations are applied
to a single block of rows or columns, referred to as the panel, then the result
is applied to the remaining portion of the matrix. The panel operations are
usually implemented with Level 1 and 2 BLAS and, in most cases, achieve the
best performance when executed on a single processor or a small subset of all
the processors used for the factorization.

It is well known that matrix factorizations have left-looking and right-looking
formulations. The transition between the two can be done by automatic code
transformations, although this requires more powerful methods than simple de-
pendency analysis. In particular, the technique of look-ahead can be used to sig-
nificantly improve the performance of matrix factorizations by performing panel
factorizations in parallel with the update to the remaining submatrix from a
previous step of the algorithm. The look-ahead can be of arbitrary depth, as
was shown, for example, in the High Performance LINPACK benchmark (HPL).
The look-ahead simply alters the order of operations in the factorization. A great
number of permutations is legal, as long as algorithmic dependencies are not vi-
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while(1l)
fetch_task();
switch(task.type) {
case PANEL: // reduce the panel
dgetf2();
update_ progress();
case COLUMN: // update a block-column
dlaswp(); // of the trailing submatrix
dtrsm();
dgemm( ) ;
update_ progress();
case END: / perform left swap and return
for()
dlaswp();
return;

Fig. 1. Pseudo-code showing the execution flow for the LU factorization. The same
execution scheme applies to the other one-sided transformations Cholesky and QR.

olated. From this point of view, right-looking and left-looking formulations of
a matrix factorization are on two opposite ends of a wide spectrum of possible
execution paths, with the look-ahead providing a transition between them. If the
straight right-looking formulation is regarded as one with the look-ahead of zero,
then the left-looking formulation is equivalent to the right looking formulation
with the maximum possible look-ahead for a given problem.

Applying the idea of dynamic execution flow definition to LU factorization
leads to the implementation of the left-looking variant of the algorithm, where
the panel factorizations are performed as soon as possible, with the modification
that if the panel factorization introduces a stall, then an update to a block of
columns (or rows) of the right submatrix is performed instead. The updating
continues only until next panel factorization is possible. Figure 1 (above) shows
the simplified code that defines the execution flow. Here the steps of checking
dependencies and making a transition are merged into the step of fetching the
next task (the fetch_task() subroutine), where the choice of transition is made
dynamically at run-time depending on the progress of the execution.

Experimental results show how the dynamic workflow technique is capable of
improving the overall performance while providing an extremely high level of
portability. Figure 2 shows that by applying dynamic task scheduling to the QR
factorization, it is possible to out perform a standard LAPACK implementation
with threaded BLAS.

3 The Future

Advancing to the next stage of growth for computational simulation and mod-
eling will require us to solve basic research problems in Computer Science and
Applied Mathematics at the same time as we create and promulgate a new
paradigm for the development of scientific software. To make progress on both
fronts simultaneously will require a level of sustained, interdisciplinary collab-
oration among the core research communities that, in the past, has only been
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x 10* QR Factorization. Woodcrest, 4 threads
3 T T T T r T T r r

: : : : Dynamic scheduling
- | i i { | === Threaded BLAS

I
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matrix size

Fig. 2. Comparison of parallelization techniques for QR factorization (Two dual core
Intel 3.0GHz Woodcrest processors (four cores total), GOTO BLAS 1.05, blocksize
NB=64)

achieved by forming and supporting research centers dedicated to such a com-
mon purpose. We believe that the time has come for the leaders of the Com-
putational Science movement to focus their energies on creating such software
research centers to carry out this indispensable part of the mission.
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Abstract. New releases of the widely used LAPACK and ScaLAPACK
numerical linear algebra libraries are planned. Based on an on-going
user survey (www.netlib.org/lapack-dev) and research by many people,
we are proposing the following improvements: Faster algorithms, includ-
ing better numerical methods, memory hierarchy optimizations, paral-
lelism, and automatic performance tuning to accommodate new archi-
tectures; More accurate algorithms, including better numerical methods,
and use of extra precision; Expanded functionality, including updating
and downdating, new eigenproblems, etc. and putting more of LAPACK
into ScaLAPACK; Improved ease of use, e.g., via friendlier interfaces in
multiple languages. To accomplish these goals we are also relying on bet-
ter software engineering techniques and contributions from collaborators
at many institutions.

1 Introduction and Motivation

LAPACK and ScaLAPACK are widely used software libraries for numerical lin-
ear algebra. There have been over 68M web hits at www.netlib.org for the asso-
ciated libraries LAPACK, ScaLAPACK, CLAPACK and LAPACK95. LAPACK
and ScalLAPACK are used to solve leading edge science problems and they have
been adopted by many vendors and software providers as the basis for their own
libraries, including AMD, Apple (under Mac OS X), Cray, Fujitsu, HP, IBM,
Intel, NEC, SGI, several Linux distributions (such as Debian), NAG, IMSL, the
MathWorks (producers of MATLAB), Interactive Supercomputing, and PGI.
Future improvements in these libraries will therefore have a large impact on
users.

The ScaLAPACK and LAPACK development is mostly driven by algorithm
research, the result of the user/vendor survey, the demands and opportunities
of new architectures and programming languages, and the enthusiastic partici-
pation of the research community in developing and offering improved versions
of existing Sca/LAPACK codes [51].

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 112007.
© Springer-Verlag Berlin Heidelberg 2007
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Brief outline of the paper: Section [2] discusses challenges in making current
algorithms run efficiently, scalably, and reliably on future architectures. Section[3]
discusses two kinds of improved algorithms: faster ones and more accurate ones.
Since it is hard to improve both simultaneously, we choose to include a new faster
algorithm if it is about as accurate as previous algorithms, and we include a new
more accurate algorithm if it is at least about as fast as the previous algorithms.
Section [ describes new linear algebra functionality that will be included in new
Sca/LAPACK releases. Section [ describes our proposed software structure for
Sca/LAPACK. Section [0l describes initial performance results.

2 Challenges of Future Architectures

Parallel computing is becoming ubiquitous at all scales of computation. It is
no longer just exemplified by the TOP 500 list of the fastest computers in the
world. In a few years typical laptops are predicted to have 64 cores per multicore
processor chip, and up to 256 hardware threads per chip. So unless all algorithms
(not just numerical linear algebra!) can exploit this parallelism, they will cease
to speed up, and in fact slow down compared to machine peak.

Furthermore, the gap between processor speed and memory speed continues
to grow exponentially: processor speeds are improving at 59% per year, main
memory bandwidth at only 23%, and main memory latency at a mere 5.5% [39].
This means that an algorithm that is efficient today, because it does enough
floating point operations per memory reference to mask slow memory speed,
may not be efficient in the near future. The same story holds for parallelism,
with communication network bandwidth improving at just 26%, and network
latency unimproved since the Cray T3E in 1996 until recently.

The largest scale target architectures of importance for LAPACK and ScalLA-
PACK include platforms now installed at NSF and DOE sites, as well as near
term procurements. Longer term the High Productivity Computing Systems
(HPCS) program [45] is supporting the construction of petascale computers by
Cray (Cascade) and IBM (PERCS).

LAPACK and ScalLAPACK will have to run efficiently and correctly on a
much wider array of platforms than in the past. In addition to the above ar-
chitecturally diverse set of supercomputers and multicore chips in laptops, some
future architectures are expected to be heterogeneous. For example, a cluster
purchased over time will consist of some old, slow processors and some new,
fast ones. Some processors may have higher loads from multiple users than oth-
ers. Even single machines will be heterogenous, consisting of a CPU and other,
faster, special purposes processors like GPUs, SSE units, etc. These will not just
be heterogeneous in performance, but possibly in floating point semantics, with
different units treating exceptions differently, or only computing in single preci-
sion. In a cluster, if one processor runs fastest handling denormalized numbers
according to the IEEE 754 floating point standard [46], and another is fastest
when flushing them to zero, then sending a number from one processor to an-
other may change its value or even lead to a trap. Either way, correctness is a
challenge, and not just for linear algebra.
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It will be a challenge to map LAPACK’s and ScaLAPACK’s current soft-
ware hierarchy of BLAS/BLACS/PBLAS/LAPACK/ScaLAPACK efficiently to
all these platforms. For example, on a platform with multiple levels of paral-
lelism (multicores, SMPs, distributed memory) would it be better to treat each
SMP node as a ScaLAPACK process, calling parallelized BLAS or should each
processor within the SMP be mapped to a process, or something else?

A more radical departure from current practice would be to make our al-
gorithms asynchronous. Currently our algorithms are block synchronous, with
phases of computation followed by communication with (implicit) barriers. But
on networks that can overlap communication and computation, or on multi-
threaded shared memory machines, block synchrony can leave a significant frac-
tion of the platform idle at any time. For example, the LINPACK benchmark
version of LU decomposition exploits such asynchrony and can run 2x faster
than its block synchronous ScaLAPACK counterpart (see Section [H).

3 Better Algorithms

Three categories of routines are going to be addressed in Sca/LAPACK: (1)
faster and/or more accurate algorithms for functions in LAPACK, which also
need to be put in ScaLAPACK (discussed here) (2) functions now in LAPACK
but not in ScaLAPACK (discussed in Section M), and (3) functions in neither
LAPACK nor ScaLAPACK (also discussed in Section H]). The following are lists
of planned improvements.

Linear Systems and Least Squares Problems. Possible improvements in-
clude (1) iterative refinement using portable extra precision BLAS [G2I5I14YT3]
to get guaranteed accuracy in linear systems [24] and least squares problems; (2)
iterative refinement where the LU factorization is computed in single precision
even though all the data is in double precision, in order to exploit the fact that
single can be from 2x faster than double (on an SSE unit) to 10x faster (on an
IBM Cell) - refinement is used to try to make the answer as accurate as standard
double precision LU factorization; (3) recursive data structures of Gustavson,
Kagstrom et al [35] to improve memory locality, in particular for symmetric
packed matrix factorizations, but keeping the usual columnwise matrix interface;
(4) a more stable pivoting scheme for symmetric indefinite matrices proposed by
Ashcraft, Grimes and Lewis [4], that keeps the L factor more bounded than the
current Bunch-Kaufman factorization; (5) Cholesky factorization with diagonal
pivoting [44] that avoids a breakdown if the matrix is nearly indefinite/rank-
deficient, which is useful both for optimization problems and computing high
accuracy symmetric positive definite eigenvalue decompositions (EVD); (6) im-
proved condition estimators for tridiagonal [2543] or triangular [34] matrices;
and (7) “latency avoiding” variations on the LU and QR decompositions that
reduce the number of messages sent by factor equal to the block size in the 2D
block-cyclic layout, which may be advantageous when the latency is large.

Eigenvalue Problems. Possible improvements include (1) the 2003 STAM Lin-
ear Algebra Prize winning work of Braman, Byers, and Mathias [I6/17] for
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solving the nonsymmetric eigenvalue problem up to 10x faster, as well as ex-
tensions to QZ in collaboration with Kagstrom and Kressner [50]; (2) a more
complete implementation of the 2006 SIAM Linear Algebra Prize winning work
of Dhillon and Parlett [57] on the Multiple Relatively Robust Representations
(MRRR) algorithm for the symmetric eigenvalue problem, including work by
Parlet and Vomel [58] to deal with tight clusters of eigenvalues and by Bien-
tensi, Dhillon and can de Geihn on load balancing in the parallel version [9];
(3) extensions of the MRRR algorithm to the SVD [41], though some potential
obstacles to guaranteed stability remain [70]; (4) a faster reduction to bidiagonal
form for the SVD by Howell, Fulton, et al [37] that uses new BLAS [I3] to achieve
better memory locality; (5) a different faster bidiagonal reduction suitable for
the case when only left or only right singular vectors are desired, but with possi-
ble less numerical stability [7I59]; (6) when only a few eigen- or singular vectors
are desired, the successive band reduction approach of Bischof and Lang [11]
can move most flops from level 2 to level 3 BLAS; (7) an efficent algorithm by
Drmag and Veselié¢ for computing the SVD with high relative accuracy [33]; and
(8) analogous high accuracy algorithms for the symmetric indefinite EVD by
Slapnicar [61] and by Dopico, Molera and Moro [32].

4 Added Functionality

Putting More of LAPACK into ScaLAPACK. Numerous matrix data
types supported by LAPACK are not in ScaLAPACK. The most important
omissions are as follows: (1) There is no support for packed storage of symmet-
ric (SP,PP) or Hermitian (HP,PP) matrices, nor the triangular packed matrices
(TP) resulting from their factorizations (using ~ n?/2 instead of n? storage);
these have been requested by users. The interesting question is what data struc-
ture to support. One possibility is recursive storage as discussed in Sec. Bl [35/2].
Alternatively the packed storage may be partially expanded into a 2D array
in order to apply Level 3 BLAS (GEMM) efficiently. Some preliminary ScaL.A-
PACK prototypes support packed storage for the Cholesky factorization and the
symmetric eigenvalue problem [12]. (2) ScaLAPACK only offers limited support
of band matrix storage and does not specifically take advantage of symmetry or
triangular form (SB,HB,TB). (3) ScaLAPACK does not support data types for
the standard (HS) or generalized (HG, TG) nonsymmetric EVDs; see further
below.

The table below compares the available functions in LAPACK and ScaLA-
PACK. The relevant user interfaces (’drivers’) are listed by subject and acronyms
are used for the software in the respective libraries. The table also shows that in
the ScaLAPACK library the implementation of some driver routines and their
specialized computational routines are currently missing. The highest priority
ones to include are marked “add”. We also want expert drivers that compute
error bounds.

Extending Current Functionality. We outline possible extensions of Sca/
LAPACK functionality, motivated by users and research progress: (1) efficient
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LAPACK SCALAPACK
Linear Equations GESV (LU) PxGESV
POSV (Cholesky) PxPOSV
SYSV (LDLT) missing, add
Least Squares (LS) GELS (QR) PxGELS
GELSY (QR w/pivoting)|missing
GELSS (SVD w/QR) missing
GELSD (SVD w/D&C) |missing
Generalized LS GGLSE (GRQ) missing
GGGLM (GQR) missing
Symmetric EVD SYEV (QR) PxSYEV
SYEVD (D&C) PxSYEVD

SYEVR (RRR)

missing, add

SYGVD (D&C)

Nonsymmetric EVD GEES (HQR) missing driver, add
GEEV (HQR + vectors) |missing driver, add
SVD GESVD (QR) PxGESVD (missing
complex C/Z)
GESDD (D&C) missing
Generalized Symmetric EVD SYGV (inverse iteration) |PxSYGVX

missing, add

Generalized Nonsymmetric EVD

GGES (HQZ)
GGEV (HQZ + vectors)

missing, add
missing, add

Generalized SVD GGSVD (Jacobi) missing

updating of factorizations like Cholesky, LDLT, LU and QR, either using known
unblocked techniques [38/26] or more recent blocked ones; (2) an O(n?) eigen-
value routine for companion matrices, i.e. to find roots of polynomials, which
would replace the roots () function in Matlab, based on recent work of Gu, Bini
and others on semiseparable matrices [20/66J10]; (3) recent structure-preserving
algorithms for matrix polynomial eigenvalue problems, especially quadratic
eigenvalue problems [63]; (4) new algorithm for matrix functions like the square
root, exponential and sign function [23]; (5) algorithms for various Sylvester-type
matrix equations (recursive, RECSY; parallel, SCASY) [4849/40]. (6) prod-
uct and quotient eigenvalue algorithms now in SLICOT [§] are being consid-
ered, using the improved underlying EVD algorithms; and (7) out-of-core algo-
rithms [T2I2827).

5 Software

Improving Ease of Use. “Ease of use” can be classified as follows: ease of pro-
gramming (which includes easy conversion from serial to parallel, from LAPACK
to ScaLAPACK and the possiblity to use high level interfaces), ease of obtaining
predictable results in dynamic environments (for debugging and performance),
and ease of installation (including performance tuning).

There are tradeoffs involved in each of these subgoals. In particular, ultimate
ease of programming, exemplified by typing x = A\b in order to solve Ax = b
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(paying no attention to the data type, data structure, memory management or
algorithm choice) requires an infrastructure and user interface best left to the
builders of systems like MATLAB and may come at a significant performance
and reliability penalty. In particular, many users now exercise, and want to con-
tinue to exercise, detailed control over data types, data structures, memory man-
agement and algorithm choice, to attain both peak performance and reliability
(e.g., not running out of memory unexpectedly). But some users also would like
Sca/LAPACK to handle workspace allocation automatically, make it possible to
call Sca/LAPACK on a greater variety of user-defined data structures, and pick
the best algorithm when there is a choice.

To accomodate these “ease of programming” requests as well as requests to
make the Sca/LAPACK code accessible from other languages than Fortran, the
following steps are considered: (1) Produce new F95 modules for the LAPACK
drivers, for workspace allocation and algorithm selection. (2) Produce new F95
modules for the ScaLAPACK drivers, which convert, if necessary, the user input
format (e.g., a simple block row layout across processors) to the optimal one
for ScaLAPACK (which may be a 2D block cyclic layout with block sizes that
depend on the matrix size, algorithm and architecture). Allocate memory as
needed. (3) Produce LAPACK and ScaLAPACK wrappers in other languages.
Based on current user surveys, these languages will tentatively be C, C+-+,
Python and MATLAB. See below for software engineering details.

Ease of conversion from serial code (LAPACK) to parallel code (ScaLAPACK)
is done by making the interfaces (at least at the driver level) as similar as possi-
ble. This includes expanding ScaLAPACK’s functionality to include as much of
LAPACK as possible (see Section [H).

Obtaining predictable results in a dynamic environment is important for de-
bugging (to get the same answer when the code is rerun), for reproducibility,
auditability (for scientific or legal purposes), and for performance (so that run-
times do not vary widely and unpredictably). Reproducibility in the face of asyn-
chronous algorithms and heterogeneous systems will come with a performance
penalty but is important for debugging and when auditability is critical.

To ease installation, we will use tools like autoconf and automatic performance
tuning, supporting users from those who want to download and use one routine
as quickly and simply as possible, to those who want an entire library, and to
test and performance tune it carefully.

Improved Software Engineering. We describe our software engineering
(SWE) approach. The main goals are to keep the substantial code base main-
tainable, testable and evolvable into the future as architectures and languages
change. Maintaining compatibility with other software efforts and encouraging
3rd party contributions to the efforts of the Sca/LAPACK team are also goals
[51].

These goals involve tradeoffs. One could explore starting “from scratch”, using
higher level ways to express the algorithms from which specific implementations
could be generated. This approach yields high flexibility allowing the generation
of code that is optimized for future computing platforms with different layers of
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parallelism, different memory hierarchies, different ratios of computation rate to
bandwidth to latency, different programming languages and compilers, etc. In-
deed, one can think of the problem as implementing the following meta-program:

(1) for all linear algebra problems

(linear systems, eigenproblems, ...)
(2) for all matrix types (general, symmetric, banded, ...)
3 for all data types (real/complex, different precisions)
4 for all machine architectures, communication topologies
(5) for all programming interfaces
(6) provide the best algorithm(s) available in terms of

performance and accuracy (‘‘algorithms’’ is plural
because sometimes no single one is always best)

This potential scope is quite large, requiring a judicious mixture of prioritiza-
tion and automation. Indeed, there is prior work in automation [42], but so
far this work has addressed only part of the range of algorithmic techniques
Sca/LAPACK needs (e.g., not eigenproblems), it may not easily extend to more
asynchronous algorithms and still needs to be coupled to automatic performance
tuning techniques. Still, some phases of the meta-program are at least partly au-
tomatable now, namely steps (3) through (5) (see below).

Note that line (5) of the meta-program is “programming interfaces” not “pro-
gramming languages,” because the question of the best implementation language
is separate from providing ways to call it (from multiple languages). Currently
Sca/LAPACK is written in F77. Over the years, the Sca/LAPACK team and
others have built on this to provide interfaces or versions in other languages:
LAPACK95 [6] and LAPACKS3E [3] for F95 (LAPACKS3E providing a straight-
forward wrapper, and LAPACKO95 using F95 arrays to simplify the interfaces at
some memory and performance costs), CLAPACK in C [21] (translated, mostly
automatically, using f2¢ [36]), LAPACK++ [29], TNT [64] in C++, and JLA-
PACK in Java [47] (translated using £2j).

First we summarize the SWE development plan and then the SWE research
plan. The development plan includes (1) maintaining the core in Fortan, adopt-
ing those features of F95 that most improve ease-of-use and ease-of-development
(recursion, modules, environmental enquiries) but do not prevent the most de-
manding users from attaining the highest performance and reliable control over
the run-time environment (so not automatic memory allocation). Keeping For-
tran is justified for cost and continuity reasons, as well as the fact that the
most effective optimizing compilers still work best on Fortran, even when they
share “back ends” with the C compiler, because of the added difficulty of dis-
cerning the absence of aliasing in C [22]; (2) F95 wrappers for the drivers to
improve ease of use, via automatic workspace allocation and automatic algo-
rithm selection; (3) F95 wrappers for the drivers that use performance models
to determine the best layout for the user’s matrix (which may be 2D block-cyclic
and/or recursive instead of the 1D blocked layouts most natural to users) and
which convert to that layout and back invisibly to the user; (4) wrappers for the
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drivers in other languages, like C, Python and Matlab; (5) using the new BLAS
standard [I5JI35], for new Sca/LAPACK routines, which also provides new high
precision functionality needed for iterative refinement [24], and systematically
ensuring thread-safety; (6) using tools like autoconf, bugzilla, svn, automatic
overnight build and test, etc. to streamline installation and development and
encourage third party contributions, and using modules to provide extra precise
versions based on one source; and (7) doing systematic performance tuning, not
just the BLAS [69/68] and the BLACS [54/65], but the 1300 calls to the ILAENV
routine in LAPACK that provides various blocking parameters, and exploiting
modeling techniques that let the user choose how much tuning effort to expend
[67U56].

The following are SWE research tasks: (1) exploring the best mappings of
the Sca/LAPACK software layers (BLAS, BLACS, PBLAS, LAPACK, ScaL A-
PACK) to the hardware layers of emerging architectures, including deciding that
different layers entirely are needed; (2) exploring the use of new parallel program-
ming languages being funded by NSF, DOE and the DARPA HPCS program,
namely UPC [19], Titanium [7I], CAF [55], Fortress [I], X10 [60] and Cascade
[18]; (3) exploring further automation of the production of library software (ex-
isting work such as [42] still needs to address two-sided factorizations, iterative
algorithms for the EVD and SVD, more asynchronous algorithms, novel data
layouts, how multiple levels of parallelism map to multiple levels of hardware,
and so on); (4) using statistical models to accelerate performance tuning at in-
stallation time [67]; and (5) choosing the right subset of a cluster to run on at
run-time, depending on the dynamically changing load.

Multicore and Multithreading. Message passing as used in ScaLAPACK in-
troduces memory overhead unnecessary on multicore platforms, degrading per-
formance and making it harder to schedule potentially parallel operations. Lim-
iting shared memory parallelism to fork-join parallelism (e.g., OpenMP) or the
BLAS is inadequate. Shared memory would let us replace data partitioning by
work partitioning, although cache locality requirements mean we still need either
two dimensional block cyclic (or perhaps recursive) layouts.

Shared memory systems have used client/server, work-crew, and pipelining
for parallelism, but because of data dependencies pipelining is most appropriate,
as well as being a good match for streaming hardware like the IBM Cell. For
efficiency we must avoid pipeline stalls when data dependencies block execution.

We illustrate this for LU factorization. LU has left-looking and right-looking
formulations [30]. Transition between the two can be done by automatic code
transformations [53], although more than simple dependency analysis is needed.
Lookahead can improve performance by performing panel factorizations in par-
allel with updates to the trailing matrix from the previous algorithm steps [62].
The lookahead can be of arbitrary depth (as exploited by the LINPACK bench-
mark [31]).

In fact lookahead provides a spectrum of implementations from right-looking
(no lookahead) to left-looking (maximum lookahead). Less lookahead avoids
pipeline stalls at the beginning of the factorization, but may introduce them
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at the end; more lookahead provides more work at the end of the factorization
but may stall at the beginning.

Recent experiments show that pipeline stalls can be greatly reduced if unlim-
ited lookahead is allowed and the lookahead panel factorizations are dynamically
scheduled, which is much easier in shared memory than distributed memory, in
part because there is no storage overhead.

6 Performance

We give a few recent performance results for ScaLAPACK driver routines on
recent architectures. We discuss strong scalability, i.e. we keep the problem size
constant while increasing the number of processors.

Figure [M(left) gives the time to solve Az = b for n = 8,000 on a cluster of
dual processor 64 bit AMD Opterons with a Gigabit ethernet. As the number of
processors increases from 1 to 64, the time decreases from 110 sec (3.1 GFlops)
to 9 sec (37.0 GFlops) (thanks to Emmanuel Jeannot for sharing the result.)

Figure [M(right) gives the time for the symmetric eigendecomposition with
n = 12,000 on a 64 processor cluster of dual processor 64 bit Intel Xeon EMT's
with a Myrinet MX interconnect. The matrices are generated randomly using
the same generator as in the Linpack Benchmark, so there are no tight eigenvalue
clusters.

LU factorization, n=8000 Eigenvalue problem for n=12000
T T T

—— X
——dc
—e—qr
el 11118

time (s)
Time (sec.)

10 I I I I I 10 L L L
1 2 4 8 16 32 64 4 8 16 32 64

# of processors num. of processors

Fig. 1. Left: Scalability of ScaLAPACK’s LU (pdgetrf) for n = 8,000. Right: Scala-
bility of the ScaLAPACK’s symmetric eigensolvers with n = 12, 000. Four eigensolvers
are shown: BX (pdsyevx), QR (pdsyev), DC (pdsyevd) and MRRR (pdsyevr).
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Abstract. We use the two-dimensional DCT to study several proper-
ties of reconstructed images computed by regularizing iterations, that
is, Krylov subspace methods applied to discrete ill-posed problems. The
regularization in these methods is obtained via the projection onto the
associated Krylov subspace. We focus on CGLS/LSQR, GMRES, and
RRGMRES, as well as MINRES and MR-II in the symmetric case.

1 Introduction

In the setting of matrix computations, the model for the blurring of the image
is Az = b, where the vectors x and b represent the exact and blurred images,
and the matrix A represents the blurring process. Since image deblurring is a
discrete ill-posed problem, it is necessary to use regularization in order to com-
pute stable solutions [6]. Moreover, it is often advantageous to impose boundary
conditions on the reconstruction, which is achieved by a simple modification of
the coefficient matrix [9], [12].

This paper focuses on regularizing iterations where we apply a Krylov sub-
space method directly to the problem Ax = b. The regularization comes from the
projection of the solution on the Krylov subspace associated with the method,
and the number of iterations plays the role of the regularization parameter.

We use the two-dimensional discrete cosine transform (2D-DCT) to perform a
spectral analysis of the solutions to the image deblurring problem, computed by
means of regularizing iterations, and we focus on CGLS/LSQR and GMRES and
their variants MINRES, RRGMRES and MR-II. To the best of our knowledge, a
thorough study of the spectral and visual quality of the reconstructions computed
by these methods has not been carried out.

2 The Image Deblurring Problem and Its Regularization

Underlying the image deblurring problem is a 2D Fredholm integral equation of
the first kind which has the generic form

//Ksta;yf(a;y)dxdy—g(st) 0<s,t<1 (1)
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where f and g represent the exact and blurred images, and the kernel K is
the point spread function (PSF) for the blurring. Our work here is restricted to
square n X n images, and to the case where the PSF is spatially invariant and
separates in the variables, i.e., K(s,t,;z,y) = kc(s — z) k. (t — y) where k. and
k, are given functions. More general PSFs can be studied by the same approach,
at the cost of a much higher computational complexity, but the separable PSFs
suffice to illustrate our points.
Discretization of the integral equation () then leads to the linear model

A.XAT =B (2)

in which X and B are the exact and blurred images, and the two n x n Toeplitz
matrices A. and A, perform blurring in the direction of the columns and rows of
the image, respectively. By introducing the vectors x = vec (X)) and b = vec (B),
where vec () stacks the columns of the matrix, we can rewrite the above system
in the form Az = b, in which the PSF matriz A is the n? x n? Kronecker product

A=A, ® A (3)

We emphasize that while the Kronecker-product system is useful for studying
the discrete ill-posed problem, all computations are performed with the system
in ). See, e.g., [7] for details about deconvolution algorithms.

In addition to the above choice of PSF model, we assume that the noise in
the discrete problem appears as additive Gaussian noise in the right-hand side,

B=A.XAT +E,

where X is the exact image, and the elements of the noise matrix F are statisti-
cally independent, uncorrelated with X, and coming from a normal distribution
with zero mean and standard deviation 7.

The Kronecker form of the PSF matrix [B]) lets us compute the SVD of large
matrices, due to the fact that given the SVDs of the two matrices A. and Ay,

Ac=U.2. VT, A =U, 2V
we can write the SVD of the PSF matrix A = A, ® A, as
A=USVT = (U U) ) (T (5 0 S) 0) (o v m)', (1)

where the n? x n? permutation matrix IT ensures that the diagonal elements of
T (X, ® X.) IT appear in decreasing order. We emphasize that our analysis of
the iterative methods is not restricted to Kronecker products — it holds for all
PSF matrices.

It is well know that the SVD of the coefficient matrix A provides a natural
basis for the study of regularization methods. Many regularization methods,
including regularizing iterations, lead to regularized solutions in the form

2
- ul'b
Treg = Z¢z O'L Uk (5)
k=1 k

These methods are often referred to as spectral filtering methods; we avoid this
term, in order not to confuse it with our DCT-based spectral analysis.
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With the notation zyeg = vec (Xyeg), ([Bl) immediately leads to the expression

712 Tb
u
Xreg = Z (bk) UL]C V[k]v (6)
k=1

where ¢y are the filter factors, o) are the singular values of A, uj are the left
singular vectors, and V¥l are n x n matrices such that v, = Vec(V[k]) are the
right singular vectors. This relation shows that we can express the regularized
solution X,eq as a weighted sum over the basis images V¥l

With the Kronecker-product form of the PSF matrix A, Eq. {@) shows that
there are simple expressions for the singular values and vectors. If o,; and o;
are the singular values of A, and A., then their products are the singular values
of A. Moreover, if 1.4, Ucj, vr; and ve; are the left and right singular vectors of A,
and Ac, then the left and right singular vectors of A are ucj ® ur; and ve; ® vy,
respectively. Then (Bl takes the form

n n

Xyeg = Z Z bij M \&

Ori Ocj
i=1 j=1 e

where ¢;; is the filter factor associated with the product o; o¢;, and the basis

images are given by V14 = v oL

3 Spectral Properties of the PSF Matrix

The two-dimensional discrete cosine transform (2D-DCT) is a simple frequency
transform that is often used in image processing. The transformed image X is
given by R

X=cxc’,

where C is an orthogonal matrix that represents the one-dimensional DCT. The
elements of C € R™*™ are given by

o { Vijn i=1
v V2/n cos(m(i —1)(2j —1)/(2n)), i> 1.

The 2D-DCT transformed image X provides a frequency representation of the
image X, where each element #;; corresponds to a specific basis image (see e.g,
[11, p. 136]). The element #17 represents a constant (the DC term), and the
elements Z1; and &;; correspond to simple cosine waves of varying frequency in
horizontal or vertical direction over the entire image. The remaining elements of
X represent combinations of frequencies in the two directions. The lowest spatial
frequencies are represented in one corner, and the highest in the opposite corner.

For one-dimensional discrete ill-posed problems arising from discretizations of
Fredholm integral equations, we know from the analysis in [§] that the singular
vectors u; and v; of the coefficient matrix A tend to have an increasing number
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of sign changes in their elements as the index ¢ increases. L.e., the smaller the
singular value o;, the more high-frequent the appearance of the corresponding
singular vectors u; and v;.

In the two-dimensional case we expect a similar behavior, but the concept of
frequency is more complicated because the singular vectors now correspond to
two-dimensional basis images. The correct way to study the spectral behavior of
the singular vectors is therefore to study the two-dimensional spectral behavior
of the basis images V¥ e.g., by means of the 2D-DCT. We need to sort the
latter basis images according to decreasing singular values o,; o¢; using the per-
mutation matrix I7 from Eq. [@)); the sorted basis images are then equal to VI,
k=1,2,...,n?

L] W™
HEEN

Fig.1. Top left: The four basis images V[, k = 1,2,3,4 for the PSF matrix for
isotropic blur. Bottom left: the corresponding [V*|. Right: Plot of (3,29 [VI1]?)¥/%
the main contribution is located in a sphere in the upper left corner.

We now construct two coefficient matrices A € R1024x1024 g 4 ¢ R1024x 1024
both being Kronecker products of two 32 x 32 Toeplitz matrices. The matrix A
describes isotropic blurring while A describes non-isotropic blurring. The first
four basis images V! to V4 of A are shown in Fig. [ together with [VIY| to
|V4| which denote the absolute values of their 2D-DCT. The rightmost picture
in Fig. [[lshows the “RMS image” (271201 ‘17[1’} |2)1/2 of the first 150 basis images,
which illustrates all the dominating frequency components in the first 150 basis
images. We see that the main contributions lie in the upper left corner of the
spectrum; thus all the first basis images are low-frequent.

Fig. 2. Similar to Fig. [l but for the coefficient matrix A for non-isotropic blur. Fre-
quencies in one direction appear before similar frequencies in the other direction.
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Figure ] shows the first four basis images of A for non-isotropic blur. We
see that frequencies in one direction tend to appear before the corresponding
frequencies in the other direction in the image. This is clearly seen in the fourth

basis image V4 which is dominated by the 2D-DCT component ﬁ£4]2 — while in

the isotropic case, V4 is dominated by ﬁ£4]2 We also see from the plot of the

“RMS image” (lei(i |Y7[i] \2) "2 that the frequency contents is no longer confined
to a spherical region, but the main contributions are still low-frequent.

We emphasize that the boundary conditions influence the basis images, see [9],
but the frequency decomposition property is similar for all boundary conditions.
In this work we use zero boundary conditions, and all basis images are therefore
zero at the border. Other choices of boundary conditions, such as periodic and
reflexive boundary conditions, lead to a different behavior of the basis images
at the boundaries; but discussions of these issues are outside the scope of this

paper.

4 Krylov Subspace Methods

The properties of Krylov subspaces have been studied extensively in the lit-
erature [I0] and they form the basic element for understanding the intrinsic
regularizing properties of LSQR, GMRES, etc.

4.1 The CGLS and LSQR Algorithms

The two algorithms CGLS and LSQR, which are designed to solve the least
squares problem min | Az —b||2, are mathematically equivalent; we use the LSQR
formulation here because it better allows us to carry out the desired spectral
analysis. Both methods work implicitly with the normal equations A7 Az = ATb
and are thus based on the Krylov subspace

Ki (AT A, ATb) = span { ATb, (ATA)ATb, ..., (ATA)FTATH} . (7)

LSQR constructs explicit basis vectors for this Krylov subspace via the Lanczos
bidiagonalization algorithm, which gives the partial decomposition

AV = Ug41 By, (8)

where Vj, € R™ ¥ {5 a matrix with orthonormal columns that span the Krylov
subspace ([7)). The matrix Ux11 € R™**(k+1) 3150 has orthonormal columns, and
its first column is chosen as u; = b/||b||2 which simplifies the implementation
considerably. The matrix By, € R(E+D** ig 3 lower bidiagonal matrix. The LSQR
iterate (*) minimizes the 2-norm of the residual in the Krylov subspace, i.e.,
z®) = argmin, || Az — b||2 s.t. @ € Ki (AT A, ATb), and it follows that

™ =Vi&, & = argming g | Be€ — peil|2, 9)

where e; is the first canonical unit vector in R**! and p = ||b||2. This algorithm
can be implemented using short recurrences and thus one can avoid storing the
partial decomposition ().
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4.2 The GMRES Algorithm and Its Relatives

These algorithms are based on the Arnoldi process that iteratively constructs an
orthonormal basis for the Krylov subspace

K (A,b) = span {b, Ab, A%b, ..., A" b} (10)
and results in the partial decomposition
AWy, = Wiy Hy, Wit1 = (Wi, Wiy ), (11)

where the columns of W}, € R <k provide an orthonormal basis for the Krylov
subspace in ([I0), and Hy € R*+1DXE i5 an upper Hessenberg matrix. The first
column in Wy, is again chosen as w1 = b/||b||2. If A is symmetric then Hj, reduces
to tridiagonal form, and the construction of the partial decomposition (II]) can
be done by a three-term recurrence as implemented in MINRES. In this case the
solution can be updated without explicitly storing the partial decomposition. For
general matrices, however, no such short recurrences exist and GMRES needs to
save all the constructed Krylov vectors.

The GMRES/MINRES iterate #*) minimizes the residual norm with respect
to the above Krylov subspace, i.e., #*) = argmin||b — Az s.t. z € Ky (A,b),
which leads to the relation

i'(k) = Wka’ Ck) = argminCeRk ||H}gC - 031”2; (]‘2)

where again e; is the first canonical unit vector and p = ||b||2.
There exists a variant of GMRES that uses Ab as the starting vector for the
Krylov subspace, instead of b as in ([I0]). This gives the “shifted” Krylov subspace

K (A, Ab) = span { Ab, A%b, A®b, ..., A"b}. (13)

The algorithm MR-IT [4], [5] is an efficient short-term recurrence implementation
of this method for symmetric matrices. In the non-symmetric case the algorithm
is called RRGMRES [1], [2]. The partial decomposition when using RRGMRES
or MR-II is written as

AW, = Wy Hy, Wi = (/Wk, W41 )s (14)

where W € R"*** provides a basis for @3).

4.3 Examples of Iterates

We illustrate the typical behavior of the iterative methods using two examples.
The true image X is a part of the image Barbara of size 175 x 175. Two PSF
matrices are used: a symmetric A for isotropic blur, and a non-symmetric A for
non-isotropic blur. In both cases, we use additive white noise F, scaled such that
|E|lr/||Bllr = 0.05. The true image and the two blurred and noisy images are
shown in Fig. B
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Fig. 3. Left: True image X. Middle: Blurred image B due to the symmetric PSF matrix
A. Right: Blurred image B due to the non-symmetric PSF matrix A.

Figure M shows the LSQR, MINRES, and MR-II solutions after 5, 10, and
25 iterations for the symmetric PSF matrix, and it is seen that the algorithms
give very different solutions. The LSQR solutions slowly improve, but after 25
iterations some noise has appeared as small circular “freckles.” The MINRES
solutions get dominated very fast by high-frequency noise; with the noise level
defined above, the iterates are clearly dominated by noise after only 5 iterations.
The MR-II solutions show artifacts similar to the LSQR solutions, but the con-
vergence seems faster as the solution after 10 MR-II iterations is visually similar
to the LSQR solution after 25 iterations.

The solutions for the non-symmetric PSF matrix are also shown in Fig. [l
Here, the LSQR algorithm is again seen to generate some structured artifacts,
clearly visible after 25 iterations. The artifacts are no longer circular, due to the
non-isotropic blurring. But they are still band-limited and certainly not high-
frequent as the noise seen in the GMRES solutions. The RRGMRES solutions
again show artifacts similar to the artifacts for LSQR. But the difference in
convergence speed is not as large as for LSQR and MR-IL.

For a smaller noise level, GMRES and MINRES seem to exhibit faster con-
vergence than LSQR, and converge to visually pleasing solutions as studied, e.g.,
in [3]. Figure [{ shows the 10th iteration of LSQR, MINRES, and MR-II for the
symmetric blurring with the noise level reduced to ||E|g/||B|jr =5 -10~%. The
MINRES solution visually gives the highest level of detail and it is at least as
good as the MR-II solution. The LSQR. solution is a bit more blurred, which
indicates that MINRES, behind the noise, converges faster than LSQR.

5 Study of Solution and Noise Components

We now study how the regularization behaves and how it treats the wanted
signal contents, as well as the additive noise. This analysis is only possible when
the additive noise e = vec(E) is explicitly known, and we can split the noisy
right-hand side as b = b3t 4 ¢ with be*act = Agexact,

In the case of LSQR, the filter factors ¢ can be computed by a three-term
recurrence [0, Theorem 6.3.2], [13]. But for GMRES, no short recurrence exists
and the filters are are not simple to compute. Hence, to split the solution com-
ponents, we must return to the basic relations for the algorithms (&), (I]), and
([Id). We stress that MINRES and MR-II cannot be used in this connection,
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LSQR

MINRES

MR-II

LSQR

RRGMRES

4 iterations 10 iterations 25 iterations

Fig. 4. Top: LSQR, MINRES, and MR-II iterates ), £*) and #*) with the sym-
metric PSF matrix A, for £ = 5, 10, and 20 iterations. Bottom: LSQR, GMRES, and
RRGMRES iterates ), 2*) and #® with the nonsymmetric PSF matrix A, for
k =5, 10, and 25 iterations.
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%
LSQR ‘ MINRES . MR-IT

Fig. 5. LSQR, MINRES, and MR-II solutions for symmetric problem with noise level
|E|l=/||Bllr = 5-10"*. The lower noise level makes the MINRES solution useful, and
we see that the MINRES solution visually seems to have the highest level of details.

while the partial Arnoldi decompositions are explicitly needed; therefore GM-
RES and RRGMRES have been used in the following also for the symmetric
problem.

Using the splitting of the right-hand side into the signal and noise components,
for LSQR we have z(*) = xl(,k) 1+ 2™ with

2P = Vi BlUe 167 2(®) = Vi BlUj 11,

and similarly 2" and 2" for GMRES, and {* and 2" for RRGMRES. This
procedure enforces the solution components to lie in the correct Krylov sub-
spaces, generated from A and b, and spanned by the columns of Vj,, Wy, and W.

These splittings are shown in Fig. [ for LSQR, GMRES, and RRGMRES for
the Barbara image. Both the symmetric and the non-symmetric PSF matrix are
studied. We see how the noise propagates very differently due to the differences
in the Krylov subspaces. The LSQR algorithm produces ringing effects in the
symmetric case, and low-frequent but more unstructured ringing artifacts in the
non-symmetric case. It is interesting to see how the ringing effects follow the
contours of the image.

GMRES propagates the noise more or less as white noise for both PSF ma-
trices. An interesting observation is that also the signal component is noisy,
especially for the non-symmetric problem. This is caused by the fact that the
noise is directly present in the Krylov basis from which the solutions are recon-
structed.

The RRGMRES solution components behave much like the LSQR solution
components, but appear to carry more details after the same number of itera-
tions. After 10 iterations, the “freckles” are smaller in diameter, but more intense
in the reconstructed images. The solution components of the non-symmetric
problem are even more similar to the LSQR. solution components. Avoiding the
noisy right-hand side from the GMRES subspace is seen to improve the quality
of the RRGMRES solutions.

To study the “freckles” in more detail, we study how the noise in the LSQR so-
lutions behaves in the 2D-DCT domain. For the three LSQR solutions after 5, 10,
and 25 iterations from Fig. dl we show in Fig. [[ the error components Xék) and
their 2D-DCT spectra. We see that the frequencies are primarily represented in
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LSQR GMRES

RRGMRES

Fig. 6. For each method, we show the splitting of the solution after 10 iterations into
the signal part (left) and the noise part (right), for both the symmetric problem (top
images) and the nonsymmetric problem (bottom images)

the upper left corner — corresponding to the situation for the frequency contents
of the singular vectors in Figs.[Illand[2l We also observe that the “freckles” appear
as a bandlimited ring of frequencies in the 2D-DCT domain, and that this ring
gets larger and more intense when increasing the number of iterations. Due to
the SVD filtering, we know that the components remaining to be restored are all
higher-frequent and contaminated by noise. Thus all the extractable information
about the true solution lies in the lower frequencies which are all reconstructed
when the “freckles” start to dominate.

The higher convergence speed observed by Calvetti et al. [3] for GMRES
with less noise is verified by our MR-II and RRGMRES solutions that exclude
the noisy component from the Krylov subspace. An interesting observation is
that removing the noise from the GMRES subspace results in “freckle” artifacts
similar to LSQR if the iterations are run to far.
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Fig. 7. Top: The noise components X of the LSQR solution for iteration 4, 10 and
25. Bottom: The 2D-DCT of these noise components.

Fig. 8. Top: The noise components X of the GMRES solution for iteration 4, 10
and 25. Bottom: The 2D-DCT of these noise components.

The reason that some GMRES/MINRES solutions appear to be visually bet-
ter than the LSQR solutions in a low-noise setting is simply because the “freck-
les” do not appear to the same extend. The “freckles” are very disturbing for
for the visual quality of the solutions, while the propagated noise component
is not — provided its size is sufficiently small. The extra noise can even create
an illusion of higher resolution even though no true information can be reliably
reconstructed beyond the “freckles.” Figure B shows how the noise is propagated
by GMRES in the low-noise setting actually also produce ringing effects, but of
much smaller magnitude than the wanted signal contents. The main contribu-
tions from the subspace is low-frequent, but the higher frequencies are slowly
boosted to cover the freckles.
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Conclusion

We have provided some insight into the use of regularizing iterations in connec-
tion with image restoration. We showed that — similar to the one-dimensional
case — the SVD provides a frequency (or spectral) decomposing, and that the
projection onto the Krylov subspace of LSQR/CGLS has a regularizing effect.
We also showed that the GMRES and MINRES Krylov subspaces contain noise
components that can severely deteriorate the solutions, and hence the MR-II and
RRGMRES variants are to be preferred. Finally we demonstrated that all the
methods can produce visually disturbing artifacts which appear as “freckles.”
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Abstract. Several widely used and promising programming tools and
styles for computational science software are reviewed and compared.
In particular, we discuss function/subroutine libraries, object-based pro-
gramming, object-oriented programming, generic (template) program-
ming, and iterators in the context of a specific example involving sparse
matrix-vector products. A key issue in the discussion is to hide the stor-
age structure of the sparse matrix in application code. The role of dif-
ferent languages, such as Fortran, C, C+4, and Python, is an integral
part of the discussion. Finally, we present performance measures of the
various designs and implementations. These results show that high-level
Python programming, with loops migrated to compiled languages, main-
tains the performance of traditional implementations, while offering the
programmer a more convenient and efficient tool for experimenting with
designs and user-friendly interfaces.

1 Introduction

During the last fifty years we have experienced a tremendous speed-up of hard-
ware and algorithms for scientific computing. An unfortunate observation is that
the development of programming techniques suitable for high-performance com-
puting has lagged significantly behind the development of numerical methods
and hardware. This is quite surprising since difficulties with handling the com-
plexity of scientific software applications is widely recognized as an obstacle for
solving complicated computational science problems. As a consequence, techni-
cal software development is a major money consumer in science projects. The
purpose of this paper is to review and compare common scientific programming
techniques and to outline some new promising approaches.

The first attempts to improve scientific software development took place in the
1970s, when it became common to collect high-quality and extensively verified
implementations of general-purpose algorithms in Fortran subroutine libraries.
The subroutines then constitute the algorithmic building blocks in more ad-
vanced applications, where data represented by array, integer, real, and string
variables are shuffled in and out of subroutines. Such libraries are still perhaps
the most important building blocks in scientific software (LAPACK being the
primary example).

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 36 2007.
© Springer-Verlag Berlin Heidelberg 2007
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In the 1980s and 1990s some transition from Fortran to C took place in the
scientific computing community. C offers the possibility to group primitive vari-
ables together to form new compound data types. Fortran 90 also provides this
functionality. The result is that the function arguments are fewer and reflect a
higher abstraction level.

With C++4 or Fortran 90, and the class or module concept, compound data
types could also be equipped with functions operating on the data. Application
code may then define some class objects and call their functions instead of shuf-
fling long lists of variables in and out of function/subroutine libraries as in C
and Fortran 77. C++ also offers object-oriented programming and templates,
two constructs that can be used to parameterize types away such that one single
function may work with different types of input data. This reduces the amount of
code in libraries significantly and increases the flexibility when using the library
in a specific application code. The upcoming Fortran 2003/2008 will enable the
same constructs.

An important feature of the present paper is that we, along with the above
mentioned programming strategies in Fortran, C, and C++, also illustrate the
use of the Python language. Python supports all major programming styles and
serves as a more convenient and more productive implementation environment
than the traditional compiled languages used in high-performance computing.
A particularly important feature of Python is the clean syntax, which by many
is referred to as “executable pseudocode”. This feature helps to bridge the gap
between a mathematical expression of a solution algorithm and the correspond-
ing computer implementation. Add-on modules equip Python with functionality
close to that of basic Matlab. Contrary to Matlab, Python offers an advanced,
full-fledged programming language with strong support for clean programming
with user-defined objects. Another advantage of Python is its rich set of libraries
for non-numerical/administrative tasks, and such tasks tend to fill up large por-
tions of scientific codes.

The paper is divided into two parts. First, we exemplify major programming
techniques, tools, and languages used in scientific computing and demonstrate
how Python is both a complement and an alternative to Fortran, C, and C++.
The second part presents some computational performance assessments of the
various programming techniques. We remark that the paper primarily addresses
readers with some technical knowledge of C, C4++, and Python.

2 A Review of Programming Tools and Techniques

Programming tools and techniques are often best illustrated by applying them
to a specific problem. We have chosen to focus on the matrix-vector product
because the numerics of this problem is simple, the codes become short, and yet
different implementation styles exhibit diverse properties.

Mathematically, we want to compute r = Ax, where A is a square n X n
matrix, and & and r are n-vectors. This operation is a key ingredient in many
numerical algorithms. In particular, if A arises from discretization of a partial
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differential equation with finite difference, element, or volume methods, A is
sparse in the sense that most matrix entries are zero. Various matrix storage
schemes enable the programmer to take computational advantage of the fact
that A is sparse. One such storage scheme is the compressed row storage format.

Given a matrix
ao,o 0 0 ao,3 0

0 atia12 0 aig

A= 0 a1 422 0 0 s
azo 0 0 azzasas
0 as1 0 as3as4

the compressed row storage scheme consists of a one-dimensional array, a, of all
the nonzeroes, stored row by row, plus two indexing integer arrays, where the
first, rowp (“row pointer”), tells where each row begins, and the second, coli,
holds the column indices:

a = (a0,0,00,3,01,1,01,2,01,4,02,1,02,2,03,0,033, - - ., 04,4)
rowp = (0,2,5,7,10,13)
coli=(0,3,1,2,4,1,2,0,3,4,1,3,4)

Notice here that we index A with base zero, i.e., the entries of A are a;; for
i,j =0,...,n — 1. Also notice that rowp has length n 4+ 1, with last entry equal
to the number of nonzeroes.

The straightforward algorithm for computing the matrix-vector product goes
as follows:

r =20
for i =0, ..., n-1:
s =0
for j = rowplil, ..., rowp[i+1]-1:
s = s + aljl*x[colilj]]
r[i] = s

The next subsections exemplify how different programming techniques result
in different levels of complexity in codes that need to call matrix-vector product
functionality for different matrix storage schemes. Two schemes are exemplified:
a two-dimensional array for a (full) n x n matrix and compressed row storage of
a sparse matrix.

2.1 Classical Fortran 77 and C Implementations

In Fortran 77 the matrix-vector product is naturally implemented as a subroutine
where A, x, r, and the array size n are subroutine arguments. Typically, the
product is computed by

call matvec_dense(A, n, x, T)
call matvec_sparse(a, rowp, coli, n, nz, x, r)

for the two cases that A is stored in a two-dimensional n x n array A or A
is a sparse matrix stored in the a, rowp, and coli arrays (nz is the number of
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nonzeroes, i.e., the length of a and coli). As seen, the calls are quite different
although the mathematics is conceptually identical. The reason is that Fortran
77 exposes all details of the underlying data structures for matrix storage. An
implication for a linear solver, say some Conjugate Gradient-like method, where
the matrix-vector product is a key ingredient in the algorithm, is that the code
depends explicitly on the way we store the matrix. Adding a new storage scheme
implies that all matrix-vector product calls in the whole code need modification.

A similar C implementation differs mainly by its use of pointers instead of
proper arrays:

void matvec_dense(doublex*x A, int n, double* x, double* r);
matvec_dense(A, n, x, r); /* call */

void matvec_sparse(double* a, int* rowp, int* coli, int n,
int nz, double* x, doublex r);
matvec_sparse(a, rowp, coli, n, nz, x, r); /* call */

2.2 Object-Based Implementation in Terms of C-Like Structs

A significant language feature of C is the struct type, which allows several basic
data types to be grouped together. It makes sense that the arrays a, rowp, and
coli used to represent a sparse matrix, are grouped together and equipped with
information on the sizes of the array:
struct MatSparseC {
double* a; int* rowp; int* coli; int n; int nz;

};
MatSparseC A = MatSparseC();

We can now access the internal sparse matrix arrays through the dot notation:
A.a, A.rowp, etc.
A dense matrix representation of A in terms of a C array can be implemented
similarly:
struct MatDenseC {

doublex* A; int n;

};
The calls to matrix-vector product functions

void matvec_dense (MatDenseC* A, double* x, double* r);
void matvec_sparse(MatSparseC* A, double* x, doublex r);

can now be made more uniform:

matvec_dense (&A, x, r);
matvec_sparse(&A, x, r);

That is, only the fundamental mathematical objects A, «, and r enter the func-
tion that computes r = Ax.

Applying C++ as a “better C”, we may use the same name for the matrix-
vector product function (known as function overloading) such that the call hides
the way A is stored:
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void matvec(const MatDenseC* A, const double* x, double* r);
void matvec(const MatSparseCx A, const double* x, doublex r);

matvec(&A, x, r); // same syntax when A is MatDenseC or MatSparseC

The const keyword contributes to increased readability (input arguments) and
safety (no possibility to change A and x inside the functions).

Actually, in C++ we would use references instead of pointers and proba-
bly also wrap primitive arrays in a class. A natural choice is to employ the
ready-made vector class std: :valarray<double> from the C+-+ Standard Tem-
plate Library (STL) [6]. Alternatively, a home-made vector class can easily be
implemented. For the rest of the paper we introduce the short form Vecd for
std::valarray<double>. A new vector of length n is then created by Vecd(n),
while Vecd(a,n) borrows data from an existing double* a array of length n.

With help of the Vecd type the function signatures and associated call become

void matvec(const MatDenseC& A, const Vecd& x, Vecd& r);
void matvec(const MatSparseC& A, const Vecd& x, Vecd& r);

matvec(A, x, r); // same syntax when A is MatDenseC or MatSparseC

When data are grouped together using a struct or class, one often speaks about
object-based programming, since the fundamental variables are objects (here A)
encapsulating more primitive data types.

In Python we may mirror all the implementations above. The relevant array
data structure is supported by Numerical Python [3], and this structure con-
tains both the array data and the length of each array dimension. Fortran-style
functions can be implemented in Python and called as

matvec_dense2(A, x, r)
matvec_sparse2(a, rowp, coli, x, r)

A more “Pythonic” implementation would return the result r rather than having
it as an argument (and performing in-place modifications of r):

matvec_dense(A, x)
matvec_sparse(a, rowp, coli, x)

r =

r =

This latter design requires the matvec_* routines to allocate a new r vector in

each call. This work introduces some overhead that we will quantify in Section Bl

Python’s class construction can be used to group data structures into objects
as one does in C with a struct. Here is a possible example:

class MatSparseC:
pass # start with empty class

A = MatSparseC()
A.a = some_a; A.rowp = some_rowp; A.coli = some_coli
r = matvec_sparse_C(A, x)

class MatDenseC:

pass
A = MatDenseC(); A.a = some_a
r = matvec_dense_C(A, x)
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Function overloading is not supported in Python so each function must have a
unique name. Also observe that in Python, we may declare an empty class and
later add desired attributes. This enables run time customization of interfaces.

2.3 Object-Based Implementation in Terms of Classes

The class concept, originally introduced in SIMULA and made popular through
languages such as Smalltalk, C++4, Java, C#, and Python, groups data struc-
tures together as in C structs, but the class may also contain functions (referred
to as methods) operating on these data structures. An obvious class implemen-
tation of sparse and dense matrices would have the matrix-vector product as a
method. The idea is that the internal data structures are invisible outside the
class and that the methods provide algorithms operating on these invisible data.
In the present example, the user of the class is then protected from knowing
how a matrix is stored in memory and how the algorithm takes advantage of the
storage scheme.

A typical C++ implementation of a sparse matrix class may be outlined as
follows.

class MatSparse
{
private:
Vecd a;
Vec<int> rowp;
Vec<int> coli;
int n, nz;
public:
MatSparse(double* a_, int* rowp_, int* coli_, int nz, int n)
a(a_, nz), rowp(rowp_, n+l), coli(coli_, nz) {}

Vecd matvec (const Vecd& x) comnst {
Vecd r = Vecd(x.size());
matvec2(x, r); return r;
}
void matvec2 (const Vecd& x, Vecd& r) const {
matvec_sparse(a.ptr(), rowp.ptr(), coli.ptr(),
rowp.size(D-1, a.size(), x.ptr(), r.ptr());
}

Vecd operator* (const Vecd& x) const {
return matvec(x);

}
};

There are three matrix-vector multiplication methods: one that takes a pre-
allocated r array as argument, one that returns the result r in a new array,
and one (similar) that overloads the multiplication operator such that r = Ax
can be written in C++ code as r=A*x. Observe that if we have the plain C
function matvec_sparse from page B8] class MatSparse above may be thought of
as a wrapper of an underlying C function library.

The idea is now that all matrix storage formats are encapsulated in classes
such as MatSparse, i.e., we may have classes MatDense, MatTridiagonal, MatBanded
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ete. All of these have the same interface from an application programmer’s point
of view:

// A is MatSparse, MatDense, etc., x is Vecd
Vecd r(n);

r Axx;

r = A.matvec(x);
A .matvec2(x, r);

This means that we may write a solver routine for a Conjugate Gradient-like
method by using the same matrix-vector product syntax regardless of the matrix
format:

void some_solver(const MatSparse& A, const Vecd& b, Vecd& x)

{
f'; A*xx;
) c

Nevertheless, the arguments to the routine must be accompanied by object types,
and here the explicit name MatSparse appears and thereby ties the function to
a specific matrix type. Object-oriented programming, as explained in the next
section, can remove the explicit appearance of the matrix object type.

What we did above in C++ can be exactly mirrored in Python:

class MatSparse:
"""Class for sparse matrix with built-in arithmetics."""
def __init__(self, a, rowp, coli):
self.a, self.rowp, self.coli = a, rowp, coli # store data

def matvec(self, x):
return matvec_sparse(self.a, self.rowp, self.coli, x)

def matvec2(self, x, 1):
matvec_sparse2(self.a, self.rowp, self.coli, x, r)

def mul__(self, x):

return self.matvec(x)

The _mul__ method defines the multiplication operator in the same way as
operator* does in C++. Also this Python class merely acts as a wrapper of
an underlying function library.

Contrary to C++, there is no explicit typing in Python so a single solver
routine like

def some_solver(A, x, b):
r = A*xx

will work for all matrix formats that provide the same interface. In other words,
there is no need for object orientation or template constructs as we do in C++
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to reach the same goal of having one solver that works with different matrix
classes.

We should add that the matrix classes shown above will normally be equipped
with a more comprehensive interface. For example, it is common to provide a
subscription operator such that one can index sparse matrices by a syntax like
A(i,j) or Ali,j]. More arithmetic operators and I/O support are also natural
extensions.

2.4 Object-Oriented Implementation

The key idea behind object-oriented programming is that classes are organized
in hierarchies and that an application code can treat all classes in a hierarchy in
a uniform way. For example, we may create a class Matrix that defines (virtual)
methods for carrying out the matrix-vector product (like matvec, matvec2, and
the multiplication operator), but there are no data in class Matrix so it cannot be
used to store a matrix. Subclasses implement various matrix formats and utilize
the specific formats to write optimized algorithms in the matrix-vector product
methods. Say MatDense, MatSparse, and MatTridiagonal are such subclasses. We
may now write a solver routine where the matrix object is parameterized by the
base class,

void some_solver(const Matrix& A, const Vecd& b, Vecd& x)

{
r = Axx;

)

Through the Matrix reference argument we may pass any instance of any subclass
in the Matrix hierarchy, and C++ will at run-time keep track of which class type
the instance corresponds to. If we provide a MatSparse instance as the argument A,
C++ will automatically call the MatSparse: :operator* method in the statement
r=A*x. This hidden book-keeping provides a kind of “magic” which simplifies the
implementation of the flexibility we want, namely to write a single function that
can work with different types of matrix objects.

Python offers the same mechanism as C++ for object-oriented programming,
but in the present case we do not need this construction to parameterize the
matrix type away. The dynamic typing (i.e., the absence of declaring variables
with types) solves the same problem as object orientation in C+4 aims at.
However, in some cases where some matrix classes can share data and/or code,
it may be beneficial to use inheritance and even object-oriented programming.
This is exemplified in Section

2.5 Generic Programming with Templates in C++4

C++ offers the template mechanism to parameterize types. With templates we
can obtain much of the same flexibility as dynamic typing provides in Python.
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For example, we can write the solver function with a template for the matrix
type:

template <typename Matrix>
void some_solver(const Matrix& A, const Vecd& b, Vecd& x)

{
r = Axx;

)

Now we may feed in totally independent classes for matrices as long as these
classes provide the interface required by the some_solver function. Sending (say)
a MatSparse instance as A to this function causes the compiler to generate the
necessary code where Matrix is substituted by MatSparse. Writing algorithms
where the data are parameterized by templates is frequently referred to as generic
programming. This style encourages a split between data and algorithms (see
Section [277]), while object-oriented programming ties data and algorithms more
tightly and enforces classes to be grouped together in hierarchies. A consequence
is that libraries based on object-oriented programming are often harder to reuse
in new occasions than libraries based on generic programming. The class methods
in object-oriented programming are virtual, which implies a (small) overhead for
each method call since the methods to call are determined at run-time. With
templates, the methods to call are known at compile time, and the compiler can
generate optimally efficient code.

2.6 Combining Python and Compiled Languages

Python offers very compact and clean syntax, which makes it ideal for exper-
imenting with interfaces. The major deficiency is that loops run much more
slowly than in compiled languages, because agressive compiler optimizations are
impossible when the variables involved in a loop may change their type during
execution of the loop. Fortunately, Python was originally designed to be ex-
tended in C, and this mechanism can be used to easily migrate time-consuming
loops to C, C++, or Fortran.

Integration of Python and Fortran is particularly easy with the aid of F2PY
[4]. Say we have the matvec_sparse routine from page[B8l After putting this (and
other desired routines) in a file somecode.f, it is merely a matter of running

Unix/D0S> f2py -m matvec -c somecode.f

to automatically parse the Fortran code and create a module matvec that can be
loaded into Python as if it were written entirely in Python. Either in the Fortran
source code, or in an intermediate module specification file, the programmer
must specify whether the r parameter is a pure output parameter or if it is both
input and output (all parameters are by default input). Because all arguments
are classified as input, output, or both, F2PY may provide both the interfaces
matvec_sparse and matvec_sparse2 on page by calling the same underlying
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Fortran routine. It is the F2PY-generated wrapper code that, in the former
case, allocates a new result array in each call.

Class MatSparse can now be modified to call Fortran routines for doing the
heavy work. The modification is best implemented as a subclass that can inherit
all the functionality of MatSparse that we do not need to migrate to Fortran:

class MatSparse_compiled(MatSparse):
def __init__(self, a, rowp, coli):
MatSparse.__init__(self, a, rowp, coli)
import matvec; self.module = matvec

def matvec(self, x):
# call Fortran routine, let wrapper allocate result:
return self.module.matvec_sparse(self.a, self.rowp,
self.coli, x)

def matvec2(self, x, 1):
# call Fortran routine, use pre-allocated result r:
self .module.matvec_sparse2(self.a, self.rowp,
self.coli, x, r)

Note that it is not necessary to redefine _mul__ since the inherited version (from
MatSparse) calls matvec, which behaves as a virtual method, i.e., the correct
version of matvec in the subclass will be automatically called (we thus rely on
object-oriented programming when we do not repeat _mul__in the derived class).
To summarize, the classes MatSparse and MatSparse_compiled have the same in-
terface and can be used interchangeably in application code.

F2PY can also be used to wrap C code. However, it is hard to parse C code
and detect which function arguments are arrays because (i) a pointer can be both
an array and the address of a scalar, and (ii) there is no mechanism to associate
array dimensions with a pointer. By expressing the function signatures in C in
a Fortran 90-like module (an interface or .pyf file in F2PY terminology), F2PY
can automatically generate extension modules from C sources. It is a simple
matter to extend class MatSparse_compiled so that self.module either refers to
a Fortran or to a C extension module. We have done this in the experiments to
see if there are performance differences between Fortran and C.

There exist several techniques for migrating the matrix-vector product to
C++. One technique is to apply a tool like SWIG [7] to automatically wrap the
C++ class MatSparse such that it is mirrored in Python. Another alternative is
to make a straight C function taking pointers and integers as arguments and
then pass the arrays to a C++ function that creates a MatSparse instance for
computation. The latter strategy has been implemented and will be referred to as
Python calling C, calling C++ MatSparse: :matvec2. The C function was made
callable from Python by F2PY. A third technique is to use tools like Weave,
Pyrex, Pylnline, or Instant to write inline C or C++ code in Python.

When Python is combined with Fortran, C, or C++, it is natural and con-
venient to allocate memory on the Python side. Numerical Python arrays have
contiguous memory layout and can be efficiently shuffled to compiled code as
pointers.
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2.7 Iterators

Classical Fortran and C code applies do or for loops over integer indices to
traverse array data structures. This coding style works in most other languages
as well, but C, C++, and Fortran compilers are very good at optimizing such
constructions.

In recent years, iterators have become a popular alternative to loops with
integer indices. The standard template library (STL) [6] in C++ promoted the
use of iterators in the mid 1990s, and the construction has gained wide use also
in scientific computing (three extensive examples being Boost [I], MTL [5], and
Dune [2]). One may view iterators as generalized loops over data structures. A
matrix-vector product can be implemented as something like

template <class Matrix>
void matvec(const Matrix& A, const Vecd& x, Vecd& r)

{
r = 0;
Matrix::iterator element;
for (element = A.begin(); element != A.end(); ++element) {
r(element.i()) += (*element)*x(element.j());
// index i value index j
}

The idea is to have an iterator instance, here Matrix::iterator element, which
acts as generalized pointer to the elements of the data structure. The for loop
starts with setting element to point to the beginning of the data structure
A. The loop continues as long as element has not reached one step beyond
the data in A. In each pass we update the element “pointer” by the unary
Matrix::iterator::operator++ method. For a sparse matrix, this operator++
must be able to pass through all the nonzeroes in each row of A. The element
instance also provides a pointer dereferencing, through the unary operator#, for
accessing the corresponding data element A. The mathematical matrix indices
are available through the methods element.i() and element.j().

We emphasize that there are many design considerations behind a particular
iterator implementation. The one shown here is just an example. High-quality
numerical libraries based on iterators provide different designs (MTL [5] applies
separate row and column iterators, for instance).

The idea of using iterators to implement a matrix-vector product is that the
same function can be used for different matrix formats, as long as the provided
matrix instance A offers an iterator class with the described interface and func-
tionality. Using inline functions for the operator++, operator*, i, and j methods,
the iterator class may with a clever implementation be as efficient as classical
loops with integers. In the present example with one iterator running through
the whole sparse matrix, optimal efficiency is non-trivial.

In some way iterators are both complementary and an alternative to tem-
plates, object-oriented programming, or dynamic typing. Iterators are here used
to implement the matrix-vector product such that the same code, and the same
call of course, can be reused for various matrix objects. The previous construc-
tions in Sections aimed at encapsulating different matrix-vector imple-
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mentations in terms of loops tailored to the underlying representation array of
the matrix, such that the product looks the same in application code and the ma-
trix type is parameterized away. Iterators and templates in combination (generic
programming) provide a quite different solution to the same problem.

Iterators may be somewhat comprehensive to implement in C++. To play
around with iterators to see if this is the desired interface or not, we strongly
propose to use Python because the language offers very convenient constructs to
quickly prototype iterators. For example, the sparse matrix iterator can be com-
pactly implemented through a so-called Python generator function as follows:

class MatSparse:

def __iter__(self):
"""Tterator: for value, i, j in A:"""
for i in xrange(len(self.rowp)-1):
for c¢ in xrange(self.rowp[i],self.rowp[i+1]):
yield self.alc], i, self.colilc]

We can now write the matrix-vector product function in a generic way as

def matvec(A, x):
r = zeros(len(x), x.dtype)
for value, i, j in A:
r[i] += value*x[j]
return r

This implementation works well with all matrix instances that implement an
iterator that returns a 3-tuple with the matrix value and the two indices. Observe
how this compact for loop replaces the traditional nested loops with integer
indices, and also notice how simple the mapping between the traditional loops
and the new iterator is (in the MatSparse.__iter__ method).

A faster but also more memory consuming implementation can be made by
precomputing a (new sparse matrix) storage structure that holds the (value,i,j)
tuple for each matrix entry:

def iter__(self):

try:
return self._ap # use a precomputed list as iterator
except AttributeError: # first time, precompute:
self._ap = [(value, i, j) for value, i, j in self]
return self._ap

3 Performance Experiments

We have run experiments comparing the various implementations sketched in
Section 2 on an IBM laptop X30 machine with 1.2 GHz Pentium III processor
and 500 Mb memory, using Linux Ubuntu 2.6.12, GNU compilers (gcc, g++, g77)
version 4.0 with -03 optimization, Python version 2.4, numpy version 1.0, and
Numeric version 24.2.
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The results in Table [I] show that there is no significant difference between
implementations of the matrix-vector product r=A*x in C, C++4, and Fortran
(and especially no overhead in wrapping arrays in the C++ class MatSparse).
Using a preallocated result array r is as expected most efficient in these tests
where a large number (160) of matrix-vector products are performed. Letting
the result array be allocated in each call gives 10-15% overhead, at the gain of
getting more “mathematical” code, either r=matvec_sparse(A,x) or r=Axx.

The pure Python implementation may be useful for experimenting with al-
ternative software designs, but the CPU time is increased by two orders of mag-
nitude, so for most applications of Python in scientific computing one must
migrate loops to compiled code. We also note that the new Numerical Python
implementation numpy is still slower than the old Numeric for pure Python loops,
but the efficiency of numpy is expected to increase in the future.

Iterators are very conveniently implemented in Python, but these run slower
than the plain loops (which we used internally in the iterator implementation).
Even a straight for loop through a precomputed data structure tailored for the
iterator is as slow as plain loops. The overhead of loops in Python also drowns
the expected positive effect of preallocating arrays.

When our Python class for sparse matrices has its loops migrated to compiled
code, there is no loss of efficiency compared to a pure Fortran or C function
working with plain arrays only. We have from additional experiments estimated
that a Python call to a Fortran function costs about 70 Fortran floating-point
multiplications, which indicates the amount of work that is needed on the Fortran
side to make the overhead negligible.

Table 1. Scaled CPU times for various implementations of a matrix-vector product
with vector length 50,000 and 231,242 nonzeroes

Implementation numpy Numeric
Python calling matvec_sparse2, calling C, no array returned 1.0 1.0
Python calling matvec_sparse2, calling F77, no array returned 1.0 1.0
Python Calling C, Calling C++ MatSparse: :matvec2 1.0 1.0
Python MatSparse_compiled.matvec2 1.0 1.0

Python calling matvec_sparse, calling F77 | new array returned 1.10 1.12
Python calling matvec_sparse, calling C, new array returned 1.13  1.15

Python MatSparse_compiled.matvec 1.13 1.12
Python MatSparse_compiled: r=A*x 1.16 1.13
Python iterator with new precomputed matrix data 136 89
Python Matsparse.matvec 153 92
Python Matsparse.matvec2 153 92
Python MatSparse: r=a*x 153 92
Python function matvec_sparse 153 92

Python iterator based on generator method 228 156
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4 Concluding Remarks

We have in this paper reviewed the ideas of function libraries, object-based pro-
gramming, object-oriented programming, generic programming and iterators,
using a simple example involving the implementation of a matrix-vector prod-
uct. The role of the traditional high-performance computing languages Fortran
and C, along with the more recently accepted language C++ and the potentially
interesting Python language, has also been discussed in the context of the exam-
ple. A driving force from “low level” languages like Fortran and C to higher-level
languages such as C++ and Python is to offer interfaces to matrix operations
where the specific details of the sparse matrix storage are hidden from the ap-
plication programmer. That is, one goal is to write one matrix-vector call and
make it automatically work for all matrix types. Object-oriented programming,
generic programming with templates and iterators, as well as the dynamic typing
in Python, provide different means to reach this goal.

A performance study shows that low level (and fast) Fortran or C code can be
wrapped in classes, either in C4++ or Python, with negligible overhead when the
arrays are large as in the present tests. There is neither any difference in speed
between loops in Fortran, C, and C++ on the author’s machine with GNU v4.0
compilers.

The author’s most important experience from this case study is that scientific
programming is much more convenient in Python than in the more traditional
languages. Therefore, Python shows a great potential in scientific computing, as
it promotes quick and convenient prototyping of user-friendly interfaces, while
(with a little extra effort of migrating loops to compiled code) maintaining the
performance of traditional implementations.
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Molecular modelling/simulation techniques have in three decades evolved to
a powerful tool and scientific discipline of its own now used in many areas
of physics, chemistry, and biology with applications from materials science to
biotechnology. These techniques have naturally become applicable for more and
complex systems largely thanks to the rapid development in computer technol-
ogy. However in recent years a variety of new advanced and innovative tech-
niques have been presented to push the time and length scales further to-
wards nano/meso scale applications and soft matter. More efficient computa-
tional schemes have been proposed to treat long-ranged interactions, parallel
algorithms are proposed to run on high-end fast computers, pc-clusters and
heterogeneous GRID environment. Ab initio and hybrid QM/MM methods are
becoming routine and developed to treat large systems. Multi-scale modelling
schemes across several physical descriptions of matter from quantum mechanical
systems with nuclei and electrons all the way to nano/meso/micro/macro levels
are maturing rapidly. This minisymposium will highlight several of these latest
techniques.
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Abstract. One of the challenges in the large scale simulations required
for biomolecular system is the recording, monitoring and visualization of
configurational information from molecular dynamics trajectories. A de-
tailed record of instantaneous configuration along the full trajectory can
quickly become unmanageable. In this paper we will describe an alter-
native approach where configurations averaged over trajectory segments
are used to follow the detailed molecular behaviour of a system over
multiple-nanosecond simulations. We will then discuss the successful ap-
plication of this approach to molecular dynamics simulations of crystal
growth.

1 Introduction

Analysis of system configurations can be a key component in the computer sim-
ulation of molecular systems. These configurations, which supply full molecular
details of the (relative) positions of the particles that make up the system, are
frequently used to provide a means of exploring the microscopic behaviour cap-
tured by a molecular simulation. It is typical for these configurations to consist
simply of the positions of all particles at a particular instant in time along the
dynamical trajectory of the system. A set of such instantaneous configurations
from a simulation can be saved and later analyzed further or visualized.
Complications arise in simulations, such as those required for biomolecular
systems, where large length and time scales are necessary to capture the be-
haviour of interest [TI2J3l[4]. In these cases, the storage required to maintain this
detailed record of the systems evolution (for example, as instantaneous configu-
rations recorded every 50fs) can be prohibitive (possibly requiring 10° configura-
tions, or more). Moreover, the visualization of a system at this resolution over a
multiple nanosecond trajectory becomes quite impractical, and may well contain
detailed information (for example, due to the thermal motion of the atoms or
molecules of interest) that tends to obscure the most relevant behaviour. One
remedy to these problems is to select and record instantaneous configurations
on a far coarser grid in time (perhaps every 50 ps, for example). However, while
such an approach may retain some basic aspects of the dynamics exhibited by
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the system, considerable information is lost nonetheless. For instance, it may not
be clear if the instantaneous configuration recorded at the end of a relatively long
trajectory segment is representative of the behaviour exhibited by the system
during that segment. Below we will demonstrate that an alternative approach,
that employs averaged configurations to provide a true time coarse-graining of a
simulation trajectory, captures considerably more detailed molecular information
and allows larger scale behaviour in such systems to be tracked more readily.

2 Generation of Averaged Configurations

Spatial coarse-graining has become a widely used approach [3J4J5/6] in molecular
simulations of large systems (such as membrane system) where by the detailed
behaviour of groups of atoms are represented by (averaged into) single effective
interaction sites. The present approach is similar in character in that to will rely
on a coarse-graining, but now in time. Specifically, an averaged configuration
can be produced for any particular trajectory segment by averaging molecular
(or atomic) coordinates,

=z

1

= —
N, 4

Ty, (1)

over the N time steps of the segment spanning a time 7. In Eq. (1), x can
represent a positional coordinate; the case of orientational coordinates will be
discussed below. The choice of segment length can be an important consideration;
it typically is made as long as possible while still providing a reasonable vantage
point (i.e., frequency of sampling) from which to observe the complex processes
characterizing the molecular behaviour of interest. With an appropriate selection
of trajectory segment length over which to average, extraneous particle motion
(e.g. thermal motion) can be effectively removed so that any net (more gross)
motion can be more easily observed.

For each trajectory segment one has in principle a distribution of values for
each degree of freedom of the system. To provide additional information into
the nature of these distributions (beyond their means, or first-moments), we
also find it advantageous to monitor their second-moments, or widths. The root
mean-squared (RMS) deviations,

o= (x2— a’cQ)l/Q , (2)

are also measures of the diffusive motion exhibited by a molecule during the
trajectory segment and hence are clearly related to Debye-Waller factors. The
treatment of molecular orientations requires specific attention. At least for small
molecules (like water), we find it advantageous to separate and average their
degrees of freedom as positions and orientations. This approach allows for the
conservation of molecular geometry during the averaging process. However, Eq.
(1) cannot be applied directly to orientational coordinates due to the lack of
commutativity of finite rotations. Fortunately, an averaging procedure for ori-
entations has been developed recently [7] in terms of an average quaternion, or
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orientational centroid. In this procedure the orientational centroid, . minimizes
the function

N,
G(QK') = sz(QCa qt) ) (3)
t=1

where I' (¢, ¢:) = 2cos~1(gc-q:) is the arc length between the centroid (average)
orientation and the orientation ¢;. A simple Monte Carlo search algorithm can
be used [7] to determine a value of g, for a set of N, orientations.

3 Applications to Homogeneous Nucleation

In simulation studies of homogeneous crystal growth, where one attempts to
observe the spontaneous formation of crystalline order in an otherwise bulk
liquid, the identification and characterization of the critical nucleus is a crucial
aspect. Local structural order parameters have been developed and used for this
purpose [S9IT0], although the challenge has been to identify order parameters
that are both sensitive and generic. The local structural order parameters utilized
by Frenkel and co-workers [9J10], based on spherical harmonics, are the most
widely used. Here we will only briefly outline how these order parameters are
constructed. One starts by defining for each particle 4

1 N (1)
an() = 5 > Vi (#35) (4)
j=1

where N;p(4) is the number of first neighbors of i, Y}, is a spherical harmonics
and 7; is the unit vector representing the direction of the separation vector
joining particles i and j. It has been previously shown [Q10] that the choice
of [=6 provides a rather robust measure of local order in most systems. One
then generates the normalized 13-dimensional complex vector qg(i) from the
components Ge,, (4) for each particle i. We subsequently consider the coherence
between the measures qg(i) and qe(j) for the neighboring particles ¢ and j.
Specifically, if g6 (%) - d6(j) > @con, Where acon is some fixed value, then the pair
is labeled as connected. The number of connected neighbors of each i, Neop (), is
obtained and if N,y (i) is greater than some threshold, i is labeled as solid-like.

In utilizing this order parameter, previous workers [QJI0JTT] have employed the
coordinates from instantaneous configurations from their simulations. Here we
will test the impact of using (rolling) average coordinates as obtained from Eq.
1. Since the goal is to detect solid-like particles in systems undergoing homoge-
nous nucleation, where the character of particles might be expected to change
rapidly, relatively short trajectory segments, composed of Ny=>50, 100, 200 and
400 timesteps, were examined. Molecular dynamics simulations of systems of
4000 Lennard-Jones (LJ) particles were carried out at a reduced density of 0.95.
Particles were considered to be first neighbors if their separation was less than
1.50.
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It is first necessary to identify appropriate values for the parameters a.o, and
Neon(2). For this purpose simulations were performed at a reduced temperature
of 0.65 for a LJ liquid and an FCC crystalline solid. Fig. 1 compares probability
distributions functions for qg(¢) - qg(j) recorded when instantaneous coordinates
are used with those obtained from averaged coordinates. It can be seen that
while the distributions from the liquid systems are relatively unaffected by local
time averaging (coarse-graining), there is considerable sharpening and shifting
of the distributions towards their ideal value (1.0) for crystalline systems. Conse-
quently, the overlap between liquid and solid distributions is significantly reduced
(by at least two orders of magnitude) even when configurations averaged over as
few as 100 timesteps are employed. The crossover points in Fig. 1 were utilized
to provide appropriate values for the connection threshold, a.y, in each case.

Fig. 2 shows probability distributions functions for N, obtained when coor-
dinates from instantaneous and averaged configurations are used. We see a rather
dramatic improvement in the resolution of the distributions from crystalline and
liquid systems as local time averaging (coarse-graining) is enabled. The distribu-
tions from the liquid simulations consistently shift to the left (to lower values)
as more averaging is performed. While the solid distribution appears somewhat
broad and spans the full range of values when instantaneous coordinates are uti-
lized, all the levels of averaging shown in Fig. 2 produce a distribution that has
essentially become a delta function, centered at its ideal value of 12. The obvious
conclusion is that the sensitivity of this order-parameter, and hence ones ability
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Fig. 1. Probability distribution functions for values of qe(7) - qs(j) from simulations of
liquid (dashed lines) and FCC solid (solid lines) LJ systems at a reduced temperature
of 0.65. The blue lines represent data obtained from instantaneous configurations, while
the red, black and green lines are results obtained from coordinates averages over 100,
200 and 400 timesteps, respectively.
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Fig. 2. Probability distribution functions for values of N¢or from simulations of liquid
and FCC solid LJ systems at a reduced temperature of 0.65. The lines are defined as
in Fig. 1. It should be noted that all the lines from averaged configurations for an FCC
solid are superimposed on this plot.

to distinguish between solid-like and liquid-like particles in these simulations,
has been greatly enhanced. Even with only modest amounts of averaging (i.e.
100 timesteps) the overlap between liquid and solid distributions is significantly
reduced, i.e. by two orders of magnitude.

Fig. 3. (a) Instantaneous and (b) averaged configurations of the same interfacial region
of an ice/water system during crystal growth. The averaging in (b) is over 20 ps.
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4 Applications to Heterogeneous Crystal Growth

We have employed averaged configurations extensively in our molecular simula-
tion studies of heterogeneous crystal growth [I2/T3JT4], where the detailed anal-
ysis of multiple nanosecond trajectories is required to uncover the underlying
processes associated with crystal growth. The details of the simulation method-
ology we have employed can be found elsewhere [I2/15]. Fig. 3 compares an
averaged configuration from a 20 ps trajectory segment with the instantaneous
configuration from the end of this trajectory segment. The ice/water system pic-
tured in Fig. 3 is looking down the c-axis of hexagonal ice (I) during its crystal
growth. Perhaps the most striking aspect of the averaged configuration is the
clarity of its crystalline structure and the distinctiveness of the interfacial layer.
Clearly even at this level, the averaged configuration is providing a superior view
of the systems behaviour. We point that while some molecular overlaps can oc-
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Fig. 4. (a) Averaged configuration of the interfacial region of the [001] face of a growing
cubic ice (I) crystal. A trajectory segment of 25 ps was used to produce the averaged
positions and orientations of the molecules. The blue dashed lines represent hydrogen-
bonded molecules. (b) Averaged configuration of the interfacial region of the [0001]
face of a growing hexagonal ice (I) crystal. The length of averaging trajectory segment
was 75 ps. The molecules are colored as discussed in the text.
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cur in an averaged configuration within the liquid region of a system (due to the
diffusive motion of these particles), these are not problematic in our analysis.

To enhance further our ability to extract visual information from averaged
configurations, we have labeled water molecules within each averaged configura-
tion as being translationally solid-like or liquid-like, and similarly as being rota-
tionally solid-like or liquid-like. This was done by identifying appropriate thresh-
olds for the RMS deviations (i.e., diffusive behaviour) for both positions and ori-
entations that are consistent with values found in the bulk crystal; molecules with
values above these thresholds are identified as being liquid-like. The molecules
could be then colored according to their solid-like/liquid-like labels. Specifically,
if a molecular was labeled translationally solid-like, its oxygen was colored red,
otherwise the oxygen was colored magenta. If a molecule was labeled rotationally
solid-like, its hydrogens were colored white, otherwise the hydrogens were col-
ored yellow. We can see from Fig. 4, where the interfacial region of an averaged
configuration for two ice/water systems are shown, that these labels provide
considerable insight it the molecular behaviour at the interfaces. It should also
be noted that the qualitative characteristics observed in Fig. 4 do not appar-
ently change in any significant way if the length of the trajectory segment is
changed somewhat (e.g. increased from 25 to 75 ps, as in Figs. 4(a) and 4(b),
respectively). This indicates that as long as a reasonable choice for the length
of time coarse-graining is utilized, the results obtained are rather insensitive to
this value.

5 Conclusions

We have shown that averaged configurations, representing a time coarse-graining
over the trajectory of a system, can be very useful for following the molecular
mechanisms of crystal growth. The inclusion of second-moment information was
also observed to add significant depth to the information contained in these
averaged configurations. We have used this approach extensively [I2[T3/T4T6] to
studying crystal growth of pure and mixed crystals of both atomic and molecular
systems. We would expect that it would prove similarly useful in simulations of
other systems characterized by rather slow processes, for example in the folding
of a protein or in the transport of an ion across a membrane.
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Abstract. A Monte Carlo simulation study of water and hydrocarbons
ailming at understanding the degradation of polyethylene cable insula-
tion is presented. The equilibrium distributions and clustering of water
in vapour and in hydrocarbons was investigated using Gibbs ensemble
Monte-Carlo simulations. Different combinations of water and hydrocar-
bon models are investigated in order to reproduce experimental densities
of water and hydrocarbons in both the water phase and the hydrocarbon
phase.

1 Introduction

The degradation of polyethylene insulation of high voltage DC cables in the
presence of water is an important yet incompletely understood problem. It is
found to proceed via the formation of water trees, in which water penetrates
into the cable insulation [I]. In order to separate the different possible causes
for the degradation of polyethylene in real cables, a series of simulations of
increasing complexity is performed. We start with simple systems like water and
hydrocarbons, to fine-tune simulation parameters to experimental data before
the complexity of long polymers is introduced.

In an earlier study [2] we focused on the properties of liquid water in equi-
librium with its own vapour since these properties will be of high relevance to
the behaviour of water in hydrophobic hydrocarbons where the water properties
could be expected to be similar to those of water vapour. This study gave valu-
able information about the structure of water vapour. The occurence of water
clusters with different sizes was monitored and some results are summarized in
Fig. M

In the present work we study the equilibrium between pure water and decane
(which acts as a model hydrocarbon). In the first, preliminary study we compare
the properties of pure water vapour with water in decane, in both cases in
equilibrium with pure water liquid. Especially the clustering of water molecules
was compared.

In these studies water and decane are modelled by the well-known SPC/E [3]
and TraPPE [4] potentials, respectively. Since these force fields, with a simple
Lorentz-Berthelot mixing rule for water-decane interactions, did not accurately
reproduce water densities in the hydrocarbon phase, the second part of this
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Fig. 1. Density of (SPC/E) water clusters (in number of clusters/A®) as a function of
cluster size. Note the logarithmic scale.

The curves refer to water clusters in pure vapour whereas the symbols refer to water
clusters in decane (modelled by the TraPPE potential). The water densities in decane
are smaller than in pure water vapour but tendencies are similar, cf. text.

paper is devoted to optimizing the interaction parameters between water and
hydrocarbons to reproduce the equilibrium distribution of water and short chain
hydrocarbons (hexane to hexadecane). The SPC [5] water force field and the
Karayannis [6] alkane force field are also included in the study.

2 Methods

2.1 Simulation Methods

The choice of simulation method depends both on the system (i.e. what methods
are possible) and the properties of interest (i.e. what methods are desirable). In
this work different Monte Carlo (MC) methods have been used to study the
interaction between alkanes and water.

In order to study phase equilibria the Gibbs Ensemble Monte Carlo (GEMC)
method was developed by Panagiatopoulos [7]. In this method, the two phases
in equilibrium with each other are simulated in each of two boxes. The pressure
is kept constant whereas the volumes of the two boxes are allowed to vary.
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In addition to ordinary translation, rotation and regrowth moves inside each
box, it also includes trial moves where the molecules are transferred between
the boxes. The GEMC method has frequently been used to simulate liquid-
vapour equilibria but in the present study it is used to study a distribution
equilibrium with two liquid boxes, one intially containing a liquid hydrocarbon
and one containing liquid water. The configurational bias method [§] was used
to enhance the acceptance rate for insertions in dense phases. All simulations
presented here were performed using the Gibbs Ensemble program by Errington
and Panagiatopoulos [9] which was slightly modified to incorporate an analysis
of water clusters.

2.2 Force Fields

For all studies in this work pair-additive empirical force fields were used. The
reason for this choice was their simplicity and the possibility to compare with
several other studies of the pure compounds.

There exist several simple force fields that well reproduce properties of water
like the SPC/E [3] and TIP4P [I0] force fields. These force fields are optimized
to reproduce the thermodynamic properties of liquid water. This means, among
others, that the dipole moment is higher than in vacuo in order to account for
the effective polarization of the water molecules in the liquid. The SPC/E model
was used for most of the studies reported here since it allows for comparison
with previous simulations of liquid-vapour phase equilibria [2].

Most simulations presented here were made using the the TraPPE united-
atom force field [4] for the alkane molecules. This force field is known to repro-
duce experimental phase properties for different alkanes and alkane mixtures.
Another force field, that reproduces experimental properties of polyethylene, was
developed by Karayannis et al. [6] and is here called the Karayannis model. It
is a hybrid of the Asymmetric United Atom (AUA) model [11] and the TraPPE
model. These two models overestimate the density of the polymer by a few
percent [6], while the Karayannis model shows very good agreement with exper-
imental results. One significant difference between the Karayannis model and the
TraPPE model is that the Lennard-Jones well-depth (¢) of the CHs end groups
in the TraPPE model is approximately twice as large as for the CHy groups,
where it is the same for all carbon groups in Karayannis model. This works well
in a polymer, with long chains and only few end groups, but we have found that
the cohesive energy of the Karayannis model is too small when it is used for
shorter alkanes. For example the liquid density of hexane, where one third of the
carbon groups are end groups, is only one eighth of the experimental density.
The TraPPE hexane density is in very good agreement with experiment. To im-
prove the Karayannis model we have used the € of the TraPPE model for the
end groups ( 98K instead of the original 46K ), which transforms the model to
one that gives densities that only differs a few percent from experinental values.
This means that the results presented here from the “Karayannis” model are,
in fact, from a slightly modified version of the model so that it can be used in
alkane systems.
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None of the force fields contain interaction parameters between water and
hydrocarbons. A common way to estimate these parameters is to use the Lorentz-
Berthelot rules [12]

Oi + 0jj

- (1)

045 =

€ij = \/eii€jj (2)

where o;; and ¢;; are the Lennard-Jones parameters for the interaction between
species ¢ and j whereas 0;; and ¢;; are the parameters for two atoms of the same
species.

However, Equation 2l does not accurately represent the interaction when some
of the molecules are polar and in order to better reproduce the experimental
distribution of water and decane between the phases Equation 2] was modified
to

€ij = By/f€ii€jj 3)
where B is an ad-hoc parameter which is fitted to reproduce the experimental
partition coefficient.

3 Results and Discussion

In the exploratory study the SPC/E-model of Berendsen et al. [3] was used for
water. For the alkanes, the TraPPE [4] united atom model was used and the
Lorentz-Berthelot combination rules, Egs. ([))-([2)) were used for the interaction
parameters between different species. In Fig. [I] the number densities of water
clusters of different sizes in the decane phase are shown as symbols. A comparison
with the data for pure water vapour at the same temperatures shows that the
density of water clusters of a given size is similar but lower in decane. In addition,
the ratio between the clustering in neat vapour and in decane increases with
increasing cluster size, probably due to the lack of large voids in the decane
liquid. This ratio increases more rapidly at lower temperatures since the number
of voids of a given size in pure decane decreases with temperature and the energy
barrier to increase the size of a void is more easily overcome as the temperature
increases.

The overall density of water in the decane phase was much lower than the ex-
perimental values at all temperatures, c.f., open diamonds in Fig.[2l, which shows
the solubility of SPC/E water in decane at different temperatures. This can be
seen as an effect of either the attractive part of the alkane/water interaction
(i.e., €;5) being too weak or the water-water attraction being too strong.

Using a stronger water-alkane attraction (B = 1.68 in Eq. B]) improved the
water in decane solubility obtained from the TraPPE and SPC/E force fields
(open squares in Fig. 2). However, at 550 K a one phase system was obtained
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Fig. 2. Solubility (in mole fractions) of water in decane for different combinations of
models as a function of temperature. Note the logarithmic scale. B is defined in Eq.
B =1 corresponds to the original Lorentz-Berthelot rules. Experimental data are from
Tsonopoulos [13].

so the critical temperature for this combination of models is too low. According
to Tsonopoulos [I3] the experimental critical solution point for a water - decane
system is close to 630 K and 20 MPa. In addition, this model (B = 1.68) led to
a far too high solubility of decane in water. Therefore these parameters were not
used for the water-alkane simulations.

Instead, the model was optimized by diminishing the charges on water by a
few percent to those of the SPC model, since the polarization of water in alkanes
could be expected to be notably smaller than the polarization in pure water (for
which the SPC/E model was optimized). This, together with a value of B = 1.3,
yields good solubilities in both phases (cf. Fig. [2 for water in decane).

A comparison was also made for the solubilities of water in alkanes of different
chain lengths at 450 K, cf. Fig.Bl In agreement with experiment the mole fraction
dissolved water is essentially constant for the short chain alkanes. Also here it was
found that the use of the TraPPE alkane model together with the SPC/E water
model (with B = 1.68) yields a good representation of the mutual solubilities of
water and alkanes.

The results for the Karayannis model are very similar to those for the TraPPE
model, which is expected due to the large similarity of the models, especially for
longer chain alkanes where the influence of the terminal groups is small.
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Fig. 3. Solubilities of water in alkanes as a function of chain length at 450 K and 30 bar
(expressed as mole fractions) B is defined in Eq.[2l B = 1 corresponds to the original
Lorentz-Berthelot rules. Experimental data are from Tsonopoulos [13].

4 Conclusions

An important conclusion of this study is that water clustering is similar in alkanes
and neat vapour, especially when the water concentration in the oil (or vapour)
is low. Similar to the neat vapour, the fraction of clusters dissolved in alkane
decreases with increasing cluster size. However, the number of clusters of a given
size is always smaller in decane than in neat vapour and this deviation increases
with cluster size. This is expected since the number of voids in the pure alkane
decreases rapidly with increasing void size.

In order to properly model the solubility of water in alkanes, the simple com-
bination of the SPC/E model and good alkane models is not sufficent. This is
partly due to the fact that water is a highly polarizable molecule and it is po-
larized in the liquid phase which is implicitly included in in the SPC/E model.
Water in alkane, on the other hand, is not expected to be as polarized and
thus the less polarized SPC model yields a good representation of the water
partition if the van der Waals attraction between water and alkane also is in-
creased by about 30%. An even better solution might be to explicitly include
polarizabilities, but this is not feasible yet for modelling large water-polymer
systems.
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Abstract. The charge state of molecules and solid/liquid interfaces is
of paramount importance in the understanding of the reactivity and the
physico-chemical properties of many systems. In this work, we porpose
a new Monte Carlo method in the grand canonical ensemble using the
primitive model, which allows us to simulate the titration behavior of
macromolecules or solids at constant pH. The method is applied to the
charging process of colloidal silica particles dispersed in a sodium salt
solution for various concentrations and calcium silicate hydrate nano-
particles in a calcium hydroxide solution. An excellent agreement is found
between the experimental and simulated results.

1 Introduction

For the sake of simplicity we shall consider a planar solid/liquid interface. The
solid surface is defined by explicit titratable sites (hard spheres or points) dis-
tributed on a square lattice with the same intrinsic dissociation constant Kj.
The liquid phase is described by the so called primitive model [I] where the ions
are charged hard spheres embedded in a dielectric continuum that represent the
solvent (for more details see [2]. The titration can be depicted in the usual way,

M—-OH=M-0 +H" (1)
from which the intrinsic dissociation contant can be expressed,
OM—-OHOH
Ky=——"7"— (2)
aM—-OH

where q is the activity. The ordinary method to conduct a titration simulation
[3] consists of many attempts of deprotonation and protonation, where the trial
energy for these can be expressed as,

BAU = BAU +1In10(pH — pKy) (3)

where AU® is the change in electrostatic free energy when a site is protonated
or deprotonated and 8 = 1/kgT. The proton is implicitely treated through the
constant pH. For this purpose a negative charge is assigned to a titrating site

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 662007.
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when it is deprotonated and vice versa. In order to satisfy the electroneutrality
of the system a free charge is added/removed from the simulation cell accord-
ing to the charge state of the surface site. That is, when a site is ionised the
electroneutrality can be maintained by following two distinct procedures either
adding a cation or removing an anion, that we shall call in what is following
addition cation (ACP) and deletion anion procedure (DAP). From this and as it
will be illustrated later, we immediately note that the ordinary titration method,
Eq.Bl is wrong by an energy corresponding to the use of the free positive or neg-
ative charge and as a result, the two procedures gives different results. Indeed,
the chemical potential of the surface site, 4 = kpT'In 10(pH — pK)), is mixed
with that of simple ions. Ullner et al. [6] have first developed a self consistent
method which consists in calculating pH — pK at a set ionisation fraction in
the canonical ensemble avoiding the simple ion contribution. In this work, a
grand canonical titration method (GCT) is proposed that properly correct for
the latter and enable us to perform titration simulation at constant pH. It will
be shown that, in the framework of the ordinary titration method and depending
on the charge state of the surface, the ACP or DAP can lead to results close to
the exact solution obtained through the GCT.

2 Grand Canonical Titration

In this section the two possible procedures, i.e. ACP and DAP, in the framework
of the GCT for a surface next to a 1:1 salt (AB) are described. Similar procedures
for multivalent salts can be easily extrapolated from this work.

| — Na, OH

Q
O e .
H, OH \

o | Oy |

Fig. 1. Illustration of the ionisation procedure in the framework of the GCT by: a) the
deletion of an anion, here OH™; b) by the addition of a cation, here Na™
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2.1 Deletion of an Anion

In the case of DAP the ionisation of a surface site can be written as two steps.
That is, the deprotonation of the surface and the exchange of the ion couple
(H*, B™) with the bulk. This is illustrated in Figure Pa. The corresponding
Boltzmann factor of the trial energy can be expressed as,

exp(—BAU) = % exp(—ﬂuB)exp(—ﬂAUel)eXp{+ln 10(pH — pKo)} (4)

where p represents the chemical potential of the considered ion. A similar ex-
pression can be found for protonation as,

exp(—BAU) = NBV+ 1 exp(+8up) exp(—ﬂAUez) exp{—In10(pH — pKy)} (5)

In these two equations, one can remark that only a prefactor involving the anion,
B, appears since the contribution of the proton is already taken into account
through their last exponential term.

2.2 Addition of a Cation

In the case of ACP, the ionisation of a surface site can be described in three steps,
see Fig. @b. That is, the addition of the ion couple (AT, B™), the deprotonation
and the exchange of the ion couple (HT, B™) with the bulk. The corresponding
Boltzmann factor of the trial energy can be expressed as,

v
Ng+1Np+1

exp(—fup) exp(—ﬂAUel) exp{+1n10(pH — pKy)}

exp(—BAU) =

Np +1
|4

exp(Bpan) (6)

After some simplifications this equation can be rewritten as,

exp(—BAU) = exp(+8pa) exp(—BAU) exp{+In 10(pH — pKo)} (7)

\%4
Ny+1

and for protonation,

Ny .
exp(—fFAU) = <7 exp(—fpa) exp(=FAU) exp{~ I 10(pH — pKo)}  (8)
From eqs (4,5,7,8) one can notice that the GCT method amounts to simply
correct the trial energy of titration, Eq. (3), by the excess chemical potential of
the ”"unwanted” ion (the ion used to maintain electroneutrality of the simulation
box.
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Fig. 2. Ionisation fraction for a surface next to a 20 mM CaXz solution varying the pH.
The surface site density is set to 4.8/nm? and pKjy to 9.8. ACP: addition cation pro-
cedure; DAP: deletion anion procedure; OT: ordinary titration; GCT: grand canonical
titration.

3 Results and Discussion

As an example, Fig. 2l presents the simulated ionisation fraction («) for a surface
next to a 20 mM CaXs solution as a function of pH. The surface sites are chosen
with a density of 4.8 /nm? and pKj is set to 9.8 in order to correspond to calcium
silicate hydrate. The ionisation fraction is obtained using ACP and DAP in the
framework of the ordinary titration (Eq.[B) and GCT. In the case of addition of
a divalent calcium, an attempt is made to simultaneoulsy deprotonate two sites
selected at random. One can immediately notice that in the framework of GCT
both procedure, addition of Ca?* and deletion of X~ gives exactly the same
results illustrating the self-consistency of our approach. Interestingly, it can be
seen that in the framework of the ordinary procedure and for this pH range,
DAP slightly understimates o while ACP largely overestimates it. The opposite
takes place, not shown here, for a surface of positive charge density at pH values
lower than the pKg (for example, considering the equilibrium M — OH /2 =
M —O~Y24 H*. This is simply explained by the large excess density of counter-
ions near the charged wall, see Eq. (5-9).

In Fig.Blthe simulated and experimental surface charge density against pH for
various ionic strengths of silica particles next to a 1-1 salt solution are presented.
Experimental details are given in ref. [4]. For simulations, the surface site density
and pKj is set to 4.8/nm? and 7.5, respectively. The value of pK has been taken
from the literature [ABITIRIOITO/TT]. The site diameter is set equal to that of free
charges, i.e. 0.4 nm. As expected, a increases with the ionic strength. Except for
high salt concentration at the lowest pH values, the simulation predictions are
in very good agreement with the experiments.
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Fig. 3. Surface charge density of silica next to a sodium salt varying the pH and for
increasing concentration: from top to bottom 10 mM, 100 mM, 1000 mM. empty circles:
experiments; full curves: simulations
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Fig. 4. Comparison between experimental (points) and simulated (line) net increase of
the ionization fraction (A«) as a function of the pH for C-S-H nano-particles dispersed
in a solution containing a low bulk calcium concentration

The GCT method has been further confrontated to titration data of calcium
silicate hydrate (C-S-H), which is the main constituent of cement paste. The
experimental and simulated titrating curves of C-S-H particles dispersed in a 2
mM calcium hydroxide solution are presented on Fig. @l C-S-H does not exist
below pH 10 and since its surface is partially ionised for this pH, the net increase
of a (Aa) instead of « is reported here. In simulations, except for pKy the
parameters are the same as before. The latter is set to 9.8, which corresponds to
the first ionisation of silisic acid. For more details see ref. [2]. Again, a very good
agreement is found between simulated and experimental A«. This indicates that
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our microscopic model is capable of describing the electrostatic interactions that
govern the titration of individual silanol groups leading to the macroscopically
observable surface charge.

4 Conclusion

We have proposed a new Monte Carlo method in the grand canonical ensemble
called Grand Canonical Titration, which allows us to simulate the titration be-
havior of molecules or solids at constant pH. The self-consistency of the method
has been verified. In addition, the method has been applied to the charging
process of both colloidal silica particles in a sodium salt solution and C-S-H
nano-particles in a Ca(OH)z solution. An excellent agreement has been found
between the experimental and simulated results. This result is particulary im-
portant in the field of colloid science as it shows that the many parameters of
the commonly used ”classical Stern model” can be reduced to two, namely the
surface site density and pKy. In addition to being more simple, our approach
appears to have a clearer physical basis.
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Abstract. Proteins in the living cell can interact with a wide variety
of solutes, ranging from ions, peptides, other proteins, DNA to mem-
branes. Charged groups play a major role and solution conditions such
as pH and ionic strength can modulate the interactions significantly.
Describing these systems in a statistical mechanical framework involves
thousands of pair-interactions and therefore a certain amount of coarse
graining is often required. We here present a conceptually simple “meso-
scopic” protein model where the detailed charge distribution and surface
topology is well preserved. Monte Carlo simulations based on this model
can be used to accurately reproduce second virial coeffients, pH titration
curves and binding constants of proteins.

1 Blurry Proteins

Scientists from different fields use different approximate descriptions of how a
protein or biomolecule looks like. This is illustrated in Figure 1 where it is
sketched how the same protein may be presented in various disciplines. What
is shown is in fact a kind of coarse graining where the most detailed model
(quantum level) is transformed into simpler alternatives, tailored to capture
only properties of interest. This is a powerful technique as the mathematical
complexity can be drastically reduced (or even removed) yet still provide useful
insight. It can also be a pitfall, though. It is not uncommon to see one kind
of coarse graining applied to problems where it is not suitable. For example, it
would be silly to measure protein aggregation using the “cartoon model” as it
provides no controlled way of quantifying intermolecular interactions. Likewise
it would seem overly excessive to use a full quantum mechanical model as we
deal with long range interactions and a detailed description of internal electron
densities is not really needed (nor tractable for that matter). The trick is to find
the right level for the problem at hand, and at the same time ensure that the
results are not artificially affected by an excessive amount of input parameters.

The “biologist”, “chemist”, and “physicist” models shown in Figure [ all illus-
trate — some better than others — that proteins have a detailed surface topology
and indeed occupy a volume from which other molecules are excluded. This gives
rise to significant intermolecular interactions and any quantifying model should

B. Kagstrém et al. (Eds.): PARA 2006, LNCS 4699, pp. 73{81] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Fig.1. A protein as seen from three different scientific view points: The “cartoon”
model (left) showing secondary structure, the ball-and-stick model (middle) illustrating
individual atoms and chemical bonds, and finally a space filling model (right), where
each atom is presented by a sphere

capture this effect. From a computational point of view it is appealing to coarse
grain as much as possible while still preserving physical properties essential to
the problem at hand — in this case the excluded volume. The “colloid scientist”
would (possibly) replace the protein with a sphere matching the protein volume
so as to reduce the number of particles from thousands to merely one. For many
globular proteins this can be a reasonable approximation but is not for more
elongated molecules. Another disadvantage of the spherical model is that the
detailed charge distribution is usually replaced by a single point charge, thus ne-
glecting possible electric multipole moments. Figure [2 shows other alternatives;

Aeendreds Zens

Zhoetsand.

Fig. 2. Various protein models and the number of particles involved. From left to right:
1) Atomistic model where all atoms are represented by spheres. 2) Amino acid model
where entire amino acid residues are approximated by spheres. 3) Point charges in an
encapsulating sphere. 4) A sphere with a point charge in the middle (DLVO type).

in particular we note the amino acid model where all amino acid residues in
the protein are replaced by spheres. This method was scrutinized by Lund and
Jonsson[I] and — while seemingly crude — it captures many protein details and is
advantageous for several reasons: 1) the surface topology is well preserved (see
Figure[3)), 2) the detailed charge distribution is maintained, 3) it can incorporate
detailed short range interactions (van der Waals, for example), and 4) the num-
ber of particles is reduced by one order of magnitude compared to the atomistic
representation, allowing even large proteins to be handled.
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All atom level

Amino acid level

Fig. 3. A cross section of the protein ribonuclease using both an atomistic- and an
amino acid representation

1.1 Rigidity

The models proposed so far all neglect structural degrees of freedom within
the protein molecule. Clearly this is an approximation as side chains do have
some flexibility and certain proteins are known to function via structural per-
turbations. To incorporate this we need a set of energy functions for stretching,
twisting and bending intra-molecular bonds in the protein. Such force fields are
typically constructed in a semi-empirical manner and may contain hundreds of
parameters and it can be difficult to make sure that these do not artificially
influence the final results.

In cases where structural fluctuations are minor or irrelevant for the prop-
erties of interest the molecule can be kept rigid. For a number of proteins
the structure is invariant to even large changes in solution conditions (pH,
salt). In theoretical calculations the (fixed) structural coordinates are acquired
from either NMR or X-ray crystallography, but these are only partly experi-
mental: After the data collection the experimental constraints (electron den-
sity maps or NOE’s) are — together with a force field — used in a simulation,
so as to obtain a the most probable structure. Therefore the “experimental”
structure do hold a reminiscence of theory and should be regarded as an av-
erage structure. This is especially true for solution NMR structures where the
flexible side chains can appear in a multitude of conformations, but are typi-
cally averaged to just one. These facts support the usage of a rigid but likely
structure.
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1.2 More Coarse Graining

So far we have discussed the macromolecule only but protein interactions usually
take place in a condensed phase in the presence of solvent and other solutes.
One obvious but important feature of an aqueous solution is that the particle
density is high; the concentration of water in water is roughly 55 mol/1 and this
will significantly influence any interaction taking place. Computationally this is
challenging as one needs to consider thousands of solvent molecules and their
mutual interactions throughout phase space. This is manageable by “averaging
out” configurational variables[2], leaving us with effective potentials that has the
character of free energies and can be performed in a step wise manner,

Bw(z) = — ln/e*ﬁU(%y)dy ——1In <e*ﬁU(Tay)>y (1)

fw = —In <e*ﬁU($’y)>w M In <efﬁw($)> . (2)

x

where [ is the inverse of the thermal energy. For example, for polar fluids struc-
tural degrees of freedom can be integrated out to reduce the properties of the
enormous number of solvent molecules to a single, macroscopic number, namely
the relative dielectric constant, €,.. Very appropriately, the solvent is now referred
to as a dielectric continuum, indicating that structural details are nonexistent.
The (effective) interaction energy between two charges, ¢ and j in the solution
is now given by Coulombs law, reduced by a factor of 1/¢,:

1 _eagy  _ lpaiz
€r 471'607“1‘]‘ kT ’I“ij

3)

</6wij>solv ~

where ¢ is the charge, z = g/e the charge number, eq the permittivity of vacuum,
k Boltzmann’s constant and e is the electron charge. Note the introduction of
the Bjerrum length, /. In a similar fashion we can continue (Figure M) to treat
salt particles implicitly and arrive at the classic Debye-Hiickel result [3],

<ﬁwij>solv salt ~ W—,lejeiﬁmj (4)
: Tij

where the inverse Debye screening length, k is proportional to the square root of

the ionic strength. Equation [Bl and [ are valid for spherical symmetric charges,

but for dipolar molecules (such as proteins) angular averaging produce additional

terms — dipole-dipole interactions (Keesom energy) for example:

<l6wdip7dip> ~ (lB;U'i:U'j)Q (5)
K solv,angles 3TZ6]

To derive these expressions, assumptions and mathematical approximations are
almost always applied and this of course has consequences. For example, in
the Debye-Hiickel theory correlations between ions[4] are partly neglected and
unphysical results usually appear for strongly coupled systems (highly charged
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Fig. 4. Simplifying an aqueous protein solution using statistical mechanical averaging
resulting in faster and faster calculations. The blue text indicates the implication of
the approximations.

molecules, multivalent salt etc.). It suffices to say that effective potentials reduce
the computational cost significantly — usually at the expense of molecular detail;
for further information the reader should consult the textbook of Israelachvili [5].

1.3 Dielectric Boundaries

As just outlined averaging out solvent degrees of freedom can drastically re-
duce the computational cost when simulating liquids. However, this continuum
approach brings about another concern: The deep interior of proteins consists
mainly of non-polar matter, while the surrounding solvent is highly polar. The ef-
fect of this can be captured by solving the Poisson(-Boltzmann) equation for the
dielectric boundary between the low- and high dielectric regions. However, this
boundary is not well defined nor sharp; surface groups of water soluble proteins
are partially charged, polar and polarizable, stemming from proton fluctuations,
structural flexibility of amino acid side chains and backbone dipole moments.
Further, since the dielectric constant is a macroscopic property influenced by
distant molecules, setting up boundaries within a few nanometers may be to
push the model too far. Note that it is not uncommon (in fact it is normal)
to let the boundary include charges in the low-dielectric protein interior even
though the Born energy suggests costs of ~10-100 kT per charge relative to po-
sitions just a few Angstroms away. This is typically remedied by partly solvating
charges using surface accessible areas and by doing so good agreement can be
obtained with experimental data for properties such as side-chain pK,-values
and overall titration behavior.

The above complications suggest a different and simpler approach. If we can
agree that surface charges are established in relatively high dielectric regions,
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electrostatic interactions between them can be conveniently estimated using a
uniform dielectric constant equal to that of water. Mathematically, this is trivial
as the pair interaction between any two charges will be of the type shown in
Eq. Bl or @l and hence, many-particle systems can be studied relatively easily.
Using this approach a number of researchers[TI6/7I8I9ITO/TT] have obtained good
agreement with experimental data — even though effects from the low dielectric
interior have been ignored. This indicates that the uniform dielectric approxi-
mation is applicable for the overall electrostatic environment but may become
less applicable for deeply buried charges.

1.4 A Few Examples

We shall here mention just a few of the applications in which the presented tech-
niques can be used to predict protein solution properties and will not go into
great detail of how the systems are solved numerically. Using Metropolis’ Monte
Carlo (MC) simulation technique[I2I13] coordinate space of a given model sys-
tem can be efficiently sampled, yielding statistical mechanical averages. Coarse
graining proteins to the amino acid level and treating salt explicitly, but sol-
vent implicitly (uniform dielectric) a number of properties have been studied as
shown in Fig.Bland Table[Il The virial coefficients, B (Fig.[] left) are obtained
from two-body simulations[I] where the inter-protein potential of mean force,
w(r) can be sampled and later integrated to yield the virial coefficient,

By = —27 /000 (eiﬁw(r) — 1) r2dr. (6)

When B, is negative there is a net attraction between the proteins and is positive
they repel each other. Thus, the virial coefficient is interesting in connection with
protein aggregation and crystallization and is strongly influenced by solution pH,
salt concentration and type. In the case of lysozyme there is a strong repulsion
at low pH and salt concentration, where the protein net-charge if positive. As
pH is increased this charge gradually diminishes and as the protein goes through
its isoelectric point, an attraction occurs. Addition of salt effectively screens out
electrostatic interactions and hence the virial coefficient is much smaller.

Due to acidic and alkaline side chains on the protein surface the overall protein
charge varies with solution conditions. This can be studied in a simulation of a
single protein by letting protons fluctuate between the macromolecule and the
bulk solution[I5JTI6]. The resulting average protein charge (Fig. [ right), dipole
moment and charge capacitance[l6] can be used to construct an approximate
expression[I7] for the inter-protein potential of mean force. In addition to being
very fast, this approach to protein-protein interactions has an important advan-
tage in that the result can — mathematically — be partitioned into contributions
from ion-ion, ion-dipole interactions etc. and as such can be more informative
than a “brute-force” two-body simulation. Not only can the overall protonation
state be analyzed but it is also possible to examine individual, titrating sites.
Table [I] shows calculated values for various residues in the protein ovomucoid
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Fig. 5. Comparison between experimental data and results obtained from Monte Carlo
simulations using the uniform dielectric model. Left: The virial coefficient for lysozyme
at different pH. Open circles represents MC data. Right: Titration behavior of ribonu-
clease — experimental data from ref. [14].

Table 1. Measured and calculated pK, values for turkey ovomucoid third domain at
low salt concentrations. The MC and MTK calculations are both based on the crystal
structure[I8] (1PPF). In the simulations, the amino acid model was applied together
with a uniform dielectric constant.

Ideal MTKI[I9] MC Exp.[20]
ep=4, relaxed €,=20 €,=80

Asp7 4.0 2.1 3.0 32 <26
Glulo 4.4 4.0 3.5 39 4.1
Glul9 44 3.1 2.7 34 3.2
Asp27 4.0 2.9 3.7 2.7 <23
Glu43 4.4 5.6 4.7 4.1 4.7
Ctr56 3.8 2.6 3.2 25 < 2.5
rms 1.2 0.5 0.7 04

third domain. Besides experimental data the comparison is against an ideal cal-
culation (no electrostatics) and a modified Tanford-Kirkwood (MTK) approach.
Despite the high level of coarse graining in the MC simulations, it is on average
closer to the experimental results than what is obtained with the MTK method,
based on Poisson—Boltzmann electrostatics with both a dielectric boundary and
side-chain flexibility.

1.5 Final Remarks

We have here outlined some methods useful for simplifying proteins and their sur-
rounding media — going from tens of thousands to merely hundreds of particles.
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Computationally this is a tremendous advantage and despite their naive nature
these models indeed are capable of capturing the essential physics of biomolecular
systems. An appealing feature of moderating the level of sophistication is that
the demand for input parameters is diminished. Yet — as illustrated by the above
examples — very competitive results can be obtained.
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Abstract. Molecular dynamics (MD) simulations of vitamin D receptor
(VDR) ligand complexes have been carried out to explain and predict
ligands’ functional behavior. Elevated simulation temperature, simulated
annealing, locally enhanced sampling method, and targeted dynamics
were used to speed up the sampling of the conformational space in MD
simulations. In addition, self-organizing map and Sammon’s mapping
algorithm was applied to group and visualize receptor movement upon
ligand binding. It was shown that the degree of structural order in the
carboxy-terminal a-helix inversely correlated with the strength of the
antagonistic activity of the ligand and that a two-side chain analog of
vitamin D functions as a potent agonist to the VDR despite its signif-
icantly increased volume. Binding of novel nonsteroidal VDR agonists
was also investigated. Simulation results were combined with extensive
experimental data. In this work theoretical and experimental studies
were fruitfully combined to investigate complex receptor regulation.

1 Introduction

The nuclear receptor (NR) for 1¢,25-dihydroxyvitamin D3 (1a,25(OH)2D3), the
vitamin D receptor (VDR), binds its ligands with high affinity (K4 is 1 nM or
lower). The ligand binding domain (LBD) of VDR is formed of 12 a-helices and
its overall architecture is similar for all NRs. A crucial step in the regulation of
the biological activity of VDR is the stabilization of the agonistic conformation of
the LBD via repositioning of the most carboxy-terminal a-helix (helix 12, Fig. Il
This conformational change is initiated by agonist binding. Helix 12 contains a
short transactivation function 2 (AF-2) domain [I]. A glutamate residue of the
AF-2 domain forms, together with a lysine residue of helix 3, a charge clamp
that positions the nuclear receptor interaction domain of coactivator proteins
to a hydrophobic cleft on the surface of the LBD [2]. The correct position of
helix 12 is important for the correct distance between the glutamate and lysine
residue and influences in this way the efficacy of the NR-coactivator interac-
tion, and eventually, resulting in an enhanced transcription of NR target genes

B. Kagstrém et al. (Eds.): PARA 2006, LNCS 4699, pp. 8289, 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Fig. 2. Structures of agonistic and antagonistic VDR, ligands. RO43-83582 (Gemini)
is a double side chain agonist, TEI-9647 a partial antagonist for human, but a weak
agonist for rodent VDR, and CD4528 and LG190178 are potent nonsteroidal VDR
agonists.

[3]. Natural and synthetic molecules that selectively activate or inhibit VDR or
other NRs are of considerable biological significance and may have important
clinical applications. The complexes formed between a number structurally and
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functionally different ligands (Fig. 2) and the LBD of VDR were studied using
MD simulations. Special emphasis was placed on finding connections between the
structural changes induced by ligand binding and ligand’s functional properties
(agonism/antagonism). Because the structural changes taking place upon ligand
binding are slow compared to the simulation time scale different computational
tricks were used to speed up the sampling of the conformational space. To this
end, elevated simulation temperature, simulated annealing alone and in combi-
nation with locally enhanced sampling (LES) method and targeted dynamics
were applied. Similar problems were faced when different ligands (Fig. 2]) were
docked to the LBP. Simulation results were used to suggest specific mutagene-
sis experiments and to provide structural data that could be used to rational-
ize experimental observations. The extensive combination of computational and
experimental results was found to results in particularly fruitful insights into
the complex regulation of the VDR that would have otherwise been difficult to
obtain.

2 Computational Details

The initial coordinates of VDR were obtained from the X-ray crystal struc-
ture of the VDR-LBD-1¢,25(OH)2D3 complex (Protein Data Bank code 1DBI)
[4]. Coactivator peptide KNHPMLMNLLKDN was added to the simulation sys-
tem and placed on the surface of the VDR-LBD on the basis of (rat) VDR-
LBD-1«,25(0OH)2D3 complex x-ray structure (1RK3) [5]. Ligands were placed
to the ligand-binding site using the VDR-LBD-1¢,25(0OH);D3 crystal structure
as a model. The two-side chain analog RO43-83582 (Gemini) was docked to the
ligand-binding pocket using the locally enhanced sampling (LES) method [6]
with five copies of ligand side chains. The structures obtained from the LES sim-
ulations were studied further with long MD simulations. Targeted MD method
was used to generate an antagonistic receptor conformation. In this method, an
additional term is added to the energy function of the system based on the mass-
weighted root mean square deviation of a set of atoms in the current structure
compared with a reference structure. For the molecular dynamics simulations
VDR complexes were solvated by TIP3P water molecules in a periodic box of
61x69x86 A. Crystallographic water molecules were included in the simulation
systems. The water molecules of the complexes were first energy-minimized for
1000 steps, heated to 300 K in 5 ps and equilibrated by 10 ps at constant volume
and temperature of 300 K. After that, the simulation systems were minimized
for 1000 steps, the temperature of the systems was increased to 300 K in 5 ps and
equilibrated for 100 ps The equilibration was carried out at constant pressure
(1 atm) conditions. In the production simulations of 2-10 ns the electrostatics
were treated using the particle-mesh Ewald method. A timestep of 1.5 fs was
used and bonds involving hydrogen atoms were constrained to their equilib-
rium lengths using the SHAKE algorithm. The simulations were done using the
AMBER 7.0/8.0 simulation package [7] and the parm99 parameter set of AM-
BER. The parameters of the ligands were generated with the Antechamber suite
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of AMBER in conjunction with the general amber force field [§]. The atomic
point charges of the ligands were calculated with the two-stage RESP [9] fit at
the HF/6-31G* level using ligand geometries optimized with the semi-empirical
PM3 method using the Gaussian03 program [10].

3 Results and Discussion

The carboxy-terminal a-helix, helix 12, of VDR contains a critical ligand-
modulated interface for the interaction with coactivator proteins. MD simula-
tion were done for the natural VDR agonist 1a,25(0OH)2Ds3, a partial antagonist
7ZK159222 and a complete antagonist ZK168281. Because displacement of the
helix is a slow process which is difficult to observe in MD simulations, a sim-
ulation of 1 ns at 300 K was first carried out followed by another 1 ns at 340
K. After the 2 ns MD the structural differences induced to the LBD by the
three functionally different ligands were clear. It was observed that, as expected,
helix 12 stayed in the agonistic conformation during the VDR-1a,25(0OH)2D3
simulation, even after 1 ns at 340 K. The average structure of the last 500 ps
of the simulation was still close to the x-ray structure of the same complex [4].
In contrast, the structure of helix 12 of the ZK159222 and ZK168281 complexes
was clearly distorted compared to the experimental structure. In the case of the
complete antagonist, the root-mean square deviation (RMSD) of the Ca atoms
(compared to the x-ray structure) of the helix 12 (residues 417-423) was dur-
ing the 1 ns simulation at 340 K about 3 A, while it was about 1 A in the
1a,25(0OH)2 D3 simulation, confirming the antagonistic nature of ZK168281. In
the case of ZK159222 the RMSD varied between 1-3 A during the simulation,
as would have been expected for a partial antagonist. The distance between two
charged residues, Glu420 of the helix 12 and Lys246 is critical for the interac-
tion between the VDR ligand-binding domain and coactivator. In the case of
1,25(0OH)2D3 simulation the distance between the Ca, atoms of Lys246 and
Glu420 was on average 19.0 A, which is close to 19.1 A of the x-ray structure.
Again, the distance of the VDR-ZK168281 simulation deviated clearly more
from the reference distance of the agonistic structure than the distance of the
ZK159222 simulation demonstrating the more complete antagonistic properties
of the former ligand. Thus, MD simulations could explain the different action of
the two antagonists by demonstrating a more drastic displacement of helix 12
through ZK168281 than through ZK159222 [I1] [12].

The large majority of 1a,25(OH)2D3 analogs which have been synthesized
with the goal of improving the potency and specificity of the physiological ef-
fects of vitamin D are simply side chain modifications of the natural hormone.
RO43-83582 (Gemini) is an exceptional vitamin D3 analog with two side chains
that, despite about 25 % increased volume, acts as a potent agonist and seems
to bind the VDR in its agonistic conformation. When Gemini was docked to the
ligand-binding pocket of the VDR x-ray structures, it became far from obvious
how a ligand with two side chains and considerably increased volume could fit
into the binding pocket of the LBD without disturbing the agonistic receptor
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conformation. To dock the Gemini into the ligand-binding pocket twelve differ-
ent LBD-Gemini conformations were simulated with the LES method and five
copies of the Gemini side chains. The starting conformations for these simu-
lations were generated by rotating the side chains of Gemini in steps of 30°.
Simulated annealing was used in conjunction with LES resulting, after cool-
ing to 0 K, an ensamble of 72 side chain placements. These placements formed
two narrow clusters predicting two possible positions for the second side chain
of Gemini. In both conformations the first side chain keeps the same position
than the single side chain of 1¢,25(OH)2D3. Gemini’s 25-OH also makes the
important hydrogen bonds with His305 and His397, like the natural hormone.
However, there were two different positions for the second side chain. In one
of the positions the extra side chain points in the same direction as the C21-
methyl group of 1¢,25(0OH)3D3, whereas in the other position it is rotated 120
compared to the first position. This structural prediction was challenged by mu-
tating residues closest to the binding positions of the extra side chains into bulky
phenylalanines. It could be demonstrated that filling both binding sites of the
extra side chain with one bulky phenylalanine is more severe than placing two
phenylalanines together into one or the other binding site. In addition, muta-
tions were found to disturb the action of Gemini significantly more than that of
1a,25(0OH)2Dg3. Thus, it was demonstrated that the second side chain can choose
between two binding positions within the LBP of the VDR [13] [14] [I5]. At the
time of these computational and experimental studies there were no crystallo-
graphic analysis available of VDR-Gemini complex. Later, a preliminary report
on the zebrafish VDR-LBD - two side chain analog x-ray structure confirmed
that the second side chain occupies one of the predicted binding pockets with
minimal disturbance in the structure of the LBD [16]. An analysis based on
neural network algorithms and visualization of the analysis using the Sammon’s
mapping method of several VDR-ligand x-ray structures and MD simulations
showed that the expansion of the ligand-binding pocket to accommodate the
second side chain of Gemini, and also the shrinkage of the pocket upon binding
of superagonist MC1288, is a combined results of minor movements of more than
30 residues and major movements of a few critical residues [15].

The 26,23-lactone derivative of 1a,25(OH)2D3, TEI-9647, is a partial antago-
nist of the human VDR, but in rat cells it behaves as a weak agonist. Comparison
of the amino acid sequences of the human and rat VDR-LBD and inspection of
the VDR crystal structure suggested that there are only two residues, at posi-
tions 403 (Cys in human, Ser in rat) and 410 (Cys in human, Asn in rat), which
are the most likely candidates for the differing action of TEI-9647. This action
could be mimicked in human cells by the double mutagenesis (Cys403Ser and
Cys410Asn) to the human VDR. MD simulations of 6 ns of the wild type human
VDR and human VDR double mutant (Cys403Ser and Cys410Asn) complexed
with 1a,25(OH)2D3 and TEI-9647 were run to study the structural consequences
of the mutations. It was seen that TEI-9647 decreases the stability of helix 12 of
the wild type VDR compared to 1«,25(OH)2Ds3. In contrast, the RMSDs of helix
12 of VDR double mutant simulations were similar for both 1a,25(0OH)2D3 and
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TEI-9647. In addition, the RMSDs of these two simulations were similar to those
of VDR-1a,25(0OH)2D3. Thus, MD simulations reproduced the experimentally
observed behavior of 1a,25(0OH)2D3 and TEI-9647 in human and rat cells. Sim-
ulation structures showed that Asn410 of rat VDR (Cys in human) formed helix
12 stabilizing interactions between helices 11 and 12. Because of the additional
stabilization TEI-9647 acted as a weak agonist of rat VDR but as an partial
antagonist of the human VDR [17].

MD simulations have also been used to understand how four selected nons-
teroidal VDR agonists bind to the LBD of the VDR. Ligand docking and MD
simulations showed that the nonsteroidal ligands take a shape within the LBP
that is very similar to that of the natural ligand and that each of the three
hydroxyl groups of the ligands formed hydrogen bonds with the residues of the
LBP. The natural hormone, 1«,25(0OH),Ds3, forms six hydrogen bonds with the
LDB. Therefore, the six hydrogen bond distances were measured from the MD
simulations of the nonsteroidal ligands and 1,25(OH)2D3. The measurements
were compared to the point mutatagenesis analysis in which the same six crit-
ical residues were replaced by alanines. Comparison of the calculated distances
and experimental data showed good corrrelation between the extend of hydro-
gen bonds and loss of functional activity. In other words, the more exactly the
nonsteroidal ligands place their hydroxyl groups, the more potent VDR agonists
they seem to be [I§].

The MD simulations of the modulation of the vitamin D receptor activity
by various ligands have demonstrated that although the task, the prediction
and description of receptor activity is challenging, interesting new insight may
be gained if computational experiments are tightly linked with laboratory ex-
periments. However, simulation of ligand-induced receptor activities is far more
difficult than simulation of ligand binding affinities, which nowadays may of-
ten be considered as a standard simulation task. MD simulations of receptor
activities requires often innovative use of computer simulation techniques, appli-
cation of special analysis methods and, importantly, detailed knowledge about
the relationship between receptor structure and its functional properties.
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Abstract. Matrices appearing in Hartree-Fock or density functional
theory coming from discretization with help of atom—centered local ba-
sis sets become sparse when the separation between atoms exceeds some
system—dependent threshold value. Efficient implementation of sparse
matrix algebra is therefore essential in large—scale quantum calculations.
We describe a unique combination of algorithms and data representa-
tion that provides high performance and strict error control in blocked
sparse matrix algebra. This has applications to matrix—matrix multipli-
cation, the Trace—Correcting Purification algorithm and the entire self-
consistent field calculation.

1 Introduction

The properties of matter as we see it are parametrized by the behavior of single
atoms. On one hand, atoms that strongly bind to each other will often make
a strong material. On the other, few atoms missing from the crystal structure
will introduce strain on microscopic scale that can considerably affect macro-
scopic mechanical or electric properties of samples consisting of many orders of
magnitude more atoms. A doping concentration of 1 atom per 10° can make the
difference between an insulator and a semiconductor [I]. Unfortunately, direct
investigation of processes at this level is often difficult and sometimes outright
impossible since the act of measurement itself can affect its result [2I3]. Com-
puter modeling of such processes becomes very important for the understanding
of such systems. Since creation and breaking of chemical bonds often involves
redistribution of the electronic wave function, the system must be described at
the quantum level. There are many processes that do not involve considerable
electron redistributions and they can be simulated at a simpler, classical level
— this is however out of scope of this article. Each electron — and interesting
systems consist of thousands of them — is described by its wave function deter-
mining the probability that the electron can be found at some point in space.
The total electronic wave function must fulfill additional conditions. Since the
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electrons are indistinguishable fermions, the total wave function must change
only sign when two electrons are swapped. This constraint leads to the simple
Slater determinant representation ansatz and in turn to the Hartree-Fock (HF)
model of the Schrodinger equation if only one determinant is used. The HF
model effectively simulates electron movement in an approximate, averaged field
of all other electrons and nuclei, and all motion correlation effects are neglected.
There have been many attempts to improve this by — for example — including
more determinants in the expansion, but they lead to considerably increased
computational cost [4]. One of the main advantages of the HF theory is that
the practical implementation can be made to scale linearly with the size of the
modeled system. An alternative to wave function theory is the so—called Density
Functional Theory (DFT). This theory avoids to some extent the complexity
associated with wave function theory by using the electronic density p(r) as the
primary variable. This variable choice automatically makes the electrons indis-
tinguishable — only the total density can be determined. The major challenge
of DFT is to determine the energy associated with a given density. The initial
obstacle related to the kinetic energy term was overcome by the theory of Kohn
and Sham (KS). This theory exploits the success of HF and introduces a con-
cept of orbitals so that the kinetic energy functional is evaluated in a manner
analogous to HF theory. Currently, many approximations exist for the remaining
exchange and correlation terms.

This paper is concerned with an effective way of representing electron density
in HF and KS theories. The density p(r) is usually represented by a matrix
expansion

K

p(r) = 3" Dygby(r)by(r) (1)

P,q=1

where Dy, are elements of the density matrix D and {b,(r)} is a set of K basis
functions. Common choices for the basis set include plane wave functions, Slater
functions e~*", or Gaussian functions e , the two latter ones multiplied by
an angular part and centered at the atoms. The objective of such calculations is
to minimize the total HF /KS energy E expressed in terms of the one—electron
operator matrix Hy, the two—electron matrix F5, and — in case of DFT — an
exchange—correlation term Fy.

—ar

E=Tr [HlD} + %TY [FgelD} + Exc . (2)

The matrix H; that includes kinetic energy and nuclear attraction terms depends
only on the chosen basis set and atom charges and positions. The matrix Fbe
and the scalar Fy. both depend on the trial electron density. From now on, the
total HF /KS potential matrix F = Hj + Fye will be referred to as the Fock
matrix. In case of DFT, an additional exchange—correlation term Fy. is added
to F. HF/KS calculations are done in cycles, each of them involving two time
consuming steps: a) evaluation of the Fock matrix for a trial electron density
and b) search for the corresponding density matrix. These cycles are performed
until self-consistence is reached. The formation of the new density matrix in
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step b) traditionally uses the so—called aufbau principle: The Fock matrix F' is
diagonalized to obtain its eigenpairs. The eigenvectors C°°° associated with the
smallest eigenvalues are combined to obtain the density matrix D:

F(C°cC = ¢§CeOce N D= Cocc(cocc)T (3)

where S is the basis set overlap matrix. This operation scales cubically with the
problem size and becomes the bottleneck for large systems. A method that takes
advantage of the existing sparsity in the F' matrix is needed. Several algorithms
have been proposed for this purpose [BIGITIRIOTOITITIZ]. All of them compute
the solution iteratively by repeated matrix—matrix multiplications. The perfor-
mance is therefore closely connected to the efficiency of the multiplications. The
multiplications can scale linearly if multiplications by zeros which are present
in sparse matrices are avoided. Multiplication may result in new small elements
appearing but this fill-in can be prevented by filtering out small elements. A
systematic filtering algorithm will control the error propagation and contain it
under the user-requested threshold.

This paper presents a unique combination of algorithms that provide a ro-
bust framework for sparse matrix operations and enable linear scaling in density
purification methods. First, a trace—correcting purification (TC2) algorithm is
reviewed and some of its computational aspects are described. We then dis-
cuss sparsity properties of the involved matrices and review shortly an efficient
method for the error control crucial for the TC2 algorithm. Next, we introduce
the Hierarchic Matrix Library that was used to implement this algorithm. Fi-
nally, we present some benchmarks of this library.

The benchmark systems presented in this article are water droplets with up
to 888 molecules, generated by molecular dynamics at 300 K. All benchmarks
were performed on an Intel Xeon EM64T 3.4 GHz and 3-21G basis set was used
unless stated otherwise.

2 Trace—Correcting Purification

Our work with sparse matrix algebra was motivated by the need for fast and
reliable matrix operations in density matrix purification methods. Density ma-
trix purification has been proposed in a multitude of variants [SJ9ITO/TIITZ]. The
purification algorithms rely on the fact that the Fock matrix and the density
matrix share a common set of eigenvectors but have different eigenvalues. One
therefore applies a series of eigenvector conserving transformations to the Fock
matrix so that the eigenvalues corresponding to occupied eigenvectors converge
to 1 and the remaining eigenvalues converge to 0.

The trace—correcting purification algorithm (TC2), developed by Niklasson
[9], is not only the simplest one but is also very competitive when it comes to
performance measured in number of matrix—matrix multiplications required to
converge [9/I1]. The TC2 algorithm assumes orthogonal basis set, i.e. the overlap
matrix S = I. Therefore, the generalized eigenvalue problem in Eq. Bl has to be
transformed to standard form. This can for example be achieved by a Cholesky
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decomposition of the overlap matrix S = UTU [13]. The purification algorithm
is then applied to F,,; = U~TFU™! resulting in a density D,,; in orthogonal
basis which can be transformed back to the original basis by D = U~'D,,,. U~ ".
This results in an additional cost of four extra matrix—matrix multiplications per
self-consistent field cycle plus the cost of one inverse Cholesky decomposition
of the overlap matrix. TC2 also requires upper and lower bounds lmax and
lmin of the eigenvalue spectrum which can be obtained using eg. the Gershgorin
theorem [I4]. The algorithm is as follows:

compute P = (lmax*I - F)/(lmax - lmin)
while not converged
if (trace(P) > N) then

P := PxP
else
P := 2xP - PxP
end while

The final result of the purification is contained in P. The efficiency and relia-
bility of the purification algorithm depend on the representation of matrices and
the algorithms used for the matrix manipulations. In particular, two important
operations are repeated in each iteration of the procedure: 1) The symmetric
matrix square and 2) Truncation of small matrix elements. Both these opera-
tions are described later on in detail. The simplicity of the TC2 algorithm is very
appealing but one has to be aware of its drawbacks. One potential deficiency of
the TC2 algorithm is that the accumulated error grows exponentially during a
number of iterations — see eg. [I0] and [I5]. It is therefore crucial to diligently
control the truncation error. Also, degenerate eigenvalues at the band gap — for
which the diagonalization method would randomly pick some to be occupied —
cannot be automatically handled and require separate treatment.

3 Sparsity

One feature that distinguishes matrices appearing in HF and KS computations
is their rather limited sparsity. Sparsity patterns have previously been investi-
gated for linear alkanes [16]. These systems are very sparse and linear scaling
can therefore be achieved for relatively small systems. Three—dimensional dense
systems like the water droplets we are using for benchmarks in this article are
considerably more difficult to handle. The left panel of Figure [l shows that the
matrices have thousands of nonzeros per row and that this value is still increas-
ing for 610 water molecules. While sparsity is larger in some cases, algorithms
have to be able to handle semi—dense cases as well. In all computations presented
in this article, the truncation of matrices was done so that, for given matrix A,
truncated matrix A, and threshold 7, ||[A — A||r < 7 as described in section [
A threshold of 7 = 10~* gives errors in total HF/KS energies of about 10~°
Hartree.

Previous work within this field use a blocked compressed sparse row rep-
resentation [I7] to store the non—vanishing submatrices. In this setting, basis
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Fig. 1. Left panel: Sparsity in Hartree—Fock computations. The droplet size ranges from
8 to 610 water molecules. Full matrix given as a reference. Right panel: Percentage of
nonzeros in the overlap matrix, the Fock matrix, and the density matrix for varying
truncation threshold 7. Matrices were computed for a water droplet with 610 water
molecules. The matrix size is 7930.

functions are grouped into atom [6] or multi-atom [I§] blocks where atoms and
associated basis functions are reordered to group matrix elements associated
with atoms close in space. Sparsity is then considered at the block level and
dense block multiplications are performed using hardware—optimized linear al-
gebra libraries [T920]. As a consequence, the block sizes are determined by the
chosen basis set and the molecular geometry. A problem with this approach is
that many linear algebra libraries perform considerably better for selected ma-
trix sizes. Additionally, different block sizes appearing in atom and multi—atom
based approaches lead to more substantial heap memory fragmentation which
makes it more difficult to optimally utilize available resources. These problems
can be avoided by choosing uniform block sizes as described later.

The most important matrices involved in HF and KS computations are the
overlap matrix, the Fock matrix, and the density matrix. The right panel of
Figure [Il shows an example of the sparsity of these three matrices for different
values of the truncation threshold 7. The matrices used in the right panel of
Figure [ correspond to the largest matrix size in the left panel. We note that the
change in sparsity with varying truncation threshold is different for the three
matrices. This is because the sparsity in the overlap matrix is determined by
the basis set only, while for the other matrices, sparsity is also dependent on the
physical properties of the system.

4 Systematic Truncation of Small Elements

There exist several ways to maintain sparsity by dropping small matrix elements.
One appealing way is to explicitly take advantage of the matrix element mag-
nitude dependence on the distance between the corresponding basis function
centers [I8I21]. A submatrix is dropped when the shortest distance between the
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two atom groups is greater than a predefined cutoff radius. It is, however, rarely
known which cutoff radius that will correspond to a certain accuracy and this
approach will therefore cause severe difficulties with error control. Apart from
risking larger errors than expected, one will usually also include submatrices
with negligible contribution, reducing in this way the efficiency in subsequent
matrix operations [I5l22]. Another way to remove unnecessary submatrices is to
look at the maximum absolute element in the submatrix. The entire submatrix
is dropped if this element is smaller than a preselected threshold. In this way
one is able to strictly control the error. However, the error estimate obtained
with this approach is far from optimally tight[I5].

Based on these observations, we have come to the conclusion that it is better
to formulate the truncation in terms of the norm of the entire matrix that one
is interested in. For example, if one is interested in a certain accuracy in the
total HF/KS energy, one should employ a truncation method that is based on
the Frobenius norm of the entire matrix. The idea is simple; while keeping the
error in the chosen norm below some requested threshold, as many submatrices
as possible should be removed. Also, the truncation should be fast. Our method
which we call a Systematic Small-Submatrix Selection Algorithm (SSSA) realizes
this idea [I5]. The SSSA outline is the following: The norms of all nonzero
submatrices are computed and placed into a vector. Subsequently, the norms
are sorted in descending order. Finally, small submatrices are removed from the
end of this sorted vector as long as the sum of their norms is below the requested
threshold. Figure 2 shows that the careful filtering obtained by using the SSSA
algorithm together with the Frobenius norm keeps the total HF /KS energy error
at a predictable level.
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Fig. 2. Error in the final HF energy as a function of selected SSSA threshold and system
size. For systems affected by truncation errors, SSSA algorithm keeps their impact at
a strictly controlled level. The benchmark systems are water droplets. Basis set: STO—
3G. The largest system, with 3654 basis functions consists of 522 water molecules.
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5 Hierarchic Matrix Library

An optimal data structure for representation of sparse matrices appearing in
HF/KS calculations has to fulfill several conditions. Since the matrices are semi-
dense, the representation must not introduce much overhead. The representation
must allow for quick evaluation of norms as needed for SSSA and be generally
flexible to handle many matrix operations performed on matrices, like matrix
multiplications by ordinary and on-the—fly transposed matrices. We propose a
hierarchic matrix data structure that treats the matrix in several levels. At the
lowest level in the hierarchy, the matrix elements are real numbers just like in
the case of an ordinary full matrix. At higher levels, each matrix element is a
hierarchic matrix. This makes it possible to consider sparsity at several levels
in the hierarchy. If a submatrix is zero at a certain level in the hierarchy, it is
unnecessary to reference lower levels. We have realized this idea using generic
programming in C++ and called the resulting code library the Hierarchic Matrix
Library (HML). A somewhat simplified building block illustrating the idea of
HML is the following template:

template<typename Telement>
class Matrix {
Telement* elements;

};

Using this template one may define an ordinary full matrix type and a hier-
archic three-level matrix type as follows:

typedef Matrix<double> MatrixType;
typedef Matrix<Matrix<Matrix<double> > > ThreeLevelMatrixType;

At the lowest level we use a specialization that calls the Basic Linear Algebra
Subprograms (BLAS). In this way high performance is obtained if the program
is linked to a highly tuned BLAS implementation. The matrix—matrix multipli-
cation at higher levels was implemented by the straightforward triple for-loop.
Recursive algorithms have previously been used in dense matrix operations to
optimally utilize deep memory hierarchies[23]. Also in HML, cache hit rate could
possibly be improved by using some kind of cache oblivious algorithm combined
with a more careful selection of submatrix block sizes at higher levels. In all
benchmarks presented in this article the program was linked to Intel’s Math
Kernel Library (MKL).

Our reordering of basis functions is similar to the one proposed in Ref. [I§] in
that it is based on distances in space between atom centers. We have, however,
chosen to keep the block size fixed rather than constraining it to match the num-
ber of basis functions on a set of atom centers. The reason for this is twofold: 1)
At the matrix sizes we are interested in — typically in the range 0 to 200 — BLAS
performance is often highly dependent on the matrix size. 2) Use of a uniform
block size reduces the probability of memory fragmentation. In Figure[3] timings
for two important matrix operations are plotted as functions of block size. The
investigated operations are general matrix—matrix multiply (gemm) and sym-
metric matrix square (sysq). The gemm operation is C' = aop(A4)op(B) + 5C
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and the sysq operation is S = aT? + 3S where a and 3 are scalars, A, B,
and C are general matrices, S and T are symmetric matrices, and op(A4) = A
or op(A) = AT. Note that in this figure the block sizes have been chosen as a
multiple of 4 since MKL’s gemm operation is optimized for such matrix sizes.
Scanning block sizes with step 1 would result in a highly jagged plot, with perfor-
mance drops up to 40%. This plot may look different for other underlying BLAS
libraries but suggests that the multiplication performance is fairly immune to
changes of the block size as long as the block size is in the range 24 to 64.

®
12} —x—dgemm (HML) t= 1078 12 ——dsysq (HML) 1= 107°
) - ©- dgemm (HML) = 10""9 -o-dsysq (HML) t=10""9
100 —— dgemm (MKL) 10 —— dgemm (MKL)
@ | G
2 8 2 8
8 , 000090 8
53 \ 6009 2 @
= 6 o 50 — 67
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Fig. 3. Sparse matrix—matrix multiplication performance for different choices of block
size and truncation threshold with fixed matrix size = 2756, with MKL’s full ma-
trix dgemm implementation used as reference. The benchmarks were performed on
an overlap matrix from a HF/KS calculation on a water droplet containing 212 wa-

ter molecules. Left panel: Matrix-matrix multiply (dgemm). Right panel: Symmetric
matrix square (dsysq).

6 Performance

An advantage with the hierarchic data structure compared to the blocked com-
pressed sparse row representation is that symmetry in matrices can easily be
utilized, often increasing the computational speed and reducing the memory us-
age by a factor of 2. This can also be seen in Figure [3] where the time for a sysq
operation for all block sizes is less than 55% of the time for a gemm operation.
In the context of hierarchic matrices this is achieved by recursive computation of
symmetric matrix squares (sysq), symmetric rank—k matrix updates (syrk), sym-
metric matrix—matrix multiplies (symm), and matrix—matrix multiplies (gemm).
Figure [ displays the performance of the TC2 algorithm using HML compared
to the traditional diagonalization method. It can be seen that purification can
be used for all matrix sizes, not only for large ones, without significant loss

of performance. This is achieved thanks to the limited overhead in the HML
implementation.
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Fig. 4. Benchmark of the trace—correcting purification algorithm implemented with
routines from the Hierarchic Matrix Library (HML) (truncation threshold 7 = 10™%)
compared to diagonalization with the Math Kernel Library’s dsygv

7 Summary and Conclusions

We have presented a unique combination of theoretical methods, algorithms
and data representation that allows to efficiently store and process matrices
appearing in HF and KS theories. Our implementation uses a hierarchic data
structure to efficiently store and access elements of sparse matrices, maintaining
the truncation error under a requested threshold. This data structure makes it
possible to implement many interesting algorithms in an efficient and transparent
manner. As an example of such an algorithm, we have chosen the purification
algorithm that thanks to our implementation can be used for robust and efficient
calculations of electron density matrices in the HF and KS theories. Benchmarks
that we present show that purification as implemented by us is competitive to
the diagonalization method, becoming superior already for 4000 basis functions,
even for dense, three—dimensional systems like water droplets, while maintaining
high accuracy.
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Abstract. A highly efficient ab initio tight-binding-like approximate
density-functional quantum mechanical method has recently been de-
veloped by us. In this method, the integrals related to the exchange-
correlation part are obtained by higher order many-center expansions
and all the integrals can be obtained by the interpolation of the look-up
tables. The speed of the calculation is also enhanced by using a better
way to choose the integrals in the look-up tables. It is shown that the
calculated molecular equilibrium geometries and the reaction energies for
hydrogenation reactions are very close to those from the usual density
functional theory calculations.

1 Introduction

Electronic structure calculations are essential in the study of the properties of
molecules and materials. In the past decades, many electronic structure calcu-
lation methods have been developed. Of the methods, those developed from the
density functional theory (DFT)[II2I3] have become very popular. Currently,
DFT methods can be used to study a system of up to about 100 atoms with
considerable accuracy. Despite such great advance, DFT calculations are still
very time-demanding. For systems of several hundred atoms or more, such cal-
culations are far too slow to be applied in practice. In recent years, tremendous
progresses have been made in developing efficient and reliable approximate elec-
tronic structure calculation methods that can be used for a wide variety of
purposes, for example, for modeling the forces on atoms in atomistic molecular
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dynamics computer simulations. One of such advances is the development of
ab initio tight-binding-like (AITB) electronic structure methods which can be
hopefully used as a general tool for electronic structure calculations[dJ5/6]. In
this paper, we outline our recent work on the development of such an accurate
yet highly efficient AITB method.

2 Theoretical Development

AITB methods usually start from the Harris-Foulkes functional[7J8] which is
equivalent to expanding the electron-electron interactions in the Kohn-Sham
energy functional with respect to a reference density p, keeping only the zero-th
order approximation and the first order correction, and neglecting the second
order and higher order corrections. In order to make the calculations simpler
and faster, we made a further simplification of the Harris-Foulkes functional.
The simplified functional is given as

Noce

T ST Y LT
4B [09] = [ 600V (600 + Vi, (1)
with
Vi 1) = 2z 0 )

where f; is the occupation number on orbital i. E,. is the exchange-correlation
energy functional and V. is the so-called exchange-correlation potential. p is
the electron density. V;_; is the ion-ion interaction term. The orbital energy ¢;
is found from the following one-electron orbital equation:

LIV 4 Vo (1) + / ) v (p<0><rl>)] i (1) = &l W (1),

r12
3)
where V. is the external potential. Compared to the original Harris-Foulkes
functional[7l8], our simplification is in the exchange-correlation part. Eq.() is
equivalent to expanding the Coulomb and exchange-correlation interaction terms
in the Kohn-Sham energy functional with respect to 5 and p(?), respectively, and
neglecting all the second order and higher order corrections. Thus, the error in
the total energy caused by such simplification is also only in the second order
and would have only a minor effect on the calculation results.
The reference electron densities p and p(®) we used are super-positions of
spherically distributed atomic-like densities having the forms

pr) = pr(ro), (4)
I
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and

PO ) =3 (). (5)
I

respectively, with
pr(rr) = o\ (r1) + Angfr (1), (6)
(0)

where p;’ is the valence electron density of neutral atom I and fr(r;) corre-
sponds to the density of a single electron in the highest occupied atomic orbital.
r; = |[r—Ry] is the distance between r and atomic site Ry. Any can be considered
as the net number of electrons that atom I obtains in a molecular system and

is determined by
O0Eur

= 7
3An1 ( )
Eq.([) leads to a set of {Any} required in solving eq.(3). Therefore, in practical
calculation, {An;} and eq.(@) are solved self-consistently.
Under the LCAO-MO approximation, molecular orbitals are linear combina-
tions of atomic orbitals, that is,

i =Y Chity, (8)
17

where {¢,} represent atomic orbitals. The coefficients {C};} and the orbital
energies ¢€; can be obtained by solving the following equation self-consistently:

FC = SCe, (9)

with
S/Lv = <¢#|¢U>7 (10)

and

Fuw = <¢u‘ - %VQ ‘¢v> + <¢u‘ Vion ‘¢v>

+ (G (r1)| [ 222 drs [y (1)) + (@ (1) Ve (p©) (1)) [0 (x))

T12

— (@l = 597100 + @ SV 100) + (0 0] 5 20D s (6, (1))

+ 213 Ang (g (r1)| [ £E2dry [y, (1)) + (6 (1) Ve (0O (v)) [0 (1))
(11)
where VI(PP) is the pseudo-potential due to the nucleus and core electrons of
atom I.

In this work, pgo) and f7 (r) are all expanded as linear combinations of 1S type
gaussians by least-square fittings. V,,; corresponds to the norm-conserving sepa-
rable dual-space pseudo-potential devised by Goedecker, Teter, and Hutter[9] for
DFT calculations. The atomic orbitals {¢,} are also expressed as linear combi-
nations of primitive gaussians. Therefore, it is clear that all the integrals, except
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for those related to the exchange-correlation potential and energy functional,
can be expressed as closed forms and calculated analytically.

For the calculation of integrals related to the exchange-correlation potential or
energy functional, the approximation of many-center expansion is adopted. For
the off-center integrals, the same expansion formula as that given by Horsfield[5]
is used, that is

<¢Io¢|vxc (P(O))|¢J,6> = <¢Io¢

0 0
m( ¢ )+p(J))’¢Jﬂ>

> <¢I°‘ m(”+p5>+p§?) Vee (p, +05 )‘qb > "

K(#1,J)

For the on-site integrals, we developed an improved many-center expansion
scheme by including higher order terms in the original expressions of Horsfield.
The improved integrals are given as

<¢1a :Ec( (O)>‘¢15> = <¢1a x('( §°))‘¢w>
+ Z <¢1a wc( 5)+Pffo)) Vze (p50)>‘¢16>

J(#I)
—|—5V1a715, (13)

/Pg()) (r)exc (P(O) (r)) dr = /p?)) (r)exc (p?)) (r)) dr
+ Z / EXC Pgo) (r) + o (r)) —exc (pf,o) (r))] dr

+ 6EXC,17 (14)
with
1
6‘/104,[,8 ~ 5 Z <¢1a‘Vzc (ng) + pE;O) + pg?) + Vmc (P50)>
J(D)
K(#1,J)
= Vee (p§ : +p5)) — Vee (p§ + i ) |616), (15)
and
Excaxy Y. [ @ xe (A @)+ 00 @)+ o0 @) +exe (4 @)
J(;ﬁI)
K(#1,7)

—exe (A 1)+ (1) —exc (o7 (0 + o (0)lar. (16)



104 Y. Tu, L. Nilsson, and A. Laaksonen

Fig. 1. Geometry used in the look-up tables for three-center integrals. A, B, and C
denote atoms.

In the above equations, o and @ denote atomic orbitals and I, J, and K denote
atoms. € x¢ is the exchange-correlation energy density. 6V, 15 is the correction
for the on-site potential integral and 6Exc,; is the correction for the energy
integral.

In practical AITB calculations, the integrals required are often obtained by
finding the corresponding integrals in local coordinate systems through the in-
terpolation of the look-up tables and then by transforming the integrals from
the local coordinate systems to the molecular coordinate system. Except in those
for the one-center integrals, in look-up tables are integrals calculated on a pre-
defined mesh of inter-atomic distances in the local coordinate systems. The ge-
ometry used in the tables is shown in Figure[ll The parameters r;, s;, and ¢ in
the mesh are determined by the following equations

In (N, +1— i)

i — Tmax = \Tmax — T'min 5 1
=T (r T'min ) (V) (17)
8j = Smax — (Smax - Smin) W’ (18)
and In (N, +1— k)
n(Nyg +1—
ty = tmax - tmax - tmin T2 19
Usually, when 7; = Tmax, OF 8 = Smax, OF {kx = lmax, most of the integrals

approach to some values that can be neglected. The exceptions are those of the
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form (¢, (r1)| [ f"r(ll;Z)drg |y (r1)). For these integrals, a similar treatment to

that outlined in Ref([10]) is used.

3 Results

Based on the method outlined above , we have written a Fortran AITB calcula-
tion program using BLYP [11I12] Generalized Gradient Approximation (GGA)
for the exchange-correlation functional. In our current implementation, the mini-
mal basis set using only the valence atomic orbitals as basis functions is adopted.
Some preliminary results are listed in Tables [l to Bl

Table 1. Equilibrium geometries (bond lengths in A and angles in degrees) for selected
molecules

|Molecule|Symmetry| Parameter |DFT a|This Work|Exp.|
He Doon R(HH) 0.823 0.823 |0.742

CH, Ta R(CH) |1.164| 1.156 |1.092
CoHz | Doon R(CC) [1.297 | 1.255 |1.203
R(CH) |1.154| 1.139 [1.061
CoH, Dan R(CC) |1.409 | 1.422 [1.339
R(CH) |1.169| 1.158 |1.085
/(HCH) |115.9| 1164 [117.8
CoHs Daa R(CC) |1.583| 1.572 |1.531
R(CH) |1.171| 1.162 |1.096

=
o
Q
=

1071 107.1 |107.8
NHs; Cs, R(NH) |1.104] 1.118 [1.012
105.7 | 100.7 |106.7
HCN | Coow R(CN) |1.258 | 1.232 |1.153

R(CH) |1.119| 1.146 |1.065
CH,NH| C, R(CN) [1.362| 1.338 [1.273
R(CHyyn) | 1.190 | 1.170 |1.103
R(CHgnr;) | 1181 | 1.167 |1.081
R(NH) |1.141| 1.133 |1.023
/(H,ynCN)[ 1282 1274 |[1234
/(HonCN)[ 1183 1189 [119.7
Z(HNC) |109.0 | 109.0 [110.5
CH;NH,| C, R(CN) |1.498 | 1533 [1.471
R(CH;,) | 1.194| 1.171 |[1.099
R(CH,) |1.177| 1.165 |1.099
R(NH,) |1.100| 1.118 [1.010
/(NCHy,) | 117.7 | 1167 |[113.9
/(H,CH,) | 106.4 | 107.0 |108.0
/(HNH) |108.7| 101.1 [107.1

[N
o
Z
=

2 Frozen core
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Table 2. Equilibrium geometries (bond lengths in A and angles in degrees) for selected
molecules

[Molecule|Symmetry| Parameter |DFT?|This Work|Exp. |

N, Doon R(NN) 1.257] 1.195 [1.098
N> H, Can R(NN) 1.342| 1310 |1.252
R(NH) 1.190| 1.153 |1.028
Z(HNN) |1135| 1134 |106.9
N, H, Cs R(NN) 1.563| 1.535 |1.449
R(NH,,;) |1.132] 1.127 |[1.021
R(NHep;) |1.132] 1.127 |[1.021
/(NNH,,;) |1034| 1033 |106.0
/(NNH.,;) |1034| 1033 |112.0
O(H;m:NNH.,,)| 75.2 | 77.0 |91.0

H,0 Cav R(OH) 1102 1.093 |0.958
/(HOH) | 99.3| 996 |1045
H,0, Cs R(00) 1617 1512 1452

R(OH) 1.134| 1.109 |0.965
/(OOH) | 972 | 1022 |100.0
O(HOOH) [139.0| 1167 [119.1
CO Coonr R(CO) 1.320] 1.254 |[1.128
H.CO | Ca R(CO) 1.349| 1.309 |1.208
R(CH) 1.199] 1.188 [1.116
/(HCH) |114.9] 1145 1165
CH;OH| C. R(CO) 1.530| 1.508 |[1.421
R(CH,) |1.176] 1.166 |1.094
R(CH,) |[1.184] 1.173 |[1.094
R(OH) 1.108] 1.096 [0.963
/(OCH,,) |107.1| 106.8 |107.2
/(H,CH,) |107.5| 107.4 |1085
/(COH) |104.4| 1055 |108.0

2 Frozen core

These results cover the equilibrium geometries for some molecules (See Ta-
bles [ and [)), and the reaction energies for hydrogenation reactions (See Table
[3). For comparison, we also listed the results from the usual frozen-core DFT cal-
culations and experiment. In the frozen-core DFT calculations, the same (BLYP)
exchange-correlation functional and basis set are used with the effects of the nu-
clei and core electrons modeled by a compact effective-core potential of Stevens
et.al.[13]. The frozen-core DFT calculations are carried out by GAUSSIAN9S|[14].
The experimental values are from Reference([I516]).

From the tables, we can see that the AITB results are quite close to those from
the usual frozen-core DFT calculations. Both types of theoretical calculations
give similar trends. For the molecular equilibrium geometries, both the AITB
and DFT calculations give, for most molecules, longer bond lengths and smaller
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Table 3. Selected reaction energies (in kcal/mol) for hydrogenation reactions

| Reaction [DFT®|This work|HF /STO-3G|Exp.]
CoHg+Ho — 2CH4 18 17 19 19
CoH4+2H2 — 2CH4 72 66 91 57
CoHo+3Hy — 2CHy4 137 119 154 105
CH30H+Hs — CH4+H-20 17 18 16 30
H>CO+2H> — CH4+H-O 47 45 65 59
CO+3Hy — CH4+H-20 74 57 72 63
No+3Hs — 2NHg 25 19 36 37
NoHo+2Hs — 2NHj3 52 48 75 68
NoH4+H> — 2NH3 31 26 28 48
HCN+3H2 — CH4+NHs 81 73 97 76
CH3NHs+Hs — CH4+NH3| 17 21 20 26
CH2:NH+2H>; — CH4+NH3| 57 55 78 64

2 Frozen core

bond angles. For the reaction energies for hydrogenation reactions, the AITB
results are in general closer to those from the frozen-core DFT than to those
from the Hartree-Fock approach with STO-3G as basis set.

4 Conclusion

In this paper, we have presented a reliable, yet highly efficient tight-binding-
like approximate density-functional electronic structure calculation method. It
is shown that the calculated molecular equilibrium geometries and the reaction
energies for hydrogenation reactions are very close to those from the accurate
results based on the density functional theory (DFT).
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Abstract. Protein folding simulations have contributed significantly to
our understanding of the problem, since it is difficult to study individual
molecules during the folding process. We have recently performed folding
simulations of Chignolin, a decapeptide (Seibert et al., J. Mol. Biol. 354
(2006) p. 173) and introduced a new algorithm for deriving kinetics infor-
mation as well as thermodynamics from the trajectories (Van der Spoel
& Seibert, Phys. Rev. Lett. 96 (2006), p. 238102). Here we investigate
the algorithm further and show that the folding reaction for Chignolin
is a two-state folding reaction, in accord with experimental data.

1 Introduction

The replica exchange molecular dynamics (REMD) method [I213] allows for
coupling multiple simulations run in parallel. In this manner simulations can
travel between different temperatures (Fig. [[l). By using a Metropolis criterion
based on the potential energy, the conformations that have low energy are ef-
fectively sorted down, such that one obtains a larger population of low-energy
structures at low temperature than at high temperature. In the limit of very long
simulations one will obtain an equilibrium population at each temperature, and
hence temperature dependent properties can in principle be determined [4U5]J6].
REMD has been used frequently for protein folding simulations [74USIG9ITOITT],
and this is also the context in which we apply it. There are other computational
approaches to the protein folding problem which we will not discuss here since
they have recently been reviewed extensively by Snow et al. [12].

Although REMD in itself is a very useful tool, it was hitherto not possible
to use the time-dimension in the simulations. That is, it was problematic to
interpret the causality in the simulation quantitatively due to the fluctuating
temperatures (Fig. B). We have recently introduced a new algorithm that does
exactly that: follow the simulations, including the intrinsic temperature jump,
and deduct kinetic and thermodynamic information from these trajectories [13].
In this paper we focus on the inner workings of the algorithm, and demonstrate
the power of the method on new simulation data. Finally, we discuss applications
outside the field of protein folding simulations.

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 109 2007.
© Springer-Verlag Berlin Heidelberg 2007
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Fig. 1. Schematic representation of the replica-exchange algorithm [I]. The cross de-
notes the trajectory of a simulation in time and temperature. The peptide structures
exemplify the “sorting” with native structures at low T and extended (or otherwise
non-native) structures at high T.
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Fig. 2. Trajectory in temperature of one of the replicas in a 16-replica simulation of
Chignolin [IT]

2 Methods

2.1 Simulation Details

A linear peptide with sequence GYDPETGTWG, corresponding to the Chigno-
lin peptide [14] was constructed using the PyMOL program and solvated with
888 water molecules and 2 Na+ ions. A rhombic dodecahedron box with peri-
odic image distance of 3.4 nm was used. The energy of the system was minimized
with the steepest descent algorithm, and a 200 ps simulation was performed dur-
ing which the positions of the protein atoms were restrained. This system was
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subsequently used as a starting conformation for the replica exchange [I2/3]
MD simulations. The OPLS force field [I5] was used with TIP4P water [16].
16 replicas were used with temperatures of 275, 282, 289, 296, 305, 313, 322,
331, 340, 350, 360, 371, 382, 394, 406, 419 K respectively. Simulations were 510
ns. To maintain the temperatures at the chosen levels and the pressure at 1
bar, Berendsen weak coupling [I7] was used, with coupling constants of 0.1 ps
for the temperature and 1 ps for the pressure. A twin range cut-off of 0.9/1.4
nm for Van der Waals interactions was applied and the smooth particle mesh
Ewald algorithm [I8] was used for Coulomb interactions, with a switching dis-
tance of 0.9 nm. Neighbor lists were utilized and updated every fifth integration
step. Constraints were used for bond lengths using the LINCS algorithm for
the protein [19] and SETTLE [20] for the water. In addition two classical single
temperature trajectories of 1.8 resp. 2.0 us were generated at 300 K, and sin-
gle trajectories of 510 ns at 277 K and 367 K respectively. All simulations and
analysis were performed using the GROMACS software [21122]23].

2.2 Kinetics Analysis

For Chignolin we have M = 20 simulation trajectories of the same protein under
identical conditions except for temperature. Now, let F},,(¢) be a binary indicator
of folding, i.e. F,,(t) = 1 corresponds to trajectory m being folded at time ¢,
and F,(t) = 0 corresponds to a not-folded state, and assume we can determine
F,,(t) from each conformation in our trajectories. An example Fy,(t) might be
the criterion that the RMSD to the native state is less than a certain cut-
off. From any state F,,(t) we can determine the change using the reactive flux
correlation:

dF, (t)

dt

where ky is the rate constant for folding (v — f), ky is the rate constant for
unfolding (f — w) and U is either the unfolded state [1-F] or another state close
to the folded state. We adopt the notion that the rate constants are related to
activation energies F 4 and prefactors A:

= kpUn(t) — kuFn(t) (1)

ke = Aye PEA, ky = AgePEA (2)

where § = 1/kgT with kp Boltzmann’s constant and T the temperature. If we
rewrite Eqn. [[l with the explicit time dependence of the temperature, we have
for each trajectory m:

dF(t)
dt

Since [ changes stochastically with time, this equation can not be integrated an-
alytically. We can however integrate it numerically, average over the trajectories,
and define the integral ®(t) as:

1 & L dF,(r
(t) = Mmg /O dzf Jar (4)

= Ape B OBAY (1) — Ao PrWPLE, (1) (3)
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with which we can define a fitting parameter x?2:

- %Z i (5)

where F(t) = (F,,(t)) i.e. the average fraction folded protein in all the simu-
lations. x? can be minimized numerically [24] with respect to E,{p E%, Ay and
A,. In this manner the parameters that describe the kinetics are optimized to
the change in the fraction of folded proteins with time, which implies that this
analysis can be applied to any set of MD simulations.

The algorithm can be extended by defining an intermediate state I(t). The
root mean square deviation of the simulated structure with respect to the ex-
perimental structure can be used as a criterion, since there are two minima, one
at 0.18 nm and one at 0.295 nm (see Fig. 1 in ref. [I3]). In that case we define
two coupled reactions:

djst(t) = iU (t) = Kiun (2) ©
ngs(t) = kifIm(t) = kpiFn(t) v

The four rate constants are now defined by four energies and four prefactors. If
we equate the integral of Eqn. [ to Z(¢) we can define a new fitting parameter

62: .
= NZ (D) + [Z(t) — ()] (8)

and these eight parameters can be optimized in order to minimize @2 by inte-
grating both equations simultaneously.

3 Results and Discussion

We have recently reported simulations of the complete folding of the polypeptide
Chignolin [14] from the extended state to the native conformation [11] along with
detailed analysis of the energy landscape in three dimensions. Using the novel
method described above and in ref. [13] it was possible to obtain kinetics informa-
tion from 20 heterogeneous trajectories. This new algorithm, which was inspired
by the hydrogen-bond kinetics analysis due to Luzar and Chandler [25J26127],
allows for the analysis of relaxation mechanisms in general, but here we restrict
ourselves to protein folding.

In the algorithm, the reactive-flux correlation term is used to determine the
change in a property. The present method introduces two new techniques, first
the inclusion of the explicit time dependence in the analysis, and second the
optimization technique in which the integral of the desired property is fitted to,
rather than the property itself. In this manner we ensure that the kinetics of fold-
ing as it occurs in the simulation is reproduced at all intermediate times rather
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than just the equilibrium constant. For two-state reactions, like folding of Chig-
nolin [I4], we can extrapolate the results (activation energies) and constants to
different temperatures and hence obtain faithful melting curves. However, there
is considerable discussion in the literature as to whether two-state folding re-
actions really exist, or whether experimental methods are not sensitive enough
to discriminate different rates of folding and/or discern intermediates that may
be on the folding pathway even in case of the folding of very simple proteins
like Chignolin. In order to test the proposition that folding follows a two-state
reaction in our simulations of Chignolin, as can be inferred from the NMR ex-
periments of Honda et al. [14], we re-analyzed the simulation results with an
explicit intermediate state. The development of the intermediate state I(t) and
the folded state F'(t), as well as the function fitted to them Z(t) and &(t) are
plotted in Fig. Bl The energy terms and prefactors obtained in this analysis are
given in Table[T.

Two State vs. Three State Folding Model

K 0.6 —— Simulation ]
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Fig. 3. Build up of a fraction folded and b fraction intermediate (average over the 20
Chignolin simulations). The fit to Eqn. Blis given in a, and the fits to Eqn. [§lin a and
b for folded and intermediate fractions respectively.

Both @(t) and Z(t) are slightly out of phase with the direct simulation (Fig.[3]),
due to the very nature of the rate equations (Equs. [[l and [6]). When minimizing
Eqn. Bl we obtain a final x> = 0.1 where with Eqn. 8 we obtain a final §% = 0.38.
Since we are summing twice the number of deviations with Eqn. B we expect
that 82 < 2x2, but in fact #? is larger, indicating that the fit is not as good
when using intermediates. Indeed, the activation energies between intermediate
and folded states Ey; and E;; are both 2 kJ/mol (Table [)), i.e. less than kgT
at room temperature, and hence the barrier between intermediate and folded is
negligible in this model. Furthermore, we find that the melting temperature in
the model with intermediates is 360 K vs. 340 K in the two-state model and
312 K experimentally [14]. The fact that the match with experiment is less good



114 D. van der Spoel, A. Patriksson, and M.M. Seibert

Table 1. Values for activation energies (E4) and prefactors A obtained by minimizing
either x? (Eqn. [ top) or 6% (Eqn. B bottom). The time constants corresponding to
room temperature kinetics are given as well (298.15 K).

A (1/ps) E (kJ/mole) 7 (us)
U—F 9.3e-5(0.1) 11.2(1) _ 1.0(0.3)
F—U 0.094(0.01)  30.7(1)  2.6(0.4)
I—U 9.3e5(0.2)  9.7(2) _ 0.5(0.1)
U—I 1.0e-4(0.1)  18.8(2) 19(2)
I-F 3.6e-5(0.3) 2.1(0.5) 0.06(0.02)
F—I 3.7¢-5(0.3)  2.0(0.5)  0.06(0.02)

is no proof that the three-state model is not suitable to explain the simulation
results. However, this observation, in combination with the comparison between
6% and x2 and the unreasonably low barriers between intermediate and folded
state, indicates strongly that the kinetics in the simulation is best described by a
two-state model. On the other hand, we have also shown how the kinetics model
can be applied to processes governed by a three-state model.

The method could in principle be applied to many other fields of Science
where processes can be followed in time directly using simulation. A particularly
powerful feature of the method is that it operates on the time derivative of an
observable that is, the change in a variable. This implies that a combination of
starting conformations be used, like, for instance, the REMD simulations of Gar-
cia and Onuchic [5] who used a mixture of unfolded and folded conformations.
The fundamental observation that we should study the changes in “foldedness”,
rather than starting many simulation from the unfolded state, as is done by
Pande et al. using distributed computing techniques [28/29/30], makes that it
suffices to have a limited amount of heterogeneous simulation data. For protein
folding, it is obvious that the trajectories have to be sufficiently long, in relation
to the folding time. For Chignolin, we had a total of 10us, an order of magni-
tude larger than the estimated folding time (1.0 ps [13]). This may serve as a
useful guideline for determining how much trajectory is needed. In summary,
we think that the proposed kinetics method will bring computational studies of
protein folding with full atomic detail, and in explicit solvent within reach of a
departmental computer cluster.
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These last past years have seen a tremendous amount of new results in compu-
tational dense linear algebra. New algorithms have been developed to increase
the speed of convergence of eigensolvers, to improve the final accuracy of solvers,
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current routines or match expected new functionality of the library.
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Abstract. The QZ algorithm reduces a regular matrix pair to general-
ized Schur form, which can be used to address the generalized eigenvalue
problem. This paper summarizes recent work on improving the perfor-
mance of the QZ algorithm on serial machines and work in progress on a
novel parallel implementation. In both cases, the QZ iterations are based
on chasing chains of tiny bulges. This allows to formulate the majority of
the computation in terms of matrix-matrix multiplications, resulting in
natural parallelism and better performance on modern computing sys-
tems with memory hierarchies. In addition, advanced deflation strategies
are used, specifically the so called aggressive early deflation, leading to
a considerable convergence acceleration and consequently to a reduction
of floating point operations and computing time.

1 Introduction

The QZ algorithm is the most widely used method for computing all n eigenval-
ues A of a regular matrix pair (A4, B) with A, B € R"*"  which satisfy

det(A — AB) = 0.

The QZ algorithm was developed by Moler and Stewart in [I9] and relies on
computing orthogonal matrices Q and Z such that (S,T) = (QTAZ, QT BZ)
is in real generalized Schur form, i.e., S is quasi-upper triangular with 1 x 1
and 2 x 2 blocks on the diagonal, while T" is upper triangular. This equivalence
transformation preserves the eigenvalues of (A, B), which then can be easily
extracted from the block diagonals of S and T'. The LAPACK [2] implementation
of the QZ algorithm is mainly based on [I9], with some improvements proposed
in [T3I22/24]. Tt consists of the following subroutines:

DGGBAL performs an optional preliminary balancing step [23] aiming to improve
the accuracy of subsequently computed eigenvalues.

* This work was supported by the DFG Emmy Noether fellowship KR 2950/1-1
and by the Swedish Research Council under grant VR 621-2001-3284 and by the
Swedish Foundation for Strategic Research under grant A3 02:128. This research

was conducted using the resources of the High Performance Computing Center North
(HPC2N).

B. Kéagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 117 2007.
© Springer-Verlag Berlin Heidelberg 2007
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DGGHRD reduces a general matrix pair (A, B) to Hessenberg-triangular form, i.e.,
it computes in a finite number of steps orthogonal matrices @1 and Z; such
that H = QT AZ, is upper Hessenberg while T' = QT BZ; is upper triangular.

DHGEQZ reduces (H,T') further, by applying single- and double-shift QZ itera-
tions combined with deflations, to real generalized Schur form.

DTGSEN and DTGEVC post-process the output of DHGEQZ to compute selected
eigenvectors and deflating subspaces [12] of (A, B).

Additionally, there are a number of support and driver routines for solving
generalized eigenvalue problems. The focus of the improvements described in
the following are the QZ iterations and deflations implemented in DHGEQZ, see
also [IIT1]. Improvements to DGGBAL, DGGHRD and DTGSEN, which are also consid-
ered for inclusion in the next LAPACK release, can be found in [ST5|T6IIRI2T].

The rest of this paper is organized as follows. Section [2] is concerned with
techniques intented to decrease the execution time of the QZ algorithm on serial
machines: chains of tightly coupled tiny bulges [BIIIIT7] and aggressive early
deflation [BYIT]. In Section Bl it is shown how these techniques can be employed
to derive a parallel variant of the QZ algorithm. Numerical experiments, reported
in Section [ illustrate the performance of Fortran implementations based on the
ideas presented in this paper.

2 Improvements to the Serial QZ Algorithm

Let us consider a regular matrix pair (H,T") in Hessenberg-triangular form. By a
preliminary deflation of all infinite eigenvalues [19], we may assume without loss
of generality that T is nonsingular. In the following, we only describe the two
improvements of the QZ algorithm proposed in [I1] that make our implemen-
tation perform so well in comparison with existing implementations. However,
it should be emphasized that for a careful re-implementation of LAPACK’s QZ
algorithm one also needs to reinvestigate several somewhat detailed but never-
theless important issues, such as the use of ad hoc shifts to avoid convergence
failures and the optimal use of the pipelined QZ iterations described in [8] for
addressing medium-sized subproblems.

2.1 Multishift QZ Iterations

The traditional implicit double-shift QZ iteration [19] starts with computing the
vector
v=(HT™' — o I)(HT ' - 021), (1)

where I denotes the n x n identity matrix and 01,02 € C are suitably chosen
shifts. Next an orthogonal matrix @ (e.g., a Householder reflector [9]) is com-
puted such that Qv is mapped to a scalar multiple of the first unit vector e;.
This transformation is applied from the left to H and T':

H—QTH, T—QTT.
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g window

™~~~ Deflation window ”

Fig. 1. Illustration of a multishift QZ step with aggressive early deflation

The Hessenberg-triangular structure of the updated matrix pair is destroyed in
the first three rows and the rest of the implicit QZ iteration consists of reducing
it back to Hessenberg-triangular form without touching the first row of H or T.
Due to the special structure of (H,T), this process requires O(n?) flops and can
be seen as chasing a pair of 3 x 3 bulges along the subdiagonals of H and T
down to the bottom right corner, see [19J24]. If the shifts are chosen to be the
eigenvalues of the 2 x 2 lower bottom submatrix pair of (H,T) then typically
the (n — 1,n — 2) subdiagonal entry of H converges to zero. Such a subdiagonal
entry is explicitly set to zero if it satisfies

|hjt1,5] < ullhs] + [hjsa410), (2)

where u denotes the unit roundoff. This criterion not only ensures numerical
backward stability but may also yield high relative accuracy in the eigenvalues
for graded matrix pairs, see [11] for more details. Afterwards, the QZ iterations
are continued on the deflated lower-dimensional generalized eigenvalue problems.

The described QZ iteration performs O(n?) flops while accessing O(n?) mem-
ory. This poor computation/communication ratio limits the effectiveness of the
QZ algorithm for larger matrices. An idea which increases the ratio without
affecting the convergence of QZ iterations, has been extrapolated in [11] from
existing techniques for the QR algorithm, see, e.g., [5]. Instead of only one bulge
pair corresponding to one double shift, a tightly coupled chain of bulge pairs
corresponding to several double shifts is introduced and simultaneously chased.
This allows the use of level 3 BLAS without a significant increase of flops in the
overall QZ algorithm.

The implementation of such a multishift QZ iteration is illustrated in Figure[Il
In the beginning of a chasing step, the bulge chain resides in the top left corner
of the bulge chasing window. Each bulge is subsequently chased downwards
until the complete bulge chain arrives at the bottom right corner of the window.
During this process only the window parts of H and T" are updated. All resulting
orthogonal transformations are accumulated and applied in terms of matrix-
matrix multiplications (GEMM) to the rest of the matrix pair.
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2.2 Aggressive Early Deflation

Another ingredient, which may drastically lower the number of iterations needed
by the QZ algorithm, is aggressive early deflation introduced in [6] and extended
in [IUIT]. Additionally to the classic deflation criterion (@), the following strategy
is implemented. First, H and T are partitioned

Hyy Hyo Hys Ty Ti2 T3
(H,T) = Hoy Hop Hoz |, | O Tpp To3 ;
0 H32 H33 0 0 T33

such that Hsy € R™*! and Hzs, T3z € R™*™ (typical choices of m are between
40 and 240). Then the matrix pair (Hss, T53), which corresponds to the deflation
window illustrated in Figure [I is reduced to real generalized Schur form. By
applying the corresponding left orthogonal transformation to Hss, a spike is
introduced in H. If the trailing d < m spike elements can be safely set to zero
(see [6] for various criteria) then the bottom right d x d submatrix pair can
be deflated. Otherwise, the Schur form of (Hss, T33) is reordered to move other,
untested eigenvalues to its bottom right corner, see [T1] for more implementation
details.

3 A Parallel QZ Algorithm

Parallel distributed memory (DM) algorithms and implementations for reducing
a matrix pair to Hessenberg-triangular form have been presented in [I7]. In this
contribution, we consider the remaining part of the QZ algorithm, QZ iterations.
Our new parallel variants are based on the LAPACK [2] implementation of the
QZ algorithm as well as the blocked serial variants described in [§/TT]. In order
to gain better performance and scalability, we employ the following extensions:

— Use of several small bulges introduced and chased down the diagonals of H
and T in a blocked manner.

— Accumulation of orthogonal transformations in order to apply them in a
blocked manner, leading to delayed updates.

— Use of the aggressive early deflation technique described in Section

Given a Hessenberg-triangular matrix pair (H,T'), a parallel QZ iteration is
divided into three major operations, which are implemented in separate routines:
(1) deflation check; (2) bulge introduction; (3) bulge chasing. In the following,
we give a brief description of these operations.

3.1 Parallel QZ Step — Deflation Check

The deflation check routine searches and tests for deflated eigenvalues at the
bottom right corners of H and T using the aggressive early deflation technique,
see [6/T1]. This routine also returns the shifts, calculated eigenvalues from a
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bottom right submatrix pair of H and T within the current deflation window,
see Figure [Tl needed to start up a new bulge introduction and chase iteration.

The deflation check is performed by all processors and therefore communica-
tion is required before all processors have the required data. The output of the
deflation check is, beside the deflated window, two orthogonal matrices which
contain the accumulated equivalence transformations. If deflation was successful,
these transformations are applied to the right and above the deflation window.
The update is performed in parallel using GEMM operations. Some nearest
neighbor communication is required to be able to perform the multiplications.
The subsequent QZ iterations are restricted to the deflated submatrix pair, also
called the active submatrixz pair.

3.2 Parallel QZ Step — Bulge Introduction

The introduction of bulges takes place at the top left corner of the active sub-
matrix pair. The number of bulges that can be created depends on how many
shifts were returned from the last deflation check. At most #shifts/2 bulges are
created using information from the top left corner of (H,T') to compute the first
column of the shift polynomial.

After a bulge has been introduced it has to be chased down some steps in
order to give room for a new bulge. If N < n bugles are to be introduced the
first bulge is chased N-(ng+1) positions, where ng is the size of the Householder
transformation, the second (N — 1) - (ng + 1) positions and so forth (ng = 3
in general). The chasing consists of applying Householder transformations to
(H,T) from the left and right. We limit the update of (H,T) to a window of
size NB x N B. The orthogonal updates are also applied to two matrices U and
V, initially set to the identity matrix. This way we can introduce all bulges and
after that update the remaining parts of (H,T) by using GEMM operations
with U and V to complete the calculation of the corresponding equivalence
transformation (QTHZ, QT Z).

The window of size NB x NB is held by all processors. Communication is
therefore required to send the data to all the processors. The subsequent update
is performed in parallel where every processor updates its corresponding portion
of (H,T). The communication in the update part is limited to nearest neighbor
processors, interchanging matrix border elements (row and column data) to be
able to perform the GEMM operations independently in parallel.

3.3 Parallel QZ Step — Bulge Chasing

The introduced bulges are repeatedly moved together within a bulge chasing
window, see Figure [Il of size NB x NB. The movement begins by moving the
first introduced bulge until the bottom of the bulge chasing window. This is then
repeated by moving each bulge the same number of steps. As in the introduction
phase the bulge movement arises from applying pairs of (left and right) House-
holder transformations. Moreover, the update of (H,T) is again limited to the
window of size NB x NB and the update of the remaining parts is performed
afterwards in parallel as described in Section
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4 Numerical Experiments

In the following, we briefly report on numerical experiments performed on a
Linux cluster Sarek at HPC2N, consisting of 190 HP DL145 nodes, with dual
AMD Opteron 248 (2.2GHz) and 8 GB memory per node, connected in a Myrinet
2000 high speed interconnect. The AMD Opteron 248 has a 64 kB instruction
and 64 kB data L1 Cache (2-way associative) and a 1024 kB unified L2 Cache
(16-way associative).

4.1 Serial Results

First, we tested a random 2000 x 2000 matrix pair reduced to Hessenberg-
triangular form. LAPACK’s DHGEQZ requires 270 seconds, while the multishift
QZ algorithm described in Section 2.1] with 60 simultaneous shifts requires 180
seconds (on machines with smaller L2 cache this reduction was observed to be
even more significant). Applying aggressive early deflation with deflation win-
dow size 200 reduced the execution time further, to remarkable 28 seconds. This
significant reduction of execution time carries over to other, practically more
relevant examples. Table [Tl contains a list of benchmark examples from [11] with
order n > 1900.

Table 1. Selected set of matrix pairs from the Matrix Market collection [3], the Ober-
wolfach model reduction benchmark collection [I4], and corner singularities computa-
tions [20]

# Name n  Brief description Source
1 HEAT 1900 Heat conduction through a beam [14]
2 BCSST26 1922 Seismic analysis, nuclear power station 3]
3 BEAM 1992 Linear beam with damping [14)
4 BCSST13 2003 Fluid flow Bl
5 CIRC90 2166 Circular cone, opening angle 90 degrees [20]
6 FICH1227 2454 Fichera corner, Dirichlet boundary conditions  [20]
7 BCSST23 3134 Part of a 3D globally triangularized building [3]
8 MHD3200 3200 Alfven spectra in magnetohydrodynamics [3]
9 BCSST24 3562 Calgary Olympic Saddledome arena 3

!

10 BCSST21 3600 Clamped square plate 3

We compared the performance of three Fortran implementations of the QZ
algorithm: DHGEQZ (LAPACK), KDHGEQZ (pipelined QZ iterations [8]), MULTIQZ
(multishift QZ iterations + aggressive early deflation). From Figure Bl which
shows the execution time ratios DHGEQZ /KDHGEQZ and DHGEQZ/MULTIQZ, it can
be observed that MULTIQZ is 2—12 times faster than LAPACK. It should be noted
that aggressive early deflation can also be used to decrease the execution times
of DHGEQZ and KDHGEQZ, see [I1] for more details.
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Fig. 2. Performance comparison on Sarek for of three serial implementations of the QZ
algorithm. The test matrices used are from Table [II
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Fig. 3. Execution times for ScaLAPACK’s QR for a 4096 x 4096 random Hessenberg
matrix and parallel QZ for a 4096 x 4096 random Hessenberg-triangular matrix pair

4.2 Parallel Results

A preliminary Fortran implementation of the described parallel variant of the
QZ algorithm has been developed based on BLACS and ScaLAPACK [4].
Figure[3 gives a brief but representative impression of the obtained timings. It
can be seen from Figure[3that the new parallel variant of the QZ algorithm is sig-
nificantly faster than the ScaLAPACK implementation of the QR algorithm [I0].
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(Note that the traditional QZ algorithm takes roughly twice the computational
effort of the QR.) This effect can be contributed to the use of blocking tech-
niques and aggressive early deflation. In Table 2l we display performance results
on Sarek for 1 up to 16 processors of the three stages in reducing a regular ma-
trix pair to generalized Schur form. Stage 1 reduces a regular (A, B) to block
upper Hessenberg-triangular form (H,,T') using mainly level 3 (matrix-matrix)
operations [II§]. In Stage 2, all but one of the r subdiagonals of H, are set
to zero using Givens rotations, leading to (H,T') in Hessenberg-triangular form
[1U8]. Finally, Stage 3 computes the generalized Schur form (S,7T") by applying
our parallel QZ implementation. The overall speedup for the complete reduc-
tion to generalized Schur form is over \/p, where p is the number of processors
used. From the performance results presented it can be seen that the scalability
of the parallel QZ (Stage 3) is improvable; this issue will be subject to further
investigation.

Table 2. Sample performance results on Sarek for 1 up to 16 processors of the three
stages in reducing a regular matrix pair to generalized Schur form

Configuration | Stage 1| Stage 2| Stage 3| Total

N P. P. NB| Time | Time | Time | Time Sp
1024 1 1 160| 5.8 19.5 13.3 38.5 1.0
1024 2 1 160| 3.3 124 11.5 272 14
1024 2 2 160| 2.8 7.8 11.8 22.3 1.7
2048 1 1 160 55.1 188.3 67.8 |[311.1 1.0
2048 2 2 160 21.2 64.6 62.5 |148.3 2.1
2048 4 2 160 13.8 37.1 49.9 |100.8 3.1
2048 4 4 160| 14.0 28.6 43.5 86.1 3.6
2048 8 2 160 11.9 28.5 43.3 83.7 3.7
4096 1 1 160 551.3 | 1735.4 | 494.1 |2780.7 1.0
4096 2 2 160| 166.9 475.5 365.9 (1008.3 2.8
4096 4 2 160] 99.3 294.7 | 303.2 [679.2 4.1
4096 4 4 160| 97.6 245.6 248.2 | 5914 4.7
4096 8 2 160| 78.9 204.9 231.4 |515.2 5.4
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Abstract. We discuss parallel algorithms for solving eight common stan-
dard and generalized triangular Sylvester-type matrix equation. Our par-
allel algorithms are based on explicit blocking, 2D block-cyclic data
distribution of the matrices and wavefront-like traversal of the right
hand side matrices while solving small-sized matrix equations at different
nodes and updating the rest of the right hand side using level 3 opera-
tions. We apply the triangular solvers in condition estimation, developing
parallel sep'-estimators. Some experimental results are presented.

Keywords: Sylvester-type matrix equations, triangular matrix equa-

tions, Bartels—Stewart’s method, explicit blocking, condition estimation,
level 3 BLAS, ScaLAPACK, 2D block-cyclic data distribution.

1 Introduction

We consider the following standard Sylvester-type matrix equations: the
continuous-time Sylvester equation (SYCT)

AX - XB=C, (1)
the discrete-time Sylvester equation (SYDT)

AXBT - X =C, (2)
the continuous-time Lyapunov equation (LYCT)

AX + XAT =, (3)
and the discrete-time Lyapunov equation (LYDT)

AXAT - X =C, (4)

where A of size m x m, B of size n x n and C of size m X n or m X m are general
matrices with real entries.
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We also consider the following generalized Sylvester-type matrix equations:
the generalized coupled Sylvester equation (GCSY)

(AX —YB, DX - YE) = (C, F), (5)

where A and D of size m x m, B and FE of size n x n and C and F of size m xn
are general matrices with real entries, the generalized Sylvester equation (GSYL)

AXBT —cxD" =E, (6)

where A and C of size m x m, B and D of size n x n and E of size m x n
are general matrices with real entries, the continuous-time generalized Lyapunov
equation (GLYCT)

AXET + ExAT = C, (7)

where A, E and C of size m x m are general matrices with real entries, and the
discrete-time generalized Lyapunov equation (GLYDT)

AXAT - EXET =, (8)

where A, E and C of size m x m are general matrices with real entries.

Solvability conditions for equations (I)-([8) can be formulated in terms of the
standard or generalized eigenvalues of the involved matrices or regular matrix
pairs, see, e.g., [I5/I6]. For (G)LYCT/(G)LYDT a symmetric right hand side C
implies a symmetric solution X.

SYCT, LYCT and GCSY are called one-sided because the undetermined X
(or X and Y) is multiplied by another matrix from one side only. SYDT, LYDT,
GSYL, GLYCT and GLYDT are called two-sided [15/16].

In this contribution, we assume that all left hand side coefficient matrices or
matrix pairs are (quasi-)triangular, i.e, in real or generalized Schur form (see,
e.g., [B]). If this is not the case, we utilize Bartels—Stewart’s method [2] for
reducing the matrix equation to triangular form by orthogonal transformations:

1. Reduce the known left hand side matrices (or matrix pairs) of equations
@D)-@®) to real (generalized) Schur form.

2. Update the right hand side matrix (or matrix pair) with respect to the Schur
decompositions.

3. Solve the resulting triangular matrix equation.

4. Transform the computed solution matrix (or matrix pair) back to the original
coordinate system.

Based on our previous work with parallel solvers for triangular matrix equa-
tions (see, e.g., [QI9II0]), we now focus on developing a complete set of parallel
algorithms and library routines for solving the reduced matrix equations corre-
sponding to equations (J)-(&]). Besides being an integral part in solving general
large scale matrix equations, these solvers are applied to condition estimation of
the matrix equations themselves as well as for different subspace problems with
applications in control theory. In this contribution, we present some of this work
in progress. The final goal is a complete library of ScaLAPACK-style routines
called SCASY for solving general as well as reduced (triangular) standard and
generalized Sylvester-type equations ([I)-(&).
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2 Blocked Methods for Solving Reduced Matrix
Equations

We focus on step 3 above for solving the reduced matrix equations. Assuming
m = n, this is an O(n®) operation. We apply explicit blocking (see below) to
reformulate each matrix equation problem into as much level 3 BLAS operations
as possible. In the following, the (7, j)th block of a partitioned matrix, say X, is
denoted X;.

Let mb and nb be block sizes used in an explicit block partitioning of the
matrices A and B in SYCT, respectively. In turn, this imposes a similar block
partitioning of C' and X (which overwrites C'). Then D, = [m/mb] and D;, =
[n/nb] are the number of diagonal blocks in A and B, respectively. Now, SYCT
can be rewritten in block-partitioned form as

D -
AiiXij — XijBj; = Cij — ( Z A Xij — ZXikBkj)7 9)
k=it1 =
fori=1,2,...,D,and j =1,2,..., D, [10].
For LYCT we use a similar approach: Partition A and C by rows and columns
using a single block size mb and rewrite LYCT as

AuXij + X AL = Cy Z A Xij + Z Xip Afy (10)
k=i+1 k=j+1

reformulating our single LYCT problem into smaller SYCT (i # j) and LYCT
(i = j) problems and level 3 updates in the right hand side C'. Moreover, if C' is
symmetric, we rewrite (I0) for the main diagonal blocks Cj; as

D,
A X + Xy AL = Cy — ( Z A XE + X AL, (11)
k—it1

which defines a sum of SYR2K-operations, which are as fast as regular GEMM-

operations when implemented as a GEMM-based level 3 BLAS [I8/19).
We block the two-sided standard equations SYDT and LYDT similarly:

(Da,Ds)
AiiXijB]Tj —Xi; =Cy — Z AikalBﬁa (k1) # (i,5) (12)
(k,1)=(1,5)

and
(Dnernr)

A XAl — Xy =Cij— > AuXuAl, (k1) # (,5). (13)
(k,D)=(4,5)

Notice that the blocking of LYDT decomposes the problem into several smaller
SYDT (i # j) and LYDT (i = j) equations.
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The same method of explicit blocking is applied to the generalized matrix
equations (@))-().

All linear matrix equations considered can be rewritten as an equivalent large
linear system of equations Zx = y, where Z is the Kronecker product repre-
sentation of the corresponding Sylvester-type operator. For example, SYCT ()
corresponds to Zsyct = I, ® A — BT @ I,,,, © = vec(X), y = vec(C) (see also
Section Ml). These formulations are only efficient to use explicitly when solving
small-sized problems in kernel solvers, see, e.g., LAPACK’s DLASY2 and DTGSY2
for solving SYCT and GCSY and the kernels of the RECSY library [I5IT6/17].

3 Parallel Algorithms for Triangular Matrix Equations

The parallel algorithms for SYCT presented in [24T0/8/9] were based on the
following basic ideas: Utilize explicit blocking and 2D block cyclic distribution
of the matrices over a rectangular P, x P, process grid, following the ScaLAPACK
conventions [3], and compute the solution by a wavefront-like traversal of the
block diagonals of the right hand side matrix where several solutions of diagonal
subsystems are computed in parallel, broadcasted along the corresponding block
rows and columns, and used in level 3 updates of the rest of the right hand side.
This is illustrated for SYCT in Figure [l Notice that the solution X overwrites
the right hand side C blockwise.

The algorithms are adapted to the symmetric LYCT by wavefront-like traver-
sal of the anti-diagonals of the right hand side matrix while solving for the lower
(or upper) triangular part of the solution. The situation is described in Figure
2l However, our solvers must be able to solve non-symmetric LYCT problems as
well since symmetry cannot be assumed in condition estimation algorithms (see
Section H).

For two-sided standard matrix equations SYDT/LYDT the main difference
from the SYCT/LYCT cases are the need for an extra buffer for storing interme-
diate sums of matriz products caused by a more complex data dependency (see
equations (I2)-([I3))) which will, assuming m = n, cause any trivially blocked
solver to use O(n?*) flops. We illustrate with the following explicitly blocked
SYDT system:

A1 X11BY — X11 = C11 — A1 X12BYy — Aa (X BT} + X2 By)
A1 X12BL, — X9 = C12 — A12X22BE,

A9 X1 BT, — X9y = Co1 — Aga X292 BL,

Ao X259 BL, — Xoo = Coo.

(14)

From (I4) we observe that by computing Xo1 BY; + X292 BT, before multiplying
with Aj2 and by computing X9 BY, only once we avoid redundant computations.
Consequently, for SYDT/LYDT we broadcast each subsolution X;; in the process
row corresponding to block row ¢ and a sum of matrix products in the process
column corresponding to block column j.

The generalized matrix equations are solved as follows: for GCSY the SYCT
methodology is used except for the fact that we are now working with two
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4 ¢ A C

Fig.1. The SYCT wavefront: stan-
dard, one-sided, non-symmetric. Yel-
low blocks correspond to already solved
blocks, the blocks with bold borders
correspond to the current position of
the wavefront, blocks with the same

Fig.2. The symmetric LYCT wave-
front: standard, one-sided, symmetric.
Each subsolution (i.e., a block of the
solution matrix X) located outside
the main block anti-diagonal is broad-
casted in the corresponding block row

and column and the block row corre-
sponding to its transposed position.

color are used together in subsys-
tems solves or GEMM-updates, stripe-
colored blocks are involved in several
rounds of GEMM-updates correspond-
ing to the same block diagonal. The
wavefront direction is indicated by the
arrow. Each subsolution is broadcasted
in the corresponding block row and col-
umn.

equations at the same time. The methods of SYDT and LYDT are generalized
for GSYL and GLYCT/GLYDT, respectively, in a similar fashion by using two
extra buffers for storing intermediate sums of matrix products.

We remark that in a trivially blocked solver for the two-sided Lyapunov equa-
tions, we may reformulate the updates of the main block diagonal of C' in terms
of SYR2K-operation, as in the LYCT case. However, this is not possible when
we use the intermediate sums of matrix products to reduce the complexity.

4 Condition Estimators for Triangular Matrix Equations

We utilize a general method [IT/12J20] for estimating ||A~!||; for a square ma-
trix A using reverse communication of A~'z and A~Tz, where ||z|]z = 1. In
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particular, for SYCT this approach is based on linear system Zsycrx = y (see
Section [l and Table[Dl) which is used to compute a lower bound of the inverse of
the separation between the matrices A and B [21]:

p(4.B) = inf_[|AX ~ XBllr = oun(Zsver) = |Z5erlls. (15

The quantity (I5) is used frequently in perturbation theory and error bounds
(see, e.g., [13]). The exact value can be computed at the cost O(m>n?) flops by
the SVD of Zgycr but its inverse can be estimated much cheaper by solving a
few (normally around five) triangular SYCT equations to the cost O(m?*n+mn?)
flops [20].

Table 1. The Kronecker product representations of Z, and ZI considered in condition
estimation of the standard and generalized matrix equations ()- (]

Acronym (ACRO) Zy ZT
SYCT I.A-BT"®I, | I.,.9AT —B®I,
SYDT BRA—TInn BT AT — I
LYCT In@A+AQL, | In®AT —AT® I,
LYDT ARA -1, AT @ AT —1I,.»
I, A -BT® I, I,® AT I, @ DT
GOSY 1n®D—ET®Im} {—B@Im —-E®In
GSYL B®A-DC |BTeAT —-DTeC?
GLYCT ARA—EQE |AT@AT —ET®ET
GLYDT EQA+A®FE |ET@AT + AT ET

This estimation method is applied to all matrix equations by considering the
corresponding Kronecker product representation of the associated Sylvester-type
operator (see Table [T)). However, notice that condition estimation of GCSY is
not as straightforward as for the uncoupled equations, since transposing Zgcsy
is not just a matter of transposing all involved left hand side matrices (excluding
the solution), but requires a different algorithm (see, e.g., [21]).

The condition estimator in [20] was based on the serial LAPACK-routine
DLACON [I]. The parallel version we use is implemented in ScaLAPACK [3126] as
the auxiliary routine PDLACON.

In our parallel estimators, we compute P. different estimates independently
and concurrently, one for each process column by taking advantage of the fact
that PDLACON requires a column vector distributed over a single process column as
right hand side, and we form the global maximum by a scalar all-to-all reduction
[7] in each process row (which is negligible in terms of execution time). The
column vector y in each process column is constructed by performing an all-to-all
broadcast [7] of the local pieces of the right hand side matrix or matrices in each
process row, forming P, different right hand side vectors. Altogether, we compute
P. different estimates (lower bounds of the associated sep~!-function) and choose
the largest value at the same cost in time as computing only one estimate.
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5 Experimental Results

Our target machine is the 64-bit Opteron Linux Cluster sarek with 192 dual
AMD Opteron nodes (2.2 GHz), 8Gb RAM per node and a Myrinet-2000 high-
performance interconnect with 250 MB/sec bandwidth. All experiments where
conducted using the Portland Group’s pgf77 1.2.5 64-bit compiler, the com-
piler flag -fast and the following software: MPICH-GM 1.5.2 [23], LAPACK 3.0
[22], GOTO-BLAS r0.94 [6], ScaLAPACK 1.7.0 [26], BLACS 1.1patch3 [4] and
RECSY 0.0lalpha [25] (used as node solvers). All experiments are conducted in
double precision arithmetic.

Table 2. Condition estimation of GSYL invoking PGSYLCON on sarek using the blocksize
64. All timings are in seconds. For this table, (A, C) and (B, D) are chosen as random
upper triangular matrices with specified eigenvalues as )\2270) = ¢ and Agg,D) = —1,
respectively. The known solution X is a random matrix with uniform distribution in
the interval [—1,1].

m=n P, X P. Time iter est R, R, E. E.
1024 1x1 127 5 0.6E-03 0.2E-06 0.1E+01 0.1E-11 0.2E-14
1024 2 x2 7.4 0.6E-03 0.1E-06 0.1E+401 0.1E-11 0.2E-14
1024 4 x4 3.9 0.6E-03 0.1E-06 0.1E+401 0.1E-11 0.2E-14
1024 8x 38 2.1 0.6E-03 0.1E-06 0.1E+401 0.1E-11 0.2E-14
2048 1x1 86.6 0.3E-03 0.1E-05 0.1E401 0.3E-11 0.2E-14
2048 2 x2 48.3 0.3E-03 0.1E-05 0.1E+401 0.2E-11 0.2E-14
2048 4x4 21.9 0.3E-03 0.1E-05 0.1E4-01 0.3E-11 0.2E-14
2048 8 x 8 9.7 0.3E-03 0.1E-05 0.1E+401 0.2E-11 0.2E-14
4096 1x1 923.9 0.2E-03 0.1E-04 0.1E+401 0.7E-11 0.3E-14
4096 2 x2 503.3 0.2E-03 0.1E-04 0.1E+401 0.6E-11 0.2E-14
4096 4 x4 193.8 0.2E-03 0.1E-04 0.1E+401 0.6E-11 0.2E-14
4096 8x8 T77.5 0.2E-03 0.1E-04 0.1E+401 0.8E-11 0.3E-14
8192 1x1 5302.4 0.8E-04 0.1E-03 0.1E+401 0.1E-10 0.3E-14
8192 2x2 26259 0.8E-04 0.1E-03 0.1E4-01 0.1E-10 0.3E-14
8192 4 x4 904.5 0.8E-04 0.1E-03 0.1E+401 0.1E-10 0.3E-14
8192 8 x8 3314 0.8E-04 0.1E-03 0.1E+401 0.1E-10 0.3E-14

L Ot O O3 9 J ~J| Ot Ot Ot Oy Ot Ot Ot

In Table 2l we present performance results for the parallel GSYL condition
estimator PGSYLCON solving well-conditioned problems using the corresponding
parallel triangular GSYL solver PTRGSYLD. For this table, iter is the number of
iterations and calls to the triangular solver PTRGSYLD, est is the lower bound
estimate of sep }[GSYL], R,, R, E, and E, correspond to the absolute and
relative residual and error norms and are computed as follows:

R, = ||E— AXB+CXD|, (16)
Ry = (egaenRa)/((IANIIBI + ICIIDIDIXI + I E1), (17)
B, = || X - X, (18)
E. = E./||X|. (19)
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Execution time profile of PGSYLCON

13 I Scal APACK PDLACON
] Row-wise all-to-all broadcast]
I Triangular solver PTRGSYLD

=n)

Iogz(m

0 0.2 0.4 0.6 0.8 1
Part of execution time

Fig. 3. Execution time profile of PGSYLCON on sarek using the blocksize 64. The results
are typical for what we found using multiple (4 x 4) processors to solve the problem.

Relative speedup for triangular GSYL solver

—k— M=N=1024
161 M=N=2048
M=N=4096

—4— M=N=8192

] = pmin

speedup S

0 10 20 30 40 50 60 70
#processors

Fig. 4. Parallel speedup of PTRGSYLD on sarek using the blocksize 64

Here, emacn(~ 2.2 x 10716) is the relative machine precision and X and X are
the known and the computed solutions, respectively. The relative residual norm
is computed in the 1-norm and the absolute residual and the error norms are
computed in the Frobenius norm, respectively. Ideally, the relative residual norm
should be of O(1) [21], which is fulfilled remarkably well for this set of test
problems. The high absolute residual norm results emerge from the large norms
(O(n?/?)) of the known left hand side matrices. The stable value of est depends
on that exactly the same problem is generated and solved for every value of
m=n.
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An execution time profile of PGSYLCON is presented in Figure Bl The major
part of the work is spent in the triangular solver, which is called around five (5)
times (see Table[2)). The influences of PDLACON and the all-to-all broadcast of the
right hand side in each process row on the total execution time are diminished as
the problem size grows. This implies that any effort on improving the condition
estimator should concentrate on the triangular solver.

A representative selection of parallel speedup results for the triangular GSYL
solver is presented in Figure @l The algorithms for the other equations (see
Section [I]) have similar good qualitative behavior.
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Abstract. Routines exist in LAPACK for computing the Cholesky fac-
torization of a symmetric positive definite matrix and in LINPACK there
is a pivoted routine for positive semidefinite matrices. We present new
higher level BLAS LAPACK-style codes for computing this pivoted fac-
torization. We show that these can be many times faster than the LIN-
PACK code. Also, with a new stopping criterion, there is more reliable
rank detection and smaller normwise backward error. We also present
algorithms that update the QR factorization of a matrix after it has had
a block of rows or columns added or a block of columns deleted. This
is achieved by updating the factors @ and R of the original matrix. We
present some LAPACK-style codes and show these can be much faster
than computing the factorization from scratch.

1 Pivoted Cholesky Factorization

1.1 Introduction

The Cholesky factorization of a symmetric positive definite matrix A € R™*"
has the form A = LL”, where L € R™" is a lower triangular matrix with
positive diagonal elements. If A is positive semidefinite, of rank r, there exists
a Cholesky factorization with complete pivoting ([7, Thm. 10.9], for example).
That is, there exists a permutation matrix P € R™™ such that PT AP has a
unique Cholesky factorization

T R | Lt O
PTAP = LL”, L_[L12 ol

where Ly; € R™" is lower triangular with positive diagonal elements.
* This work was supported by an EPSRC Research Studentship.

B. Kagstrém et al. (Eds.): PARA 2006, LNCS 4699, pp. 137-[146] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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1.2 Algorithms

In LAPACK [I] there are Level 2 BLAS and Level 3 BLAS routines for com-
puting the Cholesky factorization in the full rank case and without pivoting.
In LINPACK [3] the routine xCHDC performs the Cholesky factorization with
complete pivoting, but effectively uses only Level 1 BLAS. For computational
efficiency we would like a pivoted routine that exploits the Level 2 or Level 3
BLAS. The LAPACK Level 3 algorithm cannot be pivoted, so we instead start
with the Level 2 algorithm. The LAPACK ‘Gaxpy’ Level 2 BLAS algorithm is:

Algorithm 1. This algorithm computes the Cholesky factorization A = LLT of
a symmetric positive definite matriz A € R™"*"™, overwriting A with L.

Set L = lower triangular part of A
forj=1:n
(#)  L(.j)=L(j.j) - LG, 1:j — DI, 1:j — 1)T
(#) if L(4,7) <0, return, end % Quit if A not positive definite.
L(j,5) = VL, 7)
% Update jth column
ifl<j<n
L(j +Lin,j) = LG + Lin,j) — L(j + Lim, 1 — LG, 1:j — )7

end
ifj<n

L(j + 1:n,j) = L(j + 1:n,5)/L (4, 5)
end

end

This algorithm requires n3/3 flops. We can introduce pivoting into Algo-
rithm [} for L = (¢;;), by finding the largest possible ¢;; at (x) from the re-
maining n — j + 1 diagonal elements and using it as the pivot. We find

g =min{p: L(p,p) — d(p) = max {L(i,1) — ()} }, (1.1)

j<i<n
where d is a vector of dot products with
d(i) = L(i,1:j — 1)L(i,1: 5 — DT, i =j:n, (1.2)

and swap rows and columns ¢ and j, putting the pivot £, into the lead position.
This is complete pivoting.

For computational efficiency we can store the inner products in ([2) and
update them on each iteration. This approach gives a pivoted gaxpy algorithm.
The pivoting overhead is 3(r + 1)n — 3/2(r + 1)? flops and (r +1)n — (r + 1)2/2
comparisons, where r = rank(A4).

The numerical estimate of the rank of A, #, can be determined by a stopping
criterion at (#) in Algorithm [ At the jth iteration if the pivot, which we will
denote by X%), satisfies an appropriate condition then we set the trailing matrix
L(j:n,j:n) to zero and the computed rank is 5 — 1. Three possible stopping
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criteria are discussed in [7), Sec. 10.3.2]. The first is used in LINPACK’s code for
the Cholesky factorization with complete pivoting, xCHDC. Here the algorithm is
stopped on the kth step if

ng) <0, i=k:n. (1.3)

In practice # may be greater than r due to rounding errors. In [7] the other two
criteria are shown to work more effectively. The first is

ISel < lAl o X <0, i=kin, (1.4)

where g;c = Aoy — A{QAﬁlAlg, with A;; € RF¥F the leading submatrix of A, is
the Schur complement of Ay in A, while the second related criterion is

(k

max Xii) < exgll)7 (1.5)

k<i<n
where in both cases € = nu, and u is the unit roundoff. We have used the
latter criterion, preferred for its lower computational cost. We do not attempt
to detect indefiniteness, the stopping criteria is derived for semidefinite matrices
only. See [§] for a discussion on this.
We derive a blocked algorithm by using the fact that we can write, for the
semidefinite matrix A%~ € R™*™ and n;, € N [,

- - T
A1) A=Y gk (L0 I, 0 1[Lu ©
A{Q(kil) Ag;il) Lo Iﬂ*nb 0 A(k) Lo In*”lb '

where L1; € R™X" and Ly, € RM=m)X7 form the first ny columns of the
Cholesky factor L of A®~1 . Now to complete our factorization of A1 we
need to factor the reduced matrix

AP = qu) - L21Lg1a (1~6)

which we can explicitly form, taking advantage of symmetry.

From this representation we can derive a block algorithm. At the kth step we
factor np columns, by applying a pivoted Algorithm [I] to the leading principal
np X ny submatrix of A®) and then update the trailing matrix according to (6]
and continue.

At each step the Level 2 part of the algorithm requires (n — (k — 1)ny)n?
flops and the Level 3 update requires (n — kny)3/3 flops. The Level 3 fraction is
approximately 1 — 3ny;,/2n.

1.3 Numerical Experiments

Our test machine was a 1400MHz AMD Athlon. Using ATLAS [2] BLAS and the
GNU77 compiler version 3.2 with no optimization. We tested and compared four
Fortran subroutines: LINPACK’s DCHDC, DCHDC altered to use our stopping crite-
rion, and LAPACK-style implementations of a level 2 pivoted Gaxpy algorithm
(LEV2PCHOL) and level 3 pivoted Gaxpy algorithm (LEV3PCHOL) .
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Fig. 1. Comparison of speed for different n

We first compared the speed of the factorization of the LINPACK code and
our Level 2 and 3 routines for different sizes of A € R™"*". We generated random
symmetric positive semidefinite matrices of order n and rank r = 0.7n. For
each value of n the codes were run four times and the mean times are shown
in Figure[Il We achieve a good speedup, with the Level 3 code as much as 8 times
faster than the LINPACK code. Our level three code achieves 830 MFlops/sec
compared to the LINPACK code with 100 MFlops/sec.

We also compared the speed of the unpivoted LAPACK subroutines against
our Level 3 pivoted code, using full rank matrices, to demonstrate the pivoting
overhead. The ratio of speed of the pivoted codes to the unpivoted codes varies
smoothly from 1.6 for n = 1000 to 1.01 for n = 6000, so the pivoting overhead
is negligible in practice for large n (recall that the pivoting overhead is about
3rn — 3/2r? flops within the O(n?) algorithm). The use of the pivoted codes
instead of the unpivoted ones could be warranted if there is any doubt over
whether a matrix is positive definite.

We tested all four subroutines on a further set of random positive semidefinite
matrices, this time with pre-determined eigenvalues, similarly to the tests in [6].
For matrices of rank r we chose the nonzero eigenvalues in three ways:

—Casel: \i=X=---=X_1=1, AN =a<l
—Case2: A1 =1, M=X3=---=A.=a<l
—Case3: ;s =o', 1<i<r, a<l

Here, a was chosen to vary ka(A) = A1/\,. For each case we constructed a set
of 100 matrices by using every combination of:

n = {70, 100, 200, 500, 1000},
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ko(A) = {1, le+3, le+6, le+9, let+12},
r ={0.2n, 0.3n, 0.5n, 0.9n},

where r = rank(A). We computed the relative normwise backward error

|A— PLLTPT|,
[A]]2 ’

for the computed Cholesky factor L and permutation matrix p.

Table 1. Maximum normwise backward errors

In [70 [100 200 500 [1000 |
[DCHDC [[3.172e-13[1.498¢-13]1.031e-12]2.823¢-12[4.737e-11]
[DCHDC with ([LH)[|7.778e-15]9.014e-15]1.810e-14[7.746e-14]1.991e-13]
|LEV2PCHOL [[4.633e-15]9.283¢-15[1.458e-14]7.290e-14]1.983e-13]
|LEV3PCHOL [[4.633e-15[9.283e-15[1.710e-14]8.247e-14]2.049¢- 13|

There was little difference between the normwise backward errors in the three
test cases; Table [I] shows the maximum values over all cases for different n.
The codes with the new stopping criterion give smaller errors than the original
LINPACK code. In fact, for all the codes with our stopping criterion 7 = 7,
and so the rank was detected exactly. This was not the case for the unmodified
DCHDC, and the error, 7 — r, is shown in Table 2

Table 2. Errors in computed rank for DCHDC

In 70 [100 200 [500  [1000 ]
min 0 0 1 4 4
max 10 12 16 16 19

The larger backward error for the original DCHDC is due to the stopping cri-
terion. As Table [2 shows, the routine is often terminated after more steps than
our codes, adding more nonzero columns to L.

1.4 Conclusions

Our codes for the Cholesky factorization with complete pivoting are much faster
than the existing LINPACK code. Furthermore, with a new stopping criterion
the rank is revealed much more reliably, and this leads to a smaller normwise
backward error. For more detailed information on the material in this section
see [8]. For details of a parallel implementation see [9].
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2 Updating the QR Factorization

2.1 Introduction
We wish to update efficiently the QR factorization
A=QReR™"

where @ € R™*™ is orthogonal and R € R™*" is upper trapezoidal. That is
we wish to find A = QR, where A is A with rows or columns added or deleted.
We seek to do this without recomputing the factorization from scratch. We will
assume that A and A have full rank.

We consider the cases of adding blocks of rows and columns and deleting
blocks of columns. This has application to updating the least squares problem
where observations or variables are added or deleted. Where possible we derive
blocked algorithms.

2.2 Adding a Block of Rows

If we add a block of p rows, U € RP*™ just before the kth row of A we can write

B A(l:k—1,1:n)
A= U
A(k:m, 1:n)
and we can define a permutation matrix, P, such that
= A
- 1)
and -
Q" 0 ~ | R
[ 0 I PA = Ul (2.1)

Thus to find A = ijli we can define n Householder matrices to eliminate U to
give

H,...H [}U%] =R,

so we have
i_(pr[@ o 5 _ G
A=|P Hy...H, ) R=QR.
0 I,
The Householder matrix, H; € R0mP)X(m+P) " will zero the jth column of U.
Its associated Householder vector, v; € R(™+P) s such that

vj(1:j—1)=0, v;(j) =1,
vj(j+1:m) =0,
vi(m+1lim+p)=x/(rj; — || [r;; 2T ]|2), where x = U(1:p, j).
We can derive a blocked algorithm by using the representation of the product
of Householder matrices in [10].
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2.3 Deleting a Block of Columns

If we delete a block of p columns, from the kth column onwards, from A, we can

write _
A=[A(1:m,1:k—1) A(l:m,k+p:n)]

and then B
QTA=[R(1:m,1:k—1) R(l:m,k+p:n)]. (2.2)

Thus we can define n — p — k + 1 Householder matrices, H; € R™*™, with
associated Householder vectors, v; € R?®*+1) such that

vj(l:j=1)=0, v;(j)=1,
vi(i+1:j+p) =2/(QTA); — [ [(QTA);; 2T]2),
where . = QTA(j + 1:§ + p, §).
vj(j+p+1:m)=0.
The H; can be used to eliminate the subdiagonal of QTZ to give
(Hy_p.. . HQT)A=QTA=R,

where R € R™*(n=p) ig upper trapezoidal and é € R™*™ is orthogonal.

2.4 Adding a Block of Columns

If we add a block of p columns, U € R™*P_ in the kth to (k + p — 1)st positions
of A, we can write

A=[A(l:m,1:k—1) U A(l:m, k:n)]

and
_ Ry Vi Rao
QTA=| 0 Vi Ry,
0 Vs O

where Ry; € RE=DX(E-1) and Ryg € R—k+Dx(n—k+1) are upper triangular.
Then if V35 has the (blocked) QR factorization Vzs = Qv Ry € Rm=1)XP e
have

I 0 _ Ry Vi Rio
[ (;l QT] QTA=1 0 Vi Ra
v 0 Ry O

We then eliminate the upper triangular part of Ry and the lower triangular part
of V4o with Givens rotations, which makes Ro3 full and the bottom right block
upper trapezoidal. So we have finally

Gk+2p—2k+2p -7 ... Gk +p,k+p+1)TGHk, k+1)T
...G(k+p—1,k+p)T[In OT}QTﬁzﬁ,

where G (i, j) are Givens rotations acting on the ith and jth rows.
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2.5 Numerical Experiments

We tested the speed of LAPACK-style implementations of our algorithms for
updating after adding (DELCOLS) and deleting (ADDCOLS) columns, against LA-
PACK’s DGEQRF, for computing the QR factorization of a matrix.

45
O DGEQRF on A or ~
40| - © - DGEQRF on (Q A)(knkn—z) ]
—5— DELCOLS on QT A
35F .
30 .
2
@ 25} :
[}
2 20t ¢ :
1
151 .
10} 8
¢ -
sl -
i
o L é ’;@,/%///E
1000 2000 3000 4000 5000

Number of rows, m, of matrix

Fig. 2. Comparison of speed for DELCOLS with k£ = 1 for different m

We tested the codes with m = {1000, 2000, 3000, 4000, 5000} and n = 0.3m,
and the number of columns added or deleted was p = 100. We timed our codes
acting on QTA the starting point for computing R, and in the case of adding
columns we included in our timings the computation of QTU, which we formed
with the BLAS routine DGEMM. We also timed DGEQRF acting on only the part
of QT A that needs to be updated, the nonzero part from row and column &
onwards. Here we can construct R with this computation and the original R.
Finally, we timed DGEQRF acting on A. We aim to show our codes are faster than
these alternatives. In all cases an average of three timings is given.

To test our code DELCOLS we chose k& = 1, the position of the first column
deleted, where the maximum amount of work is required to update the factor-
ization. We timed DGEQRF on A, DGEQRF on (QT A)(k: n, k:n— p) which computes
the nonzero entries of E(k m,p + 1:n) and DELCOLS on QTA. The results are
given in Figure 2l Our code is much faster than recomputing the factorization
from scratch with DGEQRF, and for n = 5000 there is a speedup of 20. Our code is
also faster than using DGEQRF on (QT A)(k: n, k: n—p), where there is a maximum
speedup of over 3. LAPACK’s QR code achieves around 420 MFlops/sec, our’s
gets 190MFlops/sec, but can’t use a blocked algorithm for better data reuse.

We then considered the effect of varying p with DELCOLS for fixed m = 3000,
n = 1000 and k = 1. We chose p = {100, 200, 300, 400, 500, 600 700, 800}. As
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we delete more columns from A there are fewer columns to update, but more work
is required for each one. We timed DGEQRF on A, DGEQRF on (QT A)(k:n, k:n—p)
which computes the nonzero entries of E(/ﬂ m, k:n — p) and DELCOLS on QTA.
The results are given in Figure Bl The timings for DELCOLS are relatively level
and peak at p = 300, whereas the timings for the other codes obviously decrease
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with p. The speedup of our code decreases with p, and from p = 300 there is
little difference between our code and DGEQRF on (QT A)(k:n, k:n — p).

To test ADDCOLS we generated random matrices A € R™*™ and U € R™*P.
We set k = 1 where maximum updating is required. We timed DGEQRF on A and
ADDCOLS on QT A, including the computation of QT U with DGEMM. The results are
given in Figure @l Here our code achieves a speedup of over 3 for m = 5000 over
the complete factorization of A. Our code achieves 55 MFlops/sec compared to
LAPACK’s 420 MFlops/sec, but we use Givens rotations and only have a small
fraction that uses a blocked algorithm. We do not vary p as this increases the
work for our code and DGEQRF on (Q7 A)(k:m, k:n + p) roughly equally.

2.6 Conclusions

The speed tests show that our updating algorithms are faster than computing
the QR factorization from scratch or using the factorization to update columns
k onward, the only columns needing updating. For more detailed information on
the material in this section see [5]. Further work planned is the parallelization
of the algorithms.
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Abstract. Linear algebra algorithms commonly encapsulate parallelism
in Basic Linear Algebra Subroutines (BLAS). This solution relies on the
fork-join model of parallel execution, which may result in suboptimal per-
formance on current and future generations of multi-core processors. To
overcome the shortcomings of this approach a pipelined model of parallel
execution is presented, and the idea of look ahead is utilized in order to
suppress the negative effects of sequential formulation of the algorithms.
Application to one-sided matrix factorizations, LU, Cholesky and QR,
is described. Shared memory implementation using POSIX threads is
presented.

1 Introduction

The standard approach to parallelization of numerical linear algebra algorithms
for shared memory systems, utilized by the LAPACK library [1l2], is to rely on
parallel implementation of BLAS [3]. It is a proven method to extract parallelism
from Level 3 BLAS routines. However, as the number of processors or cores
grows, practice shows that parallelization of Level 1 and 2 routines is unlikely
to yield speedups and can even result in slowdowns. As a result, Level 1 and
2 BLAS portions of the algorithms decrease the benefits of parallelization and
limit achievable performance. A more flexible approach is required to address
new generations of multi-core processors, which are expected to have tens, and
possibly hundreds, of cores in near future.

The technique of look ahead can be used to remedy the problem by overlapping
the execution of less efficient operations with the more efficient ones. Also, the
use of different levels of look ahead is investigated and the idea of dynamic look
ahead is discussed, where the algorithm execution path is decided at runtime.

Many of the ideas presented in this paper are already well known. Notably,
an early application of dynamic operation scheduling in matrix factorization was

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 147 2007.
© Springer-Verlag Berlin Heidelberg 2007
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introduced by Agarwal and Gustavson in parallel implementation of LU [4] and
Cholesky factorization [5] for IBM 3090. Extensive discussion of the concept of
look ahead with static scheduling was presented by Strazdins [6]. Similar tech-
niques are also utilized in a recent work by Gustavson, Karlsson and Kagstrém
on Cholesky factorization using packed storage [7]. Although the concept has
been known for a long time, it never received a close look on its own. In particu-
lar the authors are not aware of any work, which would stress the impact of the
depth of look ahead on performance and compare static and dynamic scheduling
techniques, as well as show clearly how the idea generalizes to different matrix
factorizations. This work attempts to fill the gap.

2 Factorizations

The LU factorization with partial row pivoting of an m x n real matrix A has
the form
A=PLU,

where L is an m X n real unit lower triangular matrix and U is an n x n real upper
triangular matrix for m >=n, or L is an n X n real unit lower triangular matrix
and U is an m X n real upper triangular matrix for m <= n. P is a permutation
matrix. The description of the block algorithm can be found in [8[9]. In LAPACK
the double precision algorithm is implemented by the DGETRF routine. A single
step of the algorithm is implemented by a sequence of calls to the following
LAPACK and BLAS routines: DGETF2, DLASWP, DTRSM, DGEMM, where
DGETF2 factorizes a block of columns of the matrix (the panel) and DLASWP,
DTRSM, DGEMM apply appropriate transformations to the submatrix to the
right from the panel, which is the right-looking algorithm.

The Cholesky factorization of an n x n real symmetric positive definite matrix
A has the form

A=LLT,

where L is an n X n real lower triangular matrix with positive diagonal el-
ements. The formulation of the block algorithm is analogous to the one for
LU factorization. In LAPACK the double precision algorithm is implemented
by the DPOTRF routine. A single step of the algorithm is implemented by
a sequence of calls to the following LAPACK and BLAS routines: DSYRK,
DPOTF2, DGEMM, DTRSM. Here, for simplicity, only the case of lower tri-
angular coefficient matrix is considered. In this case the routines DSYRK and
DGEMM apply a pending update and DPOTF2 and DTRSM perform the factor-
ization of a block of columns of the matrix (the panel), which is the left-looking
algorithm.
The QR factorization of an m x n real matrix A has the form

A=QR,
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where Q is an m x m real orthogonal matrix and R is an order n real upper
triangular matrix. The traditional algorithm for Q) R factorization applies a series
of elementary Householder matrices of the general form

H=1-rw",

where v is a column vector and 7 is a scalar. In the block form of the algorithm a
product of nb elementary Householder matrices is represented in the form [TO/TT]

HiHy...Hy=1-VTVT,

where V' is an m x nb real matrix (block of columns) whose columns are the
individual vectors v and T is an nb X nb real upper triangular matrix. For the
derivation of the blocked algorithm the reader is referred to the original papers
mentioned above. In LAPACK the double precision algorithm is implemented
by the DGEQRF routine. A single step of the algorithm is implemented by
a sequence of calls to the following LAPACK routines: DGEQR2, DLARFT,
DLARFB, where DGEQR2 and DLARFT operate on a block of columns of the
matrix (the panel) and DLARFB operates on the submatrix to the right from
the panel, which is the right-looking algorithm.

3 Parallelization

Block formulations of the three factorizations discussed, as well as many other
one-sided factorizations, follow a common scheme. In a single step of each algo-
rithm, first operations are applied to a single block of rows or columns, referred
to as the panel, then the result is applied to the remaining portion of the matrix.
The panel operations are usually implemented with Level 1 and 2 BLAS, and,
in most cases, achieve the best performance when executed on a single proces-
sor. As a result, it is most straightforward to use one dimensional partitioning
of work for parallel implementation, by cyclic assignment of blocks of rows or
blocks of columns to processors, depending on the orientation of the panel; this
is the approach used here.

It is a well known fact that matrix factorizations have left-looking and right-
looking formulations [4I8T2]. It has even been observed that transition between
the two can be done by automatic code transformations [I3], although more
powerful methods than simple dependency analysis may be necessary. Another
well known fact is that the technique of look ahead can be used to significantly
improve the performance of matrix factorizations, a method based on performing
panel factorizations in parallel with the update to the remaining submatrix from
previous step of the algorithm [6]. Also, look ahead can be of arbitrary depth
and an example of software utilizing this idea is the high performance LINPACK
benchmark (HPL) [T4UT5]. Look ahead is nothing else, but altering the order of
operations in the factorization. A great number of permutations are legal, as long
as algorithmic dependencies are not violated (Figure[I)). It can be observed that
the right-looking and left-looking formulation of a matrix factorization are on two
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Right -Looking Look Ahead = 1 Left -Looking
PANEL (1:4,1) PANEL (1:4,1) PANEL (1:4,1)
TRAIL (1:4,2) TRAIL (1:4,2) TRAIL (1:4,2)
TRAIL (1:4,3)
TRAIL (1:4,4) PANEL (2:4,2) PANEL (2:4,2)
PANEL (2:4,2) TRAIL (1:4,3) TRAIL (1:4,3)
TRAIL (1:4,4) TRAIL (2:4,3)
TRAIL (2:4,3) TRAIL (2:4,3)
TRAIL (2:4,4) PANEL (3:4,3)
PANEL (3:4,3)
PANEL (3:4,3) TRAIL (1:4,4)
TRAIL (2:4,4) TRAIL (2:4,4)
TRAIL (3:4,4) TRAIL (3:4,4) TRAIL (3:4,4)
PANEL (4:4,4) PANEL (4:4,4) PANEL (4:4,4)

Fig. 1. Different variants of block LU factorization with 1D block cyclic work par-
titioning for a problem with the coefficient matrix of size 4 by 4 blocks. (PANEL -
operations involved in panel factorization, TRAIL - operations involved in updating
the remaining portion of the matrix).

opposite ends of a wide spectrum of possible execution paths, with look ahead
providing a transition between them. If the straight right-looking formulation
is regarded as one with look ahead of zero, then the left-looking formulation
is equivalent to the right looking formulation with the maximum possible look
ahead for a given problem.

4 Arbitrary (Static) Look Ahead

Classic implementation of a one-sided matrix factorization follows the execution
pattern where the panel factorizations and the updates to the submatrix to the
right from the panel are sequentially ordered. Panel factorization is performed
by a single processor, while other processors are idle. Alternatively, when the
first block of columns (block of rows) from step J of the factorization has been
updated, one processor can perform panel factorization from step J + 1 on that
block, when the remaining processors continue applying the update from step
J, which decreases the idle time.

Panels can be factorized up to an arbitrary depth. When this depth is reached
an update has to be finished before another panel can be factorized. The order
of execution of operations is determined by the depth of look ahead and is static
throughout the execution of the factorization. Figure[2shows the simplified code
implementing arbitrary (static) look ahead. At each step the cycle is followed by
checking dependencies and stalling if necessary, executing the operation, updat-
ing the progress, and making a transition to the next operation. The transition
is always known a priori based on the current stage and the depth of look ahead,
since the algorithm is static in nature.
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while (1) {
switch (task.type) {
case PANEL:
check_dependencies();
dgetf2Q); i dsyrkQ; ¢ dgeqr2Q);

dpotf2Q); } dlarftQ;

update_progl."ess O3
make_transition(Q);
break;

case COLUMN:
check_dependencies();

dlaswpQ; f dgemm(Q) ; { dlarfb(Q;
dtrsmQ; 5 dtrsmQ; :
dgemm();

update_progress();
make_transitionQ);
break;

case END:
check_dependencies();

for O
dlaswp(Q);

return;

Fig. 2. Simplified code for one-sided factorizations with an arbitrary (static) look ahead

The deeper the depth, the less the processors stall at the end of the factor-
ization. This is because the necessary panel is readily available, when the time
comes to apply the update. At the same time, with deeper look ahead, stalls oc-
cur at the beginning of execution, where processors wait for a block of columns
(or rows) to be updated in order to apply a forth coming panel factorization.

5 Dynamic Look Ahead

Idea of dynamic look ahead comes from the observation that the benefits of deep
look ahead are obliterated by the stalls, or bubbles, at the beginning of the fac-
torization. Basic idea behind dynamic look ahead is to implement the left-looking
variant of the algorithm, where the panel factorizations are performed as soon
as possible, with a modification occuring when a panel factorization introduces
a stall. In such case an update to a block of columns of the right submatrix is
performed instead. The updating continues only until next panel factorization is
possible. As a result, dynamic look ahead is implemented by dynamic scheduling
of work at runtime. Figure [3] shows the simplified code implementing dynamic
look ahead. Here the steps of checking dependencies and making a transition
are merged into the step of fetching next task, where the choice of transition is
made dynamically at run-time depending on the progress of the execution.
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while(1) {
fetch_task(Q);

switch(task.type) {

case PANEL: X .,
dgetf20; i dsyrkQ; a dgeqr2Q);
4 dpotf20Q; . dlarftQ;
update_progress();
break;
case COLUMN :
dlaswpQ; f dgemmQ); { dlarfbQ;
dtrsm(Q); } dtrsmQ); i
dgenm(Q);
update_progress(Q);
break;
case END:
for O :
dlaswpQ; @
return; '

Fig. 3. Simplified code for one-sided factorizations with dynamic look ahead

6 Results

Results presented here were collected on a shared memory system with two 1.8
GHz dual-core AMD Opteron” 265 processors. GOTO BLAS [16] version 1.05
was used, the most recent one at the time of writing this paper. Block size of 64
was used in all cases.

Figure @ shows Gantt chart of execution of LU factorization using different
approaches ordered from top to bottom according to their relative performance.
On top is the right-looking version, where all but one processor are stalled by
the panel factorization. Below is the left-looking version, which can also be con-
sidered the right-looking version with maximum possible amount of look ahead.
Here stalls are eliminated at the end of factorization, but multiple bubbles are in-
troduced at the beginning. Next are right-looking factorizations with look ahead
of depth one and two. Lastly, at the bottom is the factorization with dynamic
look ahead.

Figure Bl [6] and [7 show performance results for LU factorization, Cholesky
factorization and QR factorization respectively.

The figures show clearly that the explicitly parallelized code benefits greatly
from look ahead. Small, but noticeable performance gains can be achieved by
choosing the proper depth of the static look ahead. Alternatively dynamic look
ahead can be used to yield the best performance in most cases. Also, for this
particular experiment, the code with look ahead outperforms the BLAS-parallel
code in all investigated cases.
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Fig.4. Gantt chart of execution of different variants of LU factorization. From top
to bottom: right-looking (look ahead of depth zero), right-looking with maximum look
ahead (left-looking), right-looking with look ahead of depth one, right-looking with look
ahead of depth two, dynamic look ahead. Problem size n = 1536, block size nb = 64.
The graphs shows actual measurements (not a simulation). The white space in the
middle represents a region clipped for clarity due to the length of the full chart.
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Fig. 5. Performance of different variants of LU factorization on two 1.8 GHz dual-core
AMD Opteron™ 265 processors (four cores total). The right graph shows magnifica-
tion of the region between n = 400 and n = 2000.
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Fig. 6. Performance of different variants of Cholesky factorization. on two 1.8 GHz
dual-core AMD Opteron”™™ 265 processors (four cores total). The right graph shows
magnification of the region between n = 650 and n = 2000.
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Fig. 7. Performance of different variants of QR factorization on two 1.8 GHz dual-core
AMD Opteron™ 265 processors (four cores total). The right graph shows magnifica-
tion of the region between n = 400 and n = 2000.

Interesting observations can be made when comparing the explicitly paral-
lelized code without look ahead with the BLAS-parallel code, which in principle
should deliver similar performance. The main drawbacks of the explicitly paral-
lel code stem from the 1D partitioning used here. The first disadvantage comes
from the load imbalance introduced by such partitioning, which can be clearly
visible on the right portions of graphs on Figure @l The second disadvantage
comes from the fact that in this case BLAS operations are invoked on narrow
portions of the coefficient matrices, which is likely to cause performance loss,
since typically bigger input translates to better BLAS performance. The better
asymptotic performance of the BLAS-parallel code for LU factorization can be
attributed to the two reasons mentioned above. It would be very desirable to
closely investigate the efficiency of BLAS depending on the shape of the input
arrays for different operation. This would, however, exceed the scope and space
of this publication.
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On the other hand, the main advantage of the explicitly parallel code is a
reduced number of synchronization points in the algorithm. In particular in
the update phase, each processor can apply all BLAS invocations to a column
without synchronization with other processors. Also, applying a set of BLAS
calls to a single column, potentially translates to data reuse between BLAS
operations. At the same time, in the case of the BLAS-parallel code, each call to a
BLAS operation requires forking and joining of threads, which may have a costly
overhead and diminishes the potential for data reuse between BLAS operations.
In particular, in the case of QR factorization, the update implemented by the
DLARFB routine consists of the biggest number of BLAS calls plus a portion
of sequential code, to which facts we attribute the worst performance of BLAS-
parallel code compared to the explicitly parallel code without look ahead.

7 Conclusions

The application of the technique of look ahead was discussed in two algorithmic
variants, with arbitrary (static) look ahead, where the algorithmic path is prede-
termined, and with dynamic look ahead, where the path is decided at runtime.
The results collected on a modern multi-core system showed strong advantages
of the idea of the look ahead in general.

For small number of cores the performance of dynamic look ahead can be
matched by static look ahead. Nevertheless, dynamic look ahead eliminates the
guesswork of setting the optimal depth of static look ahead. At the same time,
im most cases it achieves the best performance.

Also, since it may be slightly counterintuitive, it should be pointed out that
all of the techniques presented here deliver bit-wise identical results. Although
the order of operations change from the processor perspective, it does not change
from the perspective of each element of the input matrix.

8 Future Plans

The most important work envisioned in the future is application of the ideas
presented here to the case of 2D partitioning, which will become necessary for
load balancing with rapidly growing number of cores in multi-core processors.
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Abstract. We present two implementations of the inverse-free iteration
for spectral division that reduce the computational cost of the traditional
algorithm. One of the implementations is mainly composed of efficient
BLAS-3 operations, and can be employed for spectral division of large-
scale generalized eigenproblems on current computer architectures.

Keywords: Spectral division, generalized eigenproblem, matrix pencil,
orthogonal transformations.

1 Introduction

Consider the matrix pencil A— AE, where A, E' € R™*" and let A(A, E) denote
the set of generalized eigenvalues of the pencil, defined as

A(AE)={z€ C: det(A—zFE) =0}. (1)

In the spectral division problem we are interested in finding a pair of (orthogonal)
matrices U, V € R™*" such that

A Ago

0 Aoy (2)

UTAV =
{ 0 Eo

] . UTEV = [En E12} 7
and A(Aq1, E11), A(Agg, Fao) are disjoint sets containing certain parts of A(A,
E). The spectral division has important applications in matrix diagonaliza-
tion, computation of deflating subspaces, and related problems such as linear-
quadratic optimal control and model reduction of dynamic linear systems [TJT0].

There are several methods to compute the decomposition in ([2]). The tradi-
tional approach proceeds by first obtaining the generalized (real) Schur form of
the matrix pencil A— AFE via the QZ algorithm [8], and then reordering the diag-
onal blocks of the matrices. This method, however, presents a major drawback
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in that the QZ algorithm is composed of fine-grain computations which usually
do not attain high performance on current computers. Recent advances in [4/5/6]
aim at avoiding the poor performance of the QR and QZ algorithms.

A different alternative is to use spectral projectors related with the matrix sign
and disk functions [37J9]. Tterative schemes resulting from this mainly consist
of matrix-matrix products, solution of linear systems, and orthogonal factoriza-
tions. These operations deliver high performance on modern computer architec-
tures.

In this paper we propose two variants of the inverse-free iteration for spectral
division [7] that significatively reduce its computational cost. The modifications
are based on a reordering of the orthogonal transformations that are applied
during the first stage of the iteration. As a result, one of the matrices in the
iteration is kept in (block) upper triangular form and the computational cost is
reduced by 32%. The first variant employs Givens rotations and results in an
algorithm composed of BLAS-1 computations. As in general this type of oper-
ations attains low performance on current computers, we also propose a block
generalization of this scheme that employs efficient (BLAS-3) Householder trans-
formations. Both variants rely solely on the use of orthogonal transformations;
therefore, their numerical accuracy can be expected to be similar to that of the
original algorithm. For a deep study on the practical numerical performance of
the inverse-free iteration as a spectral division tool, see [2I12].

The rest of the paper is structured as follows. In Section [2] we review the
inverse-free iteration for spectral division. Next, in Sections [3] and [ we expose
the two variants of the iterative scheme that reduce the (theoretical) computa-
tional cost. The experimental results in Section [f show that one of these variants
also reduces the execution time of the iteration. We conclude the paper with some
final remarks in Section

2 The Inverse-Free Iteration for Spectral Division

In [7] Malyshev proposed the following “inverse-free” iteration to separate the
spectrum of a matrix pencil A — AE:

Ag — A, Ak-‘rl — Q{QAIW (3)
EO(_Ea Ek+1(_Q§QEka k:Oa17"'a

where, at each iteration, Q12 and Q22 are obtained from the QR factorization
of the 2n x n matrix My

Ej, 5 Q11 Qiz2 | | B
My, = = QiR = . 4
F [—Ak] Okl {Qm Q2] | 0 )
The convergence of this iteration is ultimately quadratic and the matrix pair
at convergence allows the computation of a spectral projector inside the open

unit disc [7]. Malyshev’s proposal included a stopping criterion that required the
computation of a matrix inverse and a subspace extraction technique which also
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involved this type of operation. Practical details on the inverse-free iteration
can be found in [2], where the iteration and the subspace extraction scheme
were modified to make them truly inverse-free. A new strategy for subspace
extraction was formulated in [I2] which provides both U and V in (@) from a
single iteration, thus halving the cost of the algorithm proposed in [2].

The QR factorization in (@) is usually computed by applying n Householder
reflectors, Hy, Ho,...,H,, to Mg, so that Qp = Hy - Hy--- H,,. Let I, and 0,
denote, respectively, the (square) identity matrix of order n and an n x n matrix
with all its entries equal to zero. The appropriate part of Qi can then be formed
by “accumulating” the reflectors in reverse order as

On On QIQ
et 3] =[] = [G2]

The computational cost in flops (floating-point arithmetic operations) of the
iteration is reported in the column labeled as “Traditional” in Table [l (The
entries in other columns of the table will be introduced later.) In the table and
also in later expressions for the computational costs we neglect lower-order terms.
Compared with other spectral division tools, the cost of the inverse-free iteration
is high. The computation of the generalized real Schur form via the QZ algorithm
roughly requires 81n2 flops (plus the cost of the reordering procedure). Thus, in
theory 6 inverse-free iterations are about as expensive as the QZ algorithm. The
difference with the generalized Newton iteration for the sign function is more
dramatic. By initially transforming the matrix pencil into Br — A(UL AVE),
where B = UL EV is (bi)diagonal, the cost of the sign function-based scheme
is as low as 2n? flops per iteration [11].

The inverse-free iteration requires storage for about 6 matrices of dimension
n X n each. This represents a larger storage cost than the QZ algorithm, which
employs only 4 matrices of the same dimension.

Table 1. Computational costs (in flops) of the algorithms for the inverse-free iteration

Step Traditional |Givens-| Blocked
based |Householder
QR fact. 3n® +n?/3] 307 3n3
Accumulate Qx 6n° 3n’ 3n>
A1 — QoA 2n° n’ n3
Erq1 — QZTZEk on3 on3 on3
|Total [13n° +n°/3] 9’ | 9n? |

3 Reducing the Cost

In this section we illustrate how to reduce the cost of the inverse-free iteration.
Consider the QR factorization A = UqR 4, where Uy, is orthogonal and R4 is
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upper triangular, and the matrix pencil A9 — AEy = R4 — A(U} E), which shares
its spectrum with A — \E.

The key to reducing the cost of the iteration lies in exploiting and preserving
the upper triangular structure of the sequence of matrices {Ay}r=0,1,.. during
the iteration. We next show how to do so by using Givens rotations for a simple
example involving 3 x 3 matrices. During the exposition, we will use G;”7 to
denote the [-th Givens rotation, which is applied at step [ to rows ¢ — 1 and ¢ in
order to annihilate the (i,) entry of [E], — A{]T.

Consider that before the computations in iteration k& commence, the aug-
mented matrix My = [E], AT]" presents the following structure:

O O X|X X X
S X X|X X X
X X X|X X X

where the symbol ‘x’ is used to denote a nonzero entry. Although using Givens
rotations we can reduce My, to upper triangular form in many different orders, we
are particularly interested in Q7, being upper triangular, so that A1 «— Q7T Ay
remains upper triangular. Therefore, we first introduce a zero in the (4, 1) entry
of My by applying a Givens rotation that involves the 3rd and 4th rows :

4,1
Gy

X X X|X X X
\

O O OIX X X

o X X[X X X

X X X|X X X

here, the symbol ‘®’ is used to mark the entry that is annihilated by the appli-
cation of G‘f’l. We then continue by introducing zeros in the following order:

[x x x] [x x x] [x x x] [x x x]
X X X ® X X 0 x x 0 x X
3,1 | ® X X 2,1 | 0 X X 52 0 X X 42 | 0 X X
Gz 0 x X = Gs 0 x x =Gy 0 x x = Gs 0 ® x =
0 X X 0 x x 0 ® x 00 x
L0 0 x| L0 0 x| L0 0 x| L0 0 x|
[x x x] [x x x] [x x x] [x x x]
0 x x 0 x x 0 x x 0 x X
3,2 0 ® x 6,3 00 x 5,3 00 x 4,3 00 x
G loox| T |oox| 7% [vox| 7% |[T0e
00 x 00 x 00® 000
L0 0 x| 10 0 ®] L0 0 0] L0 0 0]
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The application of a Givens rotation to a pair of vectors with g elements
requires 6q flops. Therefore, computing the QR factorization of M} as described
above requires 337 >3, 6(n — j) ~ 3n® flops.

In order to construct the appropriate blocks of ), we next proceed to apply
the rotations in reverse order to the matrix [0, In]T. If we now use the symbol
‘@’ to denote those entries which become nonzero by the application of the last
Givens rotation, we have that the structure of this matrix is modified by the
successive accumulation of Givens rotations as follows:

000 [0 0 0] [0 0 0] 000
000 000 000 000
4,3 000 5,3 @& 00 6,3 x 00 3,2 x 00
G0 T |xo00| T |xao| T |xx0| T
0x0 0x0 @ x 0 X X @
L0 0 x| 10 0 x| 10 0 x| | D D X |
[0 0 0] [0 0 0] [0 0 0] (@ 0 0]
@00 x 00 x 00 x 00
4,2 x 00 5,2 X @ 0 2,1 X x 0 3,1 X x 0
Gs x x 0 =Gy x x 0 = Gy X X @ =Gz xx x|~
X X X X X X X X X X X X
[ X X X | L X X X | L X X X | | X X X |
[x 00 x 00
X @ 0 x X 0
X X 0 X X @
(Ch
X X X X X X
X X X X X X
[ X X X X X X

As the top 3 x 3 block of M} contains Qq2, Ap+1 «— QI A, remains upper
triangular.

The cost of accumulating @ in this manner is Y.~ | > | 65 &~ 3n® flops and
the total cost of one iteration is given in the column labeled as “Givens-based” in
Table [ and represents a rough reduction of 32% with respect to the traditional
inverse-free iteration (via Householder reflectors). This cost could be further
reduced by using fast Givens rotations.

In this approach the lower triangular part of A holds the Householder vectors
from the initial factorization A = Q4 R4. Given that a single rotation requires
the storage of 2 parameters (the sine and cosine of the rotation), and the ro-
tations need to be applied in reverse order, we also need storage space for 2n?
numbers. Half of this workspace can be obtained by reusing the entries of My
which are annihilated, while storage for approximately n?/2 numbers more is
available in the strictly upper triangular part of Q7,. This represents an in-
crease in n?/2 numbers with respect to the traditional implementation of the
inverse-free method.

Even with a reduction of 32% in the computational cost, we do not expect
the Givens-based algorithm to outperform the traditional implementation as the
application of Givens rotations is inherently a Level-1 BLAS operation, while
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the traditional algorithm employs much faster Level-3 BLAS kernels. Therefore,
the effect of the decrease in theoretical cost is blurred by the use of a type of
operation which attains a much lower performance on current architectures.

4 A High-Performance Algorithm

In this section we introduce a second algorithm that presents a theoretical cost
similar to that of the Givens-based algorithm, but which performs most of its
computations in terms of Level-3 BLAS operations.

As in the Givens-based algorithm, we start by computing the QR factorization
A =UgR4, with Uy orthogonal and R4 upper triangular, so that the iteration
is initialized with the matrix pencil Ag — AEg = R4 — AU} E). The key to this
algorithm will be now to exploit and preserve a block upper triangular structure
in the sequence of matrices {Ax}x=0,1,... during the iteration.

For simplicity, we illustrate the algorithm for an example with n = 3-b. Thus,
Mj, consists of 6 x 3 blocks of dimension b x b each; that is,

My1 M12 Mas

Ma1 Moo Mos

Ey ] | M3y M3y M3
—Ay My My Mys |’

0 Mso Ms3

0 0 Megs

|

where all M;; € R®® and we will not assume any special structure for the
diagonal blocks of Ay.

In our algorithm, we proceed to triangularize M}, by first computing the QR
factorization of the 2b x b matrix

Mz | 41| Ran
] o %]
By embedding the orthogonal matrix Uf L into the appropriate coordinates of a
block diagonal matrix ()1 = diag (Ib, Iy, Uf’l, Iy, Ib)7 we have that

My Mis Mis My Mo Mis

Moy Moz Mas M1 Maa Mos

or Msz1 Mso Mss | | Rs1 Msza Mss
L\ Myr Mao Mys | — 0 Maz Myz |’

0 M52 M53 O M52 M53

0 0 Mss 0 0 Mss

where R3; is upper triangular and all entries of My; have been annihilated. Here-
after, we assume that M} is overwritten with the application of the successive
orthogonal factors that are computed to reduce My to upper triangular form.
Thus,
[M?,z M33} — Ut! {Mz’,z M33]
Myo My Vo[ My Mys |-
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Let us now use Uli 7 to denote the orthogonal factor from the QR factorization

T .

of [M", ;, MT;]". We next compute and apply a sequence of orthogonal matri-
31 772,01 7752 7742 7732 1163 7153 43 .

cesUy ", U™, U, Us”, Uy ", U;”, Ug”, and Uy, so that zeros are introduced

in M}, in the order specified in Figure [l

My | My | My
,,,,, 3D
My | My, | My \
o ll2 N 6.
Mg | My, | My \
5

52

,,,,,,,,,, NN
1
M41 M42 M43 8

Fig. 1. Block partitioning of M}, (left) and the order in which blocks are annihilated by
the application of orthogonal matrices (right). Each orthogonal matrix Uli I annihilates
the elements in the lower triangle of M;_; ; and the elements in the upper triangle of
M; ;. For the diagonal blocks of Aj the elements in the lower triangle are annihilated
together with those in the upper triangle.

If we assume b < n, the cost of computing the QR factorization using this

blocked procedure is Z?ﬁ; ?:/;’(353 +b3/3 + 6(nb? — jb®)) ~ 3n3 flops.

Consider Q); to be the 6b x 6b block diagonal matrix that embeds Uli’j into its
(i—1)st and ith diagonal blocks. By accumulating the orthogonal transformations
required for the QR factorization of My, in reverse order to [0, I,]", we obtain
a matrix of the form

000 Vii. 0 0

000 Va1 Vaa 0

000 _ Va1 Va2 Vasz| _ |Qu2
@@z Qo 75| = | Vi Vaa Vi | {QQJ'

0,0 Vs1 Vs2 Vss

001 Vo1 Vo2 Vs

Thus, the product Ajy1 « Q¥, Ay involves two block upper triangular matrices

with b x b diagonal blocks, Q¥, and Ay, so that the result is also block upper
triangular, with b x b diagonal blocks.

Provided b < n, the cost of the accumulation procedure is Z?i b6 (b8
~ 3n3 flops, and the (rough) overall cost of this algorithm is reported in the
column labeled as “Blocked Householder” in Table[Il Thus, the cost is (asymp-
totically) as low as that of the Givens-based algorithm, but we now enable the use
of Level-3 BLAS (at least) in the application of the orthogonal transformations.

The QR factorization of a 2b x b matrix requires space to keep approximately
b?/2 + b? real numbers. As b? real numbers can be stored overwriting the entries
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that are annihilated, we still need a workspace of dimension b2/2 for each tiny
factorization, and a total space of dimension Z;Lﬁ Z?:/ll’ (b2/2) =~ n?/2. However,
this space is available in the upper triangular part of the matrix that holds Q12
in the end.

In order to obtain a block triangular matrix ()12, the matrix partitioning
needs to be carefully done when n is not an exact multiple of the block size b.
In particular, any row partitioning that is performed in the first column block
of the matrix must be reproduced in the remaining blocks, starting from the
diagonal. Thus, if the first column block is partitioned into blocks with row sizes
b1,b2, b3, ..., then any other column block of the matrix must be partitioned,
starting at the diagonal block, into blocks with the same row sizes. For simplicity,
we select by = bo = by = ... = b except, possibly, for the last block column.

5 Experimental Results

All the experiments in this section were performed using IEEE double-precision
(real) arithmetic on random matrices. The following routines are included in the
evaluation of spectral division methods via the inverse-free iteration:

— DGGDFSP. The traditional iterative scheme as described in Section

— DGGDFSG. The iteration with Givens rotations in order to introduce zeros in
the matrix pair as described in Section [l

— DGGDFSH. The iteration with Householder reflectors in order to introduce
zeros in the matrix pair as described in Section [l

For completion, we also include a routine DGGDFSX that performs the reduction
of the matrix pair to generalized real Schur form via the QZ algorithm followed by
a reordering of the generalized eigenvalues. The routine employs kernels available
in LAPACK 3.0 for the QZ algorithm and related computations.

We report the performance of the spectral division codes on two architectures:
the first platform, PENTIUM, consists of an Intel Pentium4 processor@3.2 GHz
with 2048 KB of L2 cache; the second platform, ITANIUM, is composed of an
Intel Itanium-2 processor@l.5 GHz with 256 KB/4 MB of L2/L3 cache. The
BLAS implementation in Goto BLAS 1.0 and MKL 8.0 were used, respectively,
on PENTIUM and ITANIUM.

Table [ reports the execution time of all spectral division algorithms, includ-
ing DGGDFSX, on random matrices with entries uniformly distributed in [—1, 1].
The column labeled as “#lter.” reports the number of iterations required by the
algorithms based on the inverse-free iterative scheme. The results show that DG-
GDFSP and DGGDFSH are competitive with the QZ-based algorithm. However, no
major conclusions should be extracted by comparing DGGDFSX with the remain-
ing spectral division algorithms as the number of iterations of the inverse-free
iterative schemes is quite dependent on the specific problem data. Besides, recent
advances in the QR and QZ algorithms will surely change this ratio [4U5/6].

FigurePlreports the MFLOPs (millions of flops per second) rate of the spectral
division algorithms based on the inverse-free iterative scheme using a normalized
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Table 2. Execution times of the spectral division algorithms on PENTIUM (top) and
ITANIUM (bottom)

| n || pceDFsX #lter. DGGDFSP  DGGDFSG  DGGDFSH |
100|| 1.44E4-00 13 7.13E-01 1.11E+00 7.21E-01
500{| 1.01E4+02 15 6.56E+01 1.49E+02 5.57E+01
1000|| 6.80E+02 14  4.87E+02 1.11E+03 3.90E+02
1500\ 2.11E+03 16  1.80E+03 4.23E+03 1.41E+03
2000|| 4.92E+03 17 4.43E+03 1.06E+04 3.45E+03
2500(| 9.58E+03 16  8.20E+03 1.96E+04 6.31E+03
n | DGGDFSX #lter. DGGDFSP DGGDFSG  DGGDFSH
100}| 1.23E—-01 13  5.24E-02 3.22E-01 5.34E—-02
500|| 1.01E4+01 15 5.98E+00 3.36E+01 4.70E+00
1000|| 6.70E4+01 14 4.61E+4+01 2.58E+02 3.35E+01
1500\ 2.21E+02 16 1.76E+02 1.06E+03 1.25E+02
2000|| 4.97E+02 17  4.34E+02 2.70E+403 3.18E+02
2500|| 9.56E+02 16  8.13E+02 5.08E+403 5.88E-+02

Spectral Division on PENTIUM + Goto BLAS

5000 | R —
,"‘7“‘/7
4000 !
n /. "
a a
S 3000 ] 9
[T / [T
= =
2000 4
[—
1000 - DGGDFSP —— |
DGGDFSG -
o \ \ \ DGGDFSH ---#--
0 500 1000 1500 2000 2500
Matrix Pair Dimension
Spectral Division on PENTIUM + Goto BLAS
1.4 [[DGGDFSH ——| 15
1.3 1.4
o /_// o 13
3 12 5
=1 =1
& // 2 12
o o
] 11 )
11
1 1
0.9 0.9

0 500

1000 1500
Matrix Pair Dimension

2000

2500

6000 -

5000 -

4000

3000 -

2000

1000 -

Spectral Division on ITANIUM + MKL

,,,,,,,

e

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr - DGEDFSE - —x—x

DGGDFSP —— ||
_ | DGGDFSH ---s--

0 500

Spectral Division on ITANIUM + MKL

1000 1500 2000 2500
Matrix Pair Dimension

L[DGGDFSH —— |

e

Ve

0 500

1000 1500 2000 2500
Matrix Pair Dimension

Fig. 2. Top: Normalized MFLOPs rate attained by the spectral division algorithms via
the inverse-free iteration for spectral division on PENTIUM (left) and ITANIUM (right).
Bottom: Speed-up attained by routine DGGDFSH over the traditional iterative scheme
in DGGDFSP on PENTIUM (left) and ITANIUM (right).



166 M. Marqués, E.S. Quintana-Orti, and G. Quintana-Ort{

flop count of 13.3n3 flops per iteration. The results show that, starting from n =
500, routine DGGDFSH consistently outperforms DGGDFSP by 20-40%, depending
on the architecture and the problem size.

6 Concluding Remarks

We have described two variants of the inverse-free iteration for spectral division
that reduce the theoretical cost of the traditional iterative scheme by 32%. The
second variant carries out most of its computation in terms of Level-3 BLAS
operation and clearly outperforms the traditional algorithm.

The reduction in the cost of the new algorithms narrows the gap between
the computational costs of the inverse-free iteration and other, much cheaper,
numerical tools for spectral division such as the sign function (via the Newton
iteration) or the QZ algorithm.
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Thanks to time-dependent simulations such as Large Eddy Simulations but also
modelling more complex industrial flows, demands on HPC resources in CFD
have increased dramatically in recent years. Typical time-dependent simulation
uses large number of CPUs during long time (from weeks to months). Engineers
in industry are simulating more complex flows and more care is put on details
(such as representing all details in the geometry). All this would not be possi-
ble without cost efficient HPC resources in form of Linux clusters. This mini-
symposium will give an overview of HPC-intensive CFD applications covering
computation of flows in water turbines, flows around cars, trains and airplanes
and radiation heat transfer.
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Abstract. 50% of the electric power in Sweden is generated by water
power. Many of the power plants in Sweden are getting old and some
major refurbishments are coming up. Due to the development of numer-
ical methods and computer power the last decades Computational Fluid
Dynamics (CFD) is to a large extent used as a design tool for this pur-
pose. The general features of the flow in water turbines can be resolved
with todays methods and computational power, but in order to study the
flow in detail enormous HPC (High Performance Computing) facilities
and new methods are required.

The present work presents the water turbine field with its HPC re-
quirements, shows some state-of-the-art results from OpenFOAM CFD
analysis, and presents a parallel performance analysis on a Linux cluster
using an ordinary gigabit interconnect v.s. an Infiniband interconnect.

1 Water Turbines

Water turbines are designed to extract energy from the water flowing through
the water turbine runner. The availabe power is determined by the difference in
the elevation of the tail water and head water multiplied with the water mass
flow and gravity. In reaction turbines the flow enters the runner with a swirl and
the runner is designed to remove that swirl before the water enters the draft tube
(see Figure[ll). The draft tube is a diffuser which recovers the static pressure and
leads the water towards the tail water.

1.1 HPC Requirements

Water turbines have complicated geometries where the flow in different parts
of the turbine influences the flow in other parts of the turbine. To be able to
set valid boundary conditions and to model the flow correctly it would thus be
ideal to include all the geometry from head water to tail water. The Reynolds
numbers in water turbine applications are always high, so the resolution of the
computational mesh must be fine where large gradients in the flow occur. These

B. Kéagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 168-[76.]2007.
© Springer-Verlag Berlin Heidelberg 2007
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Fig.1. CAD model of the Hélleforsen Kaplan turbine model and visualizations of the
flow in the runner and draft tube

requirements together yields an enourmously large mesh. In addition to this there
are both stationary and rotating parts in water turbines, which require rotor-
stator interaction and unsteady computations. The thin wakes after stayvanes,
guide vanes and runner blades affect the details of the flow and should also be
resolved. Close to the runner blades cavitation often occurs, and the numerical
methods to resolve those effects require even more cells and shorter time steps.
There is probably no limit on the HPC requirements for flow in water turbines
if all the important flow features should be appropriately predicted using CFD.

2 The OpenFOAM CFD Tool

The newly released OpenFOAM (Open Field Operation and Manipulation, www.
openfoam.org) tool has been used in the present study. OpenFOAM is an Open-
Source object oriented C++ tool for solving various partial differential equations
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(PDEs). It includes preprocessing (grid generator, converters, manipulators, case
setup), postprocessing (using OpenSource Paraview) and many specialized CFD
solvers are implemented. Some of the more specialized features that are included
in OpenFOAM, and which are important to the flow in water turbines are: slid-
ing grid, moving meshes, two-phase flow (Langrange, VOF, Euler-Euler) and
fluid-structure interaction. OpenFOAM runs in parallel using automatic/manual
domain decomposition. In addition to the source code, OpenFOAM gives access
to an international community of OpenFOAM researchers through the discussion
board at the OpenFOAM home page.

3 The Studied Cases

In the present work two parts of the Holleforsen turbine model have been mod-
eled, the runner and the draft tube (see Figure [[). The two parts have been
modeled separately, but the aim is to simultaneously model all parts including
the spiral casing, the runner and the draft tube. The present runner computa-
tions have an inlet boundary condition from a previous computation of the flow
through the guide vanes. Steady computations have been made for both a peri-
odic part of the runner (1/5) and the whole runner. The present draft tube com-
putations have inlet boundary conditions from detailed Laser-Doppler Anemom-
etry (LDA) measurements. Both steady [I] and unsteady computations [2] have
been made for the draft tube. In all cases the standard k — ¢ turbulence model
is used. The sizes of the meshes used are, 450 000 cells for the periodic runner
computation, 2 240 000 cells for the full runner computation, and 1 000 000 cells
for the draft tube computations. These are all wall-function grids that do not
resolve the boundary layers in detail.

4 Results and Validation

The results from the present computations have been presented and validated
in detail in [2]. Some of these results and validations against measurements and
CFX-5 results are presented here also. The locations of the available measure-
ments [3] of the flow in the present cases are shown in Figure 2] and the names
of the measurement sections are used when presenting the results.

The dimensionless coefficients used in the validation are the velocity coefficient
(Cy), the pressure coefficient (C,), the mean pressure recovery (Cppr,) and the
energy loss coefficient ().

The velocity coefficients, C,, are the velocities normalized by Q/A;, where
Q = 0.522m3/ s is the volume flow and A; is the area of each cross-section
(A7, = 0.15m?2, A, = 0.23m?2). The tangential velocity component is positive
when the flow is co-rotating with the runner, and the axial velocity component
is positive in the main flow direction.

The pressure coefficient, Cp, is the local static pressure divided by the dynamic
pressure at section Ia, Piyn rq = pQ?/(2A3%,).
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Fig. 2. Geometry and measurement sections. (Pictures from the Turbine-99 workshop

guidelines and from previous work).

The mean pressure recovery is defined as

A—ésffAcsPdA_ ﬁffA,anA
den,[a

Cprm =

b

where Pyyn 1o = pQ?/(242,) is the dynamic pressure at cross-section Ia.
The energy loss coefficient is defined as

a (Pro %) U ndA - [ (P pSE) U

[ Ja,, P90 -]

4.1 Integral Quantities

(2)

The integral quantities described in eqs. ([l) and (2) are here used to validate
the steady draft tube computation. Figure[Blshows through-flow developments of
the mean pressure recovery factor and energy loss coefficient. The cross-section
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integrals are computed for a number of cross-sections perpendicular to the flow,
while keeping the reference integral at section Ia constant [I] (see Figure[2). The
figure shows that the integrated result from the present computation is almost
identical to the result from a CFX-5 computation [4].

The pressure coefficient at the upper and lower center lines (see Figure [2])
are compared with both the experimental data and the CFX-5 computation in
Figure Bl The two computations are almost identical, and they are close to the
experimental results.

11t 7Open]§OAM i 0.2 | ——OpenFOAM
e ] o048 —CFX-5
9l 0.16 |
— 0.14
L — 012}
g Lo}
& 008
O 0.06
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(a) Mean pressure recovery factor. (b) Energy loss coeflicient.
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(c) ¢p at upper centerline (d) ¢p at lower centerline

Fig. 3. Computed integral quantities between section la and the end of the draft tube
(a & b), and pressure coefficient distributions along the upper and lower centerlines (c
& d). The only difference that can be seen is in (b), where OpenFOAM gives a slightly
higher value at the end of the draft tube.

4.2 Velocity Distributions at Ia and Ib

Figure ] compares the velocity coefficient distributions at cross-sections Ia and
Ib (see Figure ) with the experimental results. Figure @(a) shows two differ-
ent results from the measurements at cross-section Ia. This gives an indication
of the accuracy of the measurements. For the draft tube computations it was
recommended (Turbine-99) to use the results corresponding to the dashed lines
as inlet boundary condition. Thus the dashed lines in Figures fl(a) and (b) are
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Fig. 4. Velocity coefficient distributions. Markers: Measurements of axial (squares)
and tangential (triangles) velocity components. In (a) two different measurements are
shown, and the markers of each mesasurement are connected with solid lines and dashed
lines respectively. In (b) and (c): Dashed lines: steady draft tube, Solid lines: runner
without hub clearance, Dash-dotted lines: runner with hub clearance.

equivalent, and the measurement markers in Figures @(b) and (c) correspond to
the solid line measurements in Figured(a). The choice of those measurements as
inlet boundary condition however doesn’t seem to give the correct behaviour of
the flow in the boundary layer at the hub. The solid lines in Figure[|(a) show that
the axial velocity has a local maximum close to the hub, which is important for
the development of the flow down to section Ib and throughout the draft tube.

Figures@l(b) and (c) compare the computational results with the experimental
results. The dashed line corresponds to the steady draft tube computation while
the dash-dotted and solid lines correspond to the runner computations with and
without a runner blade hub clearance respectively. It is shown that the runner
blade hub clearance produces an increase in the axial velocity close to the hub.
This effect is very important for how well the separation at the hub is modelled.
In Figure Hl(c) the runner computation with the runner blade hub clearance
resembles the experimental results much better than the other results, which
is an effect of the small increase in axial velocity at section Ia. The velocity
distribution at section Ib is very important for the flow development in the
draft tube, and it is thus likely that the boundary condition for the draft tube
computation is inadequate.

For both runner computations the effect of the tip clearance flow can be seen as
a local maximum in the axial and tangential velocity profiles close to the shroud.
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5 Parallel Performance

A parallel performance test has been made using the draft tube case described
above, with about 106 cells. The decompositions of the domain into 2, 4, 8 and
16 subdomains were made using the automatic load-balanced decomposition
(Metis) in OpenFOAM. The Linux cluster was a 4 node Dual socket AMD
Opteron 280 (2.4 GHz, dual core) with 4GB DDR400 RAM, i.e. 4 cores (CPUs)
per node and a total of 16 cores (CPUs). Two different interconnects were tested,
a Gigabit Ethernet through an HP ProCurve 2824 Switch, and an Infiniband
(PCI-X) through a Silverstorm 9024 Switch. The SuSE Linux Enterprise Server,
Service pack 3 operating system was used. The analysis has been made together
with Peter Rundberg at Gridcore (www.gridcore.se).

The wall clock times were measured for three iterations, and the tests were
repeated several times. No I/O was included in the performance test. The wall
clock times are presented in Table [II The table also shows the speed-up nor-
malized by the single CPU run for each configuration, and the speed-up when
using the Infiniband interconnect instead of the Gigabit interconnect (based on
the speed-up columns in the table).

Table 1. Parallel performance using 1Gbit Ethernet (ETH) and Infiniband (IBA)
interconnects. Packed vs. spread CPU distribution (the distribution of the processes
on the nodes)

# CPU |# nodes|ETH (s)[IBA (s)] ETH IBA )
(speed-up)|(speed-up)|(based on speed-up)
1 1 165 163 1.0 1.0 1.0
2 1 86 78 1.9 2.1 1.1
2 2 85 81 1.9 2.0 1.0
4 1 76 72 2.2 2.3 1.0
4 2 64 62 2.6 2.6 1.0
4 4 53 56 3.1 2.9 0.9
8 2 43 41 3.8 4.0 1.0
8 4 41 35 4.0 4.7 1.2
16 4 23 20 7.2 8.2 1.1

Table [Il shows that the execution time of the computations decreases as more
CPUs are used. When going from one to two CPUs the parallel speed-up is linear,
but when using more CPUs the parallel efficiency is significantly reduced. When
using 16 CPUs the parallel efficiency is 45% for the gigabit interconnect and 51%
for the Infiniband interconnect. Table [Il shows no significant difference between
the parallel runs using the different interconnects except when the computations
are distributed on as many nodes as possible. This can most clearly be seen
when using 8 CPUs on 2 and 4 nodes, where there is a 20% gain in using the
Infiniband interconnect when distributing the computation on 4 nodes instead of
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2 nodes. When distributing the processes on different nodes the computational
requirement for each node is reduced and the requirement of the communication
speed between the nodes is increased. When the computations are packed as
much as possible on each node, the effect of the interconnect between the nodes
is reduced. This effect could unfortunately not be further investigated for more
nodes since there was only four nodes available during the present work.

Here follows some additional remarks on the results shown in Table[Il There
is a small difference between the single CPU runs. Such differences are expected.
Many things can influence computational speeds to this order of magnitude
(~1%). There is also a difference between the runs with 2 CPUs on 1 node. The
interconnect should not be important in this case. It has however been observed
that sometimes when running two processes on the same node they end up at the
same socket, which influences the computational speed to this order of magnitude
(~10%). Later versions of the Linux kernel should have fixed this problem. An
effect related to this can be seen in Table [Il, where the speed-up is increased if
the computations are spread over as many nodes as possible. Table [l suggests
that IBA has a worse tendency than ETH when distributing the 4 CPU case on
different numbers of nodes. The more nodes involved, the more important is the
interconnect. The table however suggests that the Gigabit interconnect is the
best in the 4 CPU case.

6 Conclusions

This work has presented the water turbine field and its huge HPC requirements
when the flow in a complete water turbine is to be predicted in detail. With com-
plex geometries, high Reynolds numbers, turbulence, cavitation, and interaction
between rotating and stationary parts, the computer power of today is still far
from sufficient. By modeling parts of the physics and focusing the computations
on parts of the water turbine it is however feasible to get reasonably accurate
and useful solutions.

The OpenFOAM OpenSource tool was introduced and applied to CFD prob-
lems in the water turbine field. The results proved to be of the same accuracy
as those of commercial CFD solvers. OpenFOAM is a true competitor to both
commercial tools and in-house research codes. The major benefits of the Open-
FOAM tool are that it is free of charge, and that the complete source code is
available.

The parallel performance of OpenFOAM was analysed on a Linux cluster
using an ordinary gigabit Ethernet interconnect and an Infiniband interconnect.
The problem used for the analysis was the flow in a water turbine draft tube,
and the grid consisted of approximately 10° control volumes. The Infiniband
interconnect did not significantly improve the speed-up for this problem. The
largest improvement is observed when the problem is distributed on as many
CPUs as possible. When distributing the problem on 16 CPUs the Infiniband
interconnnect has a ~10% speed-up compared with the corresponding gigabit
Ethernet interconnect computation. The parallel performance of OpenFOAM
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for the present problem was modest, with a parallel efficiency of approximately
50% when run on 16 CPUs.
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Abstract. Benchmarks are important tools for studying increasingly
complex hardware architectures and software systems.

Two seemingly common assumptions are that the execution time of
floating point operations do not change much with different input val-
ues, and that the execution time of a benchmark does not vary much
if the input and computed values do not influence any branches. These
assumption do not always hold.

There is significant overhead in handling denormalized floating point
values (a representation automatically used by the CPU to represent val-
ues close to zero) on-chip on modern Intel hardware, even if the program
can continue uninterrupted. We have observed that even a small fraction
of denormal numbers in a textbook benchmark significantly increases
the execution time of the benchmark, leading to the wrong conclusions
about the relative efficiency of different hardware architectures and about
scalability problems of a cluster benchmark.

1 Introduction

Benchmarks are important tools for studying increasingly complex system.
Understanding the characteristics of a benchmark is important to avoid drawing
the wrong conclusions from the results.

Due to changing hardware architectures, however, assumptions that were
made when the benchmark was created may no longer hold when moving the
benchmark to new architectures or even new implementations of the same ar-
chitecture.

We report on a problem where the execution time of a textbook benchmark
varied significantly depending on the computed floating point values, even when
the computed values were not used to influence any branches. We also show
how the performance characteristics of the benchmark could be misinterpreted,
wrongly indicating a scalability problem in the application or communication
subsystem, and how the problem could lead to the wrong conclusions about the
relative performance of a PowerPC and an Intel P4 computer.

! Examples are increasing difference in latency between different levels of caches and

memory, and the introduction of Simultaneous Multithreading and Single-Chip Mul-
tiprocessors.

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 178 2007.
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This paper continues as follows: section 2] describes normalized and denor-
malized representation of floating point, section [3 describes our benchmark and
section M our experiment result. Section [l discusses the results, lessons learned
and provides some guidelines. Finally we conclude in section [6

2 Floating Point Representation, Normalized and
Denormalized Form

The IEEE 754 standard for floating point[I] specify the representation and op-
erations for single precision (32-bit) and double precision (64-bit) floating point
values. This provides a finite amount of space to represent real numbers that
mathematically have infinite precision. Thus, computers only provide an ap-
proximation of floating point numbers, and a limited range of values that can be
represented. For single precision floating point, the range is about 1.18 - 10738
to 3.40 - 10%® positive and negative.

One of the goals for the designers of the IEEE floating point standard was
to balance the resolution and magnitude of numbers that could be represented.
In addition, a problem at the time was handling applications that underflowed,
which is where the result of a floating point operation is too close to zero to
represent using the normal representation. In the 70s, it was common for such
results to silently be converted to 0, making it difficult for the programmer to
detect and handle underflow[2].

As aresult, a provision for gradual underflow was added to the standard, which
adds a second representation for small floating numbers close to zero. Whenever
the result of a computation is too small to represent using normalized form, the
processor automatically converts the number to a denormal form and signals the
user by setting a status register flag and optionally trapping to a floating point
exception handler. This allows the programmer to catch the underflow, and use
the denormalized values as results for further computations that ideally would
bring the values back into normalized floating point ranges.

The processor automatically switches between the two representations, so
computer users and programmers rarely see any side effects of this, and op-
erations for normal values are also valid for any combination of normal and
denormal values. Many programmers may be unaware that their programs are
using denormalized values.

Goldberg gives a detailed description of denormalized numbers and many
other floating point issues in [3].

Instructions involving denormalized numbers trigger Floating Point Excep-
tions. Intel processors handle underflows using on-chip logic such that reason-
able results are produced and the execution may proceed without interruption
[4]. The programmer can unmask a control flag in the CPU to enable a software
exception handler to be called.

The Intel documentation [5], and documents such as Goldbergs [3], warn about
significant overhead when handling exceptions in software, but programmers may
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not expect the overhead to be very high when the floating point exceptions are
handled in hardware and essentially ignored by the programmer.

3 Experiments

3.1 Jacobi Iteration Benchmark

We first found the problem described in this paper in an implementation of a
well known algorithm for solving partial differential equations, Successive Over-
relaxation (SOR) using a Red-Black scheme. To simplify the analysis in this
paper, we use the Jacobi Iteration method, which has similar behavior to the
SOR benchmark.
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Fig. 1. Heat distribution problem with the Jacobi iterative method. In a square sheet
of metal, the temperature along the edges is known (black points), and the temperature
for internal points (gray points) are computed based on the known values for the edges.

Figure[Il shows an example problem solved by Jacobi, where a sheet of metal
is represented as a matrix of points. The temperature along the edges is known,
while the temperature for the internal points is computed from the known values
of the boundary (black) points.

The Jacobi iteration method gradually refines an approximation by iterating
over the array a number of times, computing each internal point by averaging
the neighbors (see Figure . Two arrays are used: one is the source array,
and the other is the target array where the results are stored. When the next
iteration starts, the roles of the arrays are swapped (the target is now the source
and vice versa).

A solution is found when the system stabilizes. The algorithm terminates when
the difference between the computed values in two iterations of the algorithm is
considered small enough to represent a solution.

The implementation used in this paper is a simplified version of Jacobi, run-
ning for a fixed number of iterations instead of checking whether the systems
has stabilized. This simplifies benchmarking and analysis.
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3.2 Methodology
The experiments were run on the following machines:

— Dell Precision Workstation 370, 3.2 GHz Intel Pentium 4 (Prescott) EMT64,
2GB RAM, running Rocks Linux 3.3.0 with Linux kernel 2.4.21 in 64-bit
mode.

— A cluster of 40 Dell Precision Workstation 370, configured as above, inter-
connected using gigabit Ethernet over a 48-port HP Procurve 2848 switch.

— Apple PowerMac G5, Dual 2.5 GHz PowerPC G5, 4GB DDR SDRAM,
512KB L2 cache per CPU, 1.25GHz bus speed.

— AMD Athlon 64 X2 4400+ 2.2GHz, 2GB DDR SDRAM, running Ubuntu
Linux 5.10 with kernel 2.6.12-10-k7-smp.

The results the Dell Precision machine have been verified using other Intel-
based computers showing similar overheads.

The benchmark was compiled with GCC version 3.3.5 with the flags “-Wall
-03” on the Intel architecture. On the PowerMac, GCC 4.0.0 was used with the
same flags. Intels C-compiler, version 8.0, was also used with the same flags to
verify the results with a different compiler.

The execution time is measured by reading the wall-clock time before and
after the call to the Jacobi solver (using gettimeofday), and does not include
startup overhead such as application loading, memory allocation and array ini-
tialization. All benchmarks are executed with floating point exceptions masked,
so no software handlers are triggered.

The benchmarks were run with the following sets of input values:

— One that produce denormal numbers: the border points are set to 10.000,
and the interior points are set to 0.

— One that does not produce denormal numbers: the border points
are set to 10.000 and the interior points are set to 1.

— One of the benchmarks use an additional input set with all values in the
matrix initialized to a denormal number: 10737,

In all cases, we run Jacobi for 1500 iterations with a 750x750 matrix.

4 Results

4.1 Impact of Denormal Numbers on Intel Prescott

The experiment was run on a Dell Precision WS 370. The benchmark was in-
strumented using the Pentium time stamp counters to measure the execution
time of each iteration of Jacobi (0-1500), and of the execution time of each row
in each iteration.

Experiments Without Denormalized Numbers. Figure [2 shows the ex-
ecution time of each iteration of Jacobi when no denormalized numbers occur
in the computation. Apart from a spike, the execution time is very stable, as
one would expect since the branches in the algorithm are not influenced by the
computed values.
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Fig. 2. Computation time for each iteration of Jacobi when no denormalized numbers
occur

Experiments with Denormalized Numbers. Figure [ shows snapshots of
the matrix for four of the iterations of the algorithm. In the beginning, there is
only a narrow band of non-zero (blue) values. For each iteration, non-zero values
gradually spread further inwards in the matrix, but they do so by being averaged
with the zero-values in the array.

After a number of iterations, the values that make up the front edge of the
non-zero values are too small to represent using normalized floating point values,
and the CPU automatically switches over to denormalized form (shown as red
in the snapshots). The band of denormalized numbers grow in width and sweep
towards the center until they eventually disappear.

Figure [4] shows the execution time per iteration of Jacobi when denormalized
numbers occur in the computation (left). The figure also shows the number of
denormalized numbers in the result array for each iteration (right).

The number of denormalized numbers correspond directly with the execu-
tion time per iteration. When denormalized numbers occur, the execution time
rapidly increases, and after a while gradually decreases while the number of
denormalized numbers decrease. After a while, the last denormalized number
disappears and the execution time is back to normal. The jagged pattern on
the graph showing the number of denormalized numbers is also reflected in the
jagged pattern of the graph showing the execution time.

Figure [0l shows the execution time of each row of the matrix for the four
iterations that are shown in figure 3l The execution time for each row is clearly
correlated to the number of denormalized values in that row.

For the iteration with the highest number of denormalized results, iteration
338, about 3.88% of the internal numbers computed are in denormalized form.
This is also the iteration that takes the longest to execute, taking about 3.83
times longer than the average of iterations without denormalized numbers.
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Fig. 3. Graphical representation of the result matrices for four iterations of the JA-

COBI benchmark (iterations 0, 20, 200 and 600). Black represents 0-values, blue rep-
resents non-zero values, and red represents nonzero values in denormal form.
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Fig. 4. Left: execution time of each of 1500 iterations. Right: number of floating point
values in denormalized form stored in the result matrix on each iteration. Stored values
are counted rather than the number of operations due to the lack of performance
counters to count the number of denormal operations (see section [£.2]).

4.2 Impact on Comparisons of PowerPC, AMD and Intel P4
Prescott

Table[dlshows that the Intel processor has higher overheads when handling denor-
malized numbers than the PowerPC machine, with a factor 70 between normal
and all denormal compared to a factor 3.65 on the PowerPC machine. This may
influence comparisons of architectures. As an example, consider the results of
the PowerPC denormal (5.40) and Intel denormal (13.44), which indicate that
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Fig. 5. Execution time for each row in the matrix for four iterations of the algorithm
(iterations 0, 20, 200 and 600). The effect of denormalized numbers is clearly visible
as rows with denormalized numbers have a higher execution time than rows without
denormalized numbers. The execution time depends on the number of denormalized
numbers (see lower left, which corresponds to the lower left picture in graph [3)).

the PowerPC architecture is more efficient for the Jacobi algorithm. With the
dataset with normalized numbers, the difference is much smaller (5.04 vs. 5.33).

The problem is also significant for the comparison of AMD vs. Intel, where for
the denormal case, the AMD processor is faster than the Intel processor, while
for the normal case, the Intel processor is faster.

This indicates that when moving benchmarks across architectures, corner
cases that previously did not influence the benchmarks significantly may start
to have an impact, and the benchmarks may not work as originally planned even
if the computed results are identical.

4.3 Parallel Jacobi on a Cluster

Figure[6 shows the results of running parallelized implementation of Jacobi using
LAM-MPI 7.1.1 [6] using 1 to 8 nodes of the cluster. The implementation divides
the matrix into IV bands, and each process exchange the edges of its band with
the neighbor processes bands.

The graph shows that the dataset with denormalized numbers influence the
scalability of the application, resulting in a speedup for 8 processes of 4.05 com-
pared to a speedup of 6.19 when the computation has no denormalized numbers.
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Table 1. Minimum and maximum

Normalized

7r ideal speedup execution times of 5 runs of Jacobi

6 -
% 57 - - ] Machine + Dataset| min| max
& 4t ] Tntel, normal 5.33) 5.34
3l T | Intel, demormal 13.44| 13.47
. //// ' | Intel, all denormal {371.73|373.05
- AMD, normal 6.65| 6.71
! 1 5 3 A 5 6 7 8 AMD, denormal 8.46| 8.61
Number of processes AMD, all denormal| 88.38| 88.99
PPC, normal 5.04| 5.05
Fig. 6. Speedup of Jacobi on a cluster using 1-8 (PPC, denormal 5.40| 5.41
nodes PPC, all denormal | 18.42| 18.43

The step like shape of the “Denormalized” graph is a result of the denor-
malized band of numbers that move through the rows (as shown in figure [,
influencing at least one of the processes in every iteration. Since the processes
are globally synchronized, one process experiencing a tight band of denormalized
numbers will slow down the other processes.

This experiment shows that performance anomalies of floating point opera-
tions may cause an unaware programmer to attribute too much performance
overhead to the parallel algorithm or communication subsystem, as the main
change between the sequential and parallel version is the parallelized algorithm
and the added communication.

5 Discussion

Normally, users don’t care about the computed results in benchmarks as the
important part is to have a representative instruction stream, memory access and
communication pattern. The assumption is that the execution time of floating
point values do not change significantly when using different input values.

Textbooks don’t warn against using zero as an initial value for the equation
solving methods. One book (Andrews [7] page 535) even suggest that the inte-
rior values should be initialized to zero: “The boundaries of both matrices are
initialized to the appropriate boundary conditions, and the interior points are
initialized to some starting value such as zero”. A contributing factor is that
students are taught to use zero values for variables to help catching pointer
errors, unless they have a good reason for initializing otherwise.

5.1 Implication for Benchmarks and Automatic Application Tuning

Benchmarks may be vulnerable when varying execution time of floating point
operations can mask other effects. Worse even, wrong results from a benchmark
may make later analysis based on the data invalid.
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An example of automatic application or library tuning is ATLAS [§], where
performance measurements are used to automatically tune compilation of the
math kernel to a target architecture. If measurements are thrown off, the tuning
heuristics may select the wrong optimizations. We have not tested ATLAS for
any problems.

5.2 Remedies

Denormal values are well-known for people concerned about the accuracy of
applications. Some remedies may help or delay the problem: changing from single
precision to double precision delays the introduction of denormal values in our
Jacobi benchmark, though we have observed that the band of denormal values
will be wider when denormal numbers do occur, so the benefit may be limited.

Other remedies are architecture or compiler specific, such as enabling flush-to-
zero (FTZ) which converts denormal numbers to zero. Some current architectures
support it on-chip, while others have to support it through software, impacting
performance. FTZ may also influence the results of the application. On our Intel
computers, FTZ is handled in software for x87 instructions, though enabling
SSE instructions (-march=pentium4 -mfpmath=sse with GCC 4.1.2) allow us
to enable on-chip FTZ, resulting in a performance for the denormal data set that
is similar to the normal set. Initial experiments, however, indicate that handling
denormal numbers on-chip for SSE is twice as expensive as for x87 instructions.

For this particular benchmark, using nonzero values as initial values for the
internal points can remove the problem. The application would also benefit from
using multi-grid methods, which could reduce the problem of denormalized num-
bers considerably.

The floating point status register can be checked to detect if exceptions oc-
curred. If detected, the benchmark results should be considered suspect and
investigated, or a different data set should be used. Care must be taken to mask
exception types that should be expected, such as precision, which occurs when-
ever a number not representable with floating point is used and does not cause
any detectable overhead, such as 1/3. The problem is that checking for floating
point exceptions is a suggestion on the line of checking return values from func-
tion calls. Programmers, however, tend to forget checking the return values of
functions. It also requires that benchmark designers are aware of the problem.

Granularity is another problem. We have experimented with High Perfor-
mance Linpack [9], observing that it generates precision, underflow and denorm
op exceptions, but due to the granularity of the current method, we do not know
if there are enough of the denormal numbers to impact the benchmark.

A much better solution would be to use performance counter registers that
could count the number of denormal operations in the application. The Pow-
erPC processor has one such counter, but initial experiments with that have not
provided us with any stable results. The Intel processors did not have such a
performance counter. If we were to be granted a wish, it would be that hard-
ware designers introducing corner cases that causes high overheads would add a
corresponding performance counter for those corner cases.
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Lacking that, we are we are currently experimenting with the development
of tools that can check a benchmark for denormal numbers and other identified
performance anomalies. Two promising approaches are based on instrumenta-
tion of the Bochs emulator [I0], and asking the compiler to generate calls to
an instrumented software floating point library rather than floating point in-
structions. The problem with the latter method is that it doesn’t catch inline
assembly code in benchmarks.

6 Conclusions

As architectures are getting increasingly complex and the cost of using different
components in the systems change, benchmarks may be difficult to create and
interpret correctly. Processor designers optimizing for the common case can in-
troduce unoptimized cases that, even if they occur infrequently, cost enough to
significantly impact applications, a point well made by Intel’s chief TA32 archi-
tect [T].

Benchmarks are often simplified versions of existing applications where the
results of the computations are not used since the goal of a benchmark is to
measure a systems behavior under a specific use. In these cases a programmer
may choose to ignore some of the guidelines for programming floating point
applications since the accuracy of unused results are not important, and since
the guidelines generally stress the problems around correctness and accuracy of
floating point values and operations.

We have shown that one concern, namely floating point exceptions, can easily
occur in a benchmark and cause significant overhead even when the exceptions
are masked off and handled internally in the CPU. Textbooks and well-known
guidelines for programmers contribute to setting the trap for programmers.

We have also shown how a benchmark influenced by floating point exceptions
in only a small fraction of the calculations may lead to the wrong conclusions
about the relative performance of two architectures, and how a benchmark may
wrongly blame the parallel algorithm or communication library for a performance
problem on the cluster when the problem is in the applications use of floating
point numbers.

In reflection of some of the observed behavior of our simple benchmark, we
suggest some guidelines for programmers designing and implementing bench-
marks.
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Abstract. This paper describes COMPI, an extension to LAM/MPI,
which enables the user to configure collective operations by using the
high level programming language Scheme. A high level language is used
to achieve flexibility. When using COMPI, applications do not have to
be modified or recompiled. We implemented the allreduce collective op-
eration in Scheme, preserving the original LAM/MPI algorithm as im-
plemented in C. We measured the performance and found that the over-
head using Scheme was insignificant. Using COMPI to reconfigure the
allreduce communication pattern taking the network topology into ac-
count, significant improvement in performance on a multi-cluster was
achieved.

1 Introduction

This paper describes an extension to LAM/MPI[5] that enables the user to
configure collective operations by using Scheme[I], which is a high level general
purpose programming language in the Lisp family.

Currently, the operations that can be configured are broadcast, reduce, allre-
duce, gather and barrier, but the system is general enough to be extended with
other operations if that is required. Sophisticated reconfigurations can be done
without modifying or recompiling the application that is to be run.

We will show that high level languages, and Scheme in particular, could be
used in performance critical systems despite the general opinion that such lan-
guages are slow. This would be an improvement compared to the more conven-
tional way of writing extensions in low level languages like C, due to the fact
that many details can be hidden or abstracted away in languages like Scheme.

We will also use COMPI to show that reconfiguration of collective operations
in MPI could result in better scaling when running in multi—cluste environ-
ments.

The goal of COMPI is to provide an efficient framework for experimenting
with collective operations in LAM/MPI. It was largely inspired by the PATHS[2]
system which uses Python to set up a runtime environment for parallel applica-
tions.

! In this paper, multi-cluster is defined as a collection of clusters connected by high
latency or low bandwidth links.

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 189 2007.
© Springer-Verlag Berlin Heidelberg 2007



190 E.S. Johnsen, J.M. Bjgrndalen, and O.J. Anshus

2 LAM/MPI Background Information

LAM/MPI is an open source implementation of the MPT specification[§] main-
tained by the LAM team at Indiana University. Extensions to LAM/MPI are
written as plug-in modules[IT] that follow a specification called System Service
Interface[I0]. Multiple classes of SSIs exist for interfacing to various parts of
LAM. CoMPI is implemented as a Collective Operations SSI module[9], which
may be selected by the user at runtime.

After this work was done, LAM/MPI has largely been superseded by a new
MPI implementation called Open MP]E, which has a similar architecture for
plug-ins. We thus believe that COMPI could be ported to Open MPI, but have
not yet looked into the details of this.

3 Architecture of CoMPI

The idea behind COMPIT is that when a collective operation is invoked, a hash
table lookup is done to check if a suitable routine, a coll-op closureE exists to
perform the given operation. If no such closure exists, a coll-op creator function
is invoked to create one. The newly created coll-op closure will then be invoked
and also cached for reuse later.

Each supported collective operation has at least one coll-op creator. By de-
fault, creators are supplied for each collective operation to mimic the behavior
of native LAM.

The most primitive way to configure operations, would be for the user to
attach additional coll-op creators to each of the collective operations. Coll-op
creators are invoked in reverse order of installation (the latest installed is invoked
first) until one of them returns a closure. They may also be chained by having
one creator calling the next in the list. Chaining may be useful to create wrappers
for profiling or debugging.

The interface between the MPI API layer and COMPI consists of functions
called coll-op trampolines which are invoked by LAM when the application does a
collective operation. The trampolines are responsible for looking up and invoking
coll-op closures.

4 Configuration of Communication

The default LAM/MPI collective operations module, lam_basic, uses two differ-
ent schemes depending on the size of a group: for small groups (four or less), the
communication is based on a linear scheme (all processes communicate directly
with the root process). For larger groups, the communication is organized as a
binomial spanning tree[12]. Figure[llshows the broadcast tree used by lam basic
in a cluster with 32 nodes.

2 http://www.open-mpi.org

3 A closure in Lisp terminology is an object containing a function and the lexical

environment (e.i. local variable bindings) in which the function was created.
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Fig. 1. Broadcast tree for a cluster with 32 nodes

If we assume a homogeneous cluster were the bandwidth and latency between
nodes are more or less the same independent of which two nodes are communi-
cating, a binomial tree is very efficient as it utilizes the parallelism in a switched
network. But in a multi-cluster environment or in a cluster with SMP nodes,
where there may be links between the clusters with lower bandwidth and higher
latency than the intra-cluster links, this configuration may turn out to be very
inefficient.

The problem is that when multiple messages are sent across the inter-cluster
links simultaneously, these links could easily be saturated if the bandwidth is
limited compared to the intra-cluster links. If messages are sent sequentially (i.e.
at different levels in the tree), this will result in the total latency for sending all
messages being the sum of the latency for each individual message. In figure[@the
nodes making up the different clusters have been grouped together, and we can
easily see that a significant number of messages are sent across the inter-cluster
links, which would greatly reduce the performance of the operation.

TSy
P Y Sy

Fig. 2. Broadcast tree mapped to actual cluster layout

One way to improve this is to organize the communication between the nodes
in a pattern that matches the underlying network topology in the most optimal
way[14]. Figure Bl shows a broadcast tree where the nodes within each of the
clusters are arranged as separate binomial trees. Communication between the
clusters is now limited to only two messages.
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Fig. 3. Reconfigured broadcast tree

We can realize this by using a coll-op creator to COMPI that considers the
underlying network topology when creating coll-op closures. The network topol-
ogy could potentially be automaticlly detected, but in the current version of our
code the user has to manually specify it in a configuration file, by grouping nodes
belonging to the same cluster.

5 Implementation Details

CoOMPI is written almost entirely in Scheme, with only a small amount of glue
code in C. The Scheme implementation used is Biglw@, which is particularly
suited because of its efficient compiler and ease of integration. The compiler
produces C code as its intermediate stage and is thus portable to all archi-
tectures which LAM/MPT is available on. It also contains useful extensions to
standard Scheme[I] such as Common Lisp like macros, type annotations (static
type declarations), foreign function interface and a module system.

Figure[d shows the coll-op trampoline for the operation MPI_Bcast. The func-
tion find-coll-op-closure is called to locate or, if necessary, to create a coll-op
closure. The parameters comm and root are used to identify a coll-op closure that
implements the operation for the MPI communicator and operation root.

Finally, the returned coll-op closure is invoked with the remaining parameters,
which would perform the actual operation.

(define (bcast::int buff::buffer count::int
datatype::datatype root::int comm::comm)
(with-coll-op (comm)
(let ((bcast (intern-coll-op-closure BLKMPIBCAST comm root)))
(bcast buff count datatype))))

Fig. 4. Coll-op trampoline for MPI_Bcast

Figure [ shows an example of a simple coll-op creatof] that implements
linear broadcast communication. The name of the defined coll-op creator is

4hhttp://www-sop.inria.fr/mimosa/fp/Bigloo/
5 This is actually the default callback creator for broadcast, which would be invoked
if none of the more specific creators return a coll-op closure.
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linear-bcast and BLKMPIBCAST is a tag identifying the operation. The list
(comm root) contains the parameters passed from the MPI layer.

The rank of the process is found from the communicator. If the rank matches
the root, the helper function create-psend-closure (create parallel send clo-
sure) is called to create a closure that will send messages to each of the other
processes in parallel. Otherwise a closure that calls receive first is created. A
coll-op closure for broadcast takes three parameters; a buffer with the message
to send, the size of the message and a data type. Coll-op closures for other
operations may take different kind of parameters.

(define-coll-op-creator BLKMPIBCAST linear-bcast (comm root)
"Coll-op creator for linear broadcast"
(let ((rank (comm-rank comm)))
(if (= rank root)
;; Root sends to all except to it selves
(let ((dests (remq! root (range 0 (comm-size comm)))))
(create-psend-closure dests BLKMPIBCAST comm))
;3 All other receive from root
(lambda (buff::buffer count::int datatype::datatype)
(recv buff count datatype root BLKMPIBCAST comm
MPI-STATUS-IGNORE)))))

Fig. 5. Coll-op creator for linear MPI_Bcast

A special kind of coll-op closures are wrappers which, as the name suggests,
wraps around other more specific closures. The closure to be wrapped is created
by invoking call-next-creator from within a wrapper creator. Wrappers may,
among other things, be used to modify the behavior of the inner closures or to
log information. Figure [6] shows an example of a wrapper which will measure
the time spent in the inner coll-op closure, i.e. the time taken to execute the
operation.

(define-coll-op-creator BLKMPIBCAST bcast-timer (comm root)
(let ((bcast (call-next-creator))
(rank (comm-rank comm)))
(lambda O
(let ((rt (time (bcast root))))
(printf "time spend in broadcast by rank ~a: “a ms”%" rank rt)))))

Fig. 6. Coll-op creator wrapping MPI_Bcast with a timer

6 CoMPI Advantage

One of the advantages with COMPI is the possibility to configure and exper-
iment with MPI without having to recompile applications. The user does not
even need to have access to the source code of the application he is running.
LAM/MPI already has some options which may be used at runtime to configure
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and customize the environment, but the strength of COMPI lies in the use of a
high level programming language. By not having to think about low level details
such as memory management, the task of trying out different configurations may
become much simpler than if he were to use a language like C. Also by not having
to stick with a limited customization language, but having access to a general
purpose language gives the system great flexibility. For simpler configurations,
COMPI has a set of built in coll-op creators which let the user specify the
network topology based on node ranks or IP numbers.

7 Experiments

A simple experiment was conducted to determine if the performance of COMPI
is comparable to that of native LAM when using the same algorithms, and that
the choice of implementation language did not have a negative impact on per-
formance. In addition we’re running the same benchmark with a communication
pattern configured to match the underlying network layout.

The hardware platform used for these experiments consists of three intercon-
nected clusters, each having the following configuration:

— 28 Dell 370 P4 Prescott, 3.2 GHz, 2GB RAM
— 38 Dell 370 P4 Prescott 64 EMT, 3.2 GHz, 2GB RAM
— 44 Dell 360 P4 Prescott 3.2 GHz, 2GB RAM

In addition, each cluster has a front-end computer identical to the cluster nodes,
except that it has an extra network card for external communication. The nodes
of the clusters and the front-ends are interconnected using TCP /IP over Ethernet
through 1 Gb switches. All communication to and from a cluster goes through the
front-end computer. The front-end computers are connected to each other and
the outside world, through a dedicated switch. One of the switches is configured
to operate as two logical switches through virtualization, but as far as we know
this should have no impact on the performance of the benchmarks.

Each cluster uses IP addresses from the private 10.0.0.0 range and is not
reachable from outside of the front-ends. To allow routing between nodes from
different clusters, IP tunnels are set up between the front-ends. This adds to the
inter-cluster latency, increasing it from 100 to 300-500 microseconds as measured
with ping. The effective bandwidth through the front-ends is about 400 Mbps.

Figure[dshows the code run in the experiment. The code measures the average
execution time of 1000 MPI_Allreduce operations, with buffer sizes from 1 to
50000 elements. To make sure that the correct sum is computed, the code also
checks the result of each iteration.

Figure[§ shows the result of running the global sum benchmark. The following
experiments were done:

Native LAM/MPI (lam basic). The experiment was run using LAM/MPT’s
native logarithmic broadcast and reduce trees.
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t1 = get_usecs ();
for (i = 0; i < ITERS; i++) {
MPI_Allreduce (&i, &ghit, 1, MPI_INT, MPI_SUM, MPI_COMM_WORLD);
if (ghit != (i* size))
printf ("oops at %d. %d != %d\n", i, ghit, (i * size));

t2 = get_usecs ();

Fig. 7. Global reduction benchmark

CoMPI using the lam basic algorithm and tree used above. The exper-
iment was run using COMPI with the same algorithm as lam basic.

CoMPI with hierarchical mapping. In this experiment we used a hierarchi-
cal mapping which minimizes the inter-cluster communication. This mimics
the asymmetric algorithm used by MAGPIE[T7], which is basically a reduce
followed by a broadcast.

8 Discussion

As Figure [} shows, the overhead of COMPI is insignificant compared to native
LAM/MPI (lam_basic) when both systems use the same communication pat-
tern. With a hierarchical mapping, the performance of COMPI is significantly
better than lam_basic. The main factor contributing to this, is probably the lim-
ited inter-cluster bandwidth. The network latency in our setup is relatively small
(more than two orders of magnitude) compared to the total time per iteration,
and should not have any significant impact on the result.

In addition to the experiment described in the paper, we have also done some
informal testing with other collective operations, in particular broadcast, reduce
and barrier. We have done this to get an indication if it would be possible

global sum
500 —— T =
Original LAM/MPI (lam_basic)
Co-mpi with lam_basic algorithm --------
Co-mpi with hierarchical mapping -
400 R

300

200

Time per iteration (ms)

100

0 PPPTTL L L L L L
10000 20000 30000 40000 50000

Buffer size (4 byte elements)

Fig. 8. Results of the global sum experiments
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to achieve similar results with other operations. The results of this have been
inspiring, which is not unexpected considering that the algorithms for these
operations are similar to allreduce.

9 Related Work

CoMPI was originally inspired by PATHS[2] and the discoveries done in [4]
and [3] about how performance in LAM/MPI could be improved in clusters
with SMP nodes. PATHS uses Python as its runtime configuration language
and a tuple space system for inter-process communication. The main difference
between PATHS and COMPI is that the former doesn’t use MPI directly, but
emulates its behavior in respect to collective operations.

MAGPIE [7] is an implementation of MPI especially designed for multi-clusters
with wide area network connections. The collective operations in MAGPIE are
optimized for long latency links using both asymmetric (tree based) and sym-
metric algorithms. The hierarchical mapping used in COMPI mimics MAGPIE’s
asymmetric algorithm. We have not compared the performance of COMPI to
MAGPIE, since, in this paper, we only wanted to document the impact of our
modifications of LAM.

Compiled Communication[6] (CC-MPI) describes a method to optimize clus-
ter communication by utilizing information available at compile time using a
modified C compiler. CC-MPI and CoOMPI share some of the same basic ideas
about doing as much static optimization as possible. In CC-MPI this happens
when the application is compiled, while in COMPI when an operation is invoked
for the first time. With COMPI, other configurations can be tested without re-
compiling the application.

10 Conclusions

We have shown that a high level scripting language can be well suited for use in
the infrastructure of high performance clusters, by using Scheme to implement
a collective operations module for LAM/MPI.

We have also created a flexible framework, COMPI, which may be used for
experimentation with, and optimization of, collective operations in LAM/MPI
without having to modify existing applications.

When running experiments, the observed overhead by using COMPI is negli-
gible compared to the native collective operations module in LAM. By reconfig-
uring the communication pattern to match the actual network layout, substantial
increase in performance was achieved.

In future work, we plan to extend COMPI to include all collective operations
available in MPI, and make improvements to the current code base to improve
usability and stability. We are also planning to implement dynamic reconfigura-
tion based on performance data gathered during program execution.
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Abstract. As data repositories grow larger, it becomes increasingly dif-
ficult to transmit a large volume of data and handle several simultaneous
data requests. One solution is to use a cluster of workstations for data
storage. The challenge, however, is to balance the system load, since
these requests may appear and change continuously.

In this paper, a new method for load balancing requests on such large
data sets is developed. The motivation for our method is systems where
large geological data sets are rendered in real-time by a homogeneous
computational cluster. The goal is to expand this system to accommodate
multiple simultaneous clients. Our method assumes that the large input
sets may be examined in advance, and uses simple, continuous functions
to approximate the discrete costs associated with each data element.
Finally, we show that partitioning a data set using our method involves
very little overhead.

1 Background

1.1 Motivation

This work originates from the need to adapt the load balancing scheme of a
server which renders images of geological data sets in real-time to suit a multi-
user environment. The original system statically divided its input data in order
to distribute the load on a computational cluster, but permitted only one user
to access the data at a time. This approach would be ill-suited for a multi-user
environment, since it spreads the load from each user across the entire array of
machines without regard to their differing requirements.

With multiple simultaneous clients, each client may request a different part of
the data sets to be rendered with a chosen analysis function. Thus, the compu-
tational load from each client may vary significantly. A real-time load balancing
approach is required such that the total load is distributed evenly on the cluster,
resulting in a similar framerate for all clients.

The objective of this project is to develop a fast balancing method, given that
each client will demand rendering of large amounts of contiguous data. We also
assume that the number of clients is small relative to the size of the data sets,
since typically the original system is scaled such that the requirements of a single
client represent a significant load.

B. Kéagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 198-207] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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1.2 Taxonomy of Load Balancing Approaches

We adopt the following classification of load balancing methods from Piersall and
Elfayoumy [I]. In general, methods may be classified in terms of three broad cat-
egories: static methods, which embed a predetermined partitioning of the load in
the description of the balanced task, semi-static methods, which estimate balance
at program initialization, and dynamic methods, which continually reconfigure
the load during run time.

Dynamic load balancing further breaks down into the following phases:

1. Load evaluation estimates whether to perform balancing.

2. Profitability determination compares the cost of rebalancing with the
projected benefits.

3. Work transfer calculation determines which tasks may be transferred in
order to balance the load.

4. Task selection selects which of the transfers from the previous phase to
carry out.

5. Task migration carries out the work transfer finally decided upon.

Our approach is discussed as a dynamic method in these terms, but is partly
semi-static due to its use of precomputed information about data sets.

1.3 Related Work

A significant body of work exists to examine the balancing of loads which consist
of streams of small requests. This is conventionally modelled as a set of balls
(requests) to be put into bins (available hardware). Mitzenmacher, Richa and
Sitaraman [4] give an overview of this field, and describe proof techniques for
establishing probabilistic bounds on the characteristics of different approaches
to this problem.

The balls and bins model is turned around when the task to be performed
outgrows the capacity of a single computer, so that the problem must be parti-
tioned. Such partitioning is related to the algorithm solving the problem, which
admits another diverse set of techniques.

Munasinghe and Wait [2] propose an approach which utilizes a discrete ideal
load measure, and explore the adaptivity of a system where load changes are
detected by the individual node, and adjustments are propagated throughout a
heterogeneous cluster.

Watts and Taylor [3] attempt to develop a general dynamic load balancing
application, and test its application to two different problems. Their approach
proves to be restricted in application, but improvements are suggested, and the
relevant class of systems is identified.

Piersall and Elfayoumy [1] present an application framework for dynamic load
balancing of image processing applications. The framework is general in being
platform-neutral, but it is application specific in the sense that it expresses load
in terms of columns of image data.
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Fig. 1. Finding boundary points in the data set for unit loads on 2 out of 4 machines

Rosenvinge, Elster, and Banino [6] explore the scheduling of master/worker
structured applications on heterogeneous systems with background load, and
develop a monitor strategy in which worker nodes report measured runtimes to
the master.

Overeinder, Sloot, Heederik and Hertzberger [5] propose to handle load bal-
ancing in middleware, with library support to partition problems.

2 An Overview of Our Approach

Our method is based on approximating a discrete, empirically measured cost of
computation by a continuous, integrable function. The system load may then be
idealized as the integral of this function, as opposed to the sum of its discrete
values. The virtue of this approximation is that evaluating a definite integral
can be computationally very cheap compared to evaluating a series.

Fig. [l shows the following:

1. To derive a unit load measure, our approximation of the execution costs
must be integrated across the entire data domain in use.

2. This computes the load modelled as the area under the cost approximation,
which may be divided by the number of machines in the cluster (|M|).

3. By using the definite integral of the cost approximation and fixing the lower
bound at the beginning of the domain, one can obtain an expression for load
in terms of the upper bound. This can be used to compute the upper bound
of a unit load, and this load can be assigned to the first machine in the
cluster (My).

4. Having a domain interval for the first machine, we can now fix the lower
bound of the integral at its top, and proceed to find an interval for the
second machine to work on, etc.
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3 Model

This section introduces a simplified theoretical model of a distributed-memory
parallel computer, a data set, and a program to run on this set. The model is
restricted to homogeneous and fully interconnected computational clusters.

The following notation is introduced to distinguish the invocation of a function
f from its value. The invocation of f with the ordered parameter set X' =<
T1,T3, ..., Ty > will be denoted

MN(X') = Mf(z1, 12, .0y T (1)

Alternatively, Af is used for brevity where parameters are obvious or irrelevant.

The system as a whole can now be modelled in terms of a set of machines
M = {My, My, ..., My}, a set of data items X = {x1,z2,...,2,}, a program
expressed as a set of functions F' = { f1, fa, ..., fm}, corresponding cost functions
which map function invocations to the run time they require

(M) (F, X) — RT, (2)

and a transfer constant T° which expresses the time required to move a data
subset X’ C X from one machine to another, i.e. (T-|X’]) € R*.

With a model of the system in place, its behavior will be treated in terms of
queries and work distributions.

A query q is a finite, unordered set of function invocations:

q= {Afa(X1)7>‘fb(X2)7"'7/\fj(Xn)} (3)

such that X; UXoU...UX, C X and 1 <a,b,....j <m.
A work distribution W is a finite, unordered set of ordered pairs, each associ-
ating a machine with a function invocation:

W:{(Moca)‘fa)a(MBvAfb)w"a(MW)‘fj)} (4)

such that 1 <, 8,...,y<|M| =k and 1 < a,b,...,j <m.

Given a set of queries Q = {q1,q2, ..., ¢»} and a work distribution W, let W
denote the projection of W into a set of function applications. W will then satisfy
Q if and only if g1 Uga U ... U g, € Wy, that is, W satisfies () when it assigns
every function invocation in @ to a machine in M.

4 Semi-static Load Balancing Method

The basic observation which underlies this work is that the load arising from a
query set (Q can be written as the sum of costs of its function invocations, i.e.

ZENX) | A(X)) € Q. (5)

Assuming that the discrete ¢; may be approximated by some continuous func-
tion ¢; which shares its characteristics, we propose that the load due to f;
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may be approximated by [ ¢;(Af;(X))dX, which can be split into definite in-
tegrals

Zjt1 Tjt2 Tk

/ ci(Afi(X))dX +/ ci(Mfi(X)dX + --- +/ ci(Afi(X))dX  (6)
z; Tjt1 Th-1

covering the parts of the domain relevant to Q.

Deciding upon a balanced work distribution W which satisfies () amounts to
finding bounds such that the values of these definite integrals are equal, and as-
signing all points between bounds to the same machine. Note that this effectively
imposes a strictly increasing order on the domain, and that we can therefore
speak of "neighboring” machines as those working on adjacent subdomains in
this order.

Our method exploits this representation of computational loads for efficiency
through the empirical measurement of discrete cost functions and network trans-
fer speeds, and off-line construction of appropriate functions for cost approxima-
tion. Furthermore, the following technique for determining a work distribution
W from a query set @ is proposed:

1. Consider @, and determine which X’ C X are involved.

2. Compute total cost of Q by integrating all relevant cost functions across X',

Le. evaluate X; [ ¢;(Afi(X))).

Divide the total load by |M] to find a unit load.

4. Begin at the lower bound of X’, and determine successive upper bounds
throughout the the domain, using the integral of the cost approximation.

5. Construct W by assigning each bounded subproblem to a machine in M.

bt

Construction of Approximate Cost Functions

Simple continuous functions can be integrated analytically much faster than by
numerical approaches. Estimating the cost of a function where run time depends
strongly on the parameter values of each invocation, and these vary greatly
throughout the set, may create a problem.

One way to address this problem follows from the fact that our model makes
no assumption regarding the resolution of the measurements from which the
cost function is synthesized. This affords flexibility in the construction, since a
subdomain which displays great variability may be characterized by local be-
havior when it is dominant. While this will introduce some inaccuracy with load
estimates, it can maintain a reasonable representation of the cost involved in
assigning the local section to a single machine.

The negative impact of this technique is greater when a partition boundary
falls in a region where the cost function is a coarser measure of actual cost. The
cost of some inexpensive points will be overestimated, and the resulting skew
in overall balance will reflect the chosen precision of the cost function in that
region. The best tradeoff between the cost function’s accuracy and complexity
will be application-specific, but we note that as long as the size of the data set
outscales the number of machines and queries by several orders of magnitude,
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X

Fig. 2. Two overlapping queries and their intersection

there is considerable freedom to tailor cost approximations with limited impact
on accuracy.

5 Dynamic Load Balancing Method

The semi-static technique just described limits dynamic behavior, both for bet-
ter and worse - freedom of choice is restricted in terms of tuning dynamic op-
eration, but the the problem of selecting tasks for transfer is greatly simpli-
fied.

The dynamic features of our approach are driven by data locality. This is to
minimize communication, because of its cost compared to that of computation.
Data for the function applications of different queries may overlap, as illustrated
in Fig.[21 The total cost function will reflect this by an increase in the intersection,
meaning that a unit load will span fewer elements in this region after integration.
Correspondingly, a machine hosting data points in this region is responsible for
computing the functions from all relevant queries on those elements, and the set
of elements with lighter load will be proportionally smaller.

This consideration is the reason why data access must be read-only. The
situation would be severely complicated by overlapping queries which could write
different values to a point in their intersection.

Note that the presence of an intersection introduces a discontinuity in the
total cost function, while it remains locally integrable on either side of this dis-
continuity. The location of the intersection is known from the query set, and
the integrals of the separate functions are already known. Due to the linearity
of integration, this suggests that boundaries for a partition spanning this dis-
continuity may be found by integrating up to the intersection, and using it as a
lower bound for the sum-of-integrals inside the intersection. This can derive an
upper bound corresponding to what remains of the unit load, with the overhead



204 J.C. Meyer and A.C. Elster

of computing two sums of functions at either end of an intersection. In the worst
case, this overhead will be proportional to the number of queries.

5.1 Load Evaluation

Load evaluation must initially determine whether the query set has changed
since the load was last balanced, which amounts to examining present query set,
and comparing it to the last query set.

If a difference is found, load evaluation must facilitate profitability determi-
nation by finding a better partitioning of the present query set by using the
integrals of the predetermined cost functions.

5.2 Profitability Determination

In case the queried domain has expanded, new data items must be brought into
the computation irrespective of profitability, to keep the system functional.

Otherwise, comparing the previous partitioning with the new estimated parti-
tioning of the altered load yields a set of differences in terms of data points. The
cost of proceeding without rebalancing can be computed from integrating the
cost functions of the present query set on the intervals indicated by the previous
partitioning.

To determine whether it is profitable to rebalance the load, we consider the
network transfer rate T' in our model.

Rebalancing is profitable if and only if the time lost to transferring data is
smaller than the estimated time won by rebalancing.

5.3 Work Transfer Calculation

The work involved in work transfer calculation has mostly been covered by the
load evaluation phase. The remaining work breaks down into these points:

1. Review the results of the load evaluation, and determine if any machines
have been deprived of their entire workload due to changes in the query set.

2. If any such machine exists, it should be assigned the domain segments which
cause the greatest imbalance of its neighbors. As mentioned before, if a new
query has arrived, that must take priority here.

3. If a total reassignment of machines has occurred, the boundaries of the |M|
subdomains in the data domain must be recomputed to adjust for the update.

5.4 Task Selection

Due to the order imposed on the data set, and the procedure described so far, we
already know how far lower and upper bounds must be shifted for each machine
in order to restore balance, which gives us the transfer set.

This simple selection of a transfer set is an effect of only considering domain
neighbors for work exchange - Watts and Taylor [3] point out that the general
problem of task selection is NP-complete. As we cannot guarantee the optimality
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of the selected transfer set without examining every possible transfer combina-
tion, the data set order is used (and thus, maintained) without proof of being the
optimal choice. This saves effective computation time otherwise lost to finding
an optimal set. At this stage, the balance already computed has been evaluated
for profitability, and has been found to save time even if it may not be optimal.

5.5 Task Migration

As each participating computer has two neighbors in the ordered domain, task
migration amounts to exchanging boundary areas on all machines in parallel,
proceeding in two phases; one for the upper neighbor, one for the lower.

6 Experimental Results

As the dynamic features of the proposed method mostly follow from the semi-
static features, it is essential to show that the cost approximation is an effective
and efficient load measure. Two experiments are presented, indicating that the
semi-static features require negligible runtime, and that effectiveness is related to
the precision of the approximating function. Dynamic behavior is not examined
empirically.

Both experiments attempt to partition the work load of deciding primality
of natural numbers on the domain [2,107] by trial division. The purpose of the
work load itself is purely illustrative. Primality by trial division was chosen for
its nonuniform runtime across the domain: Best and worst cases of run time vary
from 1 to y/n trial divisions, and cases are mixed throughout the domain in an
undetermined pattern.

As discussed in subsection Fl we construct the cost function by measuring
performance over intervals, and approximating cost by the locally dominating
behavior. We therefore expect run time at a point n to grow approximately with
v/n, and with noise due to the variable density of primes.

6.1 Preparations

The preparations for the experiments consisted of timing executions of the trial
division method. As indicated above, timings were collected from repeated calls
across a small interval, to elicit some measure of predictability from each sample
point. These can then be approximated by a simple integrable function.

6.2 Experiment 1

The first experiment attempted to approximate the run times purely by scaling
the square root function to match the empirical values (¢(Af(z)) = a-+/z). This
cost function was analytically integrated, and the resulting expression was solved
directly with respect to upper bounds.

Dividing the load in 2 through 8 partitions resulted in the balance detailed
in Table [l The greatest difference column details the difference between the
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Table 1. Results from experiments 1 and 2

Parts|{|E1 Run time|Greatest diff.|Imbalance|{E2 Run time|Greatest diff.|{Imbalance
2 24.438 s 2.008 s 8.21 % 23.508 s 0.141 s 0.60 %
3 16.828 s 2.039 s 12.12 % 15.672 s 0.117 s 0.75 %
4 12.836 s 1.625 s 12.66 % 11.820 s 0.195 s 1.65 %
5 10.430 s 1.524 s 14.61 % 9.695 s 0.492 s 5.07 %
6 8.875 s 1.453 s 16.37 % 8.141 s 0.453 s 5.56 %
7 7.688 s 1.407 s 18.30 % 7.211 s 0.609 s 8.45 %
8 6.820 s 1.406 s 20.62 % 6.267 s 0.556 s 8.87 %

queries which took the shortest and longest time, while imbalance is the greatest
difference as a fraction of total run time.

The time required to compute the partitioning of the domain was recorded
using the same system clock as the measurement of the run times, but did not
register at all on the time scale of the computation. We hence claim that the
performance impact of such a balancing method upon a real-time system working
on this scale would be insignificant.

6.3 Experiment 2

The second experiment was motivated by the fact that inaccuracies in the first
approximation resulted in an imbalance of % of total run time already by an 8-
way partitioning. While the test load was selected to be nonuniform, it was still
possible to create a better approximation, as the deviations between theoretical
and empirical values were known.

The second experiment increased precision by examining these deviations and
introducing a linear correction term into the approximation (¢(Af(x)) = a-/x+
b-x+d).

As witnessed by the results in Table [I this small improvement in approxi-
mation more than halved the level of imbalance in the resulting partitionings in
the worst cases.

The resulting integral was not as easily solved with respect to boundaries as
previously, so in place of a direct solution, a Newton/Raphson iterative scheme
for finding roots was employed. Some performance penalty was expected for this,
but in practice the timing of the balancing routine itself was still impossible to
measure on the same scale as the rest of the computation.

7 Conclusions and Further Work

We have demonstrated that we can find a load balanced partitioning of a com-
plex, static, nonuniform dataset with almost no overhead. Hence, our method is
considered usable under soft real-time requirements. Preprocessing is necessary
to find an efficiently computable expression for computational loads.

The developed method fits our motivating application, as the data sets it
renders are immutable at run-time, and large relative to the number of clients.
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Load balance alters in real time as clients change their selection of data or analy-
sis function. Using predetermined set profiles with respect to analysis functions,
the method can determine a balanced data distribution on a visualization cluster
very inexpensively, so as not to delay rendering.

The results presented indicate that the precision of this technique can be
increased in some proportion to the amount of resources spent on cost function
construction, and that the technique thus affords some flexibility for making
implementation-specific choices in the tradeoff between accuracy and speed.

Natural extensions to this work include measuring efficiency when dynamic
behavior is incorporated, and quantifying the relationship between the accuracy
of cost approximations and their complexity.
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Abstract. HPC users frequently develop and run their MPI programs
without optimizing communication, leading to poor performance on clus-
ters connected with regular Gigabit Ethernet. Unfortunately, optimizing
communication patterns will often decrease the clarity and ease of modi-
fication of the code, and users desire to focus on the application problem
and not the tool used to solve it.

In this paper, our new method for automatically optimizing any ap-
plication’s communication is presented. All MPI calls are intercepted by
a library we inject into the application. Memory associated with MPI
requests is protected using hardware supported memory protection. The
request can then continue in the background as an asynchronous oper-
ation while the application is allowed to continue as if the request is
finished. Once the data is accessed by the application, a page fault will
occur, and our injected library will wait for the background transfer to
finish before allowing the application to continue. Performance close to
that of manual optimization are observed on our test-cases when run on
Gigabit Ethernet clusters.

Keywords: MPI, Automatic Optimization, Memory Protection.

1 Introduction

Optimizing for parallel machines requires extensive knowledge of both general
optimization techniques and specific hardware and software details of the ma-
chine to use. Any non-trivial parallelization will add some overhead for commu-
nication. For example, when parallelizing Game of Life, an iterative 2D partial
differential equation solver (PDE) or any other kind of grid-based domain, each
iteration requires the border data of its subdomain to be exchanged with the
"neighbors”.

The goal of our new method presented here was to achieve a solution that
automatically optimizes the communication of MPI [II2] programs. The solution
should not require any user intervention at all to be enabled, and should ideally
be fully usable on all MPI based parallel architectures.

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 208}-217] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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It is important that the solution does not in any way alter the result of the
MPI program, so we have to make sure any optimizations done do not alter the
data flow of the program, only the communication. The only difference the user
should notice, should be an improved wallclock running time.

A more detailed description of the implementation and more extensive bench-
marking may be found in [3].

1.1 Previous Work

Much work has been done on optimizing the individual MPI functions. Some of
these are inspired by the ATLAS (Automatically Tuned Linear Algebra Software
[4]) idea of taking a basic routine and trying thousands of small variations until
you find the specific set of parameters that is perfect for the architecture you are
compiling on. Faraj and Yuan [5] have presented such a method for automatically
optimizing the MPI Collective subroutines, and @stvold has presented numerous
ways of timing collective communication [0].

Ogawa and Matsuoka [7] used compiler modifications to optimize MPI. The
compiler would recognize the MPI calls in a program, do a static analysis to
find out what arguments are static and then create specialized MPI functions
for that program. However, they did not turn synchronous communication into
asynchronous. With the introduction of interprocedural optimizations such as
those available in the Intel C++ Compiler [§], such optimizations can be ex-
tended to all function calls and not just MPI Calls. Unfortunately, this type of
optimization requires recompiling the program and for optimal results require
several passes of profile-guided-compilation, which increases the amount of work
a user has to do before running his program.

The inspiration for using the page protection mechanism and runtime anal-
ysis of program data comes in part from the work done by the DUMAJ9] and
Valgrind[10] projects.

A more user-involved approach to optimization has been presented by Jost
[11], which build an expert system based on profiling data to aid the user in
their optimizations. Their paper is based around OpenMP, but we believe the
instrumentation provided by methods presented here could be used to extend
such approaches to work with MPI.

Karwande et.al. have presented a method for compiled communication (CC-
MPI), which applies more aggressive optimizations to communications whose
information are known at compile time [12].

1.2 Motivation

To see how much the potential gain for this idea was, we implemented a Red-
Black 2D SOR Solver [13] using three different methods of exchanging borders.

The first method uses MPI_Sendrecv 4 times. It first sends 'top’ and receives
"’bottom’, then the same for the remaining 3 borders. This is the easiest to code,
and allows easy and intuitive understanding of what happens.
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The second method uses MPI_Isend and MPIIrecv (asynchronous opera-
tions), and then waits for all 8 requests to finish. This is just a little bit more
code, but requires the user to think carefully about what operations can be done
concurrently with each other, and which operations can be done concurrently
with computation. It is also less intuitive to read that the first method.

The third method computes the new value for the cells along the borders first,
and then exchanges these with MPI_Isend and MPI Irecv in the background
while the interior cells are updated. Coding this way caused the communication
code to become 5 times the number of codelines used in the first method, and the
code was no longer intuitive and easy to understand. Furthermore, at least with
MPICH 1.2.7, independent progress (fully asynchonous background transfer)
only happens if the amount of data to send is small enough to fit in the OS
network buffer (typically 64kb).

Benchmarking these methods on a Pentium 4 cluster using MPICH 1.2.7
showed that just using MPI_Isend gave a significant speedup for small problem
sizes, and the full overlapping provided just marginal speedup on top of that
(see Table[lin the Results section for details).

Using blocking functions, the MPI_Sendrecv calls are executed in sequence, and
this makes the application vulnerable to latency issues. The datasize in each trans-
fer is so small that most of the transfer time is not spent physically transfering data
on the wire, but in OS overhead. Additionally, the receiving machine will receive
an interrupt which must be handled and the data must be copied to userspace
before the transfer is done. The physcial network is idle during most of this time.
By using MPI_Isend and MPI_Irecv we simply make sure we only have this very
long wait once for each group of transfers instead of once per transfer.

2 Protected Asynchronous Transfers

2.1 Overview

Our goal is to show that, by using certain safeguards, it is safe to turn any
synchronous request into an asynchronous one.

Our first method (paging) uses the hardware page protection mechanism to
protect the memory associated with each request. While the transfer occurs in
the background, the application is allowed to continue. If the protected memory
is accessed, the application is paused until the background transfer is complete.
This way, no change of logic in the application is necessary, we just postpone
waiting for data until it’s actually needed.

The second method (chaining) improves upon paging by recognizing chains of
requests without any computation in-between them. The chains are recognized
at run-time by our library, and when the start of such a chain is encountered, we
allow the requests to proceed in the background. Once the last request is issued,
we wait for all of them to complete. Hence, we use the paging to verify that the
requests in a chain are isolated from other requests and computation, and after
that we gain the benefits our paging method provides without the overhead of
updating hardware paging tables.
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2.2 Process Injection

Since it was a design goal that the users should not have to change their code at
all when using our new method, the first challenge was how to place ourselves
between the application and MPI. Our implementation therefore allows for the
choice between run-time and static injection.

Run-time injection has the advantage that it can be used for precompiled
programs, and may also be used for programs that call MPI through another
library or is even written in another language (Python, Java etc). At the moment,
run-time injection only works if MPT itself is a dynamic library. Our initial work
recognized the specific parts of an executable that contain the MPI library.
However, such recognition is impossible if the library is compiled with inter-
procedural optimizations, as that may make the library functions inlined in the
user’s code.

Static injection (compile-time) works by overriding mpi . h with our own header
which wraps the calls we want to intercept. Therefore, it is a much cleaner
solution which also works with highly optimizing compilers, but it is then no
longer possible to update our injected library without recompiling.

2.3 Marking Memory

When an overridden synchronous MPI function is called and turned into an
asynchronous one, we need to track the memory area in use.

For a send request, we perform a heuristic on the datasize. If it is small
(contained within one memory page), we simply copy the data to a new buffer
and start the send in the background. The application is now free to modify the
original buffer without affecting the background transfer. If the request is large,
we protect the memory pages the buffer occupies so that they are read-only.

For a receive request, we always protect the application memory and start the
transfer in the background to a separate buffer. Once complete, we copy from
this buffer to the application memory. If we had write-only memory protection,
we could deny the application read access while still allowing MPI to write
the incoming data to memory, but unfortunately no current memory protection
hardware implements write-only protection [14].

The result of this is that the application will not actually stop until it touches
an address that is still being transferred. At that point, a page fault will occur
which calls our page fault handler, which simply waits for the request to finish
before unprotecting the pages and allowing the application to continue. As such,
the computation flow of the application is unchanged, and we avoid any deadlock
issues. If the application calls MPI_Finalize before touching the data, we also wait
for the communication to finish and restore the state of the page table before
allowing the application to continue.

2.4 Using Memory Paging to Control Application Access

The foundation for allowing ”safe” background transfer is denying the original
application access to its own memory. We do this by using the standard page



212 T. Natvig and A.C. Elster

protection feature found on all modern CPUs. This is normally used to imple-
ment swapping and virtual memory. When the OS runs low on memory, it will
mark a few pages in virtual address space as inaccessible, and copy the contents
to disk, thereby freeing up physical memory. When the application tries to access
the memory, a page fault occurs, and the OS copies the data back and marks
the page accessible again.

We are only interested in the marking of memory (using standard UNIX
mprotect () or Win32 VirtualProtect()), so when we are talking about page
faults here, it is just a page fault in virtual memory. No disk I/O is performed.

As mentioned, most memory protection implementations today suffer from
write-implies-read and read-implies-execute. Hence, it is impossible to get a
write-only page. If you ask for write-only, what you get is a page with all per-
missions.

Furthermore, memory protection operates on a whole memory page (usually
4096 or 16384 bytes). You cannot protect just part of a page, so if you protect
just a single byte, any other variable occupying the same memory page will be
protected as well.

2.5 Overlapping Requests

When tracking memory, we need to be careful about overlapping elements and
overlapping pages. Overlapping elements happens when two requests need to
access the exact same memory location, while overlapping pages happens when
two requests needing access to the same page.

For overlapping elements, the order of send operations is irrelevant, and any
number of them can be done simultaneously. However, if a receive operation oc-
curs, any other operation already started must complete, and no other operation
can start until the receive operation has completed.

When two requests share the same page, we need to pay attention to what
mode was used to start the previous operation on the same page. If we were
to start a send operation, and a receive operation is in progress on the same
page, it means the page is already protected. If we have determined that the
actual elements don’t overlap, we have to unprotect the page, copy out the data
to send, and then reprotect the page. Similarly, if send operations are already
enroute and the page is read-only, we can’t change the protection of the page
to no access as that will just make the MPI library cause a page fault, so we
have to wait until they are done before we change protections. Shared pages
also makes the pagefault handler quite complicated, since it has to wait for all
requests that might share a page to complete before unprotecting it and allowing
the application access.

It should be noted that since our method works on the process level, the
method works equally well for single-threaded and multi-threaded applications
as well as MPI implementations.

Figure [0 shows a theoretical example of all the requests for a classic Jacobi
PDE solver with an 8x8 local grid, 1 layer of shadow cells, and a theoretical page
size of 128 bytes. Each row represents one page in memory, and each color is a
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Fig. 1. Left: Memory cells used by border exchange in Jacobi PDE Solver. Right: Cells
shown in structured form.

separate request, with bright colors being sends and dark colors being receives.
No receive requests have overlapping elements, but the sends do for the corners.
Additionally, the only requests that do not share pages are the ones for the top
and bottom.

Detecting overlapping elements is computationally expensive due to the com-
plete freedom one has to design MPI datatypes. We have chosen to simply look
at the start and end addresses of the memory the request touches, but for the
example shown here, that will clearly prevent concurrent transfers in cases where
it should be possible (such as the east/west exchanges).

2.6 Chains of Requests

Protection of memory may generate some overhead when updating the pageta-
bles. To avoid this, we have a refinement of our method — recognizing frequently
performed operations that belong together and avoid protecting memory.

A chain of requests is any phase of the program that is pure communication
and consists of more than a single transfer. For example, for most domain de-
composited programs, the exchange of borders is a chain of requests as it consists
of multiple MPI calls without any computation or other use of the transferred
data in between the calls.

By recognizing such chains, and the knowledge that the majority of communi-
cation improvements are in communicating with multiple neighbors simultane-
ously, we can avoid the overhead of page protection by allowing the requests to
start background transmission and wait for all outstanding requests at the end.

It is important that chains be remembered, since only once we have great
confidence that a chain is identical for every iteration, can we perform this trick;
otherwise the ”end of chain” might never happen and the program might read or
write unavailable data. If the application suddenly changes behavior, for example
by switching solvers after a certain amount of iterations, this may cause data
corruption as well. Currently, the best we can do is detect this and inform the
user that data corruption might appear.

Our implementation generates a signature of all MPI calls, and once a series
of specific signatures have been observed repeatedly, this is treated as part of
an inner loop. No memory protection will be done, and we instead wait for all
communication to finish at the last request in the chain.
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Table 1. Results on Gigabit Ethernet cluster: Average iteration execution time in
milliseconds of automatically optimized nxn 2D SOR PDE solver compared to manual
optimization on a 16 node cluster

Method n = 128|n = 256|n = 512|n = 1024|n = 2048|n = 4096
MPI_Sendrecv 1.14 3.01 3.01 3.49 6.05 16.98
MPI Isend 0.36 0.99 1.00 1.97 4.48 14.09
Full overlap 0.35 0.99 1.00 1.15 3.87 13.84
Paging 0.92 1.13 1.32 2.94 6.34 22.01
Chaining 0.43 1.07 1.06 2.04 4.55 14.17

3 Experiments and Results

We implemented a Red-Black SOR 2D PDE Solver as it is a good representation
of 2D communication patterns. Additionally, its alternating red and black cells
stress our method by forcing it to operate under less-than-ideal conditions as it
only operates on interleaved data with no contigous blocks, and has a very high
degree of overlapping between the requests.

3.1 Results from Optimizing Library

The three versions (original naive implementation and two manually optimized
ones) are compared with the automatically tuned program (which is done by
injecting into the MPI_Sendrecv version). We ran these benchmarks on numerous
machines. Table [[l shows the numbers from our cluster (3.4 GHz Pentium 4 with
Gigabit Ethernet using MPICH 1.2.7).

For comparison with dedicated high-speed interconnects, Table 2l shows the
results when we tried the same method on a 16-way Altix 350 Itanium 2 machine.

As can be seen on Figure @] Paging has considerable overhead, but even
with this overhead, good results are achieved on small data sizes. Once the
data size increases, multiple pages need to be protected and the latency part
of the communication is no longer as dominating, so we end up with a slow-
down.

When we enable the recognition of chains, performance is close to that of
manually optimizing the program. There is still a small overhead, as the first

Table 2. Results on Altix 350: Average iteration execution time in milliseconds of
automatically optimized 2D SOR PDE solver compared to manual optimization on
16-way shared memory machine

Method n = 128|n = 256|n = 512{n = 1024(n = 2048
MPI_Sendrecv 0.12 0.22 0.59 1.92 8.00
MPI_Isend 0.11 0.21 0.55 1.87 7.80
Full overlap 0.11 0.20 0.54 1.80 7.36
Paging 0.44 0.64 0.96 2.58 8.60
Chaining 0.21 0.31 0.66 1.96 7.91
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16-node Gigabit Ethernet cluster 16-way SGlI Altix 350

Manual ISend —+— Manual ISend —+—

Manual Overlap —»— Manual Overlap —»—
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Unoptimized Code Unoptimized Code

os | ] 0s »’/j/’/u
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128 256 512 1024 2048 128 256 512 1024 2048
Problem size Problem size

16 node cluster Altix 350

Fig. 2. Speedup of automatic optimization and manual optimization measured relative
to unoptimized code

few iterations will be performed with full memory protection to ensure the chains
are valid and don’t cause data corruption.

The overhead of memory protection and copying far outweighs the benefits
on the Altix 350, which is to be expected. After all, an MPI_Sendrecv operation
is simply a memory copy which might be done cache-to-cache. It is only for the
really large datasizes (n > 2048) that any benefit was seen, and then only with
the chaining versions.

4 Conclusion and Future Work

We have implemented, tested and verified a novel method for automatic run-
time optimization of communication patterns. Our method requires little or no
user intervention and, when paging is always enabled even for chained requests,
cannot break data flow.

Our method is fully transparent, so a system administrator might install the
static injection as part of the mpicc system, and users would not notice anything
but a small speedup of their programs.

On clusters with regular Ethernet interconnects, the improvements make nor-
mal applications based on MPI_Sendrecv rival those written with MPI_Isend.
This allows users to think and write using simple communication patterns which
leads to greater productivity and faster application development for them, and
it lets us focus on the optimization part at run-time.

4.1 Current and Future Work

It would be beneficial to add the call-return address to the signature of the
request, to make sure the request originated from the exact same point in the
source code as well. Currently, if two completely different places in the source
code transfer with the exact same parameters, the signatures would be identical.
Initial testing shows that if this happens, it will preclude chains from building
up confidence as the ”same” request has different requests around it.



216 T. Natvig and A.C. Elster

At the moment, we use a very simple test for overlapping regions of data; if the
upper and lower bounds intersect in any way, it’s an overlap. However, this gives
us a lot of false positives. Unfortunately, proper analysis of overlapping elements
is computationally expensive and is likely to generate more overhead than we
could gain. We are currently working on using only rudimentary analysis during
the paging phase, but if enough confidence is achieved so that we move into
chaining, we can do the expensive analysis only once. As long as the signatures
stay identical, two requests that didn’t overlap the first time will not overlap
later on. By delaying until we reach the chaining phase, we also ensure that the
added overhead will be spread over many following iterations.

We are evaluating different models for communication performance that can
be evaluated and updated in real time. With such models, we can predict how
long a transfer will take. If we have no choice but to wait for communication in
our pagefault handler, we can then estimate how long the wait will be, and if
sufficient time will pass we can start doing the expensive overlap analysis and
more indepth chain analysis.

While it will be limited to just one OS (Linux kernel based ones), a kernel
module that enables per-thread page manipulations would enable us to let the
MPI library do its work from a separate thread without page protection, thereby
reducing the amount of copying needed. Doing so would add some overhead in
keeping the page tables consistent, and we would still need to flush the TLB
when switching between the threads or updating the page tables.

We see a potential for allowing partial unlocking of a message. For the SOR
case, on the left and right sides, unlocking half the pages touched once half the
transfer is complete would allow half the computation to finish while we finish the
last half of communication. While such a method would add overhead, it is better
than simply waiting for communication to finish. Unfortunately, there is no good
way to measure the progress of a MPI transfer, as it’s either done or not done.
Such a method would require some modification of the underlying MPI library.

Our method currently fails for applications that use messages for other things
than data transfer. For example, if you use messages reception as a method of
synchronization, our method will break the synchronization as it will allow the
application to continue even before the message has arrived.
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Abstract. Snow is a familiar scene in the Nordic countries during the
winter months. This paper discusses some of the complex numerical algo-
rithms behind snow simulations. Previous methods for snow simulation
have either covered only a very limited aspect of snow, or have been un-
suitable for real-time performance. Here, some of these methods are com-
bined into a model for real-time snow simulation that handles snowflake
motion through the air, wind simulation, as well as accumulation of snow
on objects including the ground. With our goal towards achieving real-
time performance with more than 25 frames per second, some new paral-
lel methods for the snow model are introduced. The algorithms are first
parallelized by dividing the data structures among threads. This scheme
is then improved by overlapping inherently sequential algorithms with
computations for the following frame, to eliminate processor idle time.
SMP and multi-core systems are considered.

Keywords: Parallel Computing, Computer Graphics, Simulation, Snow.

1 Introduction

Realistic visualization of natural phenomena has been subject to intensive re-
search for decades. Together with the tremendous increase in compute power,
this has indeed resulted in beautiful imagery both in still images, animations,
and computer games. Still, there is an ever present demand for further develop-
ments in the field with respect to both realism and speed, as well as utilization
of the seemingly ever increasing power available in today’s computer hardware.
Snow, a familial natural phenomenon in the Nordic countries, has the ability
to completely change the mood and appearance of a scene. From a computer
graphics point of view, snow can therefore be used to create evocative and real-
istic looking scenes. Despite this great visual significance, realistic and real-time
snow modeling has been given little attention in computer graphics research.
The main characteristic of today’s microprocessor design is the increased level
of parallelism. As the dual- and multi-core processors are entering the consumer
market with full momentum, parallelism traditionally found only on high-end
servers and supercomputers is becoming available for the man on the street. This

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 218@, 2007.
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introduces new challenges with respect to exploiting these new architectures for
maximum performance.

This paper presents new methods for utilizing parallel computer systems to
achieve real-time performance of already known algorithms for snow visualiza-
tion. These algorithms are analyzed with respect to the real-time requirement,
visual quality and parallel efficiency. Finally, an optimized, parallel implemen-
tation of these algorithms is presented.

2 Previous Work

2.1 Falling Snow

Two main approaches can be found in previous work on rendering falling snow;
billboards and particle systems. Billboard techniques creates the appearance of
snow by rendering an image of snow on a distant object, or on a transparent
plane in front of the camera. The effect of falling snow in real-time can also
be obtained by rendering snowflakes to a texture that is composited onto the
scene [I].

On the other hand, the particle system approach [2] is the most physically
realistic, as it treats each individual snowflake as an object whose motion is deter-
mined by the influence of various forces in 3D. This requires that each snowflake
is handled separately for updating and rendering, and is more expensive in terms
of processing power.

Moeslund et al. [3] use a physically based model for the forces acting on falling
snowflakes that is based on the particle system approach. The model identifies
four main forces; drag, lift, gravity, and buoyancy. The drag force is the result
of the difference in speed between the object and the surrounding air:

V2 o .m, .
Firag = 108 (1

mazx,z

The direction of the force is the same as V fjyiq, which is the velocity of
the surrounding fluid. mgpew is the mass of the snowflake, and V45, . is the
maximum velocity the snowflake achieves when falling freely in the z-direction
(upwards). The lift force is the cause of the seemingly random side to side motion
of heterogeneous falling objects, and is modeled as a spiral path. Gravity and
buoyancy are constant forces. These forces are finally combined with Newton’s
second law of motion, to calculate new positions for the snowflakes for each
frame.

2.2 Wind

Wind is of the utmost importance in order to simulate the motion of snowflakes.
The basic idea is to simulate a wind field, or more specific, a velocity field, to
simulate the force that the air exerts on the snowflakes. Notice that the wind
velocity is needed in Equation (). Two main methods have been identified
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for wind simulation; Computational Fluid Dynamics (CFD) and the Lattice
Boltzmann Model (LBM).

CFD is based on the idea of simplifying the Navier-Stokes equations (NSE)
to make them computationally feasible for fluid simulations. Much work has
been performed in this area. A numerical finite-difference scheme for solving
the NSE is introduced in [4]. This scheme is improved in [5] that presents an
unconditionally stable method for the finite-difference term, and a method to
compensate for numerical dissipation is presented in [6].

LBM takes a different path, by building on the concept of lattice gas automata.
This is discussed in detail in [7] and a method that uses the GPU (graphics
processing unit) to achieve real-time performance is discussed in [§].

2.3 Accumulating Snow

There are many different approaches to the visualization of a snow cover. Two
important distinctions can made based on the methods found in previous work;
the amount of necessary computing resources, and how much work is needed
beforehand by the modeler to place the snow. The most common technique is to
use textures with snow patterns to make objects snow-like. While being simple
and cheap, it does not look very realistic, works only for small amounts of snow,
and requires much manual work to place the textures beforehand.

One method uses hardware accelerated features of the GPU to generate a
snow cover texture on objects exposed to the sky and requires no extra modeling
effort [9]. Another method places height matrices on all surfaces that can receive
snow, to store the snow depth [10]. When snowflakes hit a surface, the nearest
height value is increased. To render the scene, triangulations are created from
the height matrices, and rendered using Gouraud shading by means of OpenGL’s
functionality to efficiently do so. Both of these methods work in real-time.

Of the methods not intended for real-time rendering, the most successful one
generates a thick snow blanket on the scene with minimum modeler interaction,
taking advanced features such as avalanches into consideration [II]. Another
method [I2] uses the fluid simrrulation from [6] to calculate how the accumulat-
ing snow is affected by wind. Snow is accumulated by storing the snow depth on
the horizontal surface of voxels marked as occupied.

2.4 Parallel Methods for Visualization of Snow

The literature is sparse with respect to the direct application of parallel com-
puting to snow simulation. A CM-2 supercomputer has been used to simulate
a particle system [2]. The unconditionally stable fluid simulation [5] has been
parallelized [I3]. Optimized, parallel algorithms for visual simulation of smoke,
based on [6], are discussed in [I4]. Smoke simulations are also relevant, because
the parallelization techniques for the underlying fluid simulations can be used
when simulating wind.
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3 Snow Modeling

Our model for real-time visualization of snow consists of three main components
based on known methods from previous work; falling snow, wind, and accumu-
lating snow. These components are based on known theory from previous work,
that is suitable for real-time application and parallelization. However, some vi-
sual quality may be sacrificed to reach the necessary performance.

3.1 Simulation Model

The method presented in [3] is used for falling snow simulation. This method has
been chosen because we need to track the 3D positions of snowflakes to decide
where to accumulate snow. In this model, the position and velocity of each
individual snowflake is tracked and updated according to the forces described in
Section 1] by using Newton’s 2. law of motion.

For wind simulation, CFD is chosen, and is largely based on [Bl6], with the
vorticity confinement term left out. The main reason is that it is a well-tried
theory, and some work on parallelizing the algorithms has been attempted. Refer
to the original articles or [I5] for a more thorough derivation of these algorithms.
Basically, it consists in approximating the incompressible Euler equations:

V.u=0 (2)
ou
g —(u-V)u—Vp (3)

The main steps in this algorithm are:

1. Solve for the first term in Equation [ by self-advecting the velocities back-
wards in time using the unconditionally stable method of [0, creating a
temporary velocity field w*.

2. Create right hand side vector of linear system resulting from the Poisson
equation derived in [4U516].

3. Solve the Poisson equation using the SOR, algorithm. SOR is chosen because
of its parallel properties, as described later.

4. Project u* into a new velocity field w for the next frame, using the result
from step 3.

For snow accumulation, the height matrix method from [10] is used. For each
frame, the objects are checked for intersections with snowflakes. If a hit occurs,
the nearest snow height value is increased. In the original paper, it was suggested
that the method should be extended with wind, as is realized in this paper.

3.2 Rendering

Realistic and efficient rendering of individual snowflakes is beyond the scope
of this paper. The rendering has therefore been kept simple, by representing
snowflakes with three rectangles that are perpendicular to each other. As most
snowflakes are far away from the viewer, this approach works well.
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Fig. 1. Overview over units of work and the data flow between them. The numbers
indicate the number of subtasks that can be executed in parallel, where n is any number.

Rendering of the snow cover is realized in the same way as in [I0], which
creates a triangulation based on the snow height values. Rendering is done using
the shading capabilities of OpenGL, but to calculate normal vectors quickly, an
approximation based on gradient vectors is used.

3.3 Complete Snow Model

Figure [l shows how we have put together the components for the snow model.
The pieces are not new, but, as far as we know, a real-time snow model including
all of these features together has not been proposed before.

The first step for computing a new time-step, is to update the wind field. This
is achieved with the four step fluid simulation already described. To update the
snowflake positions, the velocity field of the wind simulation is used in the falling
snow algorithm from [3]. When the snowflakes have been moved, they are checked
for collisions with objects in the scene. If there has been a collision, the nearest
height value is increased. After the intersection testing has completed, a triangle
representation is created of the height values. Finally, the snowflakes and snow
cover triangles are rendered using OpenGL.

3.4 Profiling

To see how the implementation behaves without regard to any parallelization, it
was profiled in sequential mode. The GNU Profiler (gprof) was used to generate
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Fig. 2. Profiling results of sequential version with the default configuration

the profile, with one processor and our default size scene with a 40x40x10 wind
field resolution, 20,000 snowflakes, and 12,050 triangles in the snow cover. The
distribution of time spent is shown in Figure 2

The profile shows that the simulation of snowflake movement and wind field
simulation are the most resource hungry components of the model, together
occupying 79% of the execution time.

3.5 Parallelization

To achieve better performance and allow real-time simulation of bigger scenes,
the algorithms are parallelized. The computationally significant routines are
loops over arrays of model data and because computations in each iteration
are independent of the other iterations, they can easily be distributed among
threads. However, it is not obvious how the successive over-relaxation (SOR)
algorithm can be parallelized similarly. Our approach here is to disregard any
data dependencies in the algorithm. Even though this may yield incorrect re-
sults, it has proved to be a sound optimization, without any visible degrada-
tion.

One great source of parallel inefficiency is rendering. Because only one thread
is allowed to make calls to OpenGL, all but one thread must wait while this
thread is doing the rendering. However, the wind computations for the following
time-step do not depend on the completion of the rendering step. We therefore
use the same idea as presented in [I4]. By letting fluid simulation computations
for the next time-step start before rendering has completed, we eliminate pro-
cessor idle time. This is illustrated in Figure Bl and @l Also, by using double
buffering, we can overlap snowflake computations and rendering.
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Data-parallel:

Frame n Frame n+1

Thread1: SA1 BpV1 SOR 1 PR1 SF1 SC1 SA1 BpVi SOR 1

Thread2: SA2 BpV2 SOR 2 PR2 SF2 SC2 SA2 BpV2 SOR 2

Fig. 3. Data-parallel implementation

SA1 BpVi SOR 1 PR1 SF1 SC1 Render SOR 1

SA2 Bpv2  SOR2 PR2 SF2 SC2 SA1 SA2 BpVi Bpv2  SOR2

Fig. 4. Data-and-task-parallel implementation

4 Results

Figure [ shows the visual results of our snow simulation. Performance results
are given in Figure [6] which shows that, for the largest scene, we get a 1.79
speedup on a dual CPU computer. The performance gain of introducing the
task-parallelism is actually 29%, which is much better than we would expect
because the rendering takes only 8% of the time in sequential mode in Figure
Bl Also, for the two largest scene sizes, the parallel simulations reach real-time
frame-rates, while the sequential do not.

5 Discussion

This project has successfully demonstrated that it is possible to combine complex
snow simulations with the requirements of real-time performance in order to
obtain realistic, real-time calculated snow scenarios. The key point to achieving
this is to keep both the simulation calculations as well as the rendering simple
by , for instance, stopping the wind simulation after the wind field has reached
a stable state and only using three triangles for each snow flake. Intersection
testing was, however, not performed with vertical surfaces. Including this would
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Fig. 5. Simulated snow scene, running at 37.5fps. The scene includes 30,000 snowflakes,
20,800 snow cover triangles, and the wind field resolution is 48x48x12 grid points,
running on a 3.2GHz P4 dual CPU workstation. This is the large scene in Figure

Small Default Large Gigant

‘. Data-paralle! [l Task-parallel

Small Default Large Gigant
Wind field resolution 20x20x5 | 40x40x10 | 48x48x12 | 54x54x9
Number of snowflakes 5 000 20 000 30 000 40 000
Triangles in snow cover 5 352 12 050 20 800 21 760

Data-parallel frame rate| 133.2 45.8 29.5 23.4
Data-parallel speedup 1.24 1.42 1.43 1.39
Task-parallel frame rate| 173.3 58.0 37.5 30.0
Task-parallel speedup 1.61 1.80 1.81 1.79

Fig. 6. Speedup comparison between data-parallel and task-parallel implementation on
a Pentium Xeon 3.2GHz dual CPU workstation with NVidia Quadro FX3400 graphics
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make snow scenes more realistic than the one depicted in Figure [l by making
snow stick on vertical surfaces as well.

Even though the snow simulation runs in real-time, it may be problematic
to use it in other contexts. The reason for this is that it utilizes two CPUs to
their maximum, leaving no resources for other tasks. Feasible solutions to this
may be to use more CPUs or cores, as future processors are likely to have much
more than two cores. The growth of multi-core systems was in fact one of the
main motivations for this project, but the circumstances did not allow trying
this new architecture. Concerning rendering, the limiting factor seems to be the
data traffic to the GPU, so a possible solution here might be to use the GPU to
take some load off the CPUs.

6 Conclusions and Future Work

The contributions of this paper are twofold. First, a snow model intended for
real-time applications was presented. Our model combined falling snow, wind
simulation, and snow accumulation techniques from previous work. The model
is regarded as a contribution, because previous work either has focused one or
two of these aspects or has not been intended for real-time use.

Second, a proof-of-concept implementation was created, that demonstrates
that the snow model is feasible for real-time frame rates on today’s modern
workstations. This was achieved by parallelizing the algorithms involved in the
simulation for shared-memory architectures.

Among candidates for future work, is analyzing multi-core CPU systems in
more detail, as the circumstances only allowed explorations of dual CPU systems.
Also, other higher level threading libraries such as OpenMP could be investigated
further. Another highly relevant direction that is not considered here, is to use
the GPU to accelerate the computations.

Related to the snow model, the wind computations could be terminated if
the wind field converges to a stable state, to save computation time. A more ad-
vanced accumulation model would be highly beneficial, in particular the stability
computations and arbitrary surface accumulation from [11] are interesting.

Acknowledgements. We would like to thank the referees for their very helpful
comments.
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Abstract. Results produced by a parallel application are typically col-
lected and visualized on one display accessible to a single user. Collabo-
ration between several researchers is usually achieved by sharing entire
desktops. We have developed a system that shares windows, both from
parallel applications and from desktop applications, with other users or to
a wall-sized, high resolution display. Parallel applications can create sev-
eral shared windows for each thread or process, enabling runtime visual-
ization and monitoring. To aid collaboration, we provide multiple cursors
for use on a display wall, allowing several researchers to interact simul-
taneously with windows shared by parallel and desktop applications. We
measure the system’s performance, and show that using shared windows
for runtime visualization of the Mandelbrot computation increases the
application’s execution time by approximately 1.4%, while performance
for sharing desktop application windows is halved as the number of users
is doubled.

Keywords: Display wall, shared windows, multiple cursors.

1 Introduction

Current systems for runtime visualization of results from cluster applications are
limited in their support for collaboration [I], as they rely on the X Window Sys-
tem [2] for window management and display. Visualization is typically done by a
single user on a single display, making collaboration difficult. To collaborate, re-
searchers have to share their entire display, which is often more than is necessary
or desired. Finally, there are no standard desktop environments for wall-sized,
high-resolution, tiled displays (display walls) that offer multiple cursors [3].

We have developed a system that can share windows from a parallel appli-
cation and from desktop applications, and which provides support for multiple
cursors on a display wall. Windows can be shared with other users and to a
display wall, while the system’s support for multiple cursors enables researchers
to interact with shared parallel and desktop application windows on a display
wall.

Figure [1l shows a user looking at a visualization of the Mandelbrot fractal,
where each process of the parallel Mandelbrot computation draws into its own,

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 228 2007.
© Springer-Verlag Berlin Heidelberg 2007
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shared window. On the display wall, the shared windows are displayed and placed
next to each other to form a complete picture, whereas on the lower-resolution
laptop display, there is only room for one window at a time.

Two scenarios further motivate the
system presented in this paper. The
first scenario concerns the use of
shared windows as a means for run-
time inspection of parallel applica-
tions. Each process of the parallel
application creates a shared window,
and uses it to visualize results or mon-
itor the parallel application’s perfor-
mance. Figure [ illustrates this sce-
nario.

In the second scenario, a group of
researchers visualize a set of results
on their desktop computers. To share
data, they need to share desktop ap-
plication windows with each other and
a display wall. The other users can in-
teract with the shared windows, mod-
ifying the shared view or change other
settings as if the windows were local.
On the display wall, several users can interact simultaneously using multiple
Cursors.

To meet the demands from these scenarios, our system should (i) support
sharing of windows between different window systems and hardware platforms,
and (ii) support the use of several cursors on a single, large desktop on a display
wall.

We evaluate the performance of the parallel application window sharing sub-
system by sharing windows containing the output from a parallel version of Man-
delbrot, demonstrating that windows can be shared with less than 1.4% increase
in the parallel application’s execution time. This low impact on performance is
due to a number of factors. First, the Mandelbrot application generates new con-
tent only about every five seconds, which means that the window sharing system
only needs to provide updates to the shared windows at this rate. A higher rate
of updates would likely increase the overhead from the window sharing system.
Second, the benchmark was run without load balancing at either the application
or system level, resulting in ample time for the window sharing system to run in
on most nodes. Finally, since the window sharing system runs as a thread inside
each process of the parallel application, it knows when the parallel application
updates its shared windows and thus avoids sending unnecessary updates.

For the desktop application window sharing subsystem, the performance de-
creases by a factor of two when the number of window subscribers is doubled.
This is caused by a combination of having to poll window contents in order to

Fig. 1. A user looking at a visualization of
the Mandelbrot fractal using shared win-
dows on a display wall. The windows are
placed next to each other, forming a com-
plete picture.
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discover updates, the request-based protocol between publisher and subscribers,
and the publisher’s implementation. The publisher batches requests, before a
best-effort timer fires and makes the publisher process the requests, polling the
window for updates at the same time.

Parallel application win-
S dow sharing performs bet-

’ i process of a parallel ter, since the window
| T a_ppllcatlon running on - . . .
i Status | different cluster nodes Is sharing system is integrated

Compute window shown on the display wall.

Hode i mﬁbﬂ ko e g with the parallel application
. Its and monitoring of
L e paralel ppication. &t the source code level. In

Display Wall desktop

! / contrast, sharing desktop ap-

i ~Jdl 2. Aroan lication windows does not
| e [ iSmeimcs,  Plica ndow:
H Compute window 1 1io window I running computation from require modlﬁcatlons to the

Node N anywh_er_e, by simply . ’
subscribing to one or more desktop apphcatlon’ s source

shared windows exported

Cluster running a
parallel application I — by the parallel application.

-------------------- — code, at the cost of lower per-

formance.
Fig. 2. Windows shared by a parallel application are Our main contribution

accessed both for collaboration on a display wall and with this paper is the integra-

monitoring on a laptop tion of (i) shared windows as

a means for runtime visualiza-
tion of results and state directly from processes of a parallel application, (ii) the
ability to share desktop application windows rather than a user’s entire desktop,
(iii) displaying shared windows from both parallel and desktop applications on
a wall-sized, high-resolution tiled display, and (iv) support for multiple cursors
on a display wall.

2 Related Work

VNC [M] and other remote desktop solutions [5J6] allows one to share an entire
desktop. Although some VNC implementations can restrict the shared area to
regions of the desktop, this does not amount to true window sharing, as any
window brought within the shared region will be visible to others, whether in-
tentional or not. Shared AppVNC [7] enables sharing of independent windows
over VNC’s Remote Framebuffer protocol on Mac OS X, Windows and Linux.
The technique and code we developed for sharing windows on Mac OS X was
shared with the developers of Shared AppVNC.

VNC is based on sharing the pixel representation of a remote display. We
use the same approach in our window sharing system. In THINC [6], the au-
thors demonstrate a solution that achieves better performance, in part due to
their use of lower-level drawing operations to reduce communication. Their tech-
niques are more complex to integrate into the window sharing system, as they
rely on installing drivers into the X Server and intercept drawing operations to
the framebuffer. The operations are then encoded and transmitted to clients.
Due to the low level at which this is implemented, THINC has no concept of in-
dividual windows. In our opinion, this makes a window sharing implementation
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utilizing ideas from THINC harder to realize. Other systems that use drawing
operations to transfer display contents include the X Window System [2] and
Microsoft Remote Desktop. We have chosen to share windows using their pixel
representation, as parameters like coordinate systems, color spaces and line cap
styles can be ignored.

Microsoft’s Messenger and NetMeeting software [8] support application shar-
ing under Microsoft Windows. Citrix’ Presentation Server [9] supports applica-
tion sharing across platforms. The drawback of application sharing is that it does
not support sharing single windows. A shared application with multiple windows
would make all those windows visible to other users, while window sharing would
allow just a single window from the application to be shared. WinCuts [10] can
support window sharing on Windows, but does not support interaction, and
only updates windows once per second. For the X Window System, there are
many application sharing solutions, including XTV [11] and Hewlett-Packard’s
commercial Shared X. Xmove [I2] allows one to move applications between X
servers, but does not support sharing the application with several users at the
same time. MAST [13] is a tool that supports pixel-based application sharing
for the Access Grid [I4] on Microsoft Windows and Linux.

The MPI Parallel Environment, MPE [1], supports the creation of windows
from each thread or process within a parallel application. Since MPE relies
on the X Window System, the end-point for the visualization has to be fixed
statically before starting the parallel application. That is, the X Server to use
for display must be set prior to execution and can not be changed at runtime.
Application sharing solutions like XTV or Xmove can alleviate this, but require
that additional end-points also run the X Window System. Our window sharing
system is more flexible, since the end-points are bound dynamically on-demand,
and allows windows to be shared with computers running both Linux (X Window
System) and Mac OS X. To visualize 3D data on display walls, software like
Chromium [I5] can be used. There is no concept of sharing visualizations in
Chromium.

The first work on multiple cursors was Engelbart and English’ paper from
1968 [16], where the mouse was introduced as an input device. One user had a
controlling mouse, while the remaining users had mice that could only be used
for pointing, and not interacting. Time-sharing the system cursor is used in [17],
where a multi-cursor window manager similar to our own is presented. Their
implementation adds a cursor ID to unused bits in the X event structure, which
limits the number of cursors to seven. Multi-cursor events are then handled by
removing the cursor ID and re-sending the cursor event to the X server as a
regular system cursor event. Our implementation does not limit the number of
cursors and does not require events to pass through the X server more than once.
The Multi-Pointer X Server, MPX [18], integrates support at the hardware layer
for several cursors, driven by mice connected to the computer running the X
server. Presently, MPX only supports a single keyboard.
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3 Model, Design and Implementation

In VNC, clients pull a single desktop from a VNC server. Our window sharing
system is based on the publish-subscribe model. A publisher shares one or more
windows through a publishing service. Subscribers access shared windows by
connecting to the service, from which they can select the windows they are
interested in and display them to the user. The service notifies subscribers when
new windows are published, or old windows removed.

The service is realized using one or more servers, with publishers and sub-
scribers acting as clients. The servers support network discovery using multicast,
allowing clients to discover them on a LAN. Clients connect to servers over TCP
for publishing or subscribing to shared windows. Subscribing clients are realized
as separate processes, and receive updates to windows they subscribe to after
requesting an update from the publishing client. For parallel applications, the
publishing client is realized as a thread inside the parallel application. For desk-
top applications, the publishing client is realized as a separate process. Windows
are shared using their pixel representation.

To illustrate how the window sharing system works in a parallel application,
we added it to a parallel solver for the Mandelbrot fractal set. The solver on
each node originally worked by displaying its part of the solution when all the
nodes were done. In our modified version, the solver begins by creating a shared
window. The shared window is maintained by a separate thread, and instead
of displaying the solution when all nodes are done, the thread reads pixel data
from memory, and sends an update to the shared window.

We have implemented window sharing for desktop applications on Mac OS X,
allowing Mac OS X windows to be published to subscribers running on Mac OS X
and Linux desktops, including the Linux-based display wall desktop. No changes
to desktop applications are required in order to share their windows. On Mac OS
X, each window is backed by a memory buffer that contains the most up-to-date
window contents. Sharing such a window amounts to transmitting the contents
of that buffer to subscribers. We use a polling approach on the buffer, as the
OS does not notify the publisher when there are changes to other applications’
windows. The user can configure the publisher to either send everything or detect
changes in the buffer. The decision of which to use will impact the publisher’s
CPU and bandwidth usage. For static windows, change detection will reduce
the bandwidth required for keeping subscribers updated, whereas for a window
that is frequently updated, the bandwidth savings will be very small. Change
detection is a very costly operation, as it requires calculating a diff between the
last contents sent to subscribers, and the current version of the window. The OS
X window sharing implementation is further detailed in [19].

The multiple cursor model is based on a service that handles cursor and
keyboard input from a number of different users. Users push input events to
the service, and the service is responsible for forwarding them from users to
applications running on the desktop the service adds multi-cursor support to.

The service is realized as a server. The server runs in a thread, which in turn
resides in the same process as a window manager for the X Window System.
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Input from users is sent to the server via clients that run on the users’ desktops.
For each client, the server creates a cursor that is visible on the multi-cursor
enabled desktop.

To emulate support for multiple cursors in the single-cursor X Window System
environment, the system cursor is time-shared. For instance, when a user clicks
his mouse button, the system cursor is moved to the position of that user’s
virtual cursor, and a mouse click event is posted. For applications, this creates
the illusion that a single user is working on the desktop, when in reality there
are several. For users, the illusion of several cursors supported by the window
system is created. This approach is similar to the one taken in [17].

We implemented the design by incorporating the server thread in the Window
Makerl] window manager. Each client connects to the server over TCP, and is
assigned a “virtual cursor.” The virtual cursor maintains state associated with
the client (such as current focus window and TCP socket information), and
provides the actual cursor visible on the desktop to the user. The virtual cursor
is drawn by creating an X Window, and modifying the window’s appearance to
match that of a cursor using the XShape extension. Different cursors are assigned
different colors, and input events are posted using the XTestExtension.

4 Experiments

The hardware used for the experiments was (i) a 28-node cluster (Intel P4
EM64T, 3.2 GHz, 2GB RAM, hyperthreading enabled) running Rocks 3.93, (ii)
a PowerMac Dual-G5 (2.5 GHz, 4GB RAM) running Mac OS X 10.4.2, (iii) a
stand-alone PC (identical hardware configuration as the cluster nodes) running
RedHat Enterprise Linux 4, (iv) a display wall (28 tiles, 1024x768 resolution
per tile) with a combined resolution of 7168x3072, and (v) a GigaBit Ethernet.
The cluster nodes are connected to a switch, and the remaining computers are
connected to a second switch, with a single link joining the two switches. The
cluster nodes also drive the individual tiles of the display wall.

We evaluated the impact of the window sharing system on parallel application
performance by sharing windows from a parallel solver for the Mandelbrot fractal
set. We measured the execution time of the parallel application both with and
without window sharing running on the 28-node cluster. When window sharing
was enabled, each node running the computation shared one window each, and
each window had one subscriber. All the subscribers ran on the RedHat box.
The experiment was repeated five times without window sharing, and five times
with. The execution time for the Mandelbrot computation when running without
window sharing was between 64.63 and 64.78 seconds, while the execution time
when running with window sharing was between 65.40 and 66.19 seconds - an
average increase of 1.38%.

We measured the performance of desktop application window sharing by shar-
ing a window on the PowerMac Gb sized at 508x519 pixels in 32-bit color. The

! http://www.windowmaker.org/
% http://www.rocksclusters.org/
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window contained an animation that updated at 30 frames per second (fps).
The PowerMac G5 shared the window with subscribers running on the 28-node
cluster. We conducted experiments varying the number of subscribers from 1 to
28, running each subscriber on a separate cluster node. We also conducted an
experiment with 56 subscribers, where each node ran two subscribers. The Mac
OS X publisher was configured to update the shared window at 30 fps with-
out change detection, ideally reaching 30 fps at each subscriber. We measured
the publisher’s CPU load, the publisher’s bandwidth usage and the number of
frames received per second by each subscriber.

Figure relates the publisher’s
CPU load with the publisher’s band-
width usage, with an increasing
number of subscribers to the shared
window. There is a clear correlation
between CPU load and bandwidth us-
age, both steadily increasing until lev-
eling out at about ten subscribers. At
this level and beyond, the network is
saturated, while the publisher still has
available processing resources to han-
dle additional subscribers.

Figure [ shows the average frame
rate at the subscribers. With a single
subscriber, about 28 fps is achieved,
with 56 subscribers, the frame rate is
1.6. In general, doubling the number
of subscribers cuts the frame rate ap-
proximately in half.
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Fig.3. The publisher’s CPU load and
bandwidth usage. For 1 to 28 subscribers,
one subscriber runs on each node, while for
56 subscribers, two subscribers run on each
node.

For the first few subscribers,
Figure B shows that the pub-
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ceive them. If the subscribers do
not do this sufficiently fast, the re-
sulting frame rate will be lower.
Second, the publisher accepts re-
quests and processes them in
batches. Each iteration is started
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by a timer that fires in a best-effort manner. If an iteration exceeds the timer
interval, the next iteration starts late, resulting in a lower frame rate.

We also conducted an experiment comparing the publisher’s two update
modes. The publisher can either send everything for each iteration, or calcu-
late a diff between the current window contents, and the window contents most
recently sent to subscribers (change detection). We measured the publisher’s
CPU load, bandwidth usage and frame rate at each subscriber.

Performing change detection was very costly. With one subscriber, the frame
rate was 7.13, and the publisher’s CPU load at 76.2%, transmitting 5.8 MB/s.
With 20 subscribers, the frame rate was only 3.7, and publisher CPU load was at
100.1%H with bandwidth usage at 50 MB/s. In comparison, sending everything to
a single subscriber gave a frame rate of 28, with publisher CPU load at 42.5% and
bandwidth usage at 24.5 MB/s. To 20 subscribers, the publisher CPU load was
77%, transmitting 67.6 MB/s, and the frame rate was 4.1. We have performed
informal practical experiments with the multi-cursor implementation, testing it
with up to 8 simultaneous cursors.

5 Discussion

The experiments indicate that the impact on performance from adding shared
windows to a parallel application is low. The benchmark was run without load
balancing, neither on the system level nor the application level. For the Mandel-
brot computation, this results in a very uneven load distribution, which on many
nodes result in ample time for the window sharing system to execute in. This
may contribute to hiding additional overhead from the window sharing system.
The system shares windows by sharing their pixel representation. This is the
simplest way of sharing windows between hardware platforms and different win-
dow systems, and is the same approach as that taken by VNC [4]. The alter-
native to sharing pixels is to share drawing operations, like “fill rectangle” or
“draw line.” This approach is more challenging to make platform independent,
compared to the simple operation of copying a block of pixels and sending them
across the wire. As an example, drawing operations can save bandwidth by trans-
mitting the raw text rather than the pixels making up the text on a display.
The publisher running on Mac OS X can use two different strategies when
sending updates to windows. Since it doesn’t know when or which regions of a
window is updated, it can decide to either always send everything to everyone, or
compute a diff between what the subscriber already has, and the current contents
of the window. The trade-off is between publisher CPU load and publisher band-
width. Subscribers will also potentially have fewer updates to draw, resulting in
lower subscriber CPU load. Sending everything consumes more bandwidth, but
incurs a lower CPU load on the computer running the publisher, while perform-
ing change detection is very costly. In contrast, for the Mandelbrot application,
window contents are only sent when there are actual updates to the window. This

3 The publisher ran on the PowerMac, which has two CPUs.
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is possible since the window sharing code has been built directly into the Man-
delbrot application, allowing it to send updates only when the shared window is
actually updated.

Integrating the window sharing system with parallel applications requires that
the source code for the parallel application is available. This is not a major prob-
lem though, since the window sharing system only simplifies the task of pub-
lishing the windows. The application itself is responsible for filling that window
with meaningful content - be it a runtime visualization or performance monitor-
ing data. This will require further modifications to the application’s code.

6 Conclusion

This paper presents a system that shares windows created by parallel and desk-
top applications between two or more users. To further enhance collaboration,
a system supporting multiple cursors on a wall-sized, high-resolution display is
used to allow many users to manipulate shared windows simultaneously.

Parallel applications require modifications to their source code in order to share
windows and discover updates in them. For desktop applications, modifying their
source code is usually neither practical nor possible. Because of this, sharing desk-
top application windows is more costly, both in terms of CPU and network load,
as the system has to poll window contents in order to discover updates.

We have integrated the system with a parallel implementation of a solver for
the Mandelbrot fractal, and measured its impact on the application’s execution
time. We measured the performance of desktop application window sharing by
sharing a single window containing an animation with a varying number of users.
The windows were displayed on the tiled display wall. The multi-cursor system
was used with eight cursors.

We found that the addition of shared windows to the Mandelbrot application
only added about 1.4% to the application’s execution time. For this benchmark,
no load balancing was used, resulting in an uneven distribution of work be-
tween the different processes. This gives the window sharing system CPU time
to execute in that would otherwise remain unused, which combined with the
Mandelbrot application’s infrequent updates, explains the window sharing sys-
tem’s low impact on the application’s performance. A higher update frequency
would likely increase the window sharing system’s impact on execution time.

For desktop application windows, the number of updates received per second
by each subscriber went from 28 with one subscriber, to 1.6 with 56 subscribers.
In general, when the number of subscribers is doubled, the update frequency
seen by each subscriber is halved. For less than ten subscribers, CPU and net-
work are not the limiting resources. Instead, the scaling behaviour is caused
by the iteration- and timer-based approach used by the publisher. With many
subscribers, the limiting resource is the network.

Sharing windows and support for multiple cursors are promising for increas-
ing the flexibility of runtime visualization and monitoring of parallel applica-
tions, and for collaboration using desktop applications. More work remains to
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determine the window sharing system’s impact on these issues, and to better
characterize the system’s performance.
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The development of high performance simulation codes is often a demanding
process, due to the complexity of the phenomena to be simulated but also to
the proliferation and evolution of computer architectures. The success of such
efforts is dictated by the time required to achieve a functional prototype code of
the application, and then an optimized production version of the code. Simul-
taneously, achieving an optimal usage of the available, and frequently scarce,
computational resources is of major importance to developers and users of simu-
lation codes. To achieve these goals, it is often necessary to develop or integrate
algorithms, models, and computational techniques from a group of collaborators
with diverse expertise.

The purpose of this minisymposium is twofold. Firstly, it focuses on a set of
cutting edge software tools and frameworks currently used to tackle scientific
computing applications. The availability of advanced tools like the ones to be
showcased has enabled more complex physical phenomena to be addressed and as
a result contributed to the growth of the computational sciences community. This
community includes scientists, designers and developers of high-end technology
who require computerized modeling solutions, portable software libraries, but
also convenient interfaces or friendly frameworks. Secondly, the minisymposium
includes presentations on a set of challenge applications, ranging from the nano
to the cosmic scale, that have important requirements for computing resources
but that have also fostered the development of novel techniques and tools.

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, p. 239, 2007.
© Springer-Verlag Berlin Heidelberg 2007



Multi-level p-Finite Element Analysis for
Human Bone Structures

Peter Arbenz', G. Harry van Lenthe?, Uche Mennel!,
Ralph Miiller?, and Marzio Salal

! Institute of Computational Science, ETH Ziirich, CH-8092
Ziricharbenz@inf .ethz.ch
2 Institute for Biomechanics, ETH Ziirich, CH-8092 Ziirich

Abstract. Using microarchitectural bone imaging, it is now possible to
assess both the apparent density and the trabecular microstructure of
intact bones in a single measurement. In combination with microstruc-
tural finite element (uFE) analysis this could provide a powerful tool
to improve strength assessment and individual fracture risk prediction.
However, the resulting uFE models are very large and require dedicated
solution techniques. Therefore, in this paper we investigate the efficient
solution of the resulting large systems of linear equations by the pre-
conditioned conjugate gradient algorithm. We detail the implementation
strategies that lead to a fully parallel finite element solver. Our numer-
ical results show that a human bone model of about 5 million elements
can be solved in about a minute. These short solution times will allow to
assess the mechanical quality of bone in vivo on a routine basis. Further-
more, our highly scalable solution methods make it possible to analyze
the very large models of whole bones measured in vitro, which can have
up to 1 billion degrees of freedom.

1 Introduction

Osteoporosis is a disease characterized by low bone mass and deterioration of
bone microarchitecture. It leads to increased bone fragility and risk of fracture,
particularly of the hip, spine, and wrist. Worldwide, lifetime risk for osteoporotic
fractures in women is estimated close to 40%; in men risk is 13% [11]. As reported
by the World Health Organization, osteoporosis is second only to cardiovascular
disease as a leading health care problem. Osteoporotic fractures are a major
cause of severe long-term pain and physical disability, and have an enormous
impact on the individual, society and health care systems. For the clinician, the
prediction of bone quality for individual patients is, so far, more or less restricted
to the quantitative analysis of bone density alone, although there is convincing
evidence that bone microarchitecture plays a significant role as well.

With the advent of fast and powerful computers, simulation techniques are
becoming popular for investigating the mechanical properties of bones and pre-
dicting the strength of a given patient’s bones. Ideally, the development of a
system with microstructural resolution better than 50 pm would allow in vivo

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 240 2007.
© Springer-Verlag Berlin Heidelberg 2007
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measurement of patients at different instances in time and at different anatomical
sites. Unfortunately, such systems are not yet available, but the resolution at pe-
ripheral sites has reached a level (90 micron) that allows elucidation of individual
microstructural bone elements. Using this technique, two recent cross-sectional
studies have shown sex- and age-related changes in trabecular structure and in
cortical thickness of the distal radius [4[9].

Using a direct voxel-conversion technique the three-dimensional computer re-
constructions of bone can be converted to a finite element mesh, that can be used
to perform a ‘virtual experiment’, i.e., to simulate a mechanical test in great de-
tail and with high precision. The resulting procedure is called microstructural
finite element (uFE) analysis.

uFE analyses are computationally demanding and require specially adapted
solution schemes. For example, a linear analysis of one human vertebral body at
a resolution of 30 microns requires over 130 million elements. Therefore, one is
forced to use iterative methods, and in particular the preconditioned conjugate
gradient algorithm. Element-by-element approaches have been proposed about
10 years ago and are now common [I3}[I8]. The memory requirements for solving
such a problem with the element-by-element preconditioned conjugate gradient
(EBE-PCG) algorithm is particularly small, and as such the ratio of element per
processor is particularly high. However, a major drawback of this method is its
slow convergence and its high sensitivity to discontinuities in the material prop-
erties. A better solution consists in using a scalable preconditioner like smoothed
aggregation, as suggested by Adams et al. [2].

The aim of this study was to develop a fast multi-level, fully parallel finite
element code for the p-finite element analysis of human bone structures as devel-
oped in [12]. We refer to [5] for more details on how to obtain suitable models,
and we focus exclusively on the in silico simulation. The paper is organized
as follows. In Section [2] we describe the mathematical model and the system
of linear equations it entails. In Section [ we introduce smoothed aggregation
preconditioners for bone modeling. In Section Ml we give some details on our
implementation. Numerical results are reported in Section B Conclusions are
drawn in Section

2 Mathematical Model

The basic mathematical model of the problem is given by the Lamé equations
of elasticity [5]. The weak formulation of the 3D problem is:

Find u € V such that
[Rue():e(v)+ X +u =v]d2 = [fTvdQ + [ ghvdl, vveV, (1)
0 o I'v

where V' C (Hp, (£2))* is a Sobolev space, I'p and I'y are the Dirichlet and
Neumann part of 02, I'p UI'y = 012, I'n N I'y = (§, and u describes the nodal
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displacements, A\ and p are the Lamé constants, f the volume forces, and g the
boundary tractions. The symmetric strains in () are given by

g(u) :== %(Vu + (Vu)™).

The finite element discretization of problem () by means of piecewise trilinear
polynomials [I8] leads to a the linear algebraic system

Au=f, (2)

where A is symmetric and positive definite as long as I'p # ().

Equation () is solved with a conjugate gradient method. It is well-known
that k(A) ~ O(h?), where k(A) is the condition number of A and h is the
mesh size [5]. Therefore, the linear system

AB lx =T, u=B"'x, (3)

is solved instead of (2), where B is the preconditioning matrix, chosen so that
k(AB™1) < k(A). The conventional preconditioner adopted for bone model-
ing problems is the element-by-element preconditioner [13]. Here, instead, we
consider scalable multilevel (or multigrid) preconditioners.

3 Scalable Preconditioners for Bone Modeling

Multigrid methods were introduced in the late 70’s, and their success and devel-
opment is testified by the vast literature and the many international conferences
organized since then, see [19] for a survey.

A multilevel method tries to approximate the original PDE problem of interest
on a hierarchy of levels and use ‘solutions’ from coarse levels to accelerate the
convergence on the finest level. When used to define preconditioners for linear
systems, multigrid methods are applied using the so-called V-cycle, which reads
as follows:

1. procedure MultiLevelSolve(Ay, by, x¢, £)
2 if /== L—1 then
3 Xy = Ae_lbg
4 else
5. Xy = Sg(Ag,bg,O)
6 rg=by— Ayxp; by = Ryry
7 Vo1 = 0
8 MultiLevelSolve(A¢t1, by, vy, £+1)
9. Xe=%x¢+ P Vit
10. Xy = Sg(Ag,bg,Xg)
11. endif

12. endprocedure
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In the procedure, £ = 0 defines the finest of the L levels, A; represents the
discretization on level ¢ of the problem, P, and R, are prolongator and restriction
operator from level £ 4 1 to ¢, respectively, and the S, are approximate solvers
(called smoothers).

The preconditioner for the solution of linear system (2)) is applied by calling
MultiLevelSolve(A, b, x,0). x4 is the starting solution, b, the right-hand side,
and the S;’s are smoothers.

The key aspect in algebraic multigrid methods is the definition of the auxiliary
operators Py, Ry, and Ay. At least two alternative approaches have been evolved
in the literature: to algebraically coarsen on each level by identifying a set of
coarser-level nodes (the so-called C-nodes) and finer-level nodes (F-nodes) [14],
or to algebraically coarsen on each level by grouping the nodes into contiguous
subsets, called aggregates, as done in smoothed aggregation (SA) [21].

In this paper we focus on SA preconditioners. Theoretical results support the
usage of SA for linear elasticity problems [I]. Also, SA preconditioners have been
proven scalable up to thousands of processors [102]. A general setup procedure
for smoothed aggregation multigrid is reported below.

1. Define the maximum number of levels, L

2. for each level / do

3. if on coarsest level then
Define the coarse solver
Return

endif

Define P,

R, = PZT

Agyr = ReAgPy

10. Define the smoother Sy

11. endfor

© 0N o

The construction of a SA preconditioner is now briefly outlined. First, a graph
is built from the linear system. This graph contains an edge between the vertices
¢ and j, if A;; # 0. For vector problems as the one considered in this paper, the
graph is defined in a block fashion, meaning that one graph vertex is associated
with all the unknowns at a grid vertex. An edge between two graph vertices ¢ and
4 is added if there are any nonzeros in the block matrix defined by the i*" block
row and j** block column. Then, graph vertices are grouped into contiguous
subsets, called aggregates. Fach aggregate effectively represents a coarser grid
vertex. Once the coarser grid is determined, a grid transfer must be defined.
The simplest possible grid transfer is to use low-energy modes (in our case, the
rigid body modes as obtained when no boundary conditions are applied), that
are ‘chopped’ and inserted within the (4, )" block if the i*" fine grid point has
been assigned to the j** aggregate.

There are many ways to define aggregates. In a standard algebraic multi-
grid method the most common way to create an aggregate is via some kind
of greedy graph algorithm where an initial node is chosen along with all of its
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nearest neighbors. The net affect of this type of procedure is to produce aggre-
gates which are ‘ball-like’ with an approximate diameter of three graph vertices.
Unfortunately, this type of procedure leads to many aggregates and must be
repeated several times in order to obtain a coarse matrix that is small enough
to be efficiently solved by a direct solver. An alternative approach is to adopt
a graph partitioner code like METIS or ParMETIS [§] to define the aggregates.
The algorithms within these packages split the fine matrix so that each parti-
tion has no more nodes than a user supplied parameter. All the nodes in each
partition are then combined to form a single aggregate. METIS is a serial code
and so can only be used to partition the graph corresponding to the local ma-
trix entries within a processor. This implies that no aggregate can span more
than one processor. ParMETIS is a parallel code and so it can be applied to the
entire distributed global graph to produce aggregates that span more than one
processor.

The procedure we have outlined is sometimes referred to as nonsmoothed
aggregation. For elliptic problems as the one considered in this paper, the so-
called smoothed aggregation performs significantly better [21]. In this latter case,
the (tentative) prolongator defined by nonsmoothed aggregation Py ¢ at a given
level /¢ is smoothed with one step of a damped Jacobi iteration to obtain the
final prolongator,

Py = (Iy —we D, Y Ay) Poy,

where Ay € R™*"™¢ [, is the identity matrix of size ny, Dy = diag(Ay), and wy
is a damping parameter, typically defined as

4/3

)\max(DzlAg) ’ (4)

Wy =

where /\max(DzlAg) indicates the largest eigenvalue of D[lAg.

We still need to define the smoothers and the coarse solver Sy;. Common
choices for the smoother are Chebyshev polynomial smoothers or processor-based
symmetric Gauss-Seidel [3]. A direct solver is applied to the coarse problem.

4 Implementation Detalils

The code used to obtain the numerical results outlined in the next section has
been developed for massively parallel, distributed memory architectures. The
code is written in C++ with support for MPI, and interfaces with optimized
BLAS and LAPACK for computationally intensive tasks on dense matrices and
vectors. All sparse linear algebra objects, in contrast, are based on the Epetra
library [7]. Epetra furnishes an efficient and flexible implementation of funda-
mental distributed linear algebra objects like vectors, multivectors and sparse
matrices. Epetra objects are accepted by the Krylov accelerator solvers of the
AztecOO library [20] and by the multilevel preconditioning package ML [I7]. The
aggregation scheme and construction of restriction and prolongation operators
is implemented within the ML library. ML offers a variety of coarsening options,
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as well as several smoothers and coarse solvers, either developed within ML it-
self, or as part of the IFPACK [16] and Amesos [I5] packages. Epetra, AztecOO,
Amesos, IFPACK and ML are available through the Trilinos framework [7].

While Trilinos is used for most linear algebra operations, the I/0 is performed
by the HDF5 library [6]. HDF5 furnishes binary parallel I/O, meaning that all
processord] can concurrently access the file by using so-called hyperslabs, which
in our case are defined as contiguous chunks of data. The approach we follow is
therefore as follows.

For a typical finite element code, the data structures to be read are the grid
connectivity and the vertex coordinates, both specified as FORTRAN arrays,
and a list of boundary vertices or faces. In order to obtain a fully parallel code,
it is mandatory to parallelize the input and output phases. First, we read all
the grid data by using the hyperslab technique and a linear distribution. Being
highly unbalanced, this data distribution is not suitable for actual computations.
Therefore, we first use the parallel graph partitioner ParMETIS [8] to compute
a load-balanced partition, then we redistribute the data structures to match the
balanced layout. This is accomplished by resorting to the Import/Export capa-
bilities of the Epetra package. A rough ParMETIS space filling curve partioning
is prepended to balance the required graph construction [§].

5 Numerical Experiments

The results have been obtained on the CRAY XT3, located at the Swiss National
Supercomputing Centre (CSCS), containing 1100 AMD Opteron single-core pro-
cessors that run at 2.6 GHz and are equipped with 2GB of memory. The pro-
cessors are connected by the Cray SeaStar high-bandwidth (4 GB/s sustained),
low-latency interconnect.

The linear system (&) has been solved up to a tolerance of 1075 in the relative
residual, with a zero initial vector. The multilevel preconditioner is built using
METIS as the aggregation scheme. A target value of 50 vertices per aggregate
was adopted. Smoothed aggregation is used, and ten iterations of the (non-
preconditioned) conjugate gradient algorithm are adopted to estimate wy in ().
The Chebyshev smoother MLS [3] was used on all levels but the coarsest, where
the direct solver KLU from the Amesos package [15] is employed.

We now report on some numerical results to assess the scalability of the ap-
proach presented in this paper. First, we consider weak scalability, meaning that
we keep the problem size per processor constant. Therefore, the overall problem
size is proportional to the number of processor involved in the computation. A
perfectly (weakly) scalable code executes in a time that is independent of the
processors employed.

We performed a weak scalability test with an artificial problem. A small piece
of trabecular bone was artificially taken from a piece of human trabecular bone,

! The actual parallel performances of HDF5 depends on the underlying I/O system,
and on the number of installed I/O nodes, which is usually much smaller than that
of the computing nodes.
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Fig. 1. Bone tissue models generated by 3D mirroring to test weak scalability. The
displayed models are the ones run with 1, 8, 27, and 64 processors. The larger models
are not shown.

scanned with a high resolution micro-CT system. This small piece has been
mirrored in three dimensions to obtain arbitrary sized cubic models as illustrated
in Fig.[Il The number of processors p is adjusted to the cubic problem sizes, i.e.,
p = n? where n ranges from 1 to 9.

For a problem consisting of 60,482 x p elements the execution times and
iteration count of the SA preconditioned conjugate gradient algorithm are given
in Table[ and Fig.[2 Note that the 200M degrees of freedom test is solved in less
than 100 seconds. Also note that all phases but the I/O scale almost perfectly.
The poor scaling of 1/O is probably due to the limited number of I/O nodes.

The second set of tests aims at analyzing the strong scalability, in which
the same problem is solved by a varying number of processors. With an ideally
(strongly) scalable code the execution times are reduced according to the number

Table 1. Execution times (in seconds). efficiency, and number of PCG iterations of
the weak scalability test on the Cray XT3.

CPUs|input |repart.|assembly|precond.|solution|output|total |efficiency|iters
1] 1.25 | 2.28 6.25 8.58 28.86 | 0.10 |47.32| 100% 51
8| 1.27 | 3.84 6.64 9.03 30.98 | 0.52 |52.28] 91% 53
27| 2.00 | 4.18 7.03 9.67 34.23 | 0.78 |57.88| 82% 56
64| 3.65 | 4.20 7.12 10.05 32.60 1.33 |58.94| 80% 53
125( 5.03 | 4.78 7.26 15.86 32.71 2.33 |67.97| T0% 52
216| 8.23 | 4.92 7.26 1591 32.34 | 3.81 |72.47| 65% 51
343] 9.58 | 5.27 7.38 16.09 | 31.64 | 5.25 |75.21| 62% 49
512(17.34| 5.39 7.29 17.04 30.24 | 8.03 |85.33] 55% 47
729|20.98| 6.18 7.36 23.98 30.24 | 11.05 |99.78| 47% 45
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Fig. 2. Results of weak scalability test on the Cray XT3

Table 2. Execution times (in seconds) and number of PCG iterations of the strong
scalability test on the Cray XT3

CPUs|input|repart.|assembly|precond.|solution|output|total|efficiency|iters
72| 4.10 | 8.47 10.2 19.3 90.1 2.22 |134.| 100% |117
128(4.62 | 4.73 5.97 9.36 54.8 2.08 [81.6| 92% |120
256 8.16 | 2.47 3.09 6.75 28.6 | 3.11 |52.2] 72% |118
512 10.8 | 1.74 1.56 4.61 16.0 5.18 [39.8| 47% |118
768|15.5 | 2.13 1.04 5.02 12.0 7.58 [43.3| 29% |117

of processors employed, i.e., T, = T5p/p, where p is a reference number of pro-
cessors and T}, is the execution time on p processors. Note that for a typical
problem, the number of inter-processor communication increases with the num-
ber of processors, while the amount of local computation decreases. This makes
strong scalability much harder to achieve than weak scalability. Nevertheless, a
strong scalability test is useful to determine the optimal number of processors
that should be used for a given problem size.

For the strong scalability test, we have considered a problem reflecting the
distal part (of 20% of the length) of a human radius, that was scanned with
a new generation high-resolution 3D peripheral quantitative computed tomog-
raphy (pQCT) scanner (Scanco Medical, Bassersdorf, Switzerland) providing a
resolution of 93 um, cf. Fig[3l The model consists of 5.44 million elements which
makes a minimal number of 72 processors necessary to solve it. Table 2] and
Fig. @ give execution times and iteration counts. The corresponding numbers
show that the whole system is solved with high efficiency (>70%) on up to 256
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Fig. 4. Results of strong scalability test on the Cray XT3

processors. The efficiency is mostly reduced due to I/O. Note that less than 60
seconds are required for solving this problem with 256 CPUs, and only about
130 when using 72 CPUs.

6 Conclusions

We have described the model and the implementation details for multi-level pFE
analysis of human bone structures. By using the presented techniques, a fully-



Multi-level p-Finite Element Analysis for Human Bone Structures 249

parallel finite element code is obtained. Numerical results show excellent weak
and strong scalability for both an artificial and a realistic human bone problem.

The short solution times which we have obtained will allow to assess the
mechanical quality of bone in vivo on a routinely basis. Furthermore, the even
larger models of whole bones measured in vitro has become possible. We expect
these findings to improve our understanding of the influence of densitometric,
morphological and loading factors in the etiology of spontaneous fractures of the
hip and the spine.
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Abstract. The ACTS collection project comprises a set of state-of-the-
art software tools to speed up the development of High-Performance
Computing Applications in science and engineering. We look at the de-
velopment of High Level user interfaces using scripting languages like
Python, to facilitate the access to ACTS technology to a wide commu-
nity of computational scientists. PyACTS is our main project here, but
we also visit other efforts within the community of developers of ACTS
tools.

1 Introduction

The Advanced CompuTational Software (ACTS) [I] Collection comprises a set of
computational tools developed primarily at DOE laboratories, sometimes in col-
laboration with universities and other funding agencies (NSF, DARPA), aimed
at simplifying the solution of common and important computational problems.
A number of important scientific problems have been successfully studied and
solved by means of computer simulations built on top of tools available in the
ACTS Collection [2]. The ACTS Collection brings robust and high-end software
tools to the hands of application developers to accelerate the development of
computational science codes and consequent results. However, this transfer of
technology is not always successful due in part to the intricacy in understanding
the interfaces associated with the software tools and the time an application sci-
entists spends installing and learning the use of a given tool. Here we present a
set of Python based interfaces to some of the tools in the ACTS Collection, Py-
ACTS. We also present some examples of it applications and future development
directions.
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2 Some of the Tools in the ACTS Collection

In Table M we briefly list some of the numerical functionality available in the
ACTS Collection. The tools in Table [[l have development projects that include
interfaces in Python. A closer look at the functionality offered by these tools
[1], we see that there are some tools that compliment others (i.e., the use of a
direct solver inside a preconditioner used by an iterative scheme, or the use of
a preconditioner from Tool A inside Tool B, etc.) and tools with functionality
that overlap. Selecting the appropriate tool is not trivial and problem specific, it
may require in some cases not only expertise in numerical linear algebra but also
extensive testing and tuning. To be able to explore the full functional plethora in
the ACTS Collection, a user may spend months learning the different interfaces
and parameterizations of a giving tool. Our goal with PyACTS is to build a high
level user interface that directly reduces the amount of work a user spends simply
learning to use a tool, facilitates a faster development of her or his application.
PyACTS [I5I6/17] provides a didactical user interface to assist with their first
application prototype and following production code development. Here we look
at the PyACTS development project and existing functionalities.
The reader is referred to the ACTS Information Center [I8] for more details on
these tools and others available in the collection. Our initial work has been focused
on the development of PyScal,APACK which is introduced in the next section.

3 PyACTS: A Python Interface to the ACTS Collection

Python [19] is an interpreted, interactive, object-oriented programming lan-
guage. Python combines remarkable power with very clear syntax. It has mod-
ules, classes, exceptions, very high level dynamic data types, and dynamic typing.
New built-in modules are easily written in C or C++4-. Python is also usable as an
extension language for applications that need a programmable interface. Python
is designed to make integration with other software components in a system
as simple as possible. Programs written in Python can be easily blended with
other languages. For instance, Python scripts can call out existing C and C++
libraries, Java classes, and much more. Actually, it is this feature of Python that
is employed in our current work.

Additionally, Python is portable: it runs on many brands of UNIX, on Win-
dows, Mac, and many other platforms. Python is copyrighted but freely usable
and distributable, even for commercial use. Python is an ideal language for proto-
type development and other ad—hoc programming tasks, without compromising
maintainability and it uses an elegant syntax for readable programs. All of the
ACTS tools listed in the previous section use MPI as one of the methods for
supporting message passing. In the PyACTS, we use pyMPI [20], which enables
us to use the same Python modules and rich functionality. We have also tested
other Python implementations of MPI and these can be replaced without any
portability issues because of the MPI functionality used inside PyACTS is avail-
able in all flavor implementations and the observed performance is quite similar.
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Table 1. A subset of the Numerical Tools in the ACTS Collection with their Python
based Interfaces. At this time, all these third party Python based projects are inde-
pendent of PyACTS and not a part of the ACTS collection.

TOOL Short Description

Library of high-performance linear algebra routines for
distributed-memory message-passing Multiple Instruction Mul-
ScaLAPACK [3] |tiple Data (MIMD) computers and networks of workstations.
and PyScaLAPACK |The library contains routines for solving systems of linear equa-
from PyACTS tions, least squares, eigenvalue problems and singular value
problems. It also contains routines that handle matrix factor-
izations or estimation of condition numbers.

General purpose library for the direct solution of large, sparse,
nonsymmetric systems of linear equations on high performance
machines. The library is written in C and is callable from ei-
ther C or Fortran. The library routines perform an LU decom-

SuperLU [4] and
PySuperLU from

PyACTS position with numerical pivoting and triangular system solves
through forward and back substitution.
The Portable, Extensible Toolkit for Scientific computation
[7], provides sets of tools for the parallel, as well as serial, nu-
PETSc [f] and merical solution of PDEs that require solving large-scale, sparse
PyPETSc [6] linear and nonlinear systems of equations. PETSc includes non-

linear and linear equation solvers that employ a variety of New-
ton techniques and Krylov subspace methods.

SUite of Nonlinear and DlIfferential/ALgebraic equation
Solvers, and it refers to a family of four closely related solvers;
CVODE [8l9], for systems of ordinary differential equations;
CVODES [10], variant of CVODE for sensitivity analysis; KIN-
SOL [11], for systems of nonlinear algebraic equations; and IDA
[12], for systems of differential-algebraic equations.

SUNDIALS and
some available
Python bindings

A framework for the development of parallel solvers and li-
braries within an object-oriented environment. AztecOQO is one
Trilinos [13] and of the libraries available in Trilinos and it is part of the ACTS

PyTrilinos [14] Collection. The Trilinos framework offers a variety of mecha-
nisms for a software package to interact with other software
packages.

PyACTS is a collection of carefully designed and written software wrappers to
the ACTS tools, it also includes other routines written in Python to provide high
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level users interfaces. Therefore, wrappers written for PyPBLAS, PyBLACS and
PyScaLAPACK were generated first with the help of F2PY [2I], and then we
loaded these wrappers with functionality that will automatically validate the
arguments passed to the actual PyACTS routines, and check for consistency
between the types of objects expected by the ACTS tools. These wrappers also
provide us with the ability to transparently convert data types between PyACTS
modules to support interoperability. More details on these wrappers are giving
later in this section. In additional, PyACTS interfaces contain fewer arguments
in their calls but generate automatically other parameters that are later passed
to the actual ACTS tool interfaces. An example of this abstraction is shown with
a PBLAS 3 example in Figure[Il In the panel (a) of this figure, we notice that
there are parameters like the PBLAS descriptors that do not contribute directly
with the operation, C = aAB+ (C, but are there to support the parallelism and
optimize the algorithmic implementation. Many users in computational science
and engineering do not care for these levels of details.

In example illustration (Figure [I]), PyACTS removes these extra arguments
from the PyPBLAS user interface. And internally PyPBLAS will automatically
generate the missing parameters for the user and execute the proper call to
the corresponding PBLAS routine. Furthermore, one more complex part of the
ScaLAPACK and SuperLU interfaces is the handling of the two dimensional
cyclic distribution. PyACTS provides an automatic mechanism to create the
data layout and manage the resulting data distributions for the user.

While our PyACTS implementations automatically generates many of the
parameters for the user, and provides support functionality, the user can still
modify this parametric behavior by calling directly a routine at a lower lever
of the PyACTS structure. Thus, PyACTS has resulted in a modular tool that
support users with different levels of expertise with ACTS tools.

Figure [ illustrates the internal structure of the PyACTS software. As il-
lustrated in this graph we use components of pyMPI and Numerical Python,
NumPy [22], to provide array management and parallelism. Additionally we have
created a set of utilities to facilitate I/O of different formats (e.g., NETCDF,
ascii), and general purpose processing routines.

The utilities module is shared by all the components of PyACTS and they
are not particular to a tool in ACTS. The individual tool modules (e.g., the
PyScalLAPACK module, PySuperLLU module, etc.) contain the Python bindings
to the ACTS tools.

The Python wrappers provide not only a level of transparency to some tool
arguments but also a set of well designed validation procedures and generation
of extra arguments to call the Fortran or C language libraries. Validation pro-
cedures verify that the correct variables are passed as parameters to a given
routine. For instance when calling a PyScalLAPACK routines that takes a ma-
trix as argument, the verification will consist of a checking of the ScaLAPACK
type matrix and that the matrix has indeed values before it calls to the ac-
tual ScaLAPACK matrix. Internally, it also checks whether the corresponding
ScalLAPACK contexts for the distributed arrays have been created.
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PvGEMM( TRANSA, TRANSB, M, N, K, ALPHA,
A, IA, JA, DESCA, QMoo
B, IB, JB, DESCB,
BETA, C, IC, JC, DESCC )

(4)
XSt

1> from PyACTS import *
> import PyACTS.PyPBLAS as PyPBLAS

# Generate or enter n,n matrix A, vectors B and C
# and scalars

i |> PyACTS.gridinit() # grid initialization ||
> C=PyPBLAS.pvgemm(alpha,A,B,beta,C) # call level 3

H # PBLAS routine
‘-|> PyACTS.gridexit()

(b)

Fig. 1. The generic BLAS 3 Fortran and C call is shown in panel (a), and panel (b)
shows the simplified PyACTS, specifically PyPBLAS, version of the same call

In PyACTS, the interoperability between ACTS tools is managed via a col-
lection of routines for conversions of data representations between the different
ACTS tools. For instance, this allows a user to convert a matrix from SuperLU
into a PETSc matrix in an easier manner.

Currently, we have developed an interface to ScaLAPACK and SuperLU,
PyScaLAPACK [15] and PySuperLU, respectively. In addition, we have designed
a modular implementation of PyACTS that is shown in Figure 2l This design
allows for easily handling of different versions of the same package and also the
interoperability with other Python interfaces from other ACTS tool develop-
ers. For instance, PETSc and SUNDIALS provide their own Python extensions.
Trilinos provides PyTrilinos [23], with Python extensions to provide access to
most of the Trilinos functionality. TAU [24], a performance profiling and tuning
tool in the ACTS Collection, can also profile programs written in Python. Thus,
the PyACTS modular structure still allows for integration of existing PyACTS
functionality with the ones being developed by other ACTS tool developers. As
shown also in Figure 2], a user wanting to use PyACTS needs to have installed:
MPI, BLAS, BLACS, ScaLAPACK, Python 2.1 or later, and NumPy

4 Some Examples of Applications Using PyACTS
Modules

In this section we briefly present results from two parallel implementations of
the Conjugate Gradient (CG) algorithm. The first implementation written in



256 L.A. Drummond et al.

PYTHON INTERPRETER: pyMPI

A 4 A 4 Y Y Y
PYACTS
¥ PySuperLU| |PYBLACS||PyPBLAS||PyScal APACK in;"r‘;';d | Numerical
Module Module Module Module wr}te ! Python
[ | [ [
¥ v ¥ ¥ ¥
PYACTS.S0  |pysuperLU| .. |PyBLACS||PyPBLAS| |PyScaLAPACK
Wrapper Wrapper || Wrapper Wrapper F\)lx\llth?dn
or
[ [ [
| | |
Y Y Y
SlpEiLY ScaLAPACK

Libraries

(seq, shared,dist) (libscalapack.a)

| T

‘ BLACS ‘

Y Y

‘ MPI ‘

Fig. 2. Modular Structure of the PyACTS Project

pure Fortran and the second one in Python using PyACTS modules. There are
many implementations of the CG for high performance computing, including
robust and scalable implementations that are offered in the ACTS Collection.
Furthermore, there is extensive literature on the subject that discusses in detail
its derivation, applications and performance issues of the CG Algorithm. Thus,
our goal here is not to provide a better version of the CG or extend the litera-
ture on the subject, but rather to illustrate with an example and performance
results the low overhead of PyACTS. We have chosen this example because of
the multiple calls to PBLAS routines and parallel manipulation of vectors and
matrices.

In the PyACTS code, we have used the PyPBLAS module, and in the For-
tran code we call the counterpart PBLAS routines directly. The experiments
were perform in a Linux cluster with 6 2.0GHz Intel processors and 512Mbytes
memory per processor. The BLAS level routines were previously optimized with
ATLAS [25].

The different curves correspond to different processor grids for the two code
implementations. First, we observe a marginal difference in the timings between
the PyACTS and Fortran versions. Because Python automatically provides a
more efficient memory management mechanism than Fortran (i.e., a Fortran code
without any special memory management nor memory optimization schemes) in
some cases we were able to run the parallel PyACTS implementation with matrix
sizes and processes grids that were not possible with Fortran due to memory lim-
itations. For instance see 1 x 1 configuration for matrix sizes over 11,000 in Figure
3(a)l Figure shows the relationship between the execution time of the For-
tran code and Python based one (Time_FortranCode +~ Time_PyACT SCode)



High-Level User Interfaces for the DOE ACTS Collection 257

4,5

-

“FORTRAN 1XI =~ PYTHON 1XL /
FORTRAN 2X1 < PYTHON 2X1 /
~—FORTRAN 4X1 — PYTHON 4X1

3,5 1
—+ FORTRAN 6X1 —+— PYTHON 6X1 /
3
2,5 / =

4 1

o
©

o
@

“
'ython
o
3

o
E)

Time (sec.)

,_.
[N
T_Fortran / T_P:
o
«
N

' ' S P SIS SRS
$ & PSEESLFLSLSLS LSS
P PP PSS S P OO FF LTSS LSS
PFEELELELFFLFSLEFSL,L,L,L,SSL S S S L I - L SR UG S U SR
S S S S SR S IR I S SIS AR A A
Matrix size
Matrix size
(a) Actual Run Times (b) Relatlve Run Times

Fig. 3. Comparing a Fortran vs a Python implementation of the Conjugate Gradient
algorithm. We use PyACTS modules for the Python implementation.

A number of other examples have been performed with both PyScaLAPACK
and PyPBLAS routines [26], and the results have consistently displayed a marginal
difference between the PyACTS and Fortran code implementations in different
computer platforms.

Additionally, PyScaLAPACK has already been used inside scientific appli-
cations [26]. In particular, it has been used to provided parallel functionality
to a sequential Python-based package called PyClimate. PyClimate [27] pro-
vides support to common tasks during the analysis of climate variability data. It
provides functions that range from simple IO operations and operations with
COARDS-compliant netCDF files to Empirical Orthogonal Function (EOF)
analysis, Canonical Correlation Analysis (CCA) and Singular Value Decomposi-
tion (SVD) analysis of coupled data sets, some linear digital filters, kernel based
probability-density function estimation and access to DCDFLIB.C library from
Python. PyClimate uses functionality available in LAPACK.

5 Conclusions and Future Work

Although, early experiments with PyACTS have shown a low overhead induced
by the Python-based interface, PyACTS is not yet intended for large production
runs in high-end system, rather it is a didactical tool for generating a first proto-
type of the application code. It helps the user to become familiar with a particular
interface and also access in an interoperable manner other ACTS tools interface
without having to learn it in great detail. We envision that the popularity of high-
level programing languages, and their portability to many computer system will
in the future enable technology that will make this high-level programming lan-
guages to scale. Thus, PyACTS may also scale to thousands of processors.

We are currently working on a PyACTS scribe that will allow to write out the
Fortran and C language equivalent functions of the High-Level PyACTS routines.
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Therefore, a user that prototypes an application using PyACTS will be able to get
the exact Fortran or C calling interface sequence in order to produce a code that
can be compiled and used for production runs in a large number of system.

In the future, we will be working closely with other ACTS tool developers and
integrating more functionality to PyACTS.
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Abstract. Large-scale computation on graphs and other discrete struc-
tures is becoming increasingly important in many applications, includ-
ing computational biology, web search, and knowledge discovery. High-
performance combinatorial computing is an infant field, in sharp contrast
with numerical scientific computing.

We argue that many of the tools of high-performance numerical com-
puting — in particular, parallel algorithms and data structures for com-
putation with sparse matrices — can form the nucleus of a robust infras-
tructure for parallel computing on graphs. We demonstrate this with an
implementation of a graph analysis benchmark using the sparse matrix
infrastructure in STAR-P, our parallel dialect of the MATLAB program-
ming language.

1 Introduction

High performance applications increasingly combine numerical and combinato-
rial algorithms. Past research on high performance computation has focused
mainly on numerical algorithms, and we have a rich variety of tools for high per-
formance numerical computing. On the other hand, few tools exist for large-scale
combinatorial computing.

Our goal is to build a general set of tools to allow scientists and engineers
develop applications using modern numerical and combinatorial tools with as
little effort as possible. Sparse matrix computations allow structured representa-
tion of irregular data structures, decompositions, and irregular access patterns
in parallel applications.

Sparse matrices are a convenient way to represent graphs. Since sparse ma-
trices are first class citizens in MATLAB and many of its parallel dialects, it is
natural to use the duality between sparse matrices and graphs to develop a rich
infrastructure for numerical and combinatorial computing.

* This author’s work was partially supported by Silicon Graphics Inc.
** These authors’ work was partially supported by the Air Force Research Laboratories
under agreement number AFRL F30602-02-1-0181 and by the Department of Energy
under contract number DE-FG02-04ER25632.
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Table 1. Correspondence between some sparse matrix and graph operations

Sparse matrix operation Graph operation

G = sparse (U, V, W) Construct a graph from an edge list
[U, V, W] = find (@) Obtain the edge list from a graph
vtxdeg = sum (spones(G)) Vertex degrees for an undirected graph
indeg = sum (spones(G)) Indegrees for a directed graph
outdeg = sum (spones(G), 2)|Outdegrees for a directed graph

N = G(i, :) Find all neighbors of vertex 4

Gsub = G(subset, subset) Extract a subgraph of G

G, j) =W Add or modify a graph edge

G(i, j) =0 Delete a graph edges

G(I, I) = [1 Remove vertices from a graph

G = G(perm, perm) Permute vertices of a graph

reach = G * start Breadth first search step

2 Sparse Matrices and Graphs

Every sparse matrix problem is a graph problem and every graph problem is
a sparse matrix problem. We discuss some of the basic design principles to be
aware of when designing a comprehensive infrastructure for sparse matrix data
structures and algorithms in our earlier work [BJT0]. The same principles apply
to efficient operations on large sparse graphs.

1. Storage for a sparse matrix should be 6(maz(n,nnz))

2. An operation on sparse matrices should take time approximately propor-
tional to the size of the data accessed and the number of nonzero arithmetic
operations on it.

A graph consists of a set of vertices V', connected by edges E. A graph can
be specified by tuples (u,v,w) — this means that there exists a directed edge
of weight w from vertex u to vertex v. This is the same as a nonzero w at
location (u,v) in a sparse matrix. According to Principle 1, the storage required
is 0(|V|+|E|). An undirected graph is represented by a corresponding symmetric
sparse matrix.

A correspondence between sparse matrix operations and graph operations is
listed in Table[Il The basic design principles silently come into play in all cases.
Consider breadth first search (BFS). A BFS can be performed by multiplying
a sparse matrix G with a sparse vector x. The simplest case is doing a BFS
starting from vertex ¢. In this case, we set x(i) = 1, all other elements being
zeros. y = G * x simply picks out column ¢ of G which contains the neighbors of
vertex i. If we repeat this step again, the multiplication will result in a vector
which is a linear combination of all columns of G corresponding to the nonzero
elements in vector x, or all vertices that are up to 2 hops away from vertex i. We
can also do several independent BFS searches simultaneously by using sparse
matrix sparse matrix multiplication [9]. Instead of starting with a vector, we
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Fig. 1. SSCA #2 graph (a) Conceptual (b) Plotted with Fiedler co-ordinates

start with a matrix, with one nonzero in each column at some row j, where j is
the starting vertex. So, we have Y = G * X, where each column of J contains
the results of performing an independent BFS. Sparse matrix multiplication can
be thought of as simply combining columns of G, and Principle 2 assures us
that each of these indexing operations take time proportional to the number of
nonzeros in that column. As a result, the time complexity of performing BFS
using operations on sparse matrices is the same as that obtained by performing
operations on other efficient graph data structures.

3 An Example: SSCA #2 Graph Analysis Benchmark

The SSCAs (Scalable Synthetic Compact Applications) are a set of benchmarks
designed to complement existing benchmarks such as the HPL [4] and the NAS
parallel benchmarks [2]. Specifically, SSCA #2 [I] is a compact application that
has multiple kernels accessing a single data structure (a directed multigraph with
weighted edges). The data generator generates an edge list in random order for a
multigraph of sparsely connected cliques as shown in Figure[Il The four kernels
are as follows:

1. Kernel 1: Create a data structure for further kernels.

2. Kernel 2: Search graph for a maximum weight edge.

3. Kernel 3: Perform breadth first searches from a set of start vertices.

4. Kernel 4: Recover the underlying clique structure from the undirected graph.

The benchmark spec is still not finalized. We describe our implementation of

version 1.1 (integer only) of the spec in this paper.

3.1 Scalable Data Generator

The data generator is the most complex part of our implementation. It generates
edge tuples for subsequent kernels. No graph operations are performed at this
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Fig. 2. MATLAB spy plot of the input graph

stage. The input to the data generator is a scale parameter, which indicates the
size of the graph being generated. The resulting graph has 2°°%/¢ vertices, with
a maximum clique size of |25¢%¢/3 | a maximum of 3 edges with the same end-
points, and a probability of 0.2 that an edge is directional. The vertex numbers
are randomized, and a randomized ordering of the edge tuples is presented to
the subsequent kernels. Our implementation of the data generator closely follows
the pseudocode published in the spec.

3.2 Kernel 1

Kernel 1 creates a read-only data structure that is used by subsequent kernels.
We create a sparse matrix corresponding to each layer of the multigraph. The
multigraph has 3 layers, since there is a maximum of 3 parallel edges between any
two vertices in the graph. MATLAB provides several ways of constructing sparse
matrices, sparse() being one of them. It takes as its input a list of 3-tuples -
(4,7, wi;). Its output is a sparse matrix with a nonzero wj; in every location (i, j)
specified in the input. Figure [2 shows a spy plot of one layer of the input graph.

3.3 Kernel 2

In kernel 2, we search the graph for edges with maximum weight. £ind () is the
inverse of sparse(). It returns all nonzeros from a sparse matrix as a list of
3-tuples. We then use max () to find the maximum weight edge.

3.4 Kernel 3

In kernel 3, we perform breadth first searches from a given set of starting points.
We use sparse matrix-matrix multiplication to perform all breadth first searches
simultaneously from the given starting points. Let G be the adjacency matrix
representing the graph and S be a matrix corresponding to the starting points. S
has one non-zero in each column for every starting point. Breadth first search is
performed by repeatedly multiplying G with S: Y = G %« X. We perform several
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Fig. 3. (a) Clusters in full graph (b) Magnification around the diagonal

breadth first searches simultaneously by using sparse matrix-matrix multiplica-
tion. STAR-P stores sparse matrices by rows, and parallelism is achieved by each
processor computing some rows in the product [T0J9].

3.5 Kernel 4

Kernel 4 is the most interesting part of the benchmark. It can be considered
to be a partitioning problem or a clustering problem. We have several imple-
mentations of kernel 4 based on spectral partitioning (Figure[Il), “seed growing”
(Figure B)), and “peer pressure” algorithms. The peer pressure and seed growing
implementations scale better than the spectral methods, as expected. We now
demonstrate how we use the infrastructure described above to implement kernel
4 in a few lines of MATLAB. Figure Bl shows a spy plot of the undirected graph
after clustering. The clusters show up as dense blocks along the diagonal.

Our seed growing algorithm (Figure[) starts with picking a small set of seeds
(about 2% of the total number of vertices) randomly. The seeds are then grown
so that each seed claims all vertices reachable by at least k paths of length 1 or 2.
This may cause some ambiguity, since some vertices might be claimed by multiple
seeds. We tried picking an independent set of vertices from the graph by perform-
ing one round of Luby’s algorithm [7] to keep the number of such ambiguities as
low as possible. However, the quality of clustering remained unchanged when we
use random sampling. We used a simple approach for disambiguation — the lowest
numbered cluster claiming a vertex got it. We also experimented with attaching
singleton vertices to nearby clusters to improve the quality of clustering.

Our peer pressure algorithm (Figure [l) starts with a subset of vertices desig-
nated as leaders. There has to be at least one leader neighboring every vertex
in the graph. This is followed with a round of voting where every vertex in the
graph elects a leader, selecting a cluster to join. This does not yet yield good
clustering. Each vertex now looks at its neighbors and switches its vote to the
most popular leader in its neighborhood. This last step is crucial, and in this
case, it recovers more than 95% of the original clique structure of the graph.

We experimented with different approaches to select leaders. At first, it seemed
that a maximal independent set of vertices from the graph was a natural way to
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% J is a sparse matrix with one seed per column.

J = sparse (seeds, l:nseeds, 1, n, nseeds);

J =G * J; % Vertices reachable with 1 hop.

J =1J+ GxJ; ¥ Vertices reachable with 1 or 2 hops.

J=17J>k; % Vertices reachable with at least k paths of 1 or 2 hops.

Fig. 4. Breadth first parallel clustering by seed growing

pick leaders. In practice, it turned out that simple heuristics (such as the highest
numbered neighbor) gave equally good clustering. We also experimented with
different numbers of voting rounds. The marginal improvement in the quality of
clustering was not worth the additional computation required.

We used STAR-P [6] for our implementation. STAR-P is a parallel implemen-
tation of the MATLAB language with global array semantics. We expect it to
be straightforward to port to any other global-array parallel dialect of MAT-
LAB, such as PMATLAB [II] or Mathworks Parallel MATLAB [8]. We present a
basic performance analysis of our implementation in Section Bl We will include
a detailed performance analysis of our implementation in a forthcoming journal
version of our paper.

4 Visualization of Large Graphs

Graphics and visualization are a key part of an interactive system such as MAT-
LAB. The question of how to effectively visualize large datasets in general, es-
pecially large graphs, is still unsolved. We successfully applied methods from
numerical computing to come up with meaningful visualizations of the SSCA
#2 graph.

One way to compute geometric co-ordinates for the vertices of a connected graph
is to use Fiedler co-ordinates for the graph. Figure[Ilshows the Fiedler embedding

% IS is the independent set. Find all neighbors in the IS.
neighbors = G * sparse(IS, IS, 1, n, n);

% Each vertex chooses a random neighbor in the independent set.
R = sprand (neighbors);
[ignore vote] = max (R, [1, 2);

% Collect neighbor votes and join the most popular cluster.
(I, J1 = find (G);

S = sparse (I, vote(J), 1, n, n);

[ignore cluster] = max (S, [1, 2);

Fig. 5. Parallel clustering by peer pressure
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Fig. 6. SSCA #2 graph: (a) 3D visualization (b) density plot (spyy)

of the SSCA #2 graph. In the 2D case, we use the eigenvectors (Fiedler vectors)
corresponding to the first two non-zero eigenvalues as co-ordinates for the graph
vertices in a plane.

For 3D visualization of the SSCA #2 graph, we start with 3D Fiedler co-
ordinates. We model the graph as particles on the surface of a sphere. There is
a repulsive force between all particles, inversely proportional to the distance be-
tween them. If r is the distance between two particles, the forcing function we use
is 1/r. Since these particles repel each other on the surface of a sphere, we expect
them to spread around and occupy the entire surface of the sphere. Since there are
cliques in the original graph, we expect clusters of particles to form on the surface
of the sphere. At each timestep, we compute a force vector between all pairs of par-
ticles. Each particle is then displaced some distance based on its force vector. All
displaced particles are projected back onto the sphere at the end of each timestep.

This algorithm was used to generate Figure[6l In this case, we simulated 256
particles and the system was evolved for 20 timesteps. It is important to first
calculate the Fiedler co-ordinates. Our effort to use random co-ordinates resulted
in a meaningless picture. We used PyMOL [3] to render the graph.

We also developed a version of spy () suitable for visualization of large graphs -
spyy (). Large sparse graphs are often stored remotely (for example, on a STAR-P
server). It is impracatical to transfer the entire graph to the frontend for display.
We create a density plot of the sparse matrix, and only transfer the image to the
frontend. We implemented spyy () completely in the MATLAB language. It uses
parallel sparse matrix multiplication to build the density plot on the backend. A
spyy plot can also be thought of as a two dimensional histogram. Figure [0l shows
a spyy plot of the SSCA #2 graph after clustering.

5 Experimental Results

We ran our implementation of SSCA #2 (ver 1.1, integer only) in STAR-P. The
MATLAB client was run on a generic PC. The STAR-P server was run on an SGI
Altix with 128 Itanium II processors with 128G RAM (total, non-uniform mem-
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SSCA #2 v1.1 - scale 21
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Fig.7. SSCA #2 v1.1 execution times (STAR-P, Scale=21)

ory access). We used a graph generated with scale 21. This graph has 2,097, 152
vertices. The multigraph has 320, 935, 185 directed edges, whereas the undirected
graph corresponding to the multigraph has 89,145, 367 edges. There are 32, 342
cliques in the graph, the largest of them having 128 vertices. There are 88,933,116
undirected edges within cliques, and 212, 251 undirected edges between cliques in
the input graph for kernel 4. The results are presented in Fig. [

Although it is not required by the spec, our data generator also scales very
well. A lot of time is spent in kernel 1, where data structures for the subsequent
kernels are created. The majority of the time is spent in searching the input
triples for duplicates, since the input graph is a multigraph. Kernel 1 creates
several sparse matrices using sparse(), each corresponding to a layer in the
multigraph. Time spent in kernel 1 also scales very well with the number of
processors. Time spent in Kernel 2 also scales as expected.

Kernel 3 does not show speedups at all. Although, all the breadth first searches
are performed in parallel, the process of subgraph extraction for each starting
point creates a lot of traffic between the STAR-P client and the STAR-P server -
which were physically in different states. This client server communication time
ends up dominating over the computation time. We will minimize this overhead
by vectorizing all of kernel 3 in a future release.

Kernel 4, the non-trivial part of the benchmark, actually scales very well. We
present results for our best performing implementation of kernel 4, which uses
the seed growing algorithm.

The evaluation criteria for the SSCAs also include software engineering met-
rics such as code size, readability, maintainability etc. Our implementation is
extremely concise. We provide the source lines of code (SLOC) for our imple-
mentation in Table 2] We also provide absolute line counts which include blank
lines and comments, as we believe these to be crucial for code readability and
maintainability. Our implementation runs without modification in sequential
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Table 2. Line counts for STAR-P implementation of SSCA#2. The “Source LOC”
column counts only executable lines of code, whereas the “Line counts” column counts
the total number of lines including comments and whitespace.

Operation Source LOC|Total line counts
Data generator 176 348
Kernel 1 25 63
Kernel 2 11 34
Kernel 3 23 48
Kernel 4 (spectral) 22 70
Kernel 4 (seed growing) 55 108
Kernel 4 (peer pressure) 6 29

MATLAB, making it easy to develop and debug on the desktop before deploying
on a parallel platform.

6 Concluding Remarks

We have run the full SSCA #2 benchmark (spec v0.9, integer only) on graphs
with 227 = 134 million vertices on the SGI Altix. We have also manipulated
extremely large graphs (1 billion vertices and 8 billion edges) on an SGI Altix
with 256 processors using STAR-P.

We demonstrate a robust, scalable way to manipulate large graphs by repre-
senting them with sparse matrices. Although it may be possible to achieve higher
performance with different data structures and distributions, it is extremely hard
to design a general purpose system which can support such a variety of repre-
sentations, and the resulting combinatorial explosion of interactions between
them. This is why STAR-P has only one representation for sparse matrices [10].
This allows for a robust, scalable, well-tuned implementation of sparse matrix
algorithms, and hence, operations on graphs.

Note that the codes in Figure @ and Figure [l are not pseudocodes, but ac-
tual code excerpts from our implementation. Although the code fragments look
very simple and structured, the computation is anything but. All operations are
on sparse matrices, resulting in highly irregular communication patterns on ir-
regular data structures. We conclude that sparse matrix operations provide a
convenient language to efficiently manipulate large graphs.
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Abstract. The escript package is an extension of python. It provides an
easy-to-use programming environment for numerical simulations based
on the solution of partial differential equations (PDEs), while at the
same time providing for fast solution of large models by performing time-
intensive calculations in C++4 and C. The escript functionality allows the
user to implement high-level numerical schemes to reduce coupled, non-
linear, time-dependent PDEs to linear, steady PDEs that have to be
solved in each time and/or iteration step. The PDEs are then solved
by our finley PDE solver library. The layer of abstraction provided by
escript allows an implementation which is independent from particular
discretization schemes, PDE solver libraries, their data structures, and
the computing platform itself. In the paper we will briefly outline the
basic concepts of escript, illustrate its usage for modelling seismic wave
propagation and discuss some parallelization issues with OpenMP and
MPI.

1 Introduction

The basic idea of the python [4] module escript [3I112] is to provide an abstraction
of the mathematical formulation of a model from the discretization techniques
that are used to run these models. Firstly, this approach creates an environment
that is very natural for scientists to work with, as it resembles the functions and
equations used in formulating the model. The scientist does not have to deal
explicitly with the numerical objects, such as sparse matrices and their data
structures. We see this as an important contribution to handle the complexity
of models as can be found in some area of science, such as rheology.

Moreover, escript facilitates a high degree of reusability and portability. Mod-
els can be run with various discretization techniques. For instance, for a simple
geometry a finite difference method may be most efficient while for a more com-
plex geometry finite elements have to be used. As escript is not bound to a par-
ticular numerical library it is possible to run simulations on different platforms
with different numerical libraries where there is an advantage in performance.

Several projects have developed environments for defining and solving PDEs.
Some of these environments are using their own programming languages, for
instance FASTFLO [12], ELLPACK [I1]. One drawback of this approach is that
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users have to learn a new programming language. Moreover, as not designed as
proper programming languages they are often missing important programming
language features and functionalities as requested by new application areas that
have not been considered in the original design. Therefore, the approach of em-
bedding the PDE solving environment into an existing language such as C++,
MATLAB or python is more successful in terms of acceptance in the user com-
munity as well as richness of functionality that can be provided with minimum
investment costs. For instance, Sundance [13], which follows an approach very
similar to escript but is less open, is an extension to C++. As the efficient
usage of a C++—based environment requires good software engineering skills,
most users prefer interactive and script—based programming environments such
as MATLAB and python even if this comes at the costs of less efficient codes. As
an object oriented approach is very appropriate for an abstraction layer to define
PDEs and spatial function python has been chosen as the user environment for
escript.

In the next section, we will present a mathematical model for seismic wave
propagation in the earth crust. In the third section we will briefly outline the
basic concept of escript and show how escript used to implement the seismic
wave propagation model. Section four will discuss the parallelization of escript
for OpenMP [9] and MPI [7].

2 Example: Seismic Wave Propagation

To illustrate the usage of escript we present the implementation of a simple wave
propagation model after a seismic event [6]. The domain of interest is a three-
dimensional block in the outer crust of the earth. Typical dimensions are 30km
in depth and 100-500km in length. The block is meant to model a coastal region
and contains various materials such as rock, sediment and water.

The model for the propagation of waves after a seismic event is based on
the solution of the wave equation given below: For any given time ¢ > 0, the
displacement field v = (u;) on the domain {2 is given by

pli,ie = 0ijj + F; 1)

where p is the density and F; is an internal load. In this equation, the notation
Z ; denotes the derivative of function Z with respect to the j-th spatial direction,
and we are using standard tensor summation notation. The function oy; is the
stress field, which in case of an isotropic, linear elastic material is given by

0ij = A ukkbij + p (Wij + uji) (2)

The coefficients A and p are the Lame coefficients and 9;; denotes the Kronecker
symbol. The density as well as the Lame coefficients depend on their location in
the domain. Typically, they are represented through piecewise constant functions
representing bed rock, sand and water in the domain.
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At time ¢ = 0, the displacement v and the velocity u ; are assumed to be zero.
On the boundary I' of {2 the normal stress is assumed to be zero for all time
t>0:

0515 = 0 (3)

where n; is the outer normal field of 2. This boundary condition will reflect
waves on the boundary surface. On some parts of the domain surface it could be
appropriate to use non-reflecting boundary conditions. As it is always possible
to choose a sufficiently large domain to eliminate the effects of reflected waves
and for the sake of a simple presentation, non-reflecting boundary conditions are
not discussed here.

The load induced by a seismic event at time t, is modeled in the form

_(Hm—mq||2+ut—tqu2>
Fi(z,t) = Qie : L : (4)

where z, is the location of the event, s its spatial size and [ its temporal length.
The constant @Q); is representing the acting force at the time of the event.

We employ the explicit Verlet scheme [6] with constant time step size dt to
solve the wave propagation equation (). If u(™) gives the displacement at time
t(™ = n . dt one sets

w™ = 9. =1 _y(n=2) 4 2. ,(n) (5)
where a(™ is the acceleration at time ¢(™) given by the solution of

j,J

together with the natural boundary condition (3] for a(]"] D

To ensure that the Verlet scheme (f) is stable the following Courant condition
has to be fulfilled everywhere in the domain:

h At 2
dt < 02 with v, = | 2 F 2
Up p

(7)

where h denotes the local discretization length, for instance the diameter of the
elements in the finite element mesh, and 6 is a safety factor, typically 6 = %

3 The escript Environment

We will use the example presented in section 2] to outline the basic ideas of
escript [8I1] and illustrate how escript is used to implement a practical simula-
tion. We will assume that the simulation is implemented using the finite element
method (FEM) [5] but these scripts can be used with other discretization tech-
niques after only minor changes.
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3.1 Spatial Functions

Functions of spatial coordinates play a key role when implementing mathematical
models. The following python [] script defines a function over the domain dom
as it would be used to define the displacement field ©v = 0 at the initial time
step:

from finley import Brick

from escript import *

dom=Brick(...) # Arguments define the 3-D domain
u=Vector(0.,Solution(dom))

This defines the domain that will be used by our FEM solver C library finley [1] to
run the simulation. The Domain class object returned by the function Brick holds
pointers to the key finley data structures defining the finite element mesh. The
function represented by the escript Data object u is a vector-valued function. The
initial value is 0.0. The argument Solution(dom) declares the FunctionSpace of
u (function spaces will be described below). In this case the function represented
by u is declared as a solution of a PDE on the domain defined by the object
dom. The definition of u does not require to specify how the function is actually
represented. The representation being used is depending on the Domain. In the
context of the FEM, PDE solutions are typically represented by their values on
the nodes of the mesh. It is pointed out that here as well as in the following we
never explicitly refer to the actual representation of a function. This makes it
possible to run a mathematical model with various discretization techniques as
well as code portability to across compute platforms.

The following function returns the stress as calculated by equation (2]). It takes
the current displacement u and the Lame coefficients 1mbd and mu as argument:

def getStress(u,lmbd,mu):
dom=u.getDomain()
eps=symmetric (grad(u))
k=kronecker (Function(dom))
stress=1lmbd*trace (eps) *k+2*mu*eps
return stress

The function grad calculates the gradient of its argument u. In the FEM context,
the input has to be represented by values on the mesh nodes while the gradient
is calculated on the element centers or integration points within each element.
So in comparison to its argument the gradient is defined on the same domain
but is represented differently. This is reflected by the fact that FunctionSpace
of the returned Data object is now Function(dom) rather than Solution(dom).

On a given domain dom we will need functions of different types, which we
distinguish by what we call a FunctionSpace. For example, some functions are
defined on the nodes, and thus are continuous across the elements. These belong
to the function space called Solution(dom). Other functions are defined on
integration points off the nodes. These belong to the function spaced called
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Function(dom). If functions on different function spaces are added together,
then escript chooses the best way to use interpolation to effect the addition, and
the result is returned with an appropriate function space. Binary operations such
as addition and multiplication and unary operations such as taking the matrix
trace do not otherwise depend on the type of function space.

Also, when we run escript as a parallel application your Data objects may
be distributed across multiple processors. All binary and unary operations work
seamlessly on distributed data without requiring modification of the python
script.

escript itself is completely independent of the concept of FunctionSpace. Any
time knowledge is required concerning the placement of data on the nodes or
distribution of data across processors, the request is passed to a deeper layer
associated with the domain. This allows us to link with third-party software
libraries for dealing with spatial data.

The getStress function does not make any assumptions about the type for
the Lame coeflicients 1mbd and mu except that they have to be scalars. In fact,
because of the way python is handling variables and escript resolves argument
types in operations, they can be simple floating point numbers, numarray ob-
jects [§] or Data objects. In the latter case, the FunctionSpace of an argument
does not need to be equal to Function(dom) which is the FunctionSpace of the
other variables in the stress calculation. Any mismatch is resolved automatically
by interpolation in escript.

In many applications, material coefficients such as the Lame coefficients A and
w1 are represented by piecewise constant functions. escript provides the mecha-
nism of assigning values to data points using tags as an easy and efficient way to
define piecewise constant functions. Generators for FEM meshes typically allow
us to assign a single tag, typically an integer, to all elements in a subregion of
the domain. This tag can then be used as an index to assign the same material
parameters to all elements in that subregion.

The following script shows how this is done in escript:

1mbd=Scalar (1mbd_rockbed,Function(domain))
1lmbd.setTaggedValue (sand,lmbd_sand)
lmbd.setTaggedValue (water,lmbd_water)

Here we assume that the mesh generator has assigned the tags sand and water to
the corresponding regions filled with sand and water. The Data object 1mbd rep-
resenting A is initialized as a scalar function with constant value 1mbd_rockbed
which is the value of A for the rock bed. Then new values for A for the tags sand
and water are set. The initial value 1lmbd_rockbed is the default value used by
all other tags different from sand and water.

The tagged data set used above is just one of escript’s three different storage
schemes: in the general case for each data point a different value (or array of
values) is stored. Alternatively, if all data point uses the same value, only a single
value is stored. The third scheme is the tagged data set, which uses a dictionary
to define the values to be used for a given tag. The first storage scheme is the most
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computationally expensive to process and requires the most memory. If Data
object with different storage schemes are combined in arithmetic expressions,
escript intelligently resolves the different storage schemes and chooses the most
appropriate storage scheme for the result.

3.2 Partial Differential Equations

Now that we have the domain for our model we are ready to define our PDEs.
In escript the LinearPDE class objects define general linear, steady, second order
PDEs for an unknown function v on the PDE domain. In tensor notation, the
PDEs have to take the form

— (Aijriur, + Bijruk) j + Cikiue,y + Diwuy = — X35, + Y5, (8)
with natural boundary conditions
n;(Aijrite, + Bijrug) + disur, = 1 X555 + ys 9)

A general form of constraints can be used but it is not presented here. The
functions A, B, C, D, X, Y, d and y are the coeflicients of the PDE. Note
that A, B and X in equations (§) and (@) are identical. When dealing with non-
linear and time-dependent problems, you can use a suitable high-level scheme, for
instance Newton-Raphson or Verlet, to reduce the problem to solutions of linear
PDEs. The coeflicients are defined by Data objects with function space Function
for A, B, C, D, X, Y and FunctionOnBoundary for d and y. If coefficients are
not defined with expected function space they will be interpolated.

For the seismic wave propagation problem introduced in section [2] we have to
solve the (degenerated) PDE (@) in each time step to get a(™. The values for
the PDE coefficients can be easily identified by comparison with equations (&)
and ([@):

Dij = pbij , Xij = —o VY = B (10)
The following script shows how to use the LinearPDE class:

from escript import LinearPDE
pde=LinearPDE (dom)

k=kronecker (Function(dom))
pde.setValue(D=k*rho, X=-stress, Y=F)
a=pde.getSolution()

We assume that dom is a Domain class object and rho, stress and F are Data
class objects with function space Function, or compatible objects. When the
solution of the PDE is requested, escript passes the PDE coefficient to the solver
library defined by Domain of the LinearPDE. The return value is a Data object
with the function space Solution.



276 L. Gross et al.

4 Implementation

The following script shows the implementation of the seismic wave propagation
model using escript:

from escript import *
def wave(dom,rho,mu,lmbd):

x=Function(dom) .getX()

pde=LinearPDE (dom)

pde.setSolverMethod (LinearPDE.LUMPING)

k=kronecker (Function(dom))

pde.setValue (D=k*rho)

v_p=sqrt ((2*mu+1lmbd) /rho)

dt=(1./5.)*inf (dom.getSize () /v_p)

t=0

u=Vector(0.,Solution(dom))

u_last=Vector(0.,Solution(dom))

while t<t_end:
eps=symmetric(grad(u))
stress=lmbd*trace (eps) *k+2*mu*eps
F=Q*exp (- ((length(x-xq) /s) **2+((t-tq) /1) **2))
pde.setValue(X=-stress,Y=F)
a=pde.getSolution()
u_new=2*xu-u_last+dt**2x*a
u_last,u=u,u_new
t+=dt

The script puts together the components that have been discussed in the previous
section [l The argument dom defines the Domain to be used for the simulation.
The arguments rho, mu, and 1lmbd may be just floating point numbers or Data
class objects defined using tagged vales to represent piecewise constant functions.

As is commonly used in explicit time integration schemes, lumping of the
stiffness matrix is applied to solve the (degenerated) PDE. An instance of the
LinearPDE class is created outside the time iteration loop. Within the loop
only coefficients that are changing over time are updated. As the left-hand side
coeflicients are not altered over time, the LinearPDE class will reuse the lumped
stiffness matrix formed in the first time step and the assemble a new right-hand
side for each time step only.

5 Parallelization

The escript library has been parallelized for OpenMP [9]. A version parallelized
using MPI [7] is currently under construction. The OpenMP version is opti-
mized for distributed shared memory architectures. The program runs as a single
python thread, often calling C++ and C methods for speed in which a parallel
region will be encountered. At that time parallel threads are spawned. In MPI
python is running on all processors.
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Table 1. Wall clock time for 3D seismic wave propagation using escript and finley with
OpenMP on SGI Altix 3700. Ny, is the number of threads, Nejem is the total number
of elements, Titep is the wall clock time per time step in seconds and Tpes is the wall
clock time per time step and per element per thread in milliseconds.

Np Nelem Tstep Tpes

16 492032 12.1  0.396
8 221184 10.2  0.369
4 118125 5.61  0.190
2 63916 5.52  0.172
1 37553 6.50 0.173

Simulations developed in escript can be run serial, with OpenMP or MPI
without modifications. In order to guarantee portability python variables are
assumed to have the same value on all processors. The data distribution of Data
class objects is not visible at the python level, but rather to lower-level numerical
library using it. In practice the user do not need to know anything about parallel
data distribution. On the implementation level of the escript library knowledge
of data distributions which are inherited from the numerical library using them is
required to perform synchronization and reduction operations. The exchange of
data between processors is required only for calculating gradients, interpolation
and solving PDEs and is therefore left to the numerical library.

Currently, escript is linked with the finite element library finley, which is de-
signed for handling unstructured meshes and is parallelized for ccNUMA archi-
tecture and OpenMP [I] using multi—coloring. The MPI version is based on the
non-overlapping distribution of the rows of the stiffness matrix and overlapping
distribution for elements is used. These distributions are inherited by escriptData
class objects with the FunctionSpace Solution and Function, respectively.

Table [ shows the timings of 3D seismic wave propagation simulations using
escript and finley on an SGI Altix 3700 [I0] using OpenMP. The problem sizes
has been chosen such that about 30000 elements per processors are used. The
mesh is a rectangular grid with hexahedron elements of order one. The column
Tstep shows the processing time per element and time step, i.e. Tyep = “Z‘;m
In case of perfect scalability this value is constant. For our experiment the value
is constant for up to four threads and but jumps by a factor 2 when increasing
the number of threads to 8. This is caused by the job scheduler used on the test
platform. It allocates processors in blocks of four such that processor proximity
is guaranteed for up to four processors only. Using more then four processors
can lead to a drop of available communication bandwidth for logically adjoining
processors by more than a factor of three. The measurements suggest that Tiiep
stays constant if more than four processors are used. A more detailed discussion
of the performance of escript and finley for OpenMP can be found in [I]. The
MPI version of finley has not been fully tested yet and timings will be published
at a later stage.
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6 Summary

With escript we have developed an environment that separates the layer of math-
ematical model description from the numerical techniques and data structures
used when running the simulation. This ensures an high degree of reusability
models and code portability. We have illustrated this for a seismic wave propa-
gation code which can be run with different parallelization paradigms without
changes to the code.

Another module of escript which has not been discussed in this paper is ad-
dressing the problem of representing mathematical models as python objects and
describing their interface through XML. This infrastructure, called modelframe,
allows coupling models on the python level through sharing escript objects and
to build entire simulations from independent models. The XML description of a
simulation opens the door for building user interfaces, including GUIs and grid
services, automatically. Appropriate software components are currently under
construction.
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Abstract. The COmputational MODule Integrator (COMODI) [1] is
an initiative aiming at a component-based framework, component devel-
oper tool and component repository for scientific computing. We identify
the main ingredients of a solution that would be sufficiently appealing
to scientists and engineers to consider alternatives to their deeply rooted
programming traditions. The overall structure of the complete solution is
sketched with special emphasis on the Component Developer Tool form-
ing the basis of COMODI. Prototypes for a framework and an automatic
interface description generator are presented.

1 Introduction

As signaled already in the late sixties, when the term “software crisis” got
coined [2], brute computing force growing at exponential rate is not the an-
swer to the problem of complexity. Recently, scientists find similar obstacles
standing in the way of large scale scientific software projects [3/4], and argue
for a change of paradigm. These ideas can be further extended in the context
of small and medium size projects that make up the bulk of the activity in
the community. In [5] and [6] it is pointed out that reuse oriented programming
(ROP) would dramatically improve the efficiency and quality of computational
research. In the last decade, there has been significant progress in overcoming the
thorny technical problems of component based software engineering (CBSE) in
high-performance computing [7]. A number of notable efforts have been started
under the umbrella of the Common Component Architecture (CCA) Forum
(http://www.cca-forum.org), yielding a specification for the behavior and in-
teraction of components and frameworks. Several complying solutions have been
implemented ([8/9/T0]) based on Babel, the language interoperability tool, and
the associated Scientific Interface Definition Language (SIDL) [11].

While accounting for all technical questions is a necessary condition for reach-
ing the proposed goals of CBSE, this might not be sufficient for a real impact on
the community’s software development practices. The COmputational MOD-
ule Integrator (COMODI) is another initiative aiming at a component based
framework, component developer tools and component repository for scientific
computing. The emphasis is, however, shifted toward issues pertaining to the
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human-computer interaction. It is based on a set of requirements formulated in
the light of the conclusions of a preliminary survey made with a mixed group
of computational scientists on the occasions of conferences, workshops and via
an on-line form on the COMODI website [I]. Present paper briefly reviews the
key concepts behind COMODI and lays out the large scale architecture of the
complete suite of tools that is up to the challenges of an ROP paradigm. The
formulated requirements and design strategies focus on the needs of component
developers rather than those of users. In section ] we report on the experience
gathered while working with a first prototype endowed with some of the func-
tionalities prescribed in the previous sections.

2 Requirements

For most scientists the computer is merely a tool. Therefore, whatever little
time is spent on making the computer do its job, is usually a loss from the
point of view of the objectives of the project. In more and more fields, “sur-
vival” without a decent level of programming and system management skills is
not possible. At a global scale, the time scientists spend waiting for computing
jobs to finish is a fraction of what computers spend idle waiting for the scien-
tists to finalize the development of code. In view of these facts it is only fair
to admit that “high-performance programming” should get equal attention to
high-performance computing. To this end, future computing technologies should
strive to make the usage of computers significantly easier. Another factor that, if
ignored, can prevent a valuable software project from getting the deserved atten-
tion is the level of support for existing technologies. The new solution should be
able to accommodate old-style data while newly produced data should be usable
within the old framework. And finally, the new technology can only penetrate
the scientific community if it is free of charge.

In order to make the above general requirements more specific we must first
make a distinction between component developers and end-users: the former
design and implement new components while the latter are primarily involved
in assembling these into executable applications.

Since the two activities require different skills and work methods, the require-
ments set for the employed tools in each case also differ. For user satisfaction
the solution has to be endowed with the features listed below:

— user friendly graphical interfaces;

— intuitive, high-level representation of data and processes such that the ele-
ments of low-level programming can also be clearly identified;

— possibility for low-level control;

— support for most popular hardware and software platforms;

— comprehensive component repository;

— high-performance;

— open source.

In order to fully support developers it is imperative that no compliance crite-
ria are set for the computational code, neither in terms of structure nor used
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data types. In other words, any valid code written in the supported program-
ming languages should automatically be ready for COMODI. Therefore several
restrictions apply to the process of adapting existing code to COMODI:

— no change in the source code, the interface or the implementation;

— no extra coding - connectivity is achieved by supplementing author provided
source-code with automatically generated glue-code;

— no need for the author to know other languages/standards than the ones
used for implementing the code;

— no platform dependence - the capabilities of the system the development is
carried out on is extended by on-line servers providing compilation as web
service;

— no language dependence - all present and future languages should be able to
communicate seamlessly;

— low performance overhead;

— support for both open source and commercial components.

3 Architecture

The complete solution should include the following elements:

a visual programming environment for computational projects;

— component developer tools for adapting regular code to the framework;
— a distributed component repository;

— a compilation web service.

The above software elements will come with several standards, including one
for global naming of components and a language for documenting their services.
Figure [Ml shows the COMODI architecture. The responsibilities of each part are
summarized in Table [

The developer layer contains a user friendly Graphical User Interface (GUI)
and a Component Developer Tool (CDT) with a Parser.

The CDT, after semi-automatically collecting information pertaining to the
content, the behavior, and the representation of the component, generates a com-
ponent descriptor file (CDF) in the XML based Component Descriptor Language
(CDL) and the source of the glue-code that will intermediate the communica-
tion of the component within the COMODI framework (see figure ). At this
stage the CDF will contain all communication related information, such as ex-
ported functions and data types. It describes both syntactically and semantically
the component, supports the programming style of computational scientists as
far as data structures, and it is extensible. Its complexity is expected to grow
together with the user community and the number of application areas. By
semi-automatic we mean that the Parser, which stands at the basis of the tool,
analyzes lexically and syntactically the source file, extracts interface informa-
tion only, and generates a primary CDF. Using the GUI, the developer only has
to confirm the exported ports, provide human readable documentation for the
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Fig. 1. Architecture of COMODI. On the user side: 10: Input/Output System, XML:
Ezxtended Markup Language Parser, V: Validator, B: Binding System, R: Running Sys-
tem, PM: Project Manager, Ul: User Interface, GUL: Graphical User Interface, CLE:
Command Line Editor, LCLL: Local Component Locater and Loader, RCLL: Remote
Component Locater and Loader. On the developer side: LCS: Local Compilation Ser-
vice, RCB: Remote Compilation Broker, Pars.: Parser, GCG: Glue-Code Generator,
Reg.: Registrar.

Table 1. Responsibilities of the two major parts of COMODI

Role of the framework Role of the component developer tool
— component assembling — assist the developer in documenting the
— project verification and validation code
— project execution — generate glue-code
— runtime user interaction — assist the developer in compiling the com-

ponent
— register the component with the global
repository

component, set default values and visual representation related preferences. The
CDT then contacts on-line compilation servers and returns ready-made binaries
for the platforms of the developer’s choice. The compiled library together with
the descriptor file are packed into a standard format such as tar. gz, are uploaded
by the developer to a place where it can be accessed publicly while the CDT
registers the component in the Remote Component Repository. The deployed
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Fig. 2. Component development process

component is a package containing the component’s source code - if the developer
chooses to make the source open - the component descriptor file, the binaries
for both the computational- and the generated glue-code, and further resources.
Upon use within the COMODI framework, the component is downloaded and
stored in the Local Component Repository.

The sources provided by the component developer suffer no changes during
the component creation process. All glue-code comes as additional functions in a
separate file. Not touching the source of the developer has the benefit of the com-
piled component being usable both within and outside the COMODI framework
making COMODI components fully compatible with traditional programming
environments.

4 Prototype

4.1 Framework

Language interoperability is one of the most important challenges for CBSE in
high-performance computing. Fortunately, Babel can successfully handle many
of the technical difficulties. Therefore, together with the CCA standard it served
as a good starting point for COMODI. The present version of the COMODI
framework is a partial Java implementation of the CCA specification. Only those
parts that are essential for testing the ideas of interest have been covered.

We find that the CCA specification is overly comprehensive for the aver-
age user primarily interested in elementary tasks like instantiating components,
discovering their properties, linking their ports, and running the so formed dia-
grams. Thus, a simplified add-on Java package has been created, targeting the
user-framework interaction. Even though the reduced interface is mainly a sub-
set of CCA, it adds one concept to those encountered in the CCA specification,
namely diagrams. There is an 1:N type of association relation between diagrams
and components. Diagrams are independent of each other but managed by a
single framework instance. The user can create components, components, con-
nections and diagrams. Components and connections can be added and removed
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from diagrams. These are executed starting from a GoPort. In this version the
only pursued goal was to keep this interface minimal and free of concepts that
are not immediately obvious to the user.

Since enhanced interactivity is one of the main requirements of the ultimate
solution we were testing yet another layer on top of the reduced interface. The
motivation behind the interactive layer not directly interfacing to the frame-
work is that this layer is independent of both the CCA and the underlying
framework, both at the interface and the implementation level. Instead of creat-
ing a completely new interaction console like in CCAFE, we chose Python for a
number of reasons. To name a few: i. implementation and maintenance is con-
siderably easier while the interaction is much richer. History, code completion
and documentation are readily available; 4i. the user has at hand a full-fledged
and easy-to-use programming language for pre- and post-processing data and
for performing auxiliary tasks such as interacting with the operating system,
working with strings, etc.; #i. no COMODI specific syntax has to be learned by
the user. A typical session would contain most of the following elements:

>>> from comodipython import *

>>> framework = Framework()

>>> server = framework.createcomponent ("HelloWorldServer")
>>> client = framework.createcomponent ("HelloWorldClient")
>>> print server.ports()

[’HelloPort’]

>>> print client.ports()

[’GoPort’, ’HelloPort’]

>>> clientport = client.port(’HelloPort’) # uses port

>>> serverport = server.port(’HelloPort’) # provides port
>>> connection = framework.createconnection(clientport, serverport)
>>> diagram = framework.creatediagram(’HelloWorld’)

>>> diagram.add(server)

>>> diagram.add(client)

>>> diagram.add(connection)

>>> diagram.run(client.port(’GoPort’))

4.2 Parser

The parser is implemented in such a way that it can recognize the majority of
imperative programming languages, once their EBNF definitions are available. In
addition to the complete interface information available in the source file, it also
extracts dependencies such as function calls made from inside other functions.
This feature helps in selectively including dependences from header files. The
level of flexibility with respect to the source’s implementation language at the
input is replicated at the output. The description of the source code’s interface is
generated based on a user provided table of prescribed structure. Creating SIDL,
Babel XML or any other format, requires almost straightforward customization
of the table. Naturally, not all information for the output of a given format is
available in all languages o,r there is no unique translation. These cases require
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human intervention. However, the appropriate output table can make the parser
generate data that can directly be fed to the tool in charge for collecting the
remaining information from the user. Alternatively, the raw XML output can
be transformed into other formats and a higher-level description by a separate
piece of software. A parser prototype can be found on the COMODI website.

Presently, the parser has been tested for C and Pascal while Java and For-
tran 77 are expected to follow shortly, as the only challenges they pose are
strictly implementational. Complex hybrid-languages like C++ or Fortran 95
will most probably pose more difficult challenges [12], however, as the parser is
only targeting interface information, the vast majority of problems that could
be encountered in case of a complete parser are avoided.

5 Future Work

As our primary concern is the component developer tool, most effort will go into
creating a prototype that strikes a balance between the requirements of minimial
human intervention during the component creation process and that of a large
enough scope so that it would be useful.

Presently, connecting two components requires a very tight match between
the corresponding uses and provides ports. Babel based frameworks cannot di-
rectly link a client component using an interface defined as A {f:F} to a server
component providing an essentially equivalent interface AA {£f:F}, where A and
AA are the interface names, f and ff are method names, and F is the type of the
two methods. Even though some of the emerging issues are not merely technical,
several solutions are available. With this obstacle moved out of the way, one still
needs more flexible subtyping rules that allow the connection of a uses port with
a method such as £(p1:T1, p2:T2) to provides ports like £f(p2:T2, p1:T1)
or ff(p1:T1, p2:T2, p3:T3 = v3), where pl, p2, p3 are formal parameters,
T1, T2, T3 denote data types and v3 stands for a default value. Higher-level
programming will require the framework and the component developer tools to
fill in automatically or semi-automatically small incompatibility gaps like those
above by generating appropriate glue-code and by hidden or user controlled
connector components. We also consider that Babel’s SIDL, if it is to serve as
a component IDL, should be extended to cover the declaration of interfaces for
uses ports.

Pushing the automation level of the interface definition via the parser will
raise thorny issues such as how to disentangle environment dependences from
component interdependences, and where is the borderline between the frame-
work and the rest of the system. The ideal solution would require a consistent
component based construction of the whole operating system and all third party
software.

On the user side, the prototype for a GUI should ideally be preceded by
a study on how the representation of component networks and their interac-
tion with the user is preferred by the different groups in scientific computing.
The interface of Ccaffeine provides a high-level view on the component diagram.
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Alternatively, the GUI features promoted in [6] reflect the actual low-level struc-
ture of component interfaces, allowing the user to have the control that is typical
for languages like C and Fortran. On the other hand, this low-level control re-
quires extra effort from the user that on the long run might not be acceptable.

6 Conclusions

The transition of computational research toward a reuse oriented programming
paradigm is conditioned not only by the existence of sophisticated tools capable
of integrating several technologies but also by the extent these can bring about
efficiency in the work of scientists already overwhelmed by the technicalities
plaguing today’s software solutions. We attribute the lack of impact of present
solutions to code reuse to the high threshold of effort required, in many cases
made worse by a closed source and restrictive copyrights. The paper presents the
general requirements and a few design guidelines for a complete reuse oriented
solution for computational scientists. We argue that the community needs a
solution that allows a smooth, effortless transition to the new paradigm. The
COMODI project is an attempt to identify these requirements, design complying
solutions and create proof-of-concept prototypes following these principles. Our
prototype framework was built on Babel and the CCA specification which proved
to be powerful tools. On the other hand, we found that the tasks are not purely
technical and several principle questions have to be addressed on the way toward
an ubiquitous CBSE.
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Abstract. Workload characterization is an important technique that
helps us understand the performance of parallel applications and the de-
mands they place on the system. It can be used to describe performance
effects due to application parameters, compiler options, and platform
configurations. In this paper, workload characterization features in the
TAU parallel performance system are demonstrated for elucidating the
performance of the MPI library based on the sizes of messages. Such
characterization partitions the time spent in the MPI routines used by
an application based on the type of MPI operation and the message size
involved. It requires a two-level mapping of performance data, a unique
feature implemented in TAU. Results from the NPB LU benchmark are
presented. We also discuss the use of mapping for memory consumption
characterization.

Keywords: Performance mapping, measurement, instrumentation, per-
formance evaluation, workload characterization.

1 Introduction

Technology for empirical performance evaluation of parallel programs is driven
by the increasing complexity of high performance computing environments and
programming methodologies. To keep pace with the growing complexity of large
scale parallel supercomputers, performance tools must provide for the effective
instrumentation of complex software and the correlation of runtime performance
data with system characteristics. Workload characterization is an important tool
for understanding the the nature and performance of the workload submitted
to a parallel system. Understanding the workload characteristics helps in cor-
relating the effects of architectural features on workload behavior. It helps us
in planning system capacity based on an assessment of the demands placed
on the system, and in identifying which components in a system may need to
be upgraded. This is a systems perspective on workload characterization. There
is also an application perspective that characterizes application-specific perfor-
mance behavior in the context of workload and platform aspects. For instance, in
this paper, we use workload characterization techniques recently implemented in
the TAU performance system [I] to study message communication performance.
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Workload characterization methods collect performance data for each applica-
tion in the workload set. For instance, performance profiles can contain statistics
on performance in application regions (e.g., routines) and with respect to specific
behaviors, such as message communication based on the message size. Profiling
tools that focus their attention on capturing aggregate performance data over all
invocations of message communication and I/O routines ignore the performance
variation for small and large buffer sizes. It is this ability to expose application
features and observe their performance effects that we are interested in support-
ing as part of a workload characterization methodology.

In this paper, we describe the techniques for measuring the performance of
a parallel application’s message communication based on message buffer sizes.
When this information is gathered from several applications and stored in a per-
formance database, we can classify the performance of the entire system using
histograms that show the time spent in inter-process communication and 1/0
routines based on buffer sizes. We discuss the improvements that we made to
the TAU performance system [I] in the areas of instrumentation, measurement
and analysis to support workload characterization. Section §2] describes the re-
lated work in this area, Section §3] describes the TAU performance system, and
describes how performance mapping is applied to characterize the performance
of MPI routines based on the message sizes. Section §0] reports on our experi-
ence with message communication characterization of the NPB LU benchmark.
We have also applied performance mapping to memory usage characterization.
Brief discussion is given to workload characterization of memory consumption.
Section §6l concludes the paper and we discuss future work in this section.

2 Related Work

Workload characterization is a rich area in performance evaluation research. Our
specific interest is in workload characterization for high-performance computing.
There are two projects of related interest to our work.

The OpenWLC [2] system is a scalable, integrated environment for system-
atically collecting the monitored data and applying workload characterization
techniques to raw data produced by monitoring application programs. Open-
WLC’s framework employs a component-based, multi-tier, architecture to cope
with large amounts of monitored data during collection, storage, visualization
and analysis stages.

IPM [3] is an integrated performance monitoring system developed at the
Lawrence Berkeley Laboratory (LBL) for use at the National Energy Research
Supercomputing Center (NERSC). IPM is in active use for application perfor-
mance analysis and workload characterization. Specific to our interests, IPM
can characterize the application performance based on message sizes. It uses li-
brary preloading mechanisms for instrumenting an application under Linux and
on other platforms where preloading of shared libraries is available. The perfor-
mance data is stored in a performance data repository which can be queried for
application characteristics based on a number of parameters such as execution
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#include <stdio.h>
#include <mpi.h>

int main (int argc, char **argv) {
int rank, size, i, j;
int buffer[16*1024*1024] ;
MPI Init(&argc, &argv) ;
MPI_Comm_ size( MPI_COMM WORLD, &size );
MPI Comm rank( MPI COMM WORLD, é&rank ) ;
for (i=0;i<1000;i++)
for (j=1,7<16*1024*1024;7*=2) {
if (rank == 0) {
MPI_Send (buffer,j,MPI_INT,1,42,MPI_COMM WORLD)
} else {
MPI_Status status;
MPI Recv (buffer,j, MPI INT,0,42,MPI COMM WORLD, &status);
}

}
MPI Finalize() ;

Fig. 1. Message Size Characterization Instrumentation

date and MPI performance data. LBL has implemented a web-based interface
for this purpose.

Certainly, other application performance measurement tools can be applied to
workload characterization. However, the ability to store multi-experiment per-
formance data, including metadata about compiler and system parameters, is
important criteria for workload characterization support. PerfSuite [4] is a per-
formance toolkit that builds a performance data repository based on execution
time and hardware performance counters [5] to characterize the performance of
an application and the system. TAU can work with PerfSuite and other tools to
integrate performance results across applications and platforms.

3 Workload Characterization and Performance Mapping

Workload characterization analyzes the effects of application execution in a sys-
tem context. Application measurements could be made of total performance,
such as total execution time, but finer granularity measurements can better
identify workload effects specific to program properties. However, certain prop-
erties require a measurement system that can observe execution parameters and
characterize application performance based on unique parameters instances. The
general concept is one of peformance mapping, wherein an association can be
established between low-level performance data and high-level measurement ab-
stractions, specialized by program semantics. The TAU performance system is
able to support performance mapping for workload characterization.

TAU(T] is an integrated, configurable, and portable profiling and tracing toolkit.
It provides support for portable instrumentation, measurement, and analysis. In-
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% icc mpi.c -lmpi

% mpirun -np 2 tau load.sh -XrunTAU-icpc-mpi-pdt a.out
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Fig. 2. MPI (SGI vs. Intel) Message Characterization

strumentation calls can be inserted in TAU at the source level, the library level, the
binary code level, and even in a virtual machine. Unique in the TAU performance
system is an instrumentation API for performance mapping. It uses the SEAA
model [6] of mapping that provides support for both embedded and external asso-
ciations. External associations use an external map (implemented as a hash table)
to access performance data using a user specified key. The performance data is col-
lected for interval events or atomic events that are triggered at a certain place in
the program code. Performance mapping is a powerful concept and technology.
It has been used in TAU for callpath profiling [I] and phase profiling [7]. Context
events that map atomic events to the currently executing application callstack, are
also implemented using TAU’s mapping capabilities. Here we apply performance
mapping to MPI communication characterization.

TAU’s MPI wrapper interposition library helps us track the time spent in
each MPI call. It defines a separate name-shifted MPI interface for each MPI
routine that can be used to invoke timer calls at routine entry and exit. This
mechanism can also be used to access arguments that flow through the MPI
routines. Hence, measurement code could be created to track the sizes of mes-
sages for each MPI call. We have followed this approach using TAU’s mapping
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technology to implement a two-level map of the MPI call ID and the size of
the message buffer used in the call. With this data, we can determine if a given
message buffer size and call have occured in the past. If not, a new performance
structure is created with a name that embeds the MPI call ID and buffer size.
At the end of the application, we obtain the performance in each invoked MPI
call for each message size used.

In general, TAU can take any routine parameter and create a performance
mapping. The measurement library implements routines for different parame-
ter types, such as TAU_PROFILE PARAM1L (value, "name"). The following code
segment shows how this is used:

void foo(int input) {
TAU_PROFILE("foo", "", TAU_DEFAULT);
TAU_PROFILE_PARAMIL(input, "input");

}

When the measurement library is configured with ~-PROFILEPARAM, the parame-
ter mapping API is enabled.

Figure [Ml shows a simple program for message communication of different
sizes. Figure Pl shows profile output characterizing communication performance
for different MPI libraries, SGI and Intel. With such information, we can ob-
tain a better understanding of workload effects. Also shown is the experiment
compilation and run commands.

4 Performance Experimentation

Performance experimentation and results management are important compo-
nents for any workload characterization system. The use of the TAU perfor-
mance system involves the coordination of several steps: instrumentation selec-
tion, measurement configuration, compilation and linking with the application,
application execution and generation of performance data on the target plat-
form, and performance data storage for analysis. We describe the sequence of
these steps as a performance experiment. We use the term experiment generally
to denote a specific choice of instrumentation and measurement for a specific
application code, but what this means exactly should be left to the user. We
define the term trial to mean an instance of an experiment. A trial might either
repeat an experiment run (e.g., to determine performance variation) or mod-
ify an experiment run parameter (e.g., number of processors), which would not
represent such a significant change as to constitute a new experiment.

The performance data gathered from executing the application is stored in
TAU’s performance database, PerfDMF [8] which is then queried by the Para-
Prof profile browser and other analysis tools such as PerfExplorer [9] for per-
formance data mining operations. The performance data stored in PerDMF is
multi-variate and multi-dimensional, both within single trials and experiments as
well as across experiments, applications, and platforms. PerfExplorer is a frame-
work for parallel performance data mining and knowledge discovery — finding
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Fig. 3. Profile of LU Benchmark on SGI Altix

out new performance facts and relationships as the outcome of searching and
analyzing the stored performance data.

5 Workload Characterization Experiments

To demonstrate TAU’s mapping support for workload characterization, the NAS
parallel benchmark LU is used as a testcase. Specifically, we are interested in
understanding how this MPI benchmark behaves respective of its message com-
munication. TAU’s message size mapping was enabled and experiments were
run on a SGI Altix platform. We also can capture memory usage statistics using
mapping technologies.

5.1 MPI Message Size Characterization

Each performance experiment ran captured execution time performance for the
LU routines. For the MPI routines, execution time performance was broken
down based on message size. Figure Blshows an example (flat) parallel profile for
one process of a 16-process LU exectuion. Seen are the times spent in routines
in decreasing order. Most of the time is spent in computation, but message
communication is also significant. The communication event IDs encode the size
of the message in the names. The majority of the MPI_Recv time was spent
receiving messages with 4040 bytes.

Further analysis of the message characterization shows the distribution of
each MPI operation across the message size used for that operation. Figure [
highlights the inclusive time of MPI_Send and the number of calls for one LU
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Fig. 5. Memory Consumption Tracking for LU Benchmark

process. Here is it seen that relatively large number of small messages were sent,
accounting for approximately 37% of MPI_Send’s total time.

5.2 LU Memory Usage Characterization

TAU performance mapping can also be used to characterize memory usage. This
can show how memory is allocated, in what size chunks, and the amount of free
space available. Figures [ displays the heap memory utlization for LU on four

processes.
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6 Conclusion

In the process of workload characterization for high performance parallel sys-
tems, it is important to have portable and configurable tools that can target the
different performance features and experiments of interest. Presently, the TAU
performance system has such capabilities for steps in this process, from common
event instrumentation, profile and trace measurements, and data analysis to
meet workload characterization objectives. A novel feature of TAU is its perfor-
mance mapping technology. The presentation above demonstrates how mapping
can be used to characterize message communication and memory usage.

Our objectives in the future include better support for experiment automation
and knowledge discovery for workload characterization. We are also working to
integrate our tools with TPM.
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Abstract. Many advanced medical simulation applications are based on
compute intensive numerical methods often exceeding the computational
capacity available in hospitals and clinical centers. Addressing this issue,
the EU Project GEMSS has developed a Grid infrastructure that sup-
ports the on-demand provision of medical simulation services running
on remote parallel computers over the Internet. A flexible QoS infras-
tructure supporting dynamic negotiation of service level agreements and
advance reservation of compute resources facilitates using Grid services
for supporting time-critical clinical procedures. In this paper we present
an overview of the GEMSS Grid infrastructure and outline the main
issues involved in the provision of QoS-enabled Grid services and the
negotiation of service level agreements for ensuring response time and
price guarantees.

1 Introduction

Many advanced medical simulation applications are based on computationally
demanding methods such as Finite Element Modeling, Computational Fluid Dy-
namics and Monte Carlo simulation, usually requiring the availability of a high
performance computing infrastructure. In order to make such applications avail-
able to hospitals and clinical centers without the need of acquiring HPC systems,
the EU project GEMSS [9] has developed a service-oriented Grid infrastructure,
based on standard Web services technologies, for the provision of advanced sim-
ulation services over the Internet. Besides security and legal issues involved in
the processing of patient related data [17], a key challenge was the development
of mechanisms for ensuring the timeliness of results for time-critical simula-
tion services. To address this issue, GEMSS has developed a flexible Quality of
Service (QoS) infrastructure supporting dynamic negotiation of Service Level

* The work was supported by by the European Union’s GEMSS (Grid-Enabled Medi-
cal Simulation Services) Project under contract IST 2001-37153 and by the Austrian
Science Fund as part of the AURORA project under contract SFB F011-02.
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Agreements (SLAs) for ensuring response time and price guarantees. Service
providers may expose parallel simulation applications running on clusters as
QoS-enabled Grid services capable of automatically negotiating with clients re-
sponse time and price guarantees. Grid clients are able to choose from several
service providers before agreeing to book a specific service. Once a client has
found a suitable service provider, a corresponding SLA is signed and exchanged
to commit both parties before a service is accessed.

GEMSS adopts a reservation-based approach to QoS coupled with application-
specific performance models, advance reservation mechanisms [13], and client-
driven negotiation of service level agreements subject to price constraints. Be-
sides explicitly negotiable QoS guarantees like response time and price, the
GEMSS infrastructure provides implicit QoS by realizing highest security levels
and providing support for error recovery.

In the course of the project, six Grid-enabled medical simulation applica-
tions [12] have been developed and tested at sites in several EU countries. The
GEMSS applications can be characterized by a relatively small number of time
consuming jobs requiring powerful parallel computers in order to meet the tight
time-constraints usually required during clinical procedures.

The remainder of this paper is structured as follows. Section 2 provides an
overview of the GEMSS Grid infrastructure and the QoS configuration of appli-
cation services. Section 3 describes the service-side QoS management infrastruc-
ture, the generation of QoS offers, and the negotiation of service level agreements.
Section 4 presents experimental results with a medical image reconstruction ser-
vice, followed by related work and conclusions in sections 5 and 6.

2 GEMSS Grid Infrastructure

The GEMSS Grid infrastructure relies on a service-oriented architecture based
on standard Web service technologies. A generic service provision environment
enables service providers to expose parallel simulation applications as services
that can be accessed on-demand by clients subject to dynamically negotiated
QoS constraints in the form of SLAs following the Web Service Level Agreement
specification (WSLA) [24].

GEMSS services are defined via WSDL and securely accessed using SOAP
messages. Supported security mechanisms comprise PKI, HTTPS, WS Security
and an end-to-end security protocol for separate encryption of sensitive portions
of the transferred data. In order to support the development of client appli-
cations that interact with Grid services, a component-based client framework
and a high-level application programming interface (API) is provided. Further-
more, GEMSS provides a registry environment for setting up service registries
and a certificate authority for issuing X.509 compliant certificates. The GEMSS
Grid infrastructure has been implemented in Java and relies on the open-source
frameworks Apache/Tomcat and Axis for service hosting and deployment.
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2.1 Grid Application Services

The GEMSS Grid environment provides a generic service provision framework
and an intuitive deployment tool for automating the task of providing parallel
applications installed on clusters or other HPC platforms as Grid services, hiding
the details of Grid and Web Service technologies from service providers.

Service provision is based on the concept of generic application services. A
generic application service is composed of configurable components with common
operations for job handling, error recovery, and QoS management. Configuration
of a Grid application service usually comprises the specification of input/output
file names and of scripts for starting job execution and for gathering status infor-
mation. This information is stored internally in an XML application descriptor.
Upon deployment, a generic application service is transformed into a Web ser-
vice with a corresponding WSDL interface and deployed in the GEMSS hosting
environment.

2.2 QoS Configuration

In order to enable the provision of response time and price guarantees, GEMSS
services have to be QoS-enabled. For this purpose an application-specific per-
formance model for estimating the runtime of potential service requests, and
a pricing model for performing price calculations have to be provided. GEMSS
prescribes for these models only an abstract interface with XML-based input and
output descriptors. Each descriptor comprises one ore more parameters which
have to be specified during service configuration using the deployment tool.
The performance model receives as input a request descriptor with a set of re-
quest parameters representing application-specific input meta data supplied by
the client during QoS negotiation, and generates a performance descriptor typi-
cally comprising estimates for the required runtime, memory, and disk space. The
pricing model takes as input a resource descriptor and calculates the price for the
required resources. Finally, a machine descriptor has to be specified containing
details about the compute resources (e.g. maximum number of processors) that
may be made available for an application service (see Section Blfor more details).

2.3 GEMSS Client Applications

For constructing client-side applications that interact with remote Grid services,
GEMSS provides a light-weight component framework and a high-level client ap-
plication programming interface (API). Ready-to-use components are provided
for session management, service discovery, QoS negotiation, job handling, and
logging. Different versions of components may be dynamically loaded as required.
The API hides the complexity of dealing with remote services from the client
application developer by providing appropriate service proxies with a simple
interface for accessing remote application services.
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GEMSS relies on a purely client-driven model for accessing Grid services.
First, there is usually an offline business workflow to open an account with
potential service providers, agree on a payment mechanism and legal issues. The
quality of service negotiation is then run to request offers from service providers
who could run the clients job; this usually results in a QoS contract being agreed
with a single service provider. The client then uploads the job input data to the
service provider, starts the job, monitors its progress, and finally downloads the
results. The reason for this client driven service access model is the requirement
to operate with firewalls and not tunnel holes through them.

3 QoS Infrastructure and SLA Negotiation

The GEMSS Grid infrastructure enables a client to negotiate with one or more
service providers the required QoS constraints for individual jobs in the form of
service level agreements following the Web Service Level Agreement specifica-
tion (WSLA) [24]. In order to support clinical procedures, simulation services are
usually configured to support WSLA parameters for specifying the required be-
gin and end time. To enable the use of GEMSS services in a commercial context
the price of a service request may be negotiated as well.

The GEMSS service provider infrastructure employs a flexible QoS manager
that can be configured by the service provider with an application specific per-
formance model and a pricing model in order to determine the best possible QoS
offer for a service request. In order to ensure the availability of appropriate com-
puting resources for a service request, a backend scheduling system with support
for advance reservation is utilized.

|
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I
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! Qos Event
|
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|
|
|
QoS : Compute
; Resource Scheduler
Proxy i Manager
|
|
I
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QoS Request : QoS Request Performance Machine Resource
Descriptor Descriptor ! Descriptor Descriptor Descriptor Descriptor Descriptor
|

Fig. 1. QoS infrastructure
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3.1 QoS Manager

The service-side QoS infrastructure is centered around the QoS manager which
provides a high level interface for QoS negotiation to clients. The QoS manager
receives a QoS request from a client, checks whether the client’s QoS constraints
can be met, and generates a corresponding QoS offer which is returned to the
client. If the client decides to accept an offer a corresponding service level agree-
ment (SLA), which defines the agreed constraints for individual jobs in the form
of SLA parameters, is established and signed by both parties. As illustrated in
Figure [l the QoS manager interacts with the application performance model,
the compute resource manager, and the pricing model using XML-based descrip-
tors as explained below. QoS descriptors are based on a subset of WSLA, and
represent, depending on the state of a negotiation, QoS requests, QoS offers, or,
once an agreement has been achieved, QoS contracts. A QoS event data base and
an associated monitoring component provide support for diagnosis and auditing.

3.2 Performance Model and Pricing Model

The performance model is used to estimate the run time and other performance
relevant data for a service request. It takes as input a request descriptor and
returns a performance descriptor. The request descriptor, supplied by the client
during QoS negotiation, contains application specific meta-data about a specific
service request. For example, in the case of an image reconstruction service,
request parameters typically include image size and required accuracy. The re-
turned performance descriptor usually contains the estimates for the execution
time, the required memory, and the required disk space. In the case of a MPI
applications, the performance model is usually parameterized by the number of
processors. It may be executed repeatedly with a varying number of processors
until the time constraints set by the client are met, or the range of feasible
processors as specified in the machine descriptor is exceeded.

GEMSS supports a flexible pricing policy that can be customized for each ser-
vice a service provider supports. Two pricing models have been realized, a fixed
price telephone pricing model where users are charged at a prearranged CPU
hour rate, and a dynamic pricing model where the CPU hour rate is dependent
on the current load levels the service provider is experiencing.

GEMSS does not prescribe the actual nature of performance and pricing mod-
els, only an abstract interface is prescribed. The choice of model implementation
is left to the service provider, with each model implemented as a Java library
that can be plugged in and selected dynamically. For example, a performance
model could be implemented based on an analytical model, or where this is not
feasible, a neural network or a database could be used to relate typical problem
parameters to resource needs like main memory, disk space and execution time.

3.3 Compute Resource Manager

The compute resource manager provides an interface to the scheduler for ob-
taining information about the actual availability of computing resources. It is
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utilized by the QoS manager for creating temporary reservations during QoS
negotiation. The compute resource manager takes as input the performance de-
scriptor generated by the performance model, and generates a resource descriptor
containing details about temporarily reserved resources. The resource descriptor
is then used as input to the pricing model to determine the price for a service
request. Currently a compute resource manager is available for two scheduling
systems which provide support for advance reservation, the Maui scheduler [14]
and COSY [6].

3.4 SLA Negotiation and Generation of QoS Offers

The basic QoS negotiation in GEMSS is based on a request-offer model where
the client requests offers from service providers. If the client agrees to an offer, it
is confirmed by the client and signed by both parties resulting in a QoS contract
in the form of a WSLA. Figure [2 shows the basic negotiation process and the
current QoS manager strategy for generation of QoS offers.

In an initial task the client may access a GEMSS registry service to obtain
a list of candidate services. The client then invokes for each candidate service
the operation requestQosOffer, passing along a request descriptor with input
meta data and a QoS request document with the required QoS constraints.

On the service side, the QoS manager executes the performance model with
the request descriptor as input and compares the estimated execution time in
the resulting performance descriptor with the time constraints specified in the

Client QoS Performance Resource Pricing Scheduler
Manager Model Manager Model
T T T T T T
| stQosOff | | | | |
' requestQosOffer() L execute() | | | |
| | |
perfDsc ! ! !
————————— | | |
| | | |
R D | | | |
tRes S .
gethesource ec(‘p ! getTempReserva‘hon() :
| | .
I resourceDsc | |- _________ tempRescrvation
S b | |
| | | |
| | | |
execute() | | | |
| | |
| | i |
qosOffer e oo . ______Pmee |
L= n I I I I
| | | | | |
I ; off I I I I I
-ty confirmQosOffer() ! confirmReservatfo() ! . ! !
| | confirmReservation() |
| T
| resourceDsc ‘ reservation u
gosContract | | _________ %,,,j,,,,,‘, <o T ””””” ‘
. | | | | |
I I

Fig. 2. QoS negotiation and offer generation
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QoS request. If the client’s execution time constraints can be met, the QoS man-
ager instructs the resource manager to check whether the required resources can
be made available. If this is the case, the QoS managers invokes the operation
getResourceDsc of the resource manager passing along the performance descrip-
tor and the QoS request document. The resource manager contacts the scheduler
to check whether the required resources as specified in the performance descrip-
tor (number of processors for the estimated runtime) can be made available
within the time frame (begin time, end time) specified in the client’s QoS re-
quest. If this is possible, a temporary reservation is made with the scheduler and
a corresponding resource descriptor is returned. The QoS manager then executes
the pricing model, passing as argument the resource descriptor, to determine if
the price for the required resources is within the client’s price constraints. If the
price constraints can be met, the QoS manager generates a corresponding QoS
offer, and returns it to the client.

If the time or price constraints can not be met, the QoS manager may execute
the performance model with a different number of processors (as specified in the
machine descriptor). If the clients QoS constraints cannot be met at all, no offer
is generated.

On the client side, the QoS offers from different service providers are received
and analyzed. The client confirms the best offer, or, if it is not satisfied with the
offered QoS constraints, may set up a new QoS request with different constraints
and start a new negotiation. If the client confirms an offer, the QoS manager
confirms the temporary resource reservation made for the offer, signs the QoS
contract and returns it to the client.

Clients and service providers employ a relatively low level of trust in the
negotiation. A service provider only makes a temporary reservation that will
expire if the client takes too long to make a decision. Likewise service providers
will be dropped from the negotiation if they fail to provide an offer in time.
Within the GEMSS project also more sophisticated negotiation strategies based
on a closed-bid reverse English auction model have been realized, a description
of which is beyond the scope of this paper.

3.5 Service Level Agreements

The GEMSS QoS infrastructure utilizes a subset of the WSLA specification
for representing QoS requests, QoS offers and QoS contracts (see Figure [3).
Being machine readable, WSLA documents allow processing the QoS negotiation
without the need of human intervention until the final confirmation step. In the
context of GEMSS, SLA parameters are QoS parameters and include the begin
time of the job execution, the end time of the job execution, and the price of
the job execution. The service definition section specifies the overall contract
duration and a metric for each parameter. The obligations section contains a
list of objectives. Each objective is linked to an obliged party and defines the
acceptable values of a specific SLA parameter.



Supporting SLA Negotiation for Grid-Enabled Medical Simulations 305

<SLA name="SpectSLA" xmIns="http:/Awww.ibm.com/wsla">

<Parties>
<SenviceProvider name="ISC"/> <Expression>
<ServiceConsumer name="gerry"/> <Predicate xsi:type="Equal" ... >
</Parties> <SLAParameter>price</SLAParameter>
<ServiceDefinition name="SPECTService"> <Value>33.4</Value>

</Predicate>
<Operation ... name="start" ...> </Expression>

<SLAParameter unit="GMT" type="time" name="beginTime">
<SLAParameter unit="GMT" type="time" name="endTime"> <fServiceLevelObjective>
<SLAParameter unit="curo" type="double" name="price">

. <S=Nic=L=v= IObjective name="endTimeObjective">
<S0APOperationName>start</SOAP OperationName>

</Operation> <Expression>
<Predicate xsi:type="LessEqual" ... >

</ServiceDefinition>
<Obligations> ! <SLAParameter>endTime</SLAParameter>
<ServiceLevelObjective name="priceObjective"> <</;E’|Lée>2t1 :479005000</Va\ue> <l--ms since 01/01/2000 ->
<Obliged=>provider</Obliged> <E redicate o

<Validity> xpression:

<Start>2006-08-13T15:23:06.000+02:00</Start> P LevelObjective>
<End>2006-09-13T18:10:06.000+02:00</End> </Q§W'Cte 9V>9 Jective

<Validity> Igations

</SLA>

Fig. 3. Excerpt of WSLA for GEMSS SPECT service

4 Experimental Results

We present experimental results with a SPECT application for fully 3D itera-
tive medical image reconstruction based on a Maximum Likelihood Expecta-
tion Maximization algorithm, which has been parallelized using MPI. For QoS
support we used a performance model, parameterized with a set of request pa-
rameters (image resolution, number of slices, number of iterations, etc.) and the
number of processors, with an accuracy of more than 95%.

In order to demonstrate the basic QoS negotiation we have devised a test
with a single service provider running the SPECT service on a 16 CPU cluster
with the Maui scheduler starting with a cluster utilization of zero. Clients issued
consecutive offers for equal SPECT jobs, where the duration of the jobs just
depended on the number of CPUs as shown in Figure @l The QoS constraints
for all jobs were defined within a 65 minutes timeslot with no price constraints.
The graph in Figure[d shows the number of CPUs used for each consecutive job,

9
< 8
CPUs | speedup | minutes % 4 5
. 2 /
2 1.9 33:59 o /
O s
b
s 35 | 1827 5 )U—D—D—di
ié 3
8 65 | 09:56 5 oot
16 10.5 06:09 !
0 T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
job number

Fig. 4. Experimental results
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where the initial 8 jobs were scheduled with 2 CPUs each, the next 4 jobs were
scheduled on 4 CPUs and the last two jobs on 8 CPUs.

We can see from this test that the strategy of the QoS manager follows rational
behavior. Initial requests are scheduled with fewer CPUs and if required the
jobs are scheduled with more CPUs to met the given time constraints. After
scheduling 14 jobs, the machine is almost fully utilized and no more offers will
be generated for this specific timeframe.

5 Related Work

Standard Web Service technologies have now been adopted as the base mid-
dleware technology by many Grid computing environments including Globus
GT4 [10], gLite [§], OMII [2I] and Unicore [23]. The Open Grid Service Ar-
chitecture (OGSA [7]) outlines the vision for a service level management and
attainment model based on a generic control loop pattern, however, this vision
has not yet been realized in available Grid environments. The OGSA specifica-
tion mainly discusses macro QoS assurance (i.e. system-level QoS of the overall
Grid infrastructure) while our work presented here focuses on micro QoS support
for individual Grid application services.

The Web Services Agreement Specification (WS-Agreement) [2] of the GGF
GRAAP working group proposes a language and protocol for service level agree-
ments. A state-of-the art survey of advance reservation for grid applications can
be found in [I3]. In [I] an OGSA-based QoS model is presented which supports
service discovery based on QoS attributes and Grid service execution subject to
QoS constraints. The work in [I6] outlines the challenges involved in mapping
application-level SLAs to resource-level SLAs. In [I§] a model for a QoS-aware
component architecture for Grid computing is proposed.

Several Grid projects deal with Quality of Service aspects such as the GRASP
project [I1], which was concerned with extending the concept of Application Ser-
vice Provision (ASP) to Grids, the GRACE project [5] which addressed deadline
and budget based scheduling of Grid resources, and GRIA [22], which relies on
workload and capacity estimation models to estimate the execution time of a
submitted job using resource specific parameters [22].

There are an increasing number of Grid projects in the bio-medical and life
science including the EU projects OpenMolGRID [20], MammoGrid [15], and
myGrid [19], and the US BIRN initiative [4], to name a few. While most of these
projects focus on data management aspects, GEMSS focused on the computa-
tional aspects of the Grid.

6 Conclusions

The GEMSS project developed a service-oriented Grid infrastructure for the on-
demand provision of compute-intensive medical simulation services across wide
area networks. The GEMSS QoS infrastructure presented in this paper relies
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on a reservation-based approach to QoS coupled with application-specific per-
formance models, advance mechanisms, and client-driven negotiation of service
level agreements. The GEMSS Grid provides guarantees to clients regarding
quality of service within an economic model, and the legal and security frame-
work needed to provide a platform for future exploitation. The Grid technology
developed in the course of the GEMSS project is being utilized and further
developed within the EU Project Aneurist [3], which aims to create an IT in-
frastructure for the management of all processes linked to research, diagnosis
and treatment development for complex and multi-factorial diseases.
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Abstract. Existing data management solutions fail to adequately sup-
port data management needs at the inter-grid (interoperability) level. We
describe a possible solution, a transparent grid filesystem, and consider
in detail a challenging use case.

1 Introduction

State of the art grid data management solutions on offer include: replica man-
agement (Globus RLS[I], LFC[2], Globus RC[3]); secure file transfer (Globus
RFT[4], ELFIJ5]); the GFARM special purpose middleware[6]; the SlashGrid
credential-based grid filesystem[7]; Resource Namespace Service[§|; the GGF
proposal of a service oriented architecture for a grid filesystem[d]; and
middleware-specific grid filesystems such as in TeraGrid[I0] and DEISA[IT].

While meeting to some extent data management needs at the single middle-
ware level, existing solutions fail to adequately support data management needs
at the inter-grid level. This is due to the following reasons:

— Existing data management solutions are middleware specific;
— Middlewares have differing job life cycle data movement patterns; and
— There are no existing inter-grid information systems.

Some data management tools transfer data by value (for example Webcom
[1213], LCG2 sandboxes[14]) while others allow data to be pointed to by loca-
tion independent identifiers, i.e. they transfer by reference (e.g. RC, RLS, LFC,
RFT, ELFI, Slashgrid). The former is inefficient for large data sets. The latter
overcomes this but complicates interoperability as the identifiers are generally
middleware specific. Most tools are invoked via middleware-specific APIs (RC,
RLS, LFC, RFT), but a few use native filesystem calls (ELFI, GFARM, Slash-
grid). The latter definitely eases interoperability between different grids; data is
transfered by reference and the transfers are invoked by standard file operations.

The paper is divided into two main sections. The first section briefly overviews
existing grid data management solutions and discusses their limitations in meet-
ing the needs of grid interoperability, then describes a possible solution, a grid
filesystem. The second section considers in detail a challenging use case. The
paper concludes with a summary.

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 309 2007.
© Springer-Verlag Berlin Heidelberg 2007
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2 The Grid Filesystem

The above considerations motivated the development of our grid filesystem,
gridFS[15]. GridFS has basic but relatively complete functionality provided by
four abstract engines for directory handling, discovery, data movement, and con-
sistency, as shown in Figure [l This grid filesystem can be deployed on every
Linux node using EGEE, Globus, or any other middleware and even on user’s
workstations. The grid filesystem is specifically intended to support interoper-
ability between arbitrary middlewares.

Discovery Engine
R-GMA
publish
A
Node 4 |
1 export
info Directory Engine 1
R-GMA I
publish :] Existing software 1
namespace namespace [ = New software server |
info info config
Node 5 1
|
query Data Movement
server IN Engine Server err:lﬁe;’
namespace GridSite
info server OUT
Node 7
VFS

client OUT

User's
Job

°
£
g
x
w
23
=
e

client IN

Fig. 1. The grid filesystem architecture

The data movement engine consists of the basic client- and server-sides of
a filesystem. Its purpose is to allow I/O operations such as open, read, write,
seek, close, etc. to be invoked using the normal libraries for C, Java, etc. but
on remote files, i.e. it performs remote file access. In the initial version the
consistency engine enforces consistency only via write-through and write-back
coherency policies. The directory engine allows the creation and validation of a
user view of the grid filesystem namespace. That is, a user can create their own
logical view of grid data as a tree of filesystems. The discovery engine allows
metadata to be published and queried as needed to support grid and inter-grid
activity. The discovery engine assumes that every machine on the grid is able to
export some directories according to given permissions. The filesystem has been
designed according to two explicit policies; reuse (do not reinvent the wheel)
and reduce (eliminate what is not necessary).
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2.1 Data Movement Engine

The data movement engine is intended to overcome two major limitations in
most existing data management solutions. Firstly, they do not operate at the
block level. Secondly, in the main they require the programmer to use software-
specific APIs to access, for example, file catalogues.

With the above concerns in mind, the data movement engine focusses on
accessing various types of data storage via the Linux Virtual Filesystem layer
(VFS)[16], and operation at block rather than at file level. The server side of
the data movement engine exploits the GridSite [I7] module (mod-gridsite)
for the Apache webserver [I8]. GridSite accesses files using the HTTP 1.1 pro-
tocol. It includes very desirable features including authentication and GACL
[19] authorisation at each directory level, and supports convenient editing of
these permissions. Each directory contains an XML .gacl file that defines the
permissions, conditioned by host, VO or person.

GridSite supported byte-level access for get, but only file-level access for put,
move and delete. For the data movement engine we modified mod_gridsite to
provide byte-level access for both read and write. Gridsite now includes this.

The client side of the data movement engine uses block-level caching to min-
imise network traffic and support consistency. Like ELFI, GFARM and more
recently Slashgrid, it derives from the FUSE user-space daemon. This approach
has several notable attributes:

1. By using a user-space daemon invoked by the user, it can support a user-
specific view of the grid filesystem.
2. By using HTTPS to communicate with the server-side, it can:

— traverse firewalls as easily as any browser can;
— authenticate connections;

— leverage web protocol optimizations; and

— leverage the proxy functionality of web servers.

3. By using a user-space daemon and HTTPS, it supports complete user-level
privacy:
— at the client even the root user cannot access the user’s filespace, and all
data movement beyond the client daemon is secured by SSL.

4. By operating at block level:

— it can fractionally read or write remote files, only transferring the blocks
required; and

— it has the potential to provide block-level locking to facilitate future
mutually-exclusive multiple-writers to the same file.

At a high level then, these components provide a filesystem that communicates
over HTTPS with a web server and allows secure file operations on byte-ranges
within files. Use of a user-space daemon addresses the transparency requirement,
by providing access to remote files through the VFS layer using standard I/0
libraries that are universally available.
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2.2 Consistency Engine

The consistency engine maintains file consistency. Consistency semantics define
the outcome of multiple accesses to a single file. An example case where incon-
sistency may arise is when several grid processes access the same filesystem and
attempt to write simultaneously to a single file. To avoid problems several con-
sistency models can be adopted. In the initial version the engine enforces cache
consistency via a simple single-reader single-writer write-back coherency policy.

2.3 Directory Engine

Although the data movement engine provides transparency, the directory engine
is needed to fully address the issue. Only by allowing views that hide data lo-
cation and complexity can a truly location-transparent and user-friendly system
be constructed. A user creates a personal hierarchy of virtual directories, where
leaves in this tree correspond to subdirectories of personal interest that exist
on physical filesystems. It is assumed these subdirectories have been exported
using the grid filesystem by the same or another user. The user runs their own
instance of the FUSE daemon that accesses this personalised view of the grid
filesystem namespace, using their own grid credentials. In essence the directory
engine publishes and retrieves filesystem user-namespace mappings.

The directory engine implements many of the concepts of the Resource Names-
pace Service (RNS) provided by the Global Grid Forum’s Grid File System
working group. RNS identifies resources within a Grid by a universal name that
ultimately resolves to a meaningful address, with a particular emphasis on hi-
erarchically managed names that may be used in human interface applications.
RNS embodies a three-tier naming architecture, which consists of human inter-
face names, logical reference names, and endpoint references. Name-to-resource
mapping in RNS features an optional arrangement of two levels of indirection.
The first level of indirection is realized by mapping human interface names di-
rectly to endpoint references (Name — ER).

A second level of indirection may be useful when mapping human interface
names to logical references (identified by logical names), which in turn map
to endpoint references (Name — LR — ER). The advantage of using a logical
name to represent a logical reference is that they may be referenced and resolved
independently of the namespace.

Figure [2] shows an example of the first level of indirection. The table on the
right-hand side shows the list of mappings of the full physical locations to a
user-specified namespace that is easily recognised and makes sense to the user.

The directory engine uses the Relational Grid Monitoring Architecture (R-
GMA) [20021] to publish namespace information. An R-GMA system is com-
posed of three types of components: producers, which insert data into a virtual
database; consumers, which retrieve information from the virtual database; and
registries, which match consumers to producers which publish information that
the consumers are interested in. Information can be inserted into and retrieved
from the R-GMA virtual database using a subset of the SQL92 Entry Level
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Fig. 2. GUI showing mapping of Endpoint References to User Namespaces. The End-
point Reference information is expressed in the form /node/export_dir, where node is
a server and export_dir is a directory.

standard. Directory engine producers publish namespace information into the
database using SQL INSERT statements, and their consumers retrieve that in-
formation from the database using SQL SELECT statements.

R-GMA currently offers rather limited security based on host authentication.
Whereas the directory engine functions are subject to credential checks and
permissions, data published in R-GMA is not yet subject to user-based authori-
sation and can be queried by any authenticated user regardless of permissions.
This is expected to be remedied by the end of 2006.

2.4 Discovery Engine

Whereas existing grid middleware focusses on delivering partial data manage-
ment solutions, there is very little existing metadata that may be used to describe
a grid filesystem. The discovery engine allows metadata to be published and dis-
covered or queried as needed to support grid and inter-grid activity, using two
sets of tools:

1. gridfspublish: command-line and graphical tools to publish metadata to an
inter-grid discovery service.

2. gridfsdiscover: command-line and graphical tools to discover filesystems that
match a search string by querying published metadata.

The discovery engine assumes that any machine on the grid is able to export
some directories according to given permissions (at grid and inter-grid levels) of
read, write, open, erecute, admin, etc. Like the directory engine, the discovery
engine depends on the R-GMA to publish metadata. The same security con-
straints are imposed by the fact that currently R-GMA only offers host-based
authentication.
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Individual files may not be discovered, only filesystems (directories), as grid-
wide discovery down to the file level would not scale with this architecture.
However, an activity-specific (perhaps VO-wide) discovery engine may be estab-
lished that publishes richer metadata, e.g. to file level.

3 A Grid Interoperability Use Case for the gridF'S

This use case demonstrates the use of the grid filesystem engine in supporting
interoperability between three middlewares: WebCom-G [22], Globus 4 (GT4)
[23124] and the Large Hadron Collider Computing Grid (LCG2)[14].

WebCom-G can be considered a fledgling grid-enabled workflow engine based
on WebCom [25], although it is much more. It offers a non-von-Newmann pro-
gramming model that automatically handles task synchronization (load balanc-
ing, fault tolerance, and task allocation at the system level) without burdening
the application writer [22]. In WebCom, applications are specified as Condensed
Graphs (CGs), in a manner which is independent of the execution architecture,
thus separating the application and execution environments. Condensed Graphs
are a mathematical abstraction capable of representing different computational
models in a unified way. They consist of nodes with arcs connecting them. The
nodes can be atomic, consisting of a single operation, or can be condensed graphs
themselves.

Various patterns of data movement are involved during the life cycle of a
WebCom job. Jobs are submitted through a web service, specifying the following:

— Condensed Graph representation in XML.

— Files used by the WebCom job, including executable files representing atomic
operations.

— Arguments to the WebCom graph.

To demonstrate the importance of gridFS for grid interoperability we de-
scribe the data movements of the use case of Figure B] with and without the
gridF'S. This use case describes a complex job involving three different Grid
middlewares (WebCom, LCG2 and GT4). This job is described by the CG
= {E,Wy,L, G, Wy, X}. It encompasses at least three compute nodes (one for
Wi, W3 and one each for L and G) and at least one filestore (for A and F and
possibly for B, C' and D too).

— E represents the entry node of the CG.

— W represents an atomic operation that must be be executed on WebCom.
It reads file A and writes file B.

— L represents an atomic operation that must be executed on the LCG2 mid-
dleware; this operation is described (in JDL language) in file J. It reads files
J, P, A and B and writes file C.

— G represents an atomic operation that must be executed on GT4 middleware;
this operation is described (in the RSL language) in file R. It reads files R,
Q, A and B and writes file D.
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Fig. 3. Data Movement for the Use Case

— Wj, represents an atomic operation that must be executed on WebCom. It
reads files C' and D, and writes result file F.
— X represents the exit node of the CG.

In the absence of a grid filesystem such as gridFS the submission of this
job implies a significant number of file transfers among the participating hosts.
Typically, the following sequence of operations would happen:

— File A would be copied by value from a filestore to the WebCom middleware
host (using a WebCom mechanism) for the execution of Wj.

— Operation W; would be executed. It would read a local copy of file A and
write a local copy of file B.

— File B would be copied to a filestore, using a WebCom mechanism.

— Files J, P, A and B would be copied by value to the LCG2 middleware for
the execution of job L, either by prestaging, use of sandboxes or file catalogs,
or by explicit file transfer; all of these methods are intrusive and some will
require job L to be modified.

— Job L would be executed. It would read local copies of files J, P, A, B and
write a local copy of file C.

— File C would be copied to a filestore, using an LCG2 mechanism.

— Files R, Q, A and B would be copied by value to the GT4 middleware for the
execution of job G, either by prestaging, use of file catalogs, or by explicit
file transfers; again these methods are intrusive and job G may need to be
modified.

— Job G would be executed. It would read local copies of files R, Q, A, B and
write a local copy of file D.

— File D would be copied to a filestore, using a GT4 mechanism
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— Files C' and D must be copied by value to the WebCom middleware for the
execution of operation Ws, using a WebCom mechanism.

— Operation W5 would be executed. It would read local copies of files C' and
D, and write a local copy of file E.

— Result file E would be copied to the filestore using a WebCom mechanism,
where it can be accessed by the user.

As can be seen, there are multiple transfer mechanisms. It is assumed that full
(not partial) file transfers occur before and after executions. The operations or
applications to be executed can be modified to use special grid file I/O libraries
but there are multiple libraries, each middleware-specific and none transparent.
Thus, in the absence of a grid filesystem, such as gridF'S, the submission of this
job involves a significant amount of data transfer that intrudes on the develop-
ment of the workflow. The above is a simplified scenario as multiple transfers are
often necessary to pass files between the different grids and a filestore residing
in a ‘border’ region (grid = border = filestore). In addition, unless WebCom
executes all its executable graph nodes on the same physical machine (an unin-
tended restriction) any intermediate files will have to be expensively copied by
value between the nodes. A similar workflow executed using Condor DagMan
[26] would use the Condor sandbox mechanism to move files to where they were
required, again with significant data transfer.

The presence of a grid filesystem allows access to all files as if they were
present on a local file system, greatly simplifying the data movement pattern.
In all cases, input files can be very efficiently copied by reference between the
grid middlewares, i.e. the filenames can be passed to and fro as text arguments.
There is a single transfer mechanism, applications need not be modified; grid
file I/O libraries are not used, only standard I/O libraries that are middleware-
independent and transparent. For example, the LCG2 job L can be very simply
specified using the JDL:

Executable="script_L.sh";
Arguments="gridfs/mydir/B gridfs/mydir/C";
StdOutput="std.out";

StdError="std.err";
InputSandbox={"script_L.sh"};
OutputSandbox={"std.out","std.err"};

The script script_L.sh needs to start up gridF'S, which then fetches the user’s
namespace mappings from the directory engine and thereby automatically points
to the remote directory. The script can then run the user’s LCG2 application
code P with the arguments specified in the JDL. Any data transfers during
execution take place as normal file reads and writes (but to a remote filestore
using gridFS) and full file transfers to local disk do not take place, only partial
transfers to an in-memory cache. When the job completes the script needs to
terminate gridF'S by shutting down the user’s FUSE daemon; this final step also
ensures the cache has been fully flushed. Thus script_L.sh is as follows:
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gridfs
bash gridfs/mydir/P $1 $2
fusermount -u gridfs

Alternatively, the grid filesystem can either be continuously executing as a
system daemon, or automatically started in the users context on all relevant
machines. The latter is preferable as it guarantees per-user privacy, even from
system administrators. Notice that there is an opportunity for even greater trans-
parency then: if gridF'S is automatically started and terminated like this, then
the outer two commands above are not needed. Grid-Ireland plans to install
gridF'S in this configuration. In summary, large numbers of explicit file transfer
operations (some multistage) are necessary when executing jobs across multiple
grids if a grid filesystem is not available. When a grid filesystem is used, these
file transfers are replaced by fewer direct remote file accesses by reference.

4 Conclusions

We have described a transparent grid filesystem that provides access to remote
files. It does not require proprietary APIs, instead using standard file I/O li-
braries that are universally available. Hence applications do not need to be
altered to allow remote file access. The transport protocols (https) are those
normally allowed through firewalls. The gridF'S supports authentication using
certificates. The authorisation mechanism supports higher level constructs such
as virtual organisations. The gridFS supports partial file access and relatively
efficient caching. It allows per-user views of the file namespaces. It supports
publication and subsequent discovery of filesystems. It can be deployed on any
Linux workstation or server and is currently deployed on three sites within the
Grid-Ireland infrastructure. It is specifically intended to support interoperability
between arbitrary middlewares and we have described one challenging use case.
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Abstract. Data integration is the flexible and managed federation,
analysis, and processing of data from different distributed sources. Data
integration is a key issue for exploiting the availability of large, heteroge-
neous, distributed and highly dynamic data volumes on Grids. This paper
presents a framework for integrating heterogeneous XML data sources
distributed among the nodes of a Grid. We present a query reformulation
algorithm to combine and query XML documents through a decentral-
ized point-to-point mediation process among the different data sources
based on schema mappings. The above cited XML integration formalism
is exposed as a Grid Service within an OGSA-based Grid architecture.

1 Introduction

The goal of a data integration system is to combine heterogeneous data residing
at different sites by providing a unified view of this data. Data integration on
Grids has to deal with unpredictable, highly dynamic data volumes. So, tradi-
tional approaches to data integration, such as FDBMS [1] and the use of medi-
ator /wrapper middleware [2], are not suitable in Grid settings. The federation
approach is a rather rigid configuration where resources allocation is static and
optimization cannot take advantage of evolving circumstances in the execution
environment. The design of mediator /wrapper integration systems must be done
globally and the coordination of mediators has to be done centrally, which is an
obstacle to the exploitation of evolving characteristics of dynamic environments.
As a consequence, data sources cannot change often and significantly, otherwise
they may violate the mappings to the mediated schema. Recently, several works
on data management in peer-to-peer (P2P) systems are moving along this di-
rection [3}[4]. All these systems focus on an integration approach not based on
a global schema: each peer represents an autonomous information system, and
data integration is achieved by establishing mappings among the various peers.

The Grid community is devoting great attention toward the management of
structured and semi-structured data such as databases and XML data. The
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most significant examples of such efforts are the OGSA Data Access and Inte-
gration (OGSA-DAI) [5] and the OGSA Distributed Query Processor (OGSA-
DQP) [6] projects. However, till today only few of those projects [1[8] actually
meet schema-integration issues necessary for establishing semantic connections
among heterogeneous data sources. For these reasons, we designed the XMAP
framework [9] for integrating heterogeneous XML data sources distributed over
a Grid. By designing this framework, we aim at developing a decentralized net-
work of semantically related schemas that enables the formulation of distributed
queries over heterogeneous data sources. We designed a method to combine and
query XML documents through a decentralized point-to-point mediation process
among the different data sources based on schema mappings. We offer a decen-
tralized service-based architecture that exposes this XML integration formalism
as a Grid Service [10]. We refer to this architecture as the Grid Data Integration
System (GDIS) [II]. The GDIS infrastructure exploits the middleware provided
by OGSA-DAI building on top of it schema-integration services. As said before,
among the few works designed to provide schema-integration in Grids, the most
notable ones are Hyper [7] and GDMS [§]. Both systems are based on the same
approach that we have used ourselves: building data integration services by ex-
tending the reference implementation of OGSA-DAI. The Grid Data Mediation
Service (GDMS) uses a wrapper/mediator approach based on a global schema.
GDMS presents heterogeneous, distributed data sources as one logical virtual
data source in the form of an OGSA-DAI service. This work is essentially differ-
ent from ours as it uses a global schema. For its part, Hyper is a framework that
integrates relational data in P2P systems built on Grid infrastructures. As in
other P2P integration systems, the integration is achieved without using any hi-
erarchical structure for establishing mappings among the autonomous peers. In
that framework, the authors use a simple relational language for expressing both
the schemas and the mappings. By comparison, our integration model follows
as Hyper an approach not based on a hierarchical structure, however differently
from Hyper it focuses on XML data sources and is based on schema mappings
that associate paths in different schemas.

The rest of the paper is organized as follows. Section Pl describes the XMAP
framework. Section [B] shows as the XMAP algorithm is deployed as a Grid ser-
vice within the GDIS architecture. Some performance figures are presented in
Section M and Section [l gives some concluding remarks, together with possible
extensions of this work.

2 XMAP: A Decentralized XML Data Integration
Framework

The XMAP framework [J], semantically relates XML schemas enabling the for-
mulation of queries over heterogeneous, distributed XML data sources. The en-
vironment is modeled as a system composed of a number of Grid nodes, where
each node can hold one or more XML databases. These nodes are connected to
each other through declarative mappings rules.
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2.1 Integration Model

As mentioned before, traditional centralized architecture of data integration sys-
tems is not suitable for highly dynamic and distributed environments such as
the Grid. Thus, we propose an approach inspired from [4] where the mapping
rules are established directly among source schemas without relying on a central
mediator or a hierarchy of mediators. In consequence, in our integration model,
there is no global schema representing all data sources in a unique data model
but a collection of local schemas (the native schema of each data source). Regard-
less of the total number of nodes composing the system, each source schema is
directly connected to only a small number of other schemas. However, it remains
reachable from all other schemas that belong to its “transitive closure”. For any
mapping M, its closure is defined as the set of rules that can be derived from M
by repeated composition of schema paths. In other words, the system supports
two different kinds of mapping to connect schemas semantically: point-to-point
mappings and transitive mappings. In transitive mappings, data sources are re-
lated through one or more “mediator schemas”. For example, if we have a source
A directly connected to a source B and B connected to C, A is connected to both
B and C. Establishing the mappings this way creates a graph of semantically
related sources where each of the sources knows its direct semantic neighbors
(point-to-point mapping) and can learn about the mappings of its neighbors
(transitive mapping). Therefore, in our integration model all nodes are equal:
there is no distinction between data sources and mediators. Each node acts both
as a data source contributing data and as a local mediator providing an uniform
view over the data provided by other nodes.

Our integration model is based on schema mappings to translate queries be-
tween different schemas. The goal of a schema mapping is to capture structural
as well as terminological correspondences between schemas. We address this goal
by associating paths in different schemas. Mappings are specified as path expres-
sions that relate a specific element or attribute (together with its path) in the
source schema to related elements or attributes in the destination schema. The
data integration model we propose is indeed based on path-to-path mappings
expressed in the XPath [12] query language, assuming XML Schema as the data
model for XML sources. Specifically, this means that a path in a source is de-
scribed in terms of XPath expressions.

The mapping rules are specified in XML documents called XMAP documents
(see Figures 21 B ). Each source schema in the framework is associated to an
XMAP document containing all the mapping rules related to it.

2.2 The XMAP Reformulation Algorithm: A Case Study

Our query processing approach exploits the semantic connections established
in the system by performing the XPath query reformulation algorithm before
executing the input query, in order to gain further knowledge. This way, when a
query is posed over the schema of a source, the system will be able to use data
from any source that is transitively connected by semantic mappings. Indeed, it
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will reformulate the given query expanding and translating it into appropriate
queries for each semantically related source. Thus, the user can retrieve data
from all the related sources in the system by simply submitting a single XPath
query.

The rationale of the algorithm is to perform single reformulation steps. A
reformulation step corresponds to the reformulation of a given query only with
respect to the schemas directly connected to it. So, the algorithm is composed
of several reformulation steps, but each of such steps performs only direct re-
formulations by using the point-to-point mappings. Each time a reformulated
query is obtained, the algorithm tries to rewrite it by recursively invoking the
reformulation function and using its direct mappings.

The query reformulation algorithm uses as input an XPath query and the
mappings, and it produces as output zero, one or more reformulated queries.

In the following we briefly describe an example of use of the XMAP algorithm
(see Figure ).

Let suppose a user wants to find the title of the paper published in the year
2000. To this aim the following query Quw is formulated over the schema UW':

Quw=/uw/area/pubs/paper[year = "2000”]/title

In the first step the algorithm identifies the paths in the query:

— Py=/uw/area/pubs/paper/title
— Py=/uw/area/pubs/paper/year

and produces as output the set P. Next, exploiting the XMAP document asso-
ciated to the schema UW (see Figure [2)), the algorithm finds two mapping rules
connecting UW to DBLP through the paths P, and Ps.

More precisely, one of these rules relates P1 to two paths in DBLP, respec-
tively /dblp/article/title and /dblp/proceedings/title. Similarly, the

‘Q:/uw/area/pubs/paper [year=2000]/title

Qg =/dblp/article[year=2000]/title
9_ .= QR =/dblp/proceedings [year=2000]/title]
2

/uw/area/pubs/paper | [year=2000] |/title

¥
uw DBLP
w ablp
» “area Larticle destination set
pubs key = v
| 1 L paper XMAP title P, ,=/dblp/article/year, 2!
;‘p] =/uw/area/pubs/paper/year ‘ ' e M > year /dblp/proceedings /year ;
= | venue journal = |
[P, =/ww/area/pubs /paper /titlel; e author P} ,=/dblp/article/title,
s author cites /dblp/proceedings/title
proceedings
key
title
year

candidate set

s‘;§

p? ,=/dblp/article/year,
/dblp/proceedings/year

p§ ,=/dblp/article/title,
/dblp/proceedings/title

Fig. 1. Example of use of the XMAP algorithm



Grid Data Integration Based on Schema Mapping 323

<sourceSchema>uw</sourceSchema>

<Rule cardinality="Mappingl-N">
<destinationSchema>dblp</destinationSchema>
<sourcePath>/uw/area/pubs/paper/title</sourcePath>
<destinationPath>/dblp/article/title</destinationPath>
<destinationPath>/dblp/proceedings/title</destinationPath>
</Rule>

<Rule cardinality="Mappingl-N">
<destinationSchema>dblp</destinationSchema>
<sourcePath>/uw/area/pubs/paper/year</sourcePath>
<destinationPath>/dblp/article/year</destinationPath>
<destinationPath>/dblp/proceedings/year</destinationPath>
</Rule>

Fig. 2. Fragment of the UW XMAP document

other mapping rule relates P» to the path /dblp/article/year and the path
/dblp/proceedings/year. So, the second step of the algorithm produces as out-
put a candidate set composed of the elements P’; and the (candidate) schema
DBLP°. In the considered example as the schema DBLP® has correspondences
for both paths P; and P, it is identified as a destination schema (step 3), so it
can be used to reformulate the query UW. In particular, the algorithm (step 4),
produces two direct reformulations of the query Quw over the schema DBLP,
respectively Qpprp, and QparLp,.

Q pprp,=/dblp/article[year="2000"]/title
Q@ ppLp,=/dblp/proceedings[year="2000"]/title

Since in the XMAP document associated to the schema UW there are no more
mapping rules involving the paths in the query Quw, no further reformulations
are produced. Then the algorithm is recursively invoked over the direct refor-
mulations @pprp, and Qpprp,, exploiting the XMAP document associated to
the schema DBLP (see Figure ). In so doing, the algorithm finds two mapping
rules connecting the schema DBLP to the schema IEFEFE through the paths
composing the query Qpprp,, whereas any mapping rules involving the paths
of the query Qpprp, have been found. As a consequence, the execution of the
XMAP reformulation algorithm over the query @pprp, does not produce any
reformulated query, instead the reformulation of the query @ pgsrp, produces the
reformulation QrppE:

Q1eEE=/ieee/proceedings[year="2000"]/title

This first recursive invocation of the algorithm ends here producing the query
QieeE as a direct reformulation of the query Qpprp, over the schema IEEE
(that is a transitive reformulation of the original query Quw ). So, now we can
exploit the transitive mappings of the schema DBLP, by recursively invoking
the reformulation algorithm over the query Q;ppr. As the XMAP document
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<Rule cardinality="Mappingl-1">
<destinationSchema>ieee</destinationSchema>
<sourcePath>/dblp/proceedings/title</sourcePath>
<destinationPath>/ieee/proceedings/title</destinationPath>
</Rule>

<Rule cardinality="Mappingl-1">
<destinationSchema>ieee</destinationSchema>
<sourcePath>/dblp/proceedings/year</sourcePath>
<destinationPath>/ieee/proceedings/year</destinationPath>
</Rule>

Fig. 3. Fragment of the DBLP XMAP document

associated to the schema IEEFE has no mappings for the paths composing the
query Qrggg, the algorithm ends here.

3 The Grid Data Integration System (GDIS)

The XMAP reformulation algorithm has been deployed in the Grid Data Inte-
gration System (GDIS). GDIS is a decentralized service-based data integration
architecture for Grid databases; it has been presented in a previous work [11].

The GDIS system offers a wrapper/mediator-based approach to integrate data
sources: it adopts the XMAP decentralized mediator approach to handle seman-
tic heterogeneity over data sources, whereas syntactic heterogeneity is hidden
behind ad-hoc wrappers. More precisely, in the GDIS architecture (see [11]), the
XMAP query reformulation engine is run by the data integration nodes. Specifi-
cally, these nodes offer: (i) a set of data integration utilities allowing to establish
mappings, and (ii) the query reformulation algorithm introduced by the XMAP
integration formalism. The user query is handled by the reformulator engine that
through the XMAP query reformulation algorithm produces zero, one or more
reformulations of the original query. All the obtained reformulations (included
the original query) are then processed by the distributed query processor (DQP)
that partitions each of such queries in several sub-queries. Then, the each pro-
duced sub-query execution plan is processed independently by the DQP that
through the wrapper access data source and produces the partial query result.
After that, the DQP collects the sub-query results into the final query result and
return it to the querying node.

GDIS is designed as a service-based distributed architecture and introduces
the OGSA-based XML Data Integration (OGSA-XDI) service that extends
OGSA-DAI with additional functionality both to enable users to specify semantic
mappings (in the form of XMAP documents) among a set of data sources, and
to execute the XMAP query rewriting algorithm. The architecture of OGSA-
DAI and the core engine are designed for new activities in order to provide
new functionalities. Indeed, in order to implement the OGSA-XDI service we
decided to extend the free available OGSA-DAI Grid Data Service (GDS) ref-
erence implementation. According to this, we introduced a new activity, the



Grid Data Integration Based on Schema Mapping 325

Registry
DAISGR
Factory
. GDIF
Client

Integration
Service
GDI

=

Fig. 4. OGSA-XDI component services

XPathQueryReformulation activity, that wraps the XPath query reformula-
tion algorithm of the XMAP framework. In so doing, our implementation is re-
gardless of the specific version of OGSA-DAI, and, consequently of the adopted
standards (e.g., WSRF, WS-I, OGSI). The OGSA-XDI architecture is composed,
analogously to OGSA-DALI, of a number of new services including (see Figure[):

— Grid Data Integration service (GDI). This service provides XML schema
mapping utilities for semantically connected XML data sources. To this aim
the GDI extends the OGSA-DAI by introducing a new activity devoted to
the reformulation of an XPath query by using the XMAP reformulation
algorithm.

— Grid Data Integration Factory (GDIF) which creates a GDI on request. A
GDIF extends a Grid Data Service Factory (GDSF) by introducing new
metadata in the form of XMAP doucments concerning the mapping rules of
the schema of the wrapped database.

— Database Access and Integration Service Group Registry (DAISGR) which
allows clients to search for GDIFs and GDIs that meet their requirements.
This registry service is the one provided by the OGSA-DAI system, as no
modifications are necessary to manage the introduced integration services.

4 GDIS Evaluation

In this section we briefly present preliminary evaluations of the GDIS prototype.
To experiment with GDIS, we have setup two GDIS systems, one located on
LAN and the other one over the Internet. In these experiments, we focus on
the performance of GDIS as a whole, not on the specificity of the reformulation
process which has been detailed in a previous work. The results presented in
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this section were produced according to the following protocol: the client uses
the factory service (GDIF) to create a GDI instance. It then uses this instance
to submit the same request 100 times (it waits for the results of the previous
request before sending the next one), and finally destroys the instance it has
created.

Reformulating queries that are submitted to it is the real task of our GDI.
Interactions taking place in this process are represented in Figure [l First, the
client requests to the GDIF the creation of the GDI instance. After some time
spent to prepare the perform document, the client submits it to the instance it
has just created. During the reformulation process, the GDI asks the registry for
any mapping information it might need. It is visible on the figure that mapping
information queries are performed lazily, only when it is first needed, which
explains why we don’t see a bunch of requests to the registry and then some
quiet time to perform reformulation. Instead, reformulation CPU time is spread
in between mapping information requests: as soon as a new reformulated query
is found, the GDI asks the registry for the XMAP document of the schema over
which the query is expressed (assuming it has not seen it before). We shall also
notice that XMAP documents are all stored on the registry and that the GDI
therefore does not interact with the other GDIF's to obtain mapping information.

| ll

service request
instanciation

L L L L L L
1000 2000 3000 4000 5000
time (ms)

o

Fig. 5. Entity interactions during the reformulation of a specific query in the WAN
configuration. Interactions are also in this case HT'TP requests and responses.

Understanding the dynamics of the query reformulation is of high importance
to let us understand the results of the experimentations we have performed.

We evaluated the query reformulation time in both the LAN and WAN sce-
narios. As XMAP evaluation is out of the scope of these tests, we will focus on
the cutoff of the time spent in the system.

LAN Case. We start considering the case when all entities involved in the
system are located on the same LAN.
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Fig. 6. Relative repartition of the time spent for query reformulation with mappings
of an average rank equals to 2

The results (relative values) of the experiments for a mapping set with an
average rank of 2 are shown in Figure The GDI time here is really the
time used by XMAP to perform the reformulation, while the “net” time is the
communication time spent on the network asking and waiting for XMAP doc-
uments. The low-latency and high-bandwidth network connecting the different
machines makes this time really low. At the maximum, it represents 6.7% of
the total time spent for the reformulation. Reformulation times, for their part,
are consistent with the results obtained in the XMAP evaluation, given the dis-
crepancy of the hardware between the different series of test. Network times are
almost negligible compared to those required to perform query reformulation.
The results obtained confirm the intuition that network time only depends on
the number and the size of the XMAP documents required to perform the full
reformulation.

WAN Case. Results for the rank 2 mapping set are shown in Figure They
make it obvious that even for a moderate round-trip time (42 ms on average)
between the GDIF and the registry, network cost becomes largely predominant.
From our results, it appears that the total network time is roughly equivalent to
two round-trip times between the GDI and the registry, plus the time necessary
to transmit the document at the speed of the wire, multiplied by the number of
XMAP documents to import. With our settings, this was always inferior in value
to 3 round-trip times. This gives us useful hints to reduce the overall execution
time of the reformulation.

5 Conclusions

The continuously growing availability of data sources on Grids requires a co-
ordinated and integrated access of such data due to the heterogeneity of the
involved data models. Based on these reasons we proposed the XMAP frame-
work and the GDIS architecture combining a data integration approach with
existing grid services for querying heterogeneous, distributed databases. This
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way we provide an enhanced, data integration-enabled service middleware sup-
porting distributed query processing. As for future work, we plan to extend the
XMAP framework in order to support more expressive query languages (e.g.
XQuery). Further, declarative query approaches will be used to express the dis-
tributed and dynamic properties of the evolving network (it could change during
query execution), following recent ideas on declarative networking.
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Abstract. We present a deconvolution method intended for image
restoration. Although the method is computationally heavy, it obtains a
good restoration quality. We have successfully achieved the scientific aim
of parallelizing the algorithm, obtaining acceptable scalability on shared
and distributed memory machines.

1 Introduction

Any imaging instrument used to acquire data has a finite resolving power, or
resolution. For example, the image of a point source seen through a telescope
has an angular size related to the diameter of the optical elements. Most of the
scientific information can be extracted from these resolution limited data, so
further effort to improve the resolution using a post-processing mechanism is
not necessary. However, for some studies it is required to obtain data as inde-
pendent of the instrument properties as possible. Currently much effort is being
devoted to developing numerical methods for this purpose, generally called de-
convolution algorithms. In this paper we aim to show our implementation of a
method, primarily intended for processing astronomical images, that has wider
application.

2 The Problem

Let us assume that we are trying to determine the probabilistic distribution of
the arrival position of some particles to our detector. The detector has a discrete
set of windows or pixels, numbered from 1 to N. When a particle enters one
of these pixels, the instrument records the pixel number. Hereafter we refer to
this process as a measurement. After measuring a large number of particles, M,
we are left with a sequence of numbers (1172 ...757), being 7 the pixel number

* This work has been partially supported by the EC (FEDER) and the Spanish MEC
(Plan Nacional de I4+D+I, TIN2005-09037-C02-01).

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 330-B39] 2007.
© Springer-Verlag Berlin Heidelberg 2007
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recorded after k measurements. If we are not interested in the ordering, the set of
measurements can be summarized through the number of times pixel ¢ appears
in the sequence, denoted by n;.

n; = freq(i, (rire... 7)) (1)

If the detector is not perfect there is a non-null probability of measuring a
wrong pixel. We can model this effect by means of the conditional probability of
measuring j if the true entrance pixel was 7, denoted as R}, that we assume to
be known. In that case we have a second unknown sequence of the true entrance
pixels, (t1ta...tar), associated to the measured ones. Similarly to eq.[Il we have

ni™e = freq(i, (tita .. . tar)), (2)

true N

and the sets of {n;}Y; and {n! +, are related according to

Z Rz i&rue7 (3)

We assume that R; is a matrix with non-null determinant. In the special case
when it depends only of some distance measure between pixel ¢ and j, then
eq. B is a convolution. Generally the measured value of the right hand side of
eq. Bl is not exactly equal to the left side due to statistical fluctuations. With
the adopted detector model, the distribution of these values follows a Poisson
distribution [].

The aim of the inversion algorithms is to compute an estimate of the set
{nirve}N | given the values {n;}¥ ;. This is known to be an ill-posed problem,
therefore there is no unique and stable solution, and the algorithms have to
choose a solution according to some criteria.

A good review of the plethora of algorithms devised to recover the “best” esti-
mate in the case of astronomical images can be found in [2]. These methods can
be roughly classified as linear regularization methods, and Bayesian framework
methods. The Wiener filter and the Tikhonov regularization belong to the first
class, which is described in detail in [3]. These methods are very fast, but the
use of a priori information is difficult and they create Gibbs oscillations in the
neighborhood of discontinuities. Methods in the second class rely on a model
for the probability of obtaining the measured image given a candidate to the
solution, or likelihood, and an a priori probability for any candidate solution.
Then the maximum a posteriori solution of the product of the likelihood and
the a priori probability is chosen as the “best” solution. The difference between
the methods in this class is how the a priori probability is chosen, ranging from
entropy based priors [4] to methods that make use of the spatial coherence of
the solution like [5] and [6]. Moreover, in the case of choosing a uniform prior, an
iterative maximization can be constructed and the solution is chosen by taking
a finite number of steps in this iteration. The resulting method in the case of the
detector model presented above is the Richardson-Lucy (RL) algorithm [7Ig],
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which is nowadays widely used in the astronomy community. This method has
been subsequently improved to include a priori information on the objects in the
image and to add smoothness constraints [9] in order to avoid noise amplification
in the solution, although at the cost of introducing free parameters. During the
last years there has been a trend towards the use of multiresolution methods,
especially wavelet transforms, together with these inversion algorithms, which
cures some of their problems and fixes some of their free parameters [I0]. Apart
from these algorithms, there are others that do not fit within the above classes
like the CLEAN [11] algorithm and its refinements, or the Markov Chain Monte
Carlo (MCMC) ones, like Pixon in its first versions [I2]. The MCMC methods
present the peculiarity of increasing the number of degrees of freedom of the
inversion problem, thus alleviating its ill-poseness and reducing the dependence
on free parameters. Moreover they allow a better error estimation. The method
we propose belongs to this class, although a further approximation allows us a
deterministic computation.

3 Algorithm

In this section we first motivate our approach from a Bayesian point of view,
and then we describe our algorithm.

3.1 A Bayesian Approach to the Problem

Let us introduce the compressed notation Sys(x) = (x1z2 ... xr) for a sequence.
Given the sequence of measurements Sys(r) = (r172...70 ), the problem stated
in the previous section is equivalent to find a sequence Sy (t) = (t1t2...tar)
such that for any position in it, &, the true pixel traversed by the particle which
produced the measurement ry, was ;. Given the probability of a realization
of such solution conditional to the measured sequence, Psequ, (Saz(t)[Sar(r)), we

adopt as the estimate of {n'"“¢}¥ | the following average
true* __ . 1 4l / 140 /
N, = Z freq(i, (8185 .. . thy)) X Psequ(tity ... thlrira .. .rar) . (4)
(#185---thy)

where the asterisk denotes estimate, and the summation is for all sequences
(tit5 .. .th). The problem is then to compute Pseqy (Saz(t)|Sas(r)). For this pur-
pose we make use of the Bayes theorem to write

Psequ(Sm(#)[Sm (1)) = KPr(TMmltar) X Pprior(tar|Sar-1(t))
xPsequ(SM—l(t”SM—l(T)) (5)

where K is a normalization constant, the probability Pgr(ras|tar) coincides with
R{M defined in section 2l and Pprior(tar|Sar—1(t)) is the probability of next en-
trance pixel being tj; given the sequence of all previous entrance pixels. Equa-
tion [ defines an iterative process which allows to compute the average of eq. @

if Pprior(tar|Sar—1(t)) is given. Taking into account that in our detector model
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the sequence of true entrance pixels is generated by an stationary process, the
number of times a given pixel number appears in the sequence Sp;_1(¢) follows
a binomial distribution. It is well known that a good estimate of the probability
of that distribution for pixel number ¢, is given by [13]

freq(tM7 (tl R thl)) +e€
Pprior(tM‘tl'”thl): M —1+ Ne ) (6)

N being the number of pixels, and € a small parameter which depends on the
prior on the binomial distribution paramete. In order to avoid a large depen-
dency of the prior with the number of pixels for small M, we choose e = 1/N.

The iterative expression obtained inserting eq. [0l in eq. [ is well suited to
compute the average in eq. [ using the Monte Carlo method . An example of the
application of this method with synthetic data is given by Figure[lh, where we use
a total of 100 sampled sequences to compute the average in eq.[dl The synthetic
measured values of {n*}¥ ,, shown as a dotted histogram in the figure, have been
obtained by sampling from the the distribution resulting from applying eq. [3]
where {nl"“¢}}N | is given by the continuous histogram labelled True distribution,
applying subsequently the definition given by eq. [Il For comparison figure [Ib
shows the deconvolution of the same reconstruction obtained with the RL [7I8]
method, with the regularization condition tuned to obtain the best fit to the
true solution. The errors in this case are computed according to [14]. Clearly the
MCMC method recovers the true distribution within the uncertainties due to the
small size of the Monte Carlo sample. It also shows a good agreement with the
RL solution, except for the quoted errors. In RL they are clearly underestimated,
since for any pixel 7 they are very close or even smaller than /ni"“¢ which is
the lower bound assuming no correlation between pixels.

3.2 A Method Inspired by the Bayesian Approach for Large
Samples

The method based on the Monte-Carlo computation of average in eq. [ scales
linearly with the size of the measured sequences, M. Since for many real appli-
cations, for example astronomical images, this number can be well above 10°,
sampling a single sequence can be very time consuming and even unaffordable in
practice. We aim to obtain a deeper understanding of why the proposed method
works in order to apply a faster approximation for these real cases. To this end
we focus our discussion on the case in which the pixels can be arranged in a
two-dimensional matrix, such that some distance measure, d(i, j), between pix-
els is defined. Let us assume that the value of R; for fixed j increases smoothly
with decreasing d(i, ), and that the absolute value of R} — R’ approaches
zero if d(j1,j2) does. Under these conditions, we justify below that the values of
freq(i,Sp(t)) for a single sequence Sy (t) sampled according to eq.[d] have large
values for a small set of pixels, and small values for the rest. Given the sequence

! Here we assume that the size of all pixels is the same. If this is not the case, a similar
argument can be built up upon the sizes of the windows.
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Fig. 1. Restoration of the synthetic data using the proposed Monte Carlo method (a)
and the RL method (b). In the Y axis n{"° is represented as a continuous histogram,
n; as a dotted histogram, and the circles represent the estimate n!"“¢*, i being the
pixel number of a total of N = 40. The error bars are the estimate fluctuation due to
Poisson fluctuations of the dotted histogram.

of measurements, (r173...75), we can proceed to sample one realization of the
solution, (t1ts...tpr), making use of eq.[Bl According to this equation, the pixel
number ¢; is sampled from the distribution

71
_ Ry
N J
Zj:l Ry,

where N is the number of pixels. Now for t5, the distribution is

P(ty) = ; (7)

1 ifto =t
P(t2) = K'Ri; {Nl if ti £ ti ®
where K’ is a normalization constant. If the distance d(rz, ¢1) is small enough to
make Rj? >> N ', then ¢, will with very high probability be the same pixel as
t1if N >> 1.

If this iteration is continued in the same manner, it is clearly seen that the
pixels which appear at the beginning of the sequence (t1t2...tar) are the ones
that appear more frequently in the whole sequence, whereas pixels close in
distance to these will rarely appear. Therefore if we represent the values of
freq(i, (t1ta...tpr)) in the 2D pixels arrangement we expect to see a distribu-
tion of spikes, whereas for another sampled sequence (t{t5...t),) the position
of the spikes will be different. Taking into account this observation, we assume
that the position of the spikes for a single sequence can be approximated by
the nodes of a rectangular grid embedded in the 2D pixel arrangement, with a
fixed distance between adjacent nodes, s given by an integer number of pixels,
as illustrated in figure 2l Let us consider that the distance s, that we call step
size, is fixed and one of the possible embedded grids is chosen, We can then try
to estimate the sum in eq. @ with the condition that all the pixel numbers in the
sequence (tjt5...th,) of that equation coincide with a pixel in coincidence with
one of these nodes. If M is large, we expect the summation to be dominated
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by the most probable realizations of the sequence Sjps(t’). Since the prior given
by eq. [0l is non-informative in absence of measurements, this sequence has to be
very close to the ones which minimize the following quantity

Pst)2 est)2

(freq(i,rira...rm) — 1 —(ni—n
L= Z freq(i,rira...Tar) o Z n; 9)

%

where the summation is for all the pixels where the denominator is non zero,
(r1...7rar) is the sequence of measurements, and n$*t is given by

PGt ZRZfTeq Js (tity - thy) (10)

where the summation in j is for all the pixels with a coincident position with a
node of the grid.

Since there are only ng.4(s) ~ N/s? possible embedded grids with step size
s, this approximation allows the computation of eq. l by performing ngriq(s)
minimizations of eq.[d, one for each grid, without the need of sampling.

Fig. 2. Illustration of the arrangement of the pixels in a 2D matrix (squares) and the
embedded grid of spikes (circles), as explained in the text. In this case the distance
between adjacent nodes is two pixels.

Finally we are left with the problem of finding the optimal value of s. We
do so by noticing that in case the grid approximation is a good one, then eq.
should be distributed like a x? distribution with N —n,;4(s) degrees of freedom,
N being the number of pixels. Since in this case the values of £ at the minimum
peak around N — ngriq(s), we look for the s such that the following quantity is
minimum

Ngrid(s)
V(s)= Y (L™ =N +ngials))* (11)
i=1
where the summation index runs over all the embedded grids of step size s and
L7 is the value of eq. [ evaluated at the minimum for the grid number 1.

The algorithm resulting from this discussion can be summarized as follows:
Take s to be two pixels and Vjes; a large number. For all the embedded grids
with step size s find the set of n¢** which minimizes eq. [ using any reasonable
minimization algorithm. Compute V(s). If V((s) < Vhest compute the estimated

solution as .
nfrue* _ (nfs )node , (12)

Ngrid(s)
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Fig. 3. (a) Original image used to show the performance of the algorithm. (e) His-
togram resulting of drawing 107 samples distributed according to the convolution of
the original image with the Gaussian distribution as explained in the text. (b) Re-
constructed image using our algorithm, (c) the RL-1 solution, and (d) the RL-2 for
the case of 107 samples. Captions (f), (g) and (h) show the histogrammed residuals,
defined as (n'™¢" —n'"¢)/y/ntree for the reconstructions of captions (b), (c) and (d)
respectively.

where (n$*%),,04e is the value at the minimum for the grid with a node in pixel
i, increase s by one, make Vjpeor = V(s) and go to the second step. Otherwise
return the previously estimated solution and finish.

To show the performance of this algorithm, we have performed some tests
with the Lena image in figure B(a). This image is usually used in general im-
age reconstruction test because it presents a rich variety of features like sharp
edges and homogeneous regions. For the conditional probability R;- we have used
an isotropic Gaussian distribution with ¢ = 2.5 pixels around the pixel j. To
simulate the measurement process, we have convolved the original with this dis-
tribution, and we have drawn 10%, 107 and 108 samples distributed according to
the resulting image. The obtained measured image for the case of 107 samples
is shown in figure Bl(e).

We have restored the images using our method, the RL method with the reg-
ularization condition suggested in [], that we call RL-1. We have also searched
the regularization condition such that the RL method yields the solution which
best fits the original, undistorted image, that we call RL-2. The obtained recon-
structions for the case of 107 samples are shown in captions (b), (c) and (d) of
figure

In order to quantitatively compare the different deconvolutions, we use the
metric
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Table 1. Quantitative comparative table of the estimates obtained with the different
methods as explained in the text

Samples Method 2L x 107*| D x 10°

10°  RL-1 11.2 5.7
Our method 8.4 2.8
RL-2 7.7 1.2

107  RL-1 10.0 2.8
Our method 7.1 2.4
RL-2 4.5 0.9

108  RL-1 11.4 0.2
Our method 6.9 0.1
RL-2 4.4 0.1
1 " true true*

D:Mmlz}ﬂzlnj —n (13)

i=

where M is the number of samples, the index j runs from pixel 1 to pixel p, and
maz, f(a,x) denotes the maximum value of the function f(a,z) with respect
to the variable a. This distance is closely related to the Kolmogorov test [I],
and thus is a sensitive measure of agreement between the reconstructed and the
original image. Indeed, a low value of D means that the reconstructed image
globally resembles better the original image. Notice also that D is related to the
residual. We also compute the value of £, summing all the pixels in the image,
as a metric of the distance of the reconstructed image convolved with the kernel
to the measured one.

The obtained values of the metrics for each method are shown in Table [
The RL-2 estimate is the best reconstruction, as it is inferred from both metrics.
Obviously this is because we have artificially forced it to be the best fit to the
true solution. However, as it is clearly seen in the corresponding row of figure
[Bl the result is not satisfactory at small spatial scales, especially for low number
of samples, since the appearance of artifacts greatly distorts the result. On the
contrary, the RL-1 estimate approaches the correct solution as the number of
samples grows very slowly, resulting in worse values for both metrics and in a
final image too smooth. In comparison, Our method’s results stay between these
two. The corresponding metric values approach the best ones as the number of
samples grow, introducing less artifacts for small number of samples.

4 Parallelization and Computational Results

Our algorithm admits several parallelizations with different grain. In this work,
we have focused our attention on the minimization step, which requires to com-
pute eq. Bl This is done by decomposing the summation of partial sums with the
same number of terms. Each partial sum is performed by a different processor,
and a subsequent combination allows to perform the required operation.
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We have developed our parallelization using both OpenMP [15], and MPI
[16], the current standards for shared and distributed memory architectures.
While the domain decomposition is straightforward in OpenMP, just introduce
the appropriate pragmas into the code, the MPI implementation requires some
minor changes in the sequential code, and involves a collective operation to
combine the partial sums.

Three different target platforms were used in the experiments. An IBM RS-
6000 SP with 8*16 Nighthawk Power3 @375Mhz (192 Gflops/s) with 64 Gb
RAM. The nodes are connected through an SP Switch2 operating at 500MB /sec.
The second platform is a 16 dual node cluster with Intel Pentium Xeon proces-
sors running at 2.8 GHz, with 2 GByte of RAM memory each, and connected
through a Gigabit switch. The operating system of the cluster was Linux. The
last platform is a Bull NovaScale 6320 server with 64 Intel-Itanium 1.5GHz pro-
cessors running Linux Kernel 2.6.7 The nodes are connected through a Quadrics
QsNetII network.

The IBM RS-6000 is a shared memory architecture while both clusters have
distributed memory. The compiler we used in the IBM RS-6000 was the OpenMP
native compiler, and the MPICH implementation of MPI was used in the clusters.
In the case of the IBM RS-6000 and the Bull NovaScale server, we used only one
16 processors node.

Table Plsummarizes the results for all implementations of the code on different
platforms. We observe that the sequential code takes about 2 hours on the PC
cluster while it takes 3.5 hours on the Bull cluster. This is a consequence of the
larger computational power of the processors in the PC cluster. Nevertheless,
the speedup is much higher on the Novascale server due to the higher perfor-
mance of the Quadrics network. With 16 processors, the performance of the Bull
architecture overcomes that of the PC cluster, taking advantage of the network
in the implementation of the collective operation: 17 minutes on the PC cluster
vs. 15 on the Novascale.

The last four columns in Table [2] show the results on the shared memory
architecture using OpenMP for PSF sizes 30 x 30 and 20 x 20 (here we call PSF

Table 2. Execution time (secs.) and speedup for the implementations. For the IBM
RS-6000 implementation only speedups are shown.

PC Cluster BULL Novascale | IBM 20 x 20 | IBM 30 x 30
#Proc. | Time | Speedup | Time | Speedup Speedup Speedup
SEQ 7499 1 12574 1 1 1
2 3801 1.97 6335 1.98 1.95 1.92
1973 3.8 3275 3.84 3.66 3.64
8 1518 4.94 1684 7.47 6.77 7.02
16 1034 7.25 885 14.21 12.19 13.52
32 600 12.5 - - -
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to the R; matrix). For the IBM RS-6000 we observe an almost linear increase of
the speedup with the number of processors and we see that the results improve
with larger PSF sizes.

5 Conclusions

In this work we have introduced a deconvolution method. Although the method
is computationally heavier than classical methods, all regularization parameters
are fixed and the quality of the restoration is good. We have successfully achieved
the scientific aim of parallelizing our algorithm, obtaining acceptable scalability
on shared and distributed memory architectures.

Work in progress in our project includes the development of a computational
web service that will ease the access to this technology as a free service to the
scientific community.
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Abstract. Hurricane Katrina has had a devastating impact on the US
Gulf Coast, and her effects will be felt for many years. Forecasts of such
events, coupled with timely response, can greatly reduce casualties and
save billions of dollars. We show how visualizations from storm surge and
atmospheric simulations were used to understand the predictions of how
strong, where, and when flooding would occur in the hours leading up to
Katrina’s landfall. Sophisticated surface, flow and volume visualization
techniques show these simulation results interleaved with actual obser-
vations, including satellite cloud images, GIS aerial maps and LIDAR
showing the 3D terrain of New Orleans. The sheer size and complexity
of the data in this application also motivated research in efficient data
access mechanisms and rendering algorithms. Our goals were to use the
resulting animation as a vehicle for raising awareness in the general pop-
ulace to the true impact of the event, to create a scientifically accurate
representation of the storm and its effects, and to develop a workflow to
create similar visualizations for future and simulated hurricanes. Screen-
ings of the animation have been well received, both by the general public
and by scientists in the field.

1 DMotivation

The catastrophe of Hurricane Katrina has not only highlighted the need for timely
and accurate measurements from instruments and forecasts from numerical sim-
ulations but also for meaningful visualizations that draw upon these diverse data
sources. In this paper, we highlight one such effort to visualize the events leading
to the flooding cased by Hurricane Katrina pulling together models of the hurri-
cane’s wind, temperature and pressure fields, the storm surge, 3D terrain views
from LIDAR and GIS data, combined with comparisons to what actually hap-
pened using time-varying atmospheric imagery from the GOES-12 weather satel-
lite and the actual hurricane tracks. The Center for Computation & Technology at
the Louisiana State University (LSU) is a partner in the SURA Coastal Ocean ob-
serving and Prediction Program (SCOOP) [1], a interdisciplinary community en-
gaging in distributed coastal modeling across the southeastern US with the goal of

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 340 2007.
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building an integrated virtual laboratory for coastal research. Advisories from the
National Hurricane Center(NHC) about impending storms automatically trigger
automated workflows that use different wind fields to initiate coastal models such
as the ADvanced CIRCulation hydrodynamic model] (ADCIRC) that require sig-
nificant parallel computing resources, available at CCT through the 1024 proces-
sor cluster SuperMike. The wind-fields are generated by the MM atmospheric
model. The SCOOP data archive [2] developed and deployed at LSU aggregates
the model outputs from multiple sources across the nation and is the source of
data for our visualization efforts.

2 Previous Work

The geoscience community has concentrated on visualizing, generally in 2D, data
from remote sensing and GIS mapping sources. In contrast, within the atmosphe-
ric sciences, much work is confined to scientific visualization methods such as iso-
surfaces or volume rendering for 3D atmospheric model outputs. Nativi et al. [3]
clearly highlighted the differences between the data models in the GIS and at-
mospheric sciences. While GIS is concerned with 2D georeferenced spatial data
in multiple layers, atmospheric science deals with hyperspatial (3D, 4D and be-
yond) where geo-referencing is not critical. Moreover, the temporal scales for GIS
is orders of magnitude more than in the atmospheric sciences (years vs. minutes).

Examples of atmospheric visualization include work from National Oceanic
and Atmospheric Administration (NOAA) Geophysical Fluid Dynamic Labora-
tory (GFDLE, and more recently that of Hurricane Isabel motivated from the
TEEE Visualization 2004 contest. The above efforts deal with effectively render-
ing [4] or data mining and feature extraction [5] of time-varying multdimensional
scalar and vector fields and so, do not incorporate other data like GIS or storm-
surge models. Recent work in storm-surge and GIS visualization from Zhang
et al6] focuses on geo-information processing such as extracting buildings from
LIDAR and interactive animation of flooding. The NOAA Satellite and Informa-
tion service also have some height-field visualizations of weather satellite data
including GOES-121. What makes our contribution unique is the integrated vi-
sualization of all the above diverse data sources.

3 Data Management

3.1 Data Sources

ADCIRC accurately models a wind-driven storm surge - its formation, movement
across the ocean and morphology as it impacts land. The underlying computa-
tional mesh is built upon topographic or bathymetric information given on an

" http://www.nd.edu/~adcirc/
2http://www.mmm. ucar . edu/mm5/

3http://www.gfdl .noaa.gov/research/weather/hurricane. html
4http://www.nnvl.noaa.gov/
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adaptively refined unstructured grid ranging from the atlantic ocean into the
canals of New Orleans, where the physical resolution approaches just 100m. The
numerical simulation outputs water elevation, given as a scalar quantity on each
surface vertex, plus wind and water flow directions, provided as a 2D vector field,
on each vertex as well. In our dataset, this output responds to a physical time
interval of every 30 mins during Aug 15" until Sep 1%, 2005, just after Katrina
had made landfall.

To show the atmospheric conditions that lead to the hurricane formation and
the resulting surge, we make use of wind, pressure and temperature fields from
the MM5 atmospheric model simulation covering the same time period. Only
the domain-2 from this hierarchical data set was used. Here, each time-step
is a structured 3D grid with dimensions 150x140x48 storing the wind velocity,
pressure and temperature values, output for every hour of simulation domain.

The satellite imagery is based on observational data captured every 15 min
from the GOES-12 satellite. GOES] is an acronym for Geostationary Opera-
tional Environmental Satellite, they are the American counterparts to the Euro-
pean METEOSAT weather satellites. Here, we focus on the ”longwave” infrared
channel, 10.7um measured at 4km resolution.

The dates for all data sets were available on the same temporal domain. In the
MMS5 case, the available atmospheric simulation results covered the time span of
up to 72 hours starting at midnight each day. Since this yielded multiple datasets
corresponding to the same time coordinates, we decided to restrict the analysis
to data representing the first 24 hour period of each simulation time frame. While
this might result in a slight discontinuity of animations when crossing the date
boundary, it also ensures that the input datasets contain only the simulation
results based on the most recently acquired meteorological measurements.

A 5m resolution elevation grid of the New Orleans area is provided by a
LIDARY data set, obtained from the State of Louisiana. In addition, we used
satellite imagery of the terrain from the MODIS and LANDSAT instruments at
500m and 250m resolution respectively.

3.2 Data Management Challenges

Satellite images and GIS data are well representable in common image file for-
mats such as GEOtiff[l. In contrast, MM5 and ADCIRC data are more complex,
and no standard format exists for these kind of data types. A huge number of
file formats compete, each with particular features for each application. Mostly
file formats are optimized for a certain data type, and consequently become mu-
tually exclusive. For instance, a file format being able to cover MM5 data can
not necessarily handle ADCIRC data as well and vice versa. Even for each spe-
cific, allegedly simple class of data, such as a triangular surface, there co-exist
myriads of file formats. Supporting each of these is a tedious work wasting time

5 http://www.oso.noaa.gov/goes/
5 LIght Detection And Ranging http://www.lidarmapping.com
" http://www.remotesensing.org/geotiff/geotiff.html
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of application developers. In a scenario where n various independent applica-
tions with no a-priori mutual knowledge need to interact, supporting each other
application’s file format becomes a major n? implementation effort.

Ideally, we would like to use a common file format which covers all cases
of types of scientific data and thus achieves maximum synergy effects. To find
such a unified description, a common denominator is essential, which, following
D. Butler [7I8], is naturally provided by the language of mathematics for the
domain of scientific data. D. Butler proposed to use the mathematical concept
of vector and fiber bundles to layout data, a concept which is successfully im-
plemented in the IBM DataExplorer, now available as OpenDX B. Within the
classification scheme of the fiber bundle data model, MM5 outputs are dynamic
scalar and vector data on three-dimensional regular domain, while ADCIRC data
are described by a a dynamic scalar field given on a static triangular surface.

3.3 The “F5” Approach

We do not necessarily need to introduce a new file format from scratch. The Hi-
erarchical Data Format V.5 [J is a widely used I/O library developed at NCSA
with a corresponding file format, known as HDF5. The HDF5 API provides many
unique features, which are particularly valuable in the context of Grid comput-
ing [9]. However, while HDF5 provides a syntax for the efficient representation of
scientific data, there still remains ambiguity in how to formulate a certain type
of scientific data. The layout in the concept of a fiber bundle provides a direction
toward narrowing down such ambiguities, and at the same time defining generic
operations. Such a layout is still not unique per se; our version [I0] has been
shown to be able of covering a wide range of data types. Among other features,
it intrinsically supports the notion of time and handles scalar, vector, tensor and
other multivalued fields of arbitrary dimensions on regular and irregular mesh
triangulation schemes.

The fiber bundle HDF5 formulation according to [10] (“F5”) casts data into a
non-cyclic graph of five levels, called the Slice, Grid, Topology,
Representation and Field levels, with two additional invisible levels describ-
ing internal memory layout. This graph maps well to the hierarchical grouping
scheme of HDF5 by identifying the nodes of the graph with HDF5 groups. Writ-
ing custom file converters to transform the time-varying surge surfaces, wind,
pressure and temperature volumes into the F5 format was a one-time effort. The
conversion of MM5 data was done via translation into the intermediate NetCDF
formatld generated by the utilities available from the MMb5 sitdll]. Even though
NetCDF shares some similarities with the HDF5 (self-description, platform in-
dependence), it is missing several of its crucial features, such as the capability
of organization of datasets in named hierarchies as well as allowing their cross-
referencing at metadata level. The second step of the translation focused on the

8 http://www.research.ibm.com/people/1/11oydt/dm/DM.htm

9 Hierarchical Data Format version 5 http://hdf.ncsa.uiuc.edu/HDF5/
9 http://www.unidata.ucar.edu/software/netcdf
Yiftp://ftp.ucar.edu/mesouser/user-contrib/mm5tonetcdf_1.2.tar.gz
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extraction of the desired data volumes from the NetCDF files, reorganizing them
in memory and storing the resulting buffers in correctly annotated F5 hierar-
chy. We simplified this approach by treating cell-related quantities as given on
vertices and o-level as height coordinates .

A file-system like listing of the 5-levels of the F5 structure of MM5 data
(regular uniform grid with three fields) will then appear as

/T=1.0/MM5/Points/Cartesian Group

/T=1.0/MM5/Points/Cartesian/Positions Group
/T=1.0/MM5/Points/Cartesian/wind Dataset {43, 135, 174}
/T=1.0/MM5/Points/Cartesian/temperature Dataset {43, 135, 174}
/T=1.0/MM5/Points/Cartesian/pressure_perturbation Dataset {43, 135, 174}

whereby the fifth level contains the actual data, displayed here with their shared
dimensionality.

The ADCIRC data set provides topological information about the connectiv-
ity of vertex points, explicit vertex coordinates and scalar values denoting surge
elevation on each vertex. The F5 structure listing appears as:

/T=1.0/ADCIRC/Connectivity Group
/T=1.0/ADCIRC/Connectivity/Points Group
/T=1.0/ADCIRC/Connectivity/Points/Positions Dataset {1190404}
/T=1.0/ADCIRC/Points Group

/T=1.0/ADCIRC/Points/Cartesian Group
/T=1.0/ADCIRC/Points/Cartesian/Positions Dataset {598240}
/T=1.0/ADCIRC/Points/Cartesian/elevation Dataset {598240}

Going via F5 reduced the loading time of the large time-varying datasets pro-
vided originally as text files from several minutes to a fraction of a second.
Moreover, the integrated caching algorithms in the HDF5 library itself eases
loading of data on demand, both for ADCIRC as well as for MM5, as both can
be accessed through the same interface. They may even be stored in the same
file, thereby allowing to specify relationships among both simulations types and
ensuring consistency (e.g., with respect to same timescale).

3.4 Data Import for Visualization

We used the Amira visualization tool [II] for rendering. It does not have an
intrinsic notion of time-dependent objects and supports only static geometries
well. Each Grid node in the fiber bundle hierarchy describes a geometry at a
certain time step and can thus be mapped into a static geometry. The enveloping
Slice level provides a sequence of Grid objects. Thus we extended the Amira
class hierarchy by deriving dynamic objects from their static pendants. This
recipe is straightforward to implement and scales well to the diverse data types.

As drawback, this approach does not allow to inspect more than one time
step at once (e.g. in different viewers) except by copying the entire visualization
network. Another implementation issue is that not all of the Amira base classes
allow easy modification of their properties once created.
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The mapping of Grid objects to static objects works fine for entirely time-
varying objects (as long as the topological type, e.g. of being a triangular sur-
face, remains the same). However, some components of the dynamic Grid may
well remain constant. In particular, the connectivity and vertex location of the
ADCIRC grid does not change through time, only the data values (surge eleva-
tion, wind velocity) evolve. We can address this issue by utilizing symbolic links
among HDF5 datasets - a feature provided by HDF5 similar to a Unix filesystem.
For instance, we make a symbolic link of the Grid’s connectivity information at
time 1290.0 to the connectivity information of time 0.0 to indicate that it did
not change, resulting a structure as follows:

/T=1290/ADCIRC/Connectivity Group
/T=1290/ADCIRC/Connectivity/Points Group
/T=1290/ADCIRC/Connectivity/Points/Positions Dataset,

— same as /T=0/ADCIRC/Connectivity/Points/Positions
/T=1290/ADCIRC/Points Group

/T=1290/ADCIRC/Points/Cartesian Group
/T=1290/ADCIRC/Points/Cartesian/Positions Dataset,

— same as /T=0/ADCIRC/Points/Cartesian/Positions
/T=1290/ADCIRC/Points/Cartesian/elevation Dataset {598240}

This way we can easily specify any property of an evolving Grid to remain con-
stant, equally referring to the entire time range, just a time interval or even
intermittent. This feature can well be utilized as certain ADCIRC runs are also
performed on a mesh that is modified once during the simulation in order to cope
with levee failure. We are not aware about any other file format which supports
a comparable mechanism to express partial time-dependency.

4 Specific Visualization Algorithms

4.1 Atmospheric Data (MMS5)

Amira provides many means of visualizing vector fields such as LIC, streamsur-
faces and streamlines [I2]. The non-commercial research version also includes
advanced algorithms for extracting and displaying topological features [I314]
However, for our purposes of communicating the results of hurricane simulations
to the public and scientists unfamiliar with vector field topologies, we found the
the technique of illuminated stream lines [15] most intuitive beside simple vector
arrows icons. While vector arrows are frequently used as a first step and easily
convey the values of a vector field, they do not scale well to display its global
structure. Streamlines are superior to depict features such as the vortex of a
hurricane. The seeding of streamlines is a critical issue affecting the overall ap-
pearance. For a static view, we can manually seed the streamlines within region
of interest such as the city of New Orleans ( Fig. [[l). This approach does not
extend to a dynamic vector field, where streamlines are no longer appropriate
at all due to their vastly changing character. However, we can reduce the length
of the streamlines radically such they only depict local variations of the vector
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Fig. 1. Streamlines of the hurricane wind vector field at landfall. The streamlines are
color-coded by temperature showing higher temperatures above sea surface than at
land indicating loss of energy after landfall, while at the same time depicting the push
onto the Lake Ponchartrain causing the flood in the city of New Orleans.

field, as these are more likely to be temporally smooth than global features. We
need to compensate the smaller line fragments by increasing the density of lines.
Consequently this increases the visual clutter again and requires suppressing of

Fig. 2. The pressure scalar field indicates the location of the eye of the hurricane (left).
We use it to set the transparency of the streamlines (right), thereby emphasizing the
hurricane’s eye in an automated way which is suitable for animation.
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regions in the volume where the wind is of minor relevance. Such regions are
indicated by the pressure, see Fig. 2l We therefore map this scalar field to the
transparency of the stream lines and get wind field indicators limited to the
vicinity of the eye of the hurricane.

4.2 Surge Data (ADCIRC)

The ADCIRC data set consists of more than one million triangles plus time-
varying scalar for surge elevation and a vector field for wind information. In
order to achieve good rendering performance we utilize OpenGL extensions such
as Vertex Buffer Objects. Surge elevation is most intuitively represented by mod-
ifying the vertex locations like a height field. For a triangular surface given in
3D, this is not straightforward because there is a freedom of choice in which
direction to extrude the surface at each vertex. For the special case here we may
just concentrate on the z (height) direction of the surface, which denotes the
bathymetry of the sea ground. We blend this bathymetric value and the surge
elevation, as this provides a visually appealing mean to display structure within
otherwise homogeneously watered regions.

4.3 Elevation Data (LIDAR)

A LIDAR data set is canonically visualized as a height-field. The extremely
high-resolution of GIS elevation models, 11Kx7K in our case renders 154 mil-
lion triangles using a brute-force triangulation method. Interactive rendering
is virtually impossible with this approach. We have implemented Continuous
Level-of-Detail (CLOD) techniques to dynamically simplify the mesh at run-time
depending on the view point. Several algorithms already exist in this area. We
chose the ROAM [16] algorithm due to its inherent simplicity and low memory
overhead. At every frame, ROAM recursively tessellates the terrain generating
triangles depending on the distance to the viewer criteria (or one could also use
surface roughness). One nice feature of the recursive method is that we are not
storing any per-vertex data but just generating them on the fly for the drawing,
freeing up huge amounts of memory. We use the automatic texture coordinate
generation functionality in OpenGL, mapping texture coordinates to the ver-
tices. The drawback of this approach is heavy computation on the CPU and
only using the GPU for drawing triangles.

4.4 Cloud Data (GOES)

The channel from the GOES satellites do not correspond to visual colors, so
they cannot be used to create a true-color image. Five channels are beyond the
capabilites of our trichromatic color perception anyway, so we face the chal-
lenge of appropriate representation. As we also require integrated display with
atmospheric, surge, LIDAR and GIS data, the cloud representation needs to be
minimalistic and we refrain from displaying all channels at once. The visible or IR,
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Fig. 3. Match (left) and mismatch (right) of atmospheric simulation and satellite data

channels are appropriately displayed as a transparent 2D gray-scale layer; after
geospatial alignment their evolution allows depicting the match with atmospheric
data (see Fig. [), where the discontinuity in the MM5 model data mentioned
above appears more or less prominently. Alternatively it is also reasonable to
represent the long-wave IR channel as height field, because this channel which is
directly related to the physical height of the cloud cover through their temper-
ature. Thus we can employ again the height field rendering algorithm described
earlier, using the GOES-12 visible channel as texture.

5 Conclusions

We have shown how various data sources ranging from computational models
of storm-surge and wind fields to observational data from satellites and sen-
sors can be integrated into a holistic, compelling and interactive visualization
of Hurricane Katrina. The selected methods illustrate the interaction between
topographical and surge data (LIDAR/ADCIRC), the development of the surge
as predicted from the atmospheric model (ADCIRC/MMS5) and allow to as-
sess the deviation of the atmospheric model from observation (MM5/GOES), all
within the geospatial context provided by GIS reference images. We have devel-
oped efficient data layout mechanisms to ensure fast and uniform access to the
multiple time-varying datasets. Existing rendering techniques were also applied
and extended to better understand the phenomenon and her effects. All these
above efforts required new partnerships between coastal modelers, engineers and
computer scientists.
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Abstract. The use of high performance computing techniques has not
reached the level of simplicity needed to allow their use by the average
researcher. Interdisciplinary groups are still a necessity in many cases.
We present the result of a collaboration between astrophysicists and
computer science researchers as part of a project to develop a useful tool
for astrophysics research. Three different parallelization tools, OpenMP,
MPI and 1lc, are compared in order to determine which one is the most
appropriate in terms of performance and ease-of-use.

1 Introduction

High Performance computers have became an essential part of modern research,
but software tools used to harness their power have not reached the level of
simplicity expected by the average researcher. They are familiar with the logic of
sequential coding, but the time needed to learn these tools is seen as a distraction
from their field of research. Furthermore, most of the issues related to parallel
programming (such as concurrency, message passing, etc.) are foreign to them.
Last, but not least, codes are usually developed on their workstations which are
single processor systems. They can develop, test and run without having to deal
with queues, shared resources, etc., using tools they are comfortable with. This
generates situations where problems that can be solved with current technology
are put aside because the execution times are too large to consider the programs
useful. In many cases, only through collaboration with researchers in computer
science can these codes be transformed into tools that allow for further advances
in their fields.

In this work we expose a case of a simple sequential code, where parallel pro-
gramming is needed to enable fast computing. A high performance computing
background is needed to solve this parallelization problem. Indeed, astrophysics

* This work has been partially supported by the EC (FEDER) and the Spanish MEC
(Plan Nacional de I4+D+I, TIN2005-09037-C02-01).
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researchers at the Instituto de Astrofisica de Canarias (IAC) developed a For-
tran77 sequential code to generate magnification patterns induced by micro lens-
ing. The problem was the execution time. A simple pattern took aproximately
10 hours to complete. It was clear that only through the use of high performance
computing techniques could this code become useful. Our main objective was
to reduce the execution times to the point that would allow the generation of
large numbers of these patterns within a reasonable time. A second objective
was to evaluate different parallelization tools that can be used with these types
of problems.

The remainder of the paper is organized as follows: In order to understand the
value of this research and its computational complexity, an introduction to the
problem is given in Section[2l In SectionBlwe describe the method to generate the
magnification patterns. Section[describes the different parallelizations that have
been implemented. Section[l presents the results of the computational experience.
Finally, we summarize a few concluding remarks and future work in Section [6l

2 The Problem

Deflection of light by gravity is one of the most outstanding predictions of gen-
eral relativity. It was experimentally confirmed by an expedition to measure
the displacement of the apparent positions of stars on the sky caused by the
gravitational field of the Sun during the 1919 eclipse. In spite of its great im-
portance as a test of general relativity, the deflection of star light by the Sun or
any other star has a relatively weak effect. After the discovering of galaxies, as-
tronomers realized that the huge gravitational field of these objects may induce
strong optical effects like the formation of multiple images (in a way similar to
terrestrial atmospheric mirages). But, it was only 60 years after the expedition
to the 1919 eclipse, that a double image of a very far away object caused by
the gravitational field of an intervening galaxy (the lens galaxy) was discovered.
The distant source was a quasar, a galaxy that hosts in a tiny nuclear region a
super-massive black hole surrounded by a shining disc of in-spiraling matter (ac-
tive galactic nucleus). The brightness of the two images of the quasar is different
and depends on the source and lens distances and on the degree of alignment
among observer, lens and source. As far as this geometry is not changing, the
ratio between the brightness of the two images should be constant. However, the
distribution of matter in galaxies is not smooth but strongly discontinuous. It is
granulated in stars and, perhaps, other compact objects. Thus, the movement of
one star (or more realistically of a distribution of stars) crossing the light beam
of one of the quasar images can produce a small scale but measurable gravita-
tional lens effect (quasar microlensing). As long as the movements of the stars
in the regions where the light-beams of the two images cross the lens galaxy are
independent, microlensing will induce uncorrelated variability in the brightness
of the two images. This variability will give us information about two important
physical issues very difficult to study by other means: the distribution of stars
in the lens galaxy and the unresolved structure of active galactic nuclei.
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Fig. 1. A sample magnification pattern

The study of the experimental records of the brightness variability of lensed
quasars with time (light curves) faces a statistical (formally stochastic) prob-
lem. We must find which configurations of stars in the lens galaxy and relative
displacements of the source that can reproduce the observed variability. To ob-
tain statistically acceptable estimates of the physical magnitudes involved, a
large number of light curves based in random distributions of stars and rela-
tive displacements should be generated. Usually this is attempted by computing
magnification patterns that give, as a function of position, the magnification
induced by microlensing in the source plane. The displacements of the source
across this pattern will generate the model light curves.

for (i = 0; i < end_y; ++i)
for (j = 0; j < end_x; ++j)
/% Calculate the deflection caused %/

/* by the star field x/

x1 =i

yi =1

for (index = 0 ; index < number_stars; ++index)

x1,y1 = deflect(xl, yl, star[index])
/% Translate the ray coordinates to the x/
/% resulting matriz coordinates */
x,y = transform(xl,yl, N, end_x, M, end_y)
/x If the resulting coordinates are within the x/
/* matriz range, update the matriz element. */
if x> 0 and x < N
and y > 0 and y < M
result[x,y] = result[x,y] + 1

i el el
DUE WNFRFOOOTDU R WN -

Listing 1. Pseudo code
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3 The Algorithm

Magnification patterns are usually computed using the inverse ray shooting tech-
nique that consists of back shooting a regular grid of rays from the image plane
to the source, making the amplification in a given source-plane pixel propor-
tional to the number of light rays collected by it. This technique implies a high
computational cost. On one hand, around 2% rays per pixel should be shot to
obtain magnification patterns with reduced noise. On the other hand, the ray
equation includes contributions for thousands of stars that should be evaluated
for each shot.

Listing [I] presents the pseudo code to generate the magnification pattern. The
loops in lines 1 and 2 generate the regular grid of rays which represents the
image plane. The loop in line 5 determines the effect of the gravitational field of
each star on the ray path. Finally, in line 12, the resulting coordinates update
the matrix that represents the source plane.

The original sequential code used for the generation of the magnification pat-
terns is quite straightforward, but its execution time, even for cases with a small
number of stars, was unacceptable. Considering the fact that the number of exe-
cutions needed to obtain a statistically acceptable estimate is approximately one
hundred, we can only conclude that the usefulness was, to say the least, limited.
In order to make it a viable tool, execution time had to be reduced by at least
one order of magnitude. Clearly this could only be achieved through the use of
high performance computing.

1 /* Main loop x/

2 for (i = 0; i < end_y; ++i) {

3

4 #pragma omp parallel for private(j, ...)
5 for ( j = 0; j < end_x; ++j )
6

7

8 for ( index = 0; index < number_stars; 4+index ) {
9

10 }

11 if ((x>=08&& x < N &
12 y>=0&& y <M ) {
13 pos[j] = x +y % N
14 }

15 }

17 /* Update the resulting matriz x/
18 for (j =0 ; end_x; ++j) {

19 if ( pos[j] != —-1) {

20 result[pos[j]] += 1;
21 pos[i] = —13

22

23 }

24 }

Listing 2. OpenMP code
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Fig. 2. Hits distribution after processing 100 lines

4 Parallelization

One should expect a high level of speed up in a parallel version of the sequential
code, given that the processing of each light ray is independent from the others.
While it may appear as a simple problem of parallelizing nested loops, a difficulty
arises from the way that the memory is accessed. Figure[Ilis a common example
of a microlensing magnification pattern. Areas with a large number of ray hits
are shown in dark, while white areas represent a low density of ray hits.

As described in Section Bl the rays are launched as a regular grid (lines 2
and 5 of Listing [2) and are then deflected in different directions by the star field
causing a large amount of hits, that means updates of the same memory position
in some areas of the resulting matrix, while other areas get very few. We observe
that the distribution of the rays hits is irregular. Due to the random nature of
the star field, there is no way to determine any access pattern beforehand. In
Figure 2, we can observe the effect of the deflection after one hundred lines of
rays have been processed. What was originally a regular grid has became a cloud
of points spread throughout the resulting matrix. We are dealing with a sparse
access pattern with, as explained before, a high level of concurrency. Therefore,
apart from the concurrency problem, we also have to deal with minimizing the
number of cache misses that are intrinsic to this disperse memory access. A final
problem arises by the fact that the algorithm looses precision at the edges of the
star field. To avoid this problem, the resulting matrix represents only the central
area of the magnification pattern. A significant amount of rays fall outside the
matrix and do not produce an update. This generates a load imbalance situation.

In order to parallelize the code, these issues had to be taken into account.

We decided to try three different parallelization tools: OpenMP, MPI and 11c.
Nowadays, OpenMP [I] and MPI [2] are universally accepted as the standard
tools to develop parallel applications. 11c ([3], [4]) is a C based parallel language
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1 chunk_size = end_y / MPI_NUMPROCESSORS;

2 start = MPI_NAME x chunk_size;

3 if (MPI_NAME = (MPI_NUMPROCESSORS — 1)) {

4 chunk_size += (end_y % MPI_NUMPROCESSORS);

5 end = end_y;

6 } else {

7 end = (MPI_NAME + 1) % chunk_size;

8 }

10 for ( i = start; i < end; i++ ) {

11

12 for ( j = 0; j < end_x; ++j )

13

14 for ( index = 0; index < number_stars; ++index ) {

15

16 }

17

18 if ((x>=08&& x < N &

19 y>=08&& y <M ) {

20 result[x + y * N] += 1;

21

22 1

23 }

25 if (MPI_NAME = 0) {

26 for (i = 0; i < (MPI_NUMPROCESSORS — 1); i++) {

27 MPI_Recv (s_amx7 size, MPI_FLOAT, MPI_ANY_SOURCE,

28 MSG_TAG, MPI_COMM_WORLD, &status);

29 for (j = 0; j < size; j++) {

30 result[j] += result_aux[j];

31

32 }

33 } else {

34 MPI_Send (result, size, MPI_FLOAT, 0, MSG_TAG,
MPI_COMM_WORLD) ;

35 }

Listing 3. MPI code

that uses compiler pragmas similar to OpenMP to express parallelism. 11CoMP,
the 11c compiler, is a source to source compiler that generates MPI code. For
the interested reader we refer to [4] for further details regarding the language
and its implementation.

Listing 2l outlines the OpenMP code version. The main computational area of
the code consists of two nested loops (lines 2 and 5). Prior to reaching the code
in Listing ], the access pattern to the resulting matrix had to be modified to
avoid concurrent accesses when parallelizing the inner loop. This was achieved
by using a temporary array of size (N * number of rays per pixel) to store the
address of the pixel to be updated in the resulting matrix. Upon leaving the
parallel loop, the resulting matrix gets updated by using the contents of the
temporary array as the index ( lines 18 — 23 in Listing [2]).

The parallelization of the external loop (line 2) does not require modifications
to the memory access pattern in the innermost loop. While being the most sim-
ple part, it is also very memory intensive. The resulting matrix for the average
problem has a size of 64Mb. If this loop is parallelized, all the threads would
replicate this matrix. While this is not a problem in clusters where each proces-
sor has its own memory, it may be an issue on shared memory systems. For the
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1 #pragma llc for

2 #pragma llc reduce (result, result_.aux, size, LLC_SUM)
3 for (i = 0; i < end_y; ++i) {

4

5 for ( j = 0; j < end_x; ++j )

6

7

8 for ( index = 0; index < number_stars; ++index ) {
9

10 }

12 if ((x>=0&& x < N &

13 y>=08&& y < M {

14 result|[x + y * N] 4+= 1;

15 }

16 }

17 }

Listing 4. 11c code

same problem, the size of the temporary array is 32Kb. Therefore, parallelizing
the internal loop is the best choice for the OpenMP version. On the contrary, for
MPI and 1lc it was clear that the parallelization of the external loop was the
best choice due to the larger grain size. Still, in order to make a more complete
comparison between MPI and 1lc we also developed internal loop paralleliza-
tions using both tools. Finally, a master-slave implementation, both in MPI and
1llc, has also been included as part of the computational experience in order
to evaluate the impact of the load imbalance pointed out at the beginning of
this section. For code complexity comparison purposes Listing [3] and d schemat-
ically present the MPI and 1lc implementations respectively for the external
loop parallelization.

In order to parallelize the external loop in 1lc we only have to add two
pragmas before the external loop. The first pragma declares a parallel for as it
is done in OpenMP and the second pragma defines a reduce operation to be
performed on the resulting matrix.

5 Computational Results

We present results for three different architectures: a shared memory system
Bull NovaScale 6320 server with 32 1.5 GHz Intel Itanium 2 processors with
a Quadrics QsNetII (Figure B]), a distributed shared memory system IBM RS-
6000 with 8*16 Nighthawk Power3 375Mhz processors with a SP Switch2 at
500MB/sec (Figure H)) and a distributed system Dell PC cluster with 32 Intel
Xeon 2.8 GHz processors using a gigabit Ethernet (Figure [H).

Figure Bl shows no difference between the OpenMP version, the external loop
parallelizations of MPI and 11c and the internal loop MPI parallelization. On
one hand we can observe a fall in scalability of the 11c internal loop paralleliza-
tion. This behavior is also present in Figure [ and most noticeable in Figure [,
the system with the lower interconnecting bandwidth. The 11c internal loop par-
allelization seems to suffer a significant degradation which is probably caused by
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an inefficient handling of the excess communication. On the other hand the ex-
ternal loop parallelization of MPI and 11c show no performance difference in
any of the systems. In Figures @] and [l the master-slave versions of the code
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also seem to scale equally well. The lower performance of the master-slave MPI
version on the IBM RS-6000 system was caused by a high system load during
the experiment.

It is clear from the graphs that the best performance across all architectures
are the external loop parallelization and the master-slave for MPI and 1llc.
We can also determine that the load imbalance situation described in section 4
does not seem to have any significant impact on performance. Due to the added
complexity of the master-slave, we can reduce our choice to the external loop
parallelization. Finally, the choice is only between MPI and 1lc. Comparing
Listings Bl and [ the choice is clear; 11c is simpler than MPI while offering the
same performance.

The overhead in communications in the internal loop 11c parallelization that
we have pointed before, implies that as the number of processors increase, MPI
will be able to maintain a better scalability than 11c. Given that the execution
time on the Bull system using 32 processors was under 10 minutes, it is clear
that the possible gain in performance provided by the higher scalability of MPI
does not compensate for the added complexity.

6 Conclusions

We can conclude that between the three tools that we have used, OpenMP,
MPI and 11lc, the best choice for distributed systems is 11c. The simplicity
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of the OpenMP-like syntax, combined with its high performance makes it the
ideal tool for parallelizing this type of problems. For shared memory systems,
OpenMP should be the choice if memory usage is a problem.

We have also shown that, the cooperation between researchers in science and
high performance computing can overcome problems that for the scientist may
seem too computing intensive to be viable. In this particular case, through code
optimization and parallelization, we were able to reduce the execution times by
a factor of 56.

Work in progress consists of the development of methods for extraction and
analysis of the light curves from the magnification patterns using high perfor-
mance techniques. Once this step is completed, we will be ready to offer a com-
plete tool to the astrophysics community.
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Abstract. A kinetic particle-in-cell simulation and 3D point-rendering
visualisation are used to investigate a two-stream plasma instability, pos-
sibly found in the accretion disc of black holes. A plasma in an oblique
external magnetic field is considered. The instability gives rise to a quasi-
electrostatic wave able to trap electrons and accelerate them by cross-
field transport. The results of the simulation show an acceleration of the
electrons to speeds similar to the bulk speed of microquasar jets.

Keywords: collisionless plasma, oblique magnetic field, astrophysical
jets, electron surfing acceleration, PIC simulation, visualisation.

1 Introduction

Relativistic plasma flow in astrophysical environments such as microquasars[I],
active galactic nuclei or quasars[2] and gamma ray bursts[3], implies the existence
of efficient particle acceleration mechanisms. The transient jets of microquasars
can reach Lorentz factord] of a few. The collimated jets of active galactic nuclei
may reach Lorentz factors of 10-100 and gamma ray burst jets probably reach
Lorentz factors of 100-1000. Since in-situ measurements through satellite exper-
iments at these remote environments cannot be performed as is done in solar
system plasmas[4], the underlying mechanisms have to be deduced from limited
observational data. Key similarities between microquasars, active galactic nuclei
and probably the long gamma ray bursts is the presence or formation of a com-
pact object (a black hole or a neutron star) surrounded by an accretion disc and
a jet coupled with the disc[5].

The accretion disc is formed by material that is accelerated towards the com-
pact object[6] but prevented from falling directly into it by the material angular
momentum. Thermal processes within the disc allow for the transport of angu-
lar momentum across the disc. The energies involved in mass accretion give that
these thermal processes may be the sources of jets, electromagnetic emissions and
cosmic ray particles. The collective mechanisms in the accretion disk dynamics
are intrinsically multi-scale and range from global thermo-viscous instabilities|[T]

' The Lorentz factor v = (1 — (1}/(3)2)_1/2 and v/c is the velocity magnitude to the
speed of light ratio.
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down to small scale kinetic instabilities, driven by charged particle beam dissi-
pation. Charged particle beams are known from satellite observations in solar
system plasmas and laboratory plasma experiments and may arise from internal
accretion disc shocks[7][8] or magnetic field reconnection events[9][I0]. Macro-
scopic instabilities can be understood by hydrodynamic or magnetohydrody-
namic models[TT] whereas the energy dissipation of charged particle beams are
kinetic in nature. Our research addresses the latter and is based on particle-
in-cell (PIC) simulations[I2]. The PIC code solves Maxwell’s equations together
with the relativistic Newton-Lorentz equation as the particle equation of motion.

The purpose of our work is to examine the thermalisation of relativistic par-
ticle beams in case studies relevant for astrophysical plasma environments. In
particular we assess the efficiency of beam thermalisation in generating relativis-
tic flow, energetic particles and, within the limits of the kinetic approximation
and finite code resolution, electromagnetic radiation. The present work focuses
on the two-stream (Buneman) instability[I3] in combination with a weak mag-
netic field not aligned with the beam flow direction. This instability results in
quasi-electrostatic upper hybrid waves which saturate by trapping electrons in
the wave potential[l4]. The trapped electrons move on average with the phase
speed of the wave. In the presence of a magnetic field, with a component per-
pendicular to the wave propagation direction, the trapped electrons undergo
acceleration due to the cross-field transport. The special case of a perpendicular
magnetic field is known as electron surfing acceleration(ESA)[I5][16]. ESA has
been shown to produce highly energetic electrons if the ion beam driving the
two-stream instability propagates with a mildly relativistic speed. The peak en-
ergy gain is however constrained by the stability of the saturated wave[l7][I§].
Previous work has shown that an increase in the beam speed from 0.6¢ to 0.9¢ to
0.99¢ yields peak Lorentz factors v(0.6) = 10, 7(0.9) = 200 and ~(0.99) > 1000
[19][20] respectively. Such electrons will emit synchtrotron radiation through
their gyration in the external magnetic field. As a consequence of the perpendic-
ular magnetic field geometry, no magnetic field aligned relativistic plasma flow
is generated by the ESA. The electrons remain confined at the acceleration site
and are eventually cooled down by their synchrotron radio emission. Tilting the
magnetic field can introduce field-aligned flow that may feed relativistic astro-
physical jets. In Refs.[21][22] the relativistic boost of the magnetic field, however,
implied initial conditions similar to ESAZ. In this paper the weaker Lorentz boost
gives a different scenario to that in Refs.[2I][22] and our aim is to investigate
whether relativistic bulk flow speeds can be achieved for the considered plasma
parameters.

The outline for the paper is: Section 2 discusses the underlying equations to
the numerical code. Section 3 gives the simulation model and setup and dis-
cusses the point-rendering visualisation application.The PIC-simulation results
are treated in section 4.

2 A Lorentz transformation to the frame of reference of the wave affects only the
perpendicular magnetic field component.
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2 Particle-in-Cell Simulation

The TwoDEM PIC code is based on the virtual particle scheme[23] and approxi-
mates the phase-space distribution of a space plasma by a collisionless fluid. The
fluid is represented by a set of computational particles evolved in time by the
relativistic Newton-Lorentz equation,

dp _d(mv)

T @ =q¢(E+vxB), (1)
dx

E_V’ (2)

where m is the relativistic mass of the particle and ¢ the particle charge, and
Maxwell’s equations,

. OE

VXB:NOJ'FEONOEa (3)
OB

VXE——E, (4)

using standard notation. The code automatically ensures V - B = 0 to round-
off precision. The current assignment scheme, known as the virtual particle
scheme[23], fulfills exactly a discretised form of V - E' = p/eg and no separate
correction term is necessary. However, it results in higher noise levels. The sim-
ulation results are made more general with normalised units and the following
transformations from physical (unprimed) to normalised (primed) electric and
magnetic fields are used; E' = eE/cmew, . and B’ = eB/m.w,, . The normalised
current density j’ = j/nece. We substitute time and space variables t' = twp .
and &’ = zwy . /c. The velocity is v/ = v/c and the charge and mass of particle
i are ¢} = ¢;/e and m} = m;/m.. Here m. and e are the electron rest mass and
the fundamental charge magnitude respectively. The electron plasma frequency
Wpe = Zf—:iv where n, is the electron number density. Under appropriate initial
conditions, waves will self-consistently grow from noise level to non-linear satu-
ration. We have chosen to focus on the dominant quasi-electrostatic two-stream
modes. Thus we are able to use a simple geometry of the simulation box and
resolve only one spatial dimension. The remaining spatial components are rep-
resented by one cell only. Periodic boundary conditions are set in all directions.
The code is implemented in Fortran 90 and parallelised with the MPI library.
Each computational node has the full electromagnetic field data available and
the simulation particles are distributed evenly, where a node always keeps the
same set of particles. At each time step, all nodes compute the partial current
that arise from its subset of computational particles. The partial currents are
then communicated to every node and the total current is summed up through
a MPI_Allreduce command. The total current is used to update the electro-
magnetic fields in Maxwell’s equations and the fields then update the particle
velocities. Perfect load balancing is achieved since each node has the same num-
ber of particles. The drawback of the parallelisation scheme is the rapid increase
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of data communication with increasing simulation grid size. However, the scaling
is almost linear up to 20 processors for typical research problems.

3 Simulation Model

Free energy sources are abundant in astrophysical plasmas and fundamental
in the process of plasma heating. Since the plasma is collisionless the question
is what kinds of dissipation mechanisms allow for the thermalisation. Velocity
gradients in accretion disc and jet plasmas are likely to form shocks. Plasma
particles gyrate in the shock front magnetic field and are reflected into the up-
stream plasma, here the particle momentum is conserved in the shock frame of
reference. Such specularly reflected ions will form fast beams in the upstream
plasma frame of reference. The energy of an external disturbance will, in the
absence of collisions, become redistributed through the generation of instabili-
ties. Assuming the cold beam model in Ref.[I3] with a positive beam speed, v,
and solving for the most unstable electrostatic wave we obtain the frequency
wy R wpe and wave number k, & wp/vp. Thus the phase speed of the wave
is approximately equal to the speed of the beam feeding it. In the simulation

upstream B
downstream 5
T proton beams
: I/ I/ "~
simulation box X

shock
front

Fig. 1. The simulation box is placed in the upstream plasma in the foreshock region.
Two counter-propagating proton beams are present at time zero and cancel the initial
net current. The beams encounter the magnetic field at an oblique angle.

model, see Fig[Il we assume that the simulation box is located far from the shock
front. The shock generation itself and the reflection of protons are not modelled
here since this requires a full kinetic shock simulation, see Figl2l In Figl2 the
structure 1 is upstream protons rotated in the shock-compressed downstream
magnetic field and reflected back into the upstream region|8]. This proton beam
constitutes the energy source considered in the present work.

The electron plasma frequency is set to w, . = 27 x 10°. The number den-
sities of the proton beams np; = npz = 0.1n, and the number density of the
background plasma protons n, = 0.8n.. The initial thermal speed of the elec-

trons is vip,e = kpTe 10~2¢, where kp is Boltzmann’s constant and T, the

Me



Phase Space Modulations in Magnetised Plasmas 365

Fig. 2. Proton distribution of a one-dimensional perpendicular shock developing when
an electron-proton plasma slab, coming from the right, impacts on an electron-proton
plasma slab at rest. The collision speed is 4.5V4, where V4 = B/\/;m is the
Alfven speed and B, ni, po and m; are the magnetic field strength, the ion number
density, the magnetic permeability and ion mass respectively. Plot a) shows the (z,vz)
phase-space and plot b) the (x,v,) phase-space. Structure 2 is protons trapped in the
shock potential and carried across the upstream magnetic field. These protons undergo
shock surfing acceleration|24]. Structure 3 consists of islands of trapped protons|25].
The colour scale is the logip of the number of simulation protons.

electron temperature. The thermal speeds of the background protons and beam

1 are set to Veh p = Venp1 = |/ 2=y o Whereas for beam 2 vip p2 = 100y, p1. The

Mp
asymmetry in the initial beam conditions is used in order to examine the robust-
ness of the physical model against geometry considerations. The proton mass to
electron mass ratio in the simulation is m,/m. = 1836. The average velocities
along the simulation box z-axis for the background plasma particle species are
initially zero and the beam velocities are v = —Vps with vips = 12 = 0.6¢2,
with & the unitvector. The chosen thermal speeds give the same temperature for
the background plasma species and beam 1. At the beginning of the simulation
there is no electric field present. The external magnetic field is directed in the
xz-plane, B = By(cos f,0,sinf), with By =5 x 1077 T and 6 = 45°. The total
simulation time T},; = 500,000A,, with time step A, =5 x 107? s. The simula-
tion box length L = 12004, where the cell size A, = 3 m. The particle species
are represented with computational particles that are initially distributed spa-
tially homogeneously in the simulation box. The particles per cell (ppc) count
for the electrons is 1250 ppc and 450 ppc for each proton species.

Data Visualisation. The capacity of high-performing computer clusters is con-
tinuously improving but analysing ever growing amounts of data is turning into
a complex task. Especially when dealing with time-evolving, multi-dimensional
data. A common work situation is to assign the heavy computational work load
to a cluster and then analyse the data on desktop systems. Recently it has
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Fig. 3. The (z, pz, py)-coordinates of the particles are stored in a matrix structure with
three columns and IV rows for a single time step. The phase-space co-ordinates are then
treated as screen position co-ordinates. The p.-coordinate index a colour look-up table
for setting the particle colour. The index ¢ is the identity number of a particle, N the
total number of particles and N, is the number of colours in the colour table.

o xpem o rgb i
> s N

FETCHDATA ! i DISPLAY
DISK H : ON SCREEN

PRE-PLOT STAGE

DISCARD DATA AND FETCH
THE NEXT TIME STEP DATA
FROM DISK

Fig. 4. The animation of data is done by fetching data and displaying it on screen in
a serial fashion. The pre-plot stage could be done outside the visualisation application
but would require extra storage. The main bottleneck is fetching the data from disk
and recent dual-core systems may offer a solution in parallelisation schemes.

become possible to implement and run customised visualisation applications on
common PCs, with the advantage of application design flexibility and user ac-
cessibility. The Open Graphics Library (OpenGL)[26] provides an interface to
the graphics hardware and is integrated into most platforms. A straightforward
technique of visualising the PIC-simulation data is to map the phase-space of
the computational particles to a three-dimensional coordinate system and render
them on screen. In order to use built-in structures in the OpenGL, before any
call to plot the data is issued, particle coordinate and colour data are arranged
in matrices with dimension 3 x N, where N is the total number of particles.
Figll explains the internal data structures in the visualisation application and
how the four-dimensional phase-space data of each particle is mapped to screen
coordinates and colour. Dealing with time-evolving structures, we would like to
animate a sequence of time steps. The Fig[l displays the animation sequence
where time step data is fetched from disk, arranged in the pre-plot stage, dis-
played on screen and finally discarded to make room for the next data.
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Fig.5. The amplitudes of the most unstable quasi-electrostatic waves. The wave with
negative phase speed is shown in a) and the wave with positive phase speed in b).

4 Results and Conclusions

We have used a PIC-simulation to follow the growth and saturation of quasi-
electrostatic waves due to mildy relativistic proton beams in an obliquely mag-
netised plasma. The beam driven two-stream instabilities saturate by electron
trapping. Energy is transfered from the protons to the trapped electrons through
the exchange with the wave and by the particle transport across the magnetic
field. The initial conditions in the simulation corresponds to a mildly relativistic
shock in an accretion disc system and may be representative for a microquasar
foreshock region. The electric field amplitudes of the two most unstable quasi-
electrostatic waves driven by the two-stream instabilities are shown in Fig[Hl

800 1000

b)

Fig. 6. Electron phase-space trajectories for (z,p.) in a) and (py,pz) in b). All mo-
mentum components have normalised values in the plot and the colour scale is based
on the absolute value of p.. The units of the z-axis in a) is simulation box cell numbers.
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| ] ]

e

Energyinm_¢

Fig. 7. Plotting the (p.,p») phase-space in a) discloses a beam of electrons gaining
field-aligned momentum. The momentum in a) is in normalised units and the colour is
based on the absolute value of p,. A magnetic field aligned energy gain is found in the
pitch angle plot b). The colour scale is the logio of the number of simulation electrons
and 0 degrees is field-aligned.

Fig. 8. Proton beam populations after the collapse of the initial two-stream waves.
The (z,ps) phase-space of the colder beam with positive speed is depicted in a) and
the hotter beam with negative speed in b). Zero indicates initial beam p;-momentum
and the z-direction of the plots covers the entire simulation box length.

Both wave amplitudes grow exponentially and saturate at approximately the
same time. The differences in the curves are due to the initial thermal spread of
the beams. In the PIC-simulation the initial wave amplitudes are set by the tem-
perature dependent noise levels. The Figl6h is a plot of the (z,p,) phase-space
at a time when electrons are trapped in the potential of the quasi-electrostatic
wave propagating with negative phase speed in the simulation box. The closed
particle trajectories are formed by resonant electrons oscillating in the wave po-
tential. Electron orbits can also be seen starting to form for the positive wave
in the upper half of the plot. The Figlb displays the (p,,p,) phase-space of
the electrons and shows how the trapped particles have gained p,-momentum.
Since the plasma is immersed in an oblique magnetic field we also expect to
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find a gain in p,. Animating the data over a subperiod of the simulation time a
‘beam’ of electrons grow in the (p,, p,) phase-space. The beam electrons reach a
peak-value and then detrap when the electric field weakens, see Fig[5l The final
particle distribution is spatially isotropic. The screen capture in Fig[fh is taken
from the growth phase of the electron beam in (p.,p,) phase-space. The pitch
angle plot in Figlib indicates a peak energy along the magnetic field direction
corresponding to a Lorentz factor of 4-6. This would allow the electrons to escape
the gravitational pull from the black hole with speeds close to that observed for
microquasar jets. Dilute proton beams are susceptible to non-linear modulations
similar to the electron distribution and can produce secondary instabilities, e.g.
the frying-pan distribution in Ref.[19]. The proton beams have lost about 1-2%
of their initial energy and display well-defined phase-space holes at the end of
the simulation, see Figl8l
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Abstract. The particle-fluid model of auroral electrons that is pre-
sented in [I] is a major step forward within the field of dynamic models
of the auroral generation mechanisms. The model is, however, also an
example where the implementation of a physical model requires a lot of
knowledge from the field of computer science. Therefore, this paper con-
tains a detailed description of the implementation behind the particle-
fluid model. We present how the particles are implemented in doubly
linked lists, how the fluid equations are solved in a time-efficient algo-
rithm, and how these two parts are coupled into a single framework. We
also describe how the code is parallelized with an efficiency of nearly
100%.

1 Introduction

The aurora is created by electrons that are accelerated along the Earth’s mag-
netic field lines before they impinge on the ionosphere and create light through
excitation processes. To model the large-scale processes involved in the genera-
tion of auroras it is common to describe the electrons as a charged fluid, where
the fluid equations are solved self-consistently together with Maxwell’s equations.
However, as the electrons are accelerated they are also heated in a process that
is not properly described by a fluid model. Therefore, we have in [I] introduced
a particle-fluid model of the auroral electrons, where the field solver is comple-
mented by a particle pusher. By letting the electric field from the field solver
accelerate the particles, and then using the temperature of the particle distribu-
tion as a feed-back to the field solver, we obtain a self-consistent description of
the auroral electrons.

The physical description of the model is given in [I], and in this paper we
concentrate on the details of the implementation. We will describe how the set
of equations in the field solver are solved using an implicit algorithm in which
the discretized equations are rewritten on a block-tridiagonal form to achieve
good performance. We will also discuss how the particle data is implemented in
linked lists to obtain a time-efficient algorithm, and how the particles and the
field solver are coupled in a parallelized code. First, however, we will in the next
section describe the basics of the model.

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 371 2007.
© Springer-Verlag Berlin Heidelberg 2007
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2 Model

We use a two-dimensional model where the coordinates are z along the Earth’s
magnetic field and z spanning different latitudes, as can be seen in Fig.[Il The
dynamics of auroral electrons is in real life controlled by a generator mecha-
nism located in the tail of the Earth’s magnetosphere. To mimic this process we
prescribe a generator force in our model. The generator creates an ion current
perpendicular to the magnetic field lines. At the flanks of the generator region
the perpendicular current is diverted into field-aligned currents connecting the
generator to the ionosphere. At the ionosphere these field-aligned currents are
closed by a perpendicular ion current. Thus, we have a current circuit where
the upward field-aligned current is carried by downgoing electrons that create
auroras.

Field
aligned
current

: Equatorial
leieglged current
electric .

1 Acceleration
fields region
X Electric

field

Aurora

Plasma
flow

Driving
force

Fig. 1. The geometry of the auroral current circuit and the generator region in the
equatorial magnetosphere. The curvature of the magnetic field lines is neglected in our
model equations, but the convergence of the magnetic field lines is retained.

2.1 Field Solver

The electron fluid is in our model described by the equations

OEx = —A?0,B, — (1 — A*)F (1a)
B, .
OE, = = (0xBy +J2) (1b)
By
0B, = OE, — 0,E, (1c)
atn = — ij (]‘d)

. '2 B
Oj, = —nE, — 8, (nTZ+Ji> o1, %8s (1e)
m n Bz
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which are the non-zero components of Maxwell’s equations together with the
equation of continuity and the momentum equation. Here we use simulation
variables, where E; and E, are the electric fields, B, is the perpendicular magnetic
field, A is the Alfvén velocity, F is the generator force, n is the electron density,
jz is the field-aligned electron current, while T, and T are the field-aligned and
perpendicular temperatures. B,(z) is the geomagnetic field and By is the field
strength at z = 0 in the equatorial plane. The mass ratio in the last equation
is the ion mass m; divided by the electron mass m. For an extensive derivation
of these equations and a detailed description of the physics they describe, the
reader is referred to [I]. Notice that the ion dynamics is neglected in the present
version of the model. This introduces constraints on the generator, and we choose
its length and time scales to be larger than the ion gyro radius and the ion gyro
period respectively.

The equation system in (Il) is underdetermined since the time evolution of
the temperatures T, and T, is not included. To close the equation system, we
therefore introduce a particle pusher from which we can obtain temperatures
that are consistent with the field solver in each time step.

2.2 Particle Pusher

The field solver that solves equations () is coupled to a particle pusher ac-
cording to the cartoon in Fig. Pl This cycle is performed for each time step in
the simulation. The particles are accelerated by the electric field from the field

( Update fields ) Field solver

A

Temperature Electric field

Compute temperature
from velocity distribution

AN v
Accelerate and
move electrons

Fig. 2. Cycle performed for each time step to couple the field solver and the particle
pusher

Particle pusher

solver, which implies that the particles move consistently with the fluid’s evo-
lution. From the velocity distribution of the electrons we can then determine
temperatures that can be used in the momentum equation (€.

The particles move along z with velocity v, and gyrate the field line with
velocity v, . Their position and velocity are updated according to
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diz = v, , (2)
—e
d z = —FE, — sz y
tV m P 10 (3)

where —e is the electron charge, u = mv? /2B, is the conserved magnetic mo-
ment of the particle, and FE, is the electric field that accelerates the particle.
The electric field FE, is equal to the field-aligned electric field in the field solver,
but with a correction described in [I] to ensure that the density and current of
the particles are equal to the density and current of the fluid.

3 Implementation

3.1 Grid

The model is implemented on a two-dimensional grid of mesh size n, x n, illus-
trated in Fig. B, where the generator boundary is at z = 0 and the ionosphere is
on the opposite side of the simulation region. Since the z-coordinate is aligned
with the magnetic field and the magnetic field lines are converging as they ap-
proach the ionosphere, the grid point separation Az must decrease towards the
ionosphere. The size of the simulation region is L, = 55,000 km in the z-direction
and L, = 4,600 km in the z-direction at the generator boundary. The system
length in the z-direction at the ionospheric boundary is merely 200 km. The
grid is also chosen to be inhomogeneous for resolving the interesting features
of auroral acceleration that take place mainly at altitudes below 10,000 km
(z > 45,000 km) and at the field lines close to x = 0. The typical mesh size
in our simulations is n, X n, = 27 x 100. The value of n, is chosen to resolve
current filaments with a width of a few kilometers at the ionospheric boundary,
while the value of n, is large enough to get a good resolution of the acceleration

x 10
57 A
4t
'€ 3f
X,
N
ol
1k
-2000 -1000 0 1000 2000

x [km]

Fig. 3. The inhomogeneous grid on which the model is implemented with the generator
boundary at z = 0 and the ionosphere on the opposite side of the simulation region
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region which has a length of a few thousand kilometers along z at an altitude
centered about roughly 6,000 km.

3.2 Field Solver

The set of equations in () is solved by a time-centered implicit method, based
on factorization of the two-dimensional spatial differential operators. Algorithms
of this type are discussed by, for example, [3]. If we for notational convenience
collect all the fields in a vector U = (E,, E,, By, n,jZ)T, we can after time dis-
cretization sum up () in the form

U(t+ At) = U(t) + At {Q(U(t + At/2)) + G} (4)

where Q(U) represents the U dependence of the right hand side of () and
G represents the inhomogeneous term involving the generator force F. We now
linearize Q in U(t + At) by a Taylor expansion:

Q(U(t + At/2))
=~ QU + 5 [U(t + A1)~ U(H] - 06 QU()

_ % [U(t+ A + U] - 96 Q(U(1)) (5)

where the second step follows from the homogeneous properties of Q. This results
in a linear set of equations:

{I — %%Q] ‘Ut + At) = [I + %&JQ} U+ At G . (6)

The operator dyQ, which contains both 9, and 9., is now split into two parts
as OuQ = X 4 Z, where X contains only 0, and Z contains only d,. This
decomposition is not unique, and it should be chosen in a way that makes the
product X - Z as small and simple as possible. Neglecting the term At%/4 X -Z -
[U(t + At) — U(t)], which is of third order in At, we can factorize the terms in
equation (@) as in an alternating direction implicit (ADI) method to find

[I—%X] : {1—%2] Ut + At) =

[I+ %X] : {H %z] U@ + ALG . (7)

Introducing U* = [I — At/2 Z] - U(t + At) as a new variable, we can solve ([
in two steps. First we solve
At
[I - EX] U™ = (8)

[I+%X] : {H%Z] U(t) + At G
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for U*. Then we use A
{1 _ gz} Ut + At) = U )

to solve for the fields at ¢ + At. When the operators X and Z are expressed as
centered finite differences, each of these two steps consists of solving a block-
tridiagonal set of equations. The number of operations needed for this scales
linearly with the mesh size (n, x n.) and hardly requires any extra memory,
which makes this algorithm very efficient. The number of operations needed for

a direct integration of (6) would typically be proportional to (n, x n.)2.

3.3 Particle Pusher

In this model the particles are used roughly as in a regular Particle-In-Cell (PIC)
code, see for example [2]. The input to the particle pusher is the electric field
computed in the field solver, and the output from the particle pusher is the
temperatures T, and T . The electric field and the temperatures are given on
the grid points, but the particles can of course be located also in-between two
grid points. To handle this, a PIC code utilizes a weight scheme, and in this
model we use linear weights. The electric field (and also the magnetic field) used
in @) is determined from the fields at the two grid points that are closest to
the particle’s position, as can be seen in Fig. @l At the particle’s position z;, the
electric field is given by

Z; — Z; ZZ‘—Z'
B = (252 ) B+ (52) B (10)

where E; and ;4 are the electric field values at the grid points Z; and Zj;41,
while Az is the grid point separation. When the temperatures are computed, the
weighting is inverted, and the temperatures at a grid point get a contribution
from all particles located in the two grid cells surrounding the grid point, as can
be seen in Fig. Bl If T; is the contribution to the temperature from a particle

located at z;, then
i1 — %
T; = <]T) T; (11)

.
I [ I I >z
1
Zi—1 Z; Zi+1 Ziyp

Fig. 4. To determine the electric field at the particle position z; we use triangular
shape functions. The electric field at grid point Z; is weighted by the value of the
shape function in point a and the electric at grid point Z;41 is weighted by the value
of the shape function in point b. These two values are then assigned to the electric field
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Zi—1 z Zi1 Ziv

Fig. 5. A particle at position z; will contribute to the temperatures at grid points Z;
and Z;41. If T; is the contribution to the temperature from a particle located at z;,
then T; will be weighted by the shape function’s value at a before it is added to the
temperature at Z; and it will be weighted by the shape function’s value at b before it
is added to the temperature at Z;4 1.

is the part of T; that is added to the temperature at grid point Z;. Correspond-
ingly the temperature at Z;; gets the contribution

Zi—Z‘
T = (252) 7 (12)

from a particle at z;.

During the simulation, particles that move outside the system boundaries
are removed and new particles are injected at a rate determined to maintain a
constant density and temperature at the boundaries. To handle this adding and
removing of particles in a sufficiently fast manner the particles are implemented
as a linked list. Actually, we implement the particles as six linked lists. There are
two types of particles, particles of magnetospheric origin that are injected at the
generator boundary and particles of ionospheric origin that are injected at the
ionospheric boundary. Each type of particles are stored in three separate lists.
The particles that are active in the simulation are stored in an inside-list, while
the particles that have been removed from the system are stored in a used-list.
Furthermore, we have an unused-list that is used as a reservoir for particles that
are to be injected. In this way we need not free and allocate memory for each
particle that is removed or injected. Used particles are simply transferred from
the inside-list to the used-list and particles that are to be injected are transferred
from the unused-list to the inside-list. When the unused-list becomes empty, we
rehash the particles in the used-list to give them the desired velocity distribution
and place them in the unused-list. By letting the initial unused-list hold some
extra particles, we can through this procedure avoid the need for any memory
allocation during the simulation. As a fallback, the program can allocate more
particles if the initial unused-list turned out to be too small.

The implementation with several lists is fast, and the memory overhead is
not significant. However, we need to implement the lists as doubly linked lists
in order to enable particles to switch lists. This implies some overhead in the
memory per particle since each particle need a pointer to both the next particle
and the previous particle in the list. The total memory per particle is still only
40 bytes since each particle, apart from the two pointers, only holds three keys:
z, Uy, and .
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3.4 Particle-Fluid Coupling

The electrons are strongly magnetized which means that they are guided by
the magnetic field lines and therefore only move along z, although in a gyrating
motion. Hence, there are n, independent particle pushers in the total simulation.
In each particle pusher we need at least about 20 million particles to obtain
reasonably good statistics when computing the temperatures from the particle
distribution. For each z the particles use at least about 0.8 GB of memory, and
the entire simulation uses over 20 GB, which indicates that a parallelization is
needed. A huge number of particles, of course, leads to long computer times.
The ratio between the time spent in a single particle pusher and the time spent
in the field solver is roughly 1500 to 1.

Since almost all time is spent in the particle pushers and there are n, in-
dependent pushers, this application is perfectly suited for parallelization on n,
processors. The code, which is written in C, is therefore parallelized using the
Message Passing Interface (MPI) []. For each time step in the parallelized code,
every processor solves (), then each processor solves ([@) and calls the particle
pusher with its own value of z. Finally, before time is incremented, the fields in
the vector U, the temperatures and some help variables are synchronized on all
processors using MPI_Allgather. This implies a message passing of about 0.2
MB for each time step.

The simulations are performed on the Sarek Linux Cluster at the High Perfor-
mance Computing Center North (HPC2N) [5]. This cluster has 384 64-bit AMD
Opteron 2.2 GHz CPUs in 192 dual nodes. The network, which is switched to
give similar performance between each pair of nodes, has a bandwidth of about
250 MB/s and a latency of a few microseconds. With this bandwidth, the mes-
sage passing will for each time step last only 1072 s, while the entire time step
lasts for roughly 10 s. Thus, the time for communication is negligible. If the
load balancing between processors is good this would imply a parallelization ef-
ficiency of nearly 100%, and since each processor handles roughly equal amounts
of particles we have no reason to expect otherwise. The Sarek cluster also has
the advantage that each processor has access to 4 GB of RAM, which implies
that we can use the huge number of particles that is needed for good statistics
in the temperature calculations.

4 Discussion and Conclusions

According to the physical results presented in [I], the particle-fluid model pro-
duces results that are consistent with observations, and the model is a major step
forward compared to previous dynamic models of auroral electron acceleration,
for example [6], [7], and [8], where the variation in the electron temperatures
has been neglected. The implementation is, however, much more complicated
compared to implementing a pure fluid model.

The model proves to be very efficient to parallelize on the same number of
processors as the number of grid points in the direction perpendicular to the
magnetic field. A further parallelization of the code can be accomplished by
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letting the particles at a certain field line be distributed in several linked lists
and update each list on different processors. If the lengths of these lists are
approximately equal, which is easily accomplished by always injecting particles
into the shortest list, the load balancing of this parallelization would be perfect.
Furthermore, the only communication needed in this parallelization is summing
the temperatures of all lists into a single temperature along the field line, which
makes this parallelization very efficient.
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Abstract. The possibility of having available massive computer resour-
ces to users opens ideas for the future of interoperability between multiple
infrastructure systems. This wide system should be composed of multiple
high performance resource clusters and their users should share them to
solve big scientific problems. These resources have a dynamic behavior
and to reach the expected performance indexes it is necessary to tune the
application in an automatic and dynamic way. The MATE environment
was designed to tune parallel applications running on a cluster. This
paper presents the key ideas for tracking down application process in
a wide distributed environment like Computational Grids. We explain
how to enable the use of MATE for dynamic application optimizations
in such systems.

1 Introduction

With the advent of Internet there was an intensification of sharing information
and services availability and nowadays the commodity computers have the com-
putational power of the old mainframes. New systems like computer clusters be-
came more common and accessible to everyone to solve new classes of scientific
problems which have high performance requirements. Interconnection of clus-
ters with different administrative domains builds a new classes of systems called
Computational Grids to address available resource share [I]. In this context,
novel complex applications can be executed in this wide environment spawning
processes over more than a single cluster. The control of the application can be
done by using a high level scheduler like Condor-G [2] or Community Scheduler
Framework (CSF) [I]. The composing processes could be submitted using the
Globus Toolkit [I] to fulfill the requirements of security and resource localiza-
tion. They can be executed in a cluster using certain scheduler environments like
Condor [2] or OpenPBS [3].

One common use of Grid resources like processing nodes is to decrease ap-
plication execution time through parallelization. A user can describe the char-
acteristics of resources required by the application and the Grid system layers
drive the application execution to those nodes that can fulfill the expectations.

* This work has been supported by the MCyT (Spain) under contract TIN 2004-03388.
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Grid Information Services [4] present at these layers indexes different Grid re-
source properties. Meta-schedulers use these properties to select and provide
resources required by the application. The application submission is controlled
by the Grid system layers. The user may interact with a meta-scheduler which
uses job requirements and the information services to find the appropriate set
of available resources required for the execution. These resources may represent
complex parallel machines composed by many processors or single machines. Re-
source availability is dynamic at Grid environment and the meta-scheduler may
find different set of resources which fulfill application requirements.

At the machine layer, or Fabric Layer according to the terminology presented
by Foster in [5], the application execution is controlled by a batch queue system.
The application can use a single cluster to avoid communication overheads or
can be distributed over more than one cluster, possibly dealing with high latency
message passing communication problems. The application may get different
resources for different executions. Therefore, to enable the application tuning
process in such an environment, it is necessary to provide some mechanisms
that determine which resources are in use by the application.

We developed a Monitoring, Analysis and Tuning Environment (MATE) that
runs at clusters under PVM platform [6]. In our environment, an application ex-
ecution can be guided based on performance models to obtain better execution
time or less resource utilization. MATE uses the concept of tuning components
called tunlets which encapsulate the monitoring, analysis and tuning logic for
specific problems. By using MATE, application programs are dynamically instru-
mented to generate the monitoring data required by the performance models.
Based on generated trace data, the tunlets may request a tuning action (mod-
ification) to be performed on the application. This is a continuous process and
help applications to deal with dynamic system behavior.

This paper discusses how to attach our Monitoring, Analysis and Tuning
Environment in a Computational Grid in order to overcome the problem of
process location by providing two different approaches: enable MATE as a fabric
layer service or integrate it as a user application plug-in. Section 2 describes the
target Grid environment and characterizes the process tracking in such a system.
Section 3 presents related work. Section 4 describes the changes that we have to
apply in MATE to adapt it to the Grid environments. Finally, Section 5 presents
the conclusions of this work.

2 Computational Grids

According to Foster in [I]. A simplification of Computational Grid could be sim-
ply described as a wide collection of interconnected resources distributed under
different administrative domains [7]. The Grid is a distributed system architec-
ture generally composed by different levels of interconnect network between its
resources. Some resources are accessible by others, while some others are not.
Data communication between different resources may have different throughput
and latencies. These characteristics make it difficult to locate and even more
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difficult to solve typical problems of distributed systems like load imbalance,
synchronization bottlenecks that are difficult to locate and more difficult to
solve.

A common way of use of the computational power of a Grid is to spawn the
processes of a massive parallel application within the available node resource [IJ.
Following the Grid Protocol Stack, the Grid Fabric Layer is where the resources
are managed, acquired and controlled. In a typical environment, each processing
resource or Compute Element (CE) would be single host or a cluster controlled
by a local scheduler [I]. In case of a CE composed of multiple processors like
clusters or parallel machines, each machine is called a Compute Host (CH) [I].

An important problem that an application execution may deal in a Grid
environment is that such systems generally have a heterogeneous infrastructure
and in most cases, a dynamic system configuration. That behavior could lead to
performance drawbacks such as load imbalance problems, high latencies caused
by improper message fragmentation or inadequate buffer sizes. If the target
platform is changed (number of processors, processor speed, network bandwidth,
etc.) the required optimizations may be different. Grid brings new challenges in
performance analysis and tuning making classical approaches less useful. For
example, post-mortem analysis that presumes repeatability may not be used in
the grid platform as it is highly dynamic and rarely repeatable. In this sense, a
dynamic tuning tool seems to be relevant approach that could adapt applications
to runtime changes in the system configuration.

To instrument an application in a Grid environment, a monitoring tool should
track down the application process components to gather instrumentation data.
This starts to be a problem as CE allocation is indirectly selected through the
Grid Protocol Stack.

2.1 Process Tracking

Due to dynamic characteristic of the Grid, application processes may be exe-
cuted on different resources for different executions. The tracking process should
be able to detect application process startup as soon as possible. In that sense,
this detection can be done by the application program itself or by the CH where
the application program starts running. Following these ideas, to track down
process in such an environment, two approaches can be used: (i) bind the appli-
cation together with a tracking process in a single binary or (ii) have a tracking
process running on the CH selected for application running and waiting for the
application process.

In the first approach, the idea is to change the application program binary
in order to take control over the execution. This is done in a preparation stage
before execution submission. In this scenario, the execution of the application
process is controlled by the bound tracking process, which may be responsible
for gathering instrumentation or doing the dynamic tuning.

In the second approach, the tool is installed previously as CE infrastruc-
ture. In that sense, the tracking process waits for application process startup.
This can be performed by looking for application startup in a pooling method or
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monitoring the scheduler runtime events which represent the application startup.
The first approach can be done by application developers and users, targeting
better application execution time. The second one can be done by site admin-
istrators interested in efficiency, since installation requires administrative privi-
leges.

3 Related Work

There are many tools available for performance analysis. A good reference sur-
vey covering the available tools for performance analysis is presented on [8] and
a more deep Grid integration analysis is done on [J]. Most tools presented on [g]
and [J] are system monitoring tools. Most instrumentation tools are bound at
compile time such as TAU [I0] and SCALEA-G [I1]. Both TAU and SCALEA-G
also have dynamic instrumentation functionality. TAU redirects its trace data to
files and in case of dynamic instrumentation the startup is driven by the user.
The application is started by TAU tools through command line. SCALEA-G
has Grid integration and export instrumentation facility as middleware services.
The Paradyn [12] tool controls the application startup through a daemon run-
ning on target machines that are configured to connect to the tool front-end.
Monitoring tools that write trace data to local disc on the processing nodes do
not have problems to execute on Grid environment because the result files can be
scheduled for delivery at the end of execution. In case of online analysis on tools
like Paradyn, the dynamic behavior of resource selection presented on Section 2
difficult its use on Grid systems.

There is an initiative to provide control of process startup on batch schedulers
by providing a controllable shell with extensive configuration options called Tool
Daemon Protocol (TDP), presented on [13]. TDP can be used, for example, to
allow Paradyn to track process on different scheduler execution scenarios. The
idea behind TDP is to cheat the batch scheduler to give the control to a shell
which is responsible for environment configuration and execution control.

Another alternative to integrate automatic performance tuning is to provide
a the tool as a program library. Active Harmony [14] uses that approach which
provides an API that allows the running application to configure performance
parameters, to trigger execution points within its execution and to report metrics
by function calls. The Active Harmony philosophy is to treat the application as
a 'black-box’ controlled by the performance parameters. That approach differs
from MATE which runs outside process space and requires some knowledge
about the performance models that drives application execution in order to
tune.

4 Changes in MATE

MATE consists of an execution environment that permits dynamic tuning of
application without the need of code modification, compilation or linkage, based
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on Dyninst [I5]. When an application runs under the control of MATE, its pro-
cesses are dynamically instrumented in order to generate monitoring information
required for automatic performance analysis and allows dynamic process changes
as result for tuning actions. MATE structure is explained on [6] and the detailed
architecture and implementation is presented on [16].

The two main components of MATE are the Application Controller (AC) and
the Analyzer. The AC is the component which interacts with the application
process, inserting instrumentation code and doing the dynamic tuning modifi-
cations [6/16]. The Analyzer consists of a container of tuning components called
tunlets. Each tunlet can encapsulate the logic of what should be measured, how
data can be interpreted by a performance model and what can be changed to
achieve better execution time or better resource utilization.

Figure [ presents the iteration between MATE components. The Analyzer
interacts with the tunlets that request for application instrumentation. These
requests are forwarded to the AC. The AC receives the requests, instruments
the application and forwards the trace back to the Analyzer. This trace is dis-
patched then to the desired tunlets. The tunlet decides, based on its performance
model, what should be changed to tune the application and requests applica-
tion changes to the Analyzer. These requests are forwarded to the AC and the
dynamic changes are made on the application.

1. Instrumentation request—m»|
6. Monitoring trace————|
7. Change request

2. Intrumentation request—
Analyzer |«-5. Monitoring trace—
(tune action) 8. Change request—

Network

3. Dynamic Instrumentation——
4. Monitoring trace—®  AC

9. Dynamic change
(tune action)

Fig. 1. Sequence of message exchange between MATE components

In the current version of MATE, the application is started under the control
of the Analyzer component. The AC binds itself as PVM Tasker, so, when the
Analyzer spawns the application the AC is notified to spawn each process. By
this sequence MATE has total control of the application and does steering ex-
ecution of its processes [16]. To work in a Grid environment, the first required
change is that, the Analyzer is started independently of the application and
the AC is in charge to start the tuning process. The Analyzer needs to steer
the execution of application processes to gather runtime information, to exe-
cute the analysis process and to perform tune modifications. In order to locate
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application processes components, MATE may use the application plug-in and
system service approaches. Currently, we have developed a prototype implemen-
tation on MATE without PVM dependencies in order to test the proposed Grid
integration approaches as a proof of concept.

4.1 Application Plug-In Approach

Considering the first approach on how to track down application processes pre-
sented on Section 2. To track down the application processes, our tool may be
bound to application binary and delivered with it through execution as an Ap-
plication Plug-in. In that strategy, we decided to generate the composed binary
using three applications: a glue code, the current application and the AC binary.
That preparation step can be done by the developer or even by the application
users before the execution. By doing that composition, at runtime, the first ex-
ecuted code is the one that is loaded on memory. The key idea is to put the
glue code as the first application in the composed binary. When the application
program runs on the CH, the glue code locates the application and AC code
within the composed binary, does some checkup initializations and executes the
AC code. When the AC executes, it starts the application child process using
the Dyninst library.

The information needed at runtime by the glue code is a fixed size informa-
tion record appended at the end of the composed binary during the preparation
phase. When the glue code runs, it uses this information record to un-pack the
AC and application code. After that, the glue code verifies if the environment
has Dyninst installed by checking its environment variables. If the environment
permits dynamic instrumentation, the glue code executes the AC code; other-
wise, it executes the application program without instrumentation. If the AC is
started, it creates the application process under its control. The glue code acts
as a wrapper process to AC or the application based on target system execution
properties.

Figure 2 shows an execution of a composed binary by the Fabric Layer repre-
sented by a Batch Scheduler. When AC starts it uses Grid Information Services
to locate the Analyzer in charge for the tuning session and establish a commu-
nication channel with it. The startup overhead of application plugin approach is
small in comparison to a long application execution and that is directed related
to the size of application binary and storage performance. In our experiments
with executables from 500kb to 1Mb the startup overhead is less than 0.2s which
is meaningless considering a long run application execution. The Analyzer lo-
cation and registration execution times are not critical because they consist of
simple sequence of web service calls.

4.2 System Service Approach

Another approach to process tracking is to wait process startup on Grid node
resources. Tracking action can be performed by a System Service running on the
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Fig. 2. Sequence of an instrumented application execution using the Application Plug-
in Approach

machines selected for application execution. In our context, that corresponds
to the AC process which is installed as an operation system daemon by the
site administrator. The key idea is to enable the machine with dynamic tuning
services that can be used by any application that executes on such machines.
With the AC daemon running on each machine of a cluster, this cluster is capable
of application tuning. The user should register the application on the Analyzer
in order to start the tuning process. By doing this, the Analyzer broadcasts the
location request containing application identification with the name and binary
checksum hash to all registered AC process using the Grid Information Services.
This is necessary due possible process name coincidences.

In response to the Analyzer action, the AC component starts the process of
application startup detection for a time period. That can operate in pull mode
or push mode. In pull mode, it monitors changes in proc file system to detect
applications process startup. When an application process name is found, the
AC ensures that the binary belongs to the application, attaches to the found
process and starts the steering execution. In push mode, the AC instruments the
batch scheduler with Dyninst and waits for the callback event generated by exec
system call. That allows a precise application startup detection and control. We
currently support OpenPBS [3] as proof of concept. In each of presented models
of execution, the target execution machine should support Dyninst, without that,
the dynamic tuning cannot be done.

Figure Bl presents the sequence of execution of an application process that is
located using the System Service approach. In both modes of application process
startup detection, the AC uses the Grid Information Services, represented in
figure Bl as MDS, to locate the Analyzer and establish a communication channel
with it.

The startup overhead using the System Service Approach depends of the
information propagation within the MDS hierarchy. The resource information in
different MDS sites is updated on configured recurrent intervals. The total time
of the subscribe action, notification and register messages is fixed and less than
1s on our tests experiments using one MDS site.
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Fig. 3. Sequence of process location using the System Service Approach

5 Conclusions

Performance tuning of Grid application becomes very complicated due to unique
Grid characteristics such as time varying resource demands, heterogeneous re-
sources, geographic distribution and network sharing. The dynamic behavior of
Grid environment reinforces the need of dynamic tuning tools since the user
has less control of the application target execution hosts. MATE can help appli-
cations to adapt on different execution configurations. On such an environment
process tracking is required as first step to tool integration. The proposed process
tracking approaches presented enable MATE for use on Grid environments.

The literature is not clear about the requirements that make a tool enabled for
Computational Grids, although, if this tool could be used transparently within
the Grid Protocol Stack, it can be used to operate on a Computational Grid in
conformance with Grid requirements. We presented two alternatives that enable
MATE to be used transparently in such a system within the Fabric Layer of the
Grid Protocol Stack.

In the presented Application Plug-in approach, MATE components bound
to application binary provides transparent process location on Grid executions
without need of infrastructure changes. In the pool and push operation modes of
the System Service approach, MATE components are integrated in the execution
machines as infrastructure components that require administrative privileges.
Both alternatives allow MATE to be used on Computational Grids to perform
automatic tuning.
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Abstract. We present our approach for automating the performance
analysis of parallel applications based on the idea of ASL performance
properties. Our tool Periscope automatically searches for inefficiencies
specified as ASL properties, leveraging a set of agents distributed over the
target machine and arranged in a tree-like hierarchy. Decomposing the
analysis using a set of agents allows the analysis process to be performed
in a scalable way. If the machine or target application scales in number of
nodes or processors used, Periscope similarly scales in number of agents
employed.

1 Introduction

Performance analysis of applications can be a complicated and time-consuming
task. Tools and methodologies have therefore been developed that try to auto-
mate the process of locating inefficiencies in applications and explaining their
reasons. With growing size and complexity of applications and high-performance
computing systems, automation becomes essential while manual analysis gets
increasingly infeasible. In this work we present our approach, and our tool
Periscope, for automated performance analysis based on the notion of ASL per-
formance properties.

The rest of this paper is organized as follows: Sect. [2introduces the concept of
ASL performance properties and gives some examples. Sect. [ then outlines our
properties-based performance analysis tool Periscope. In Sect. [l we present re-
sults from conducting a performance analysis with Periscope on several OpenMP
benchmarks. We discuss related work in Sect. Bl and conclude in Sect. [Gl

2 Performance Properties

Performance properties formalize what can be regarded as a situation of inef-
ficient execution, given a set of performance observations (measurements) for
an application. A property’s specification is given in a formal language called
ASL (Apart Specification Language) and it has three main constituents: con-
dition checks the existence of the property, confidence quantifies the certainty

B. Kagstrom et al. (Eds.): PARA 2006, LNCS 4699, pp. 390 2007.
© Springer-Verlag Berlin Heidelberg 2007
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property ImbalanceInParallelLoop(ParPerf pd) {
let
imbal = pd.exitBarT[0]+...+pd.exitBarT[pd.threadC-1];

condition : (pd->reg.type==L00P || pd->reg.type==PARALLEL_LOOP &&

(imbal > 0);
confidence : 1.0;
severity : imbal / RB(pd.exp);

}

Fig. 1. The ASL specification of the ImbalanceInParallelLoop property

that the property holds and severity denotes how large the negative impact on
the performance is.

An example for a property describing imbalance in a parallel loop is shown
in Fig. [l The specification of severity, confidence, and condition can refer to
elements of a data model (ParPerf in this case), that depend on the particular
programming model and the instrumentation and monitoring system available.
In Fig. [l ParPerf contains summary data for OpenMP regions, type denotes
the type of the construct that the region represents, exitBarT refers to the
summed time spent in the exit barrier of the construct and threadC gives the
number of threads executing the region. The ParPerf structure has a number of
other entries and several other properties can be formulated using these entries.

3

A more detailed discussion can be found in [2].

3 The Periscope Tool

Periscope is a tool which automatically searches for performance properties dur-
ing the execution of a target application (online operation). Performance data is
analyzed on the fly by distributed components of Periscope called agents. The
agents are arranged in a tree-like hierarchy, as shown in Fig.

On the lowest level, node-level agents (NLAs) are responsible for the detection
of properties on a single node (assuming a system that is composed of several
SMP nodes). A node-level agent tries to instantiate each property for each pos-
sible property context (e.g., source code region) according to the data model
as far as it is available up to the point of invocation of the search command.
Evaluated and positively identified properties are passed up the agent hierarchy,
processed by potentially grouping together similar properties (see below), and
reported to the user by the front-end.

The high-level agents aggregate the results of the lower-level agents and pass
the detected properties on towards the root of the agent tree (the tool’s front-
end). The periscope agents use a custom sockets-based binary protocol to com-
municate with each other, leveraging the ACE framework [3]. The protocol is
designed to support platform-independent messaging. That is, the front-end can
reside on a different hardware platform as the target application and the agents.
The front-end can even run on the users desk-computer or, in fact, anywhere on
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the internet as long as the required sockets-based communication links can be
established. The protocol is based on synchronous messages (the sender awaits
the receivers acknowledgement) and can carry data.

User commands are distributed from the front-end to the node-level agents
to control (start, stop) the search process and from the node-level agents to
the front-end (the detected performance properties). Properties with the same
property context and with similar severity and confidence values are combined.
For example, the set of properties

(1) WaitAtBarrier "opt33" 0.34 1.0 "ssor.f 186"
(2) WaitAtBarrier "opt33" 0.33 1.0 "ssor.f 207"
(3) WaitAtBarrier "opt34" 0.30 1.0 "ssor.f 186"
(4) WaitAtBarrier "opt34" 0.01 1.0 "ssor.f 207"

(5) LockContention "opt34" 0.01 1.0 "OxBF232343"
is passed on as

WaitAtBarrier "opt33,opt34" 0.32 1.0 "ssor.f 186"
WaitAtBarrier "opt33" 0.33 1.0 "ssor.f 207"
WaitAtBarrier "opt34" 0.01 1.0 "ssor.f 207"
LockContention "opt34" 0.01 1.0 "OxBF232343"

That is, properties (1) and (3) are combined into a compound property with
averaged severity and confidence values, while (1) and (4) are not combined,
because they have different property contexts. Properties (2) and (4) are not
combined, because their difference in severity exceeds the predefined threshold
of ten percent.

The front-end displays the search results to the user and takes a user’s com-
mands in order to display the agent hierarchy graph and to control the search
process for performance properties. Currently, a command line interface (CLI)
implementation of the Periscope front-end exists, but a front-end with a graph-
ical user interface (GUI) could easily be developed as well.

The Periscope front-end is started on a node with interactive access, and the
user has to specify the name of the target application and a set of nodes that can
be used to instantiate the agent hierarchy. After invoking the agent hierarchy, the
CLI front-end interactively responds to user commands much like an operating
system shell.

3.1 Periscope Startup and Usage

The startup process of Periscope proceeds in a hierarchical and distributed way,
beginning at the front-end, over the high-level agents, and ending at the node-
level agents. The Periscope startup procedure is pictured in Fig. [3l The slanted
numbers shown in the figure indicate the sequence of steps that happen during
the Periscope tool startup. The startup sequence is:

1. First, the target application is started by relying on external mechanisms
(i.e., the application is started without involvement of Periscope). Depending
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Fig. 3. The startup process of the Periscope tool

on the programming language used and the computing platform on which the
program is executed, special launcher commands have to be used in this step.
For example, MPI programs are typically started with the help of a utility
program that invokes the MPI processes and establishes their communication
environment. However, this startup process is not fully standardized and
hence a completely portable mechanism to start MPI programs cannot be
integrated in a performance tool.
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When the target application begins its execution, at some point the first
call to the Periscope monitoring library occurs by virtue of the (static) in-
strumentation added to the application’s code. This initial call can either be
caused by the first encounter of an OpenMP construct or MPI call or by an
explicit initialization call added by the programmer.

The Periscope performance tool is now instantiated using a multi-level hi-
erarchical startup process. The tool user starts the front-end specifying the
name of the target application. Since several applications can be analyzed
at the same time (using different instances of the Periscope tool, but sharing
the same registry server), the application’s name must be given to identify
a particular target application. The user must also specify a list of nodes
that should be used to host the Periscope agent hierarchy. Typically, this is
a subset of the nodes comprising the supercomputer system, which are set
aside for performance analysis.

. Upon start, the front-end registers itself and queries the registry service

for entries matching the given target application name. The location of the
registry server is either inferred from the command line arguments, from
environment variables, or from the Periscope configuration file.

The master agent is started by the front-end using a remote program invoca-
tion mechanism such as ssh or rsh. At least one of those programs is typically
available on high performance computing systems, since the startup process
for MPT application often also relies on such services.

All arguments for the invocation of the master agent are supplied by com-
mand line options. Since the master agent also receives the list of application
IDs and hosts from the front-end via command line options, it only needs to
contact the registry service to register itself.

Each high-level agent that is started is responsible for the startup of the
sub-tree for which it is the root. Similar to the master-agent, it takes the
application IDs and hosts and separates them into n partitions and invokes
sub-agents that are responsible for these partitions. When a partition consists
of only one node, a node-level agent is started.

Finally, at the lowest level, a node-level agent is invoked on each node on
which application processes execute. Each node-level agent (NLA) is pro-
vided with the list of IDs specifying the application processes for which the
NLA is responsible on the local node using a command line option.

When the node-level agent is started and ready to process performance
data it sends a message to its parent. Upon reception of this message form
all its child agents, a high-level agent similarly passes this message on to its
parent, until finally the message arrives at the front-end, which hence infers
that the entire Periscope agent hierarchy is up and running.

The user can now resume the execution of the target application by issuing
the start command from the front-end. This command is passed down the
agent hierarchy until it arrives at the node-level agents, where it causes the
resumption of the application processes.

Performance data is generated by the Periscope monitoring library and ana-
lyzed periodically by the node-level agents. The user can start the search
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process for properties at any time by issuing the check command from
the front-end. This command is propagated through the agent network and
causes the node-level agents to instantiate and check for performance prop-
erties.

10. Detected performance properties are propagated up the agent hierarchy.
Each high-level agent aggregates the property set it receives before pass-
ing it on to its parent. This minimizes the amount of data that has to be
transferred and increases the comprehensibility of the performance analysis
results for the user by combining similar performance properties on different
nodes.

For example, this is useful for master-worker applications where typically
two different classes of processes (one or more master processes and several
workers) can be distinguished. If the behavior within each class of proces-
sors is sufficiently similar (i.e., the same properties are detected for the same
program regions with similar severity and confidence values), Periscope can
combine the reported properties and thus raise the level of abstraction re-
ported to the user.

4 Evaluation

To evaluate the usability of the Periscope approach we have analyzed inefficien-
cies of the OpenMP version of the NAS parallel benchmarks (size “C”). The
NAS benchmark suite consists of five kernels (EP, MG, CG, FT, and IS) and
three simulated CFD applications (LU, BT, and SP). The applications were ex-
ecuted on a 32-CPU SGI Altix system based on Itanium-2 processors with 1.6
GHz and 6MB L3 Cache using a batch system. The number of OpenMP threads
was set to eight and the Periscope node-level agent was executed on a separate
CPU (i.e., nine CPUs were requested for the batch runs).

The following table shows which performance properties were discovered in
each of the NAS benchmarks, the numbers shown in this table count the different
instances a particular property was detected.

|Pr0perty |BT CG EP FT IS LU MG SP|
ImbalanceAtBarrier 1 3
ImbalanceInParallelLoop 12 13 1 8 2 9 12 16
ImbalanceInParallelRegion 6 9 1 2 8 2 5
UnparallelizedInSingleRegion 3
UnparallelizedInMasterRegion| 4 13 2 5
CriticalSectionContention 1

The Imbalance- properties refer to the fact that threads perform a different
amount of work (prior to a barrier, in a parallel loop or in a parallel region,
respectively). The Unparallelized- properties refer to the usage of single and
master constructs resulting in serialization of the execution. CriticalSection-
Contention captures the situation that several threads contend to enter a critical
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section, resulting in waiting time for some threads. A number of other properties
were tested but not detected by Periscope in the NAS benchmarks.

The following table shows the five most severe inefficiencies discovered in the
NAS benchmarks by Periscope. Severity refers to the percentage of total execu-
tion time lost due to the inefficiency.

|Benchmark Property Region Severity (%) |
MG ImbalanceInParallellLoop mg.f 608--631 8.31
FT ImbalanceInParallelloop ft.f 606--625 6.76
BT ImbalanceInParallelloop rhs.f 177--290 4.46
BT ImbalanceInParallelloop y_solve.f 40--394 3.53
BT ImbalanceInParallelLoop rhs.f 299--351 3.47

5 Related Work

Expert [§] is a tool for automated post-mortem performance analysis of C/C++
and Fortran applications. The execution of an instrumented application gener-
ates a trace file, which is scanned for patterns of inefficient execution by Expert.
The detected inefficiencies are displayed using a viewer with three panes, the
first giving the kind of inefficiency and the other two detailing its location (with
respect to program resources and machine organization). In contrast to Expert,
Periscope is an online tool and performance analysis can be conducted during
the execution of the application. The set of bottlenecks covered by the two tools
is somewhat similar, with Expert having the advantage of having full trace in-
formation available while Periscope’s properties currently rely on profiling data
only.

Paradyn [4] is an automated online performance analysis tool leveraging dy-
namic instrumentation techniques. Paradyn looks for performance problems
starting with a root hypothesis. In each step of the search process the cur-
rently tested hypothesis is then refined along one of the dimensions of the W3
(why, where, when) search model. In comparison to Periscope, Paradyn has the
advantage of using dynamic instrumentation and is thus able to tailor instru-
mentation overhead to the current hypothesis. Until recently [7] data analysis
and the search for bottlenecks was performed centrally at the tool’s front-end,
a limiting factor for scalability. In contrast, in Periscope the analysis process is
performed inherently distributed by the node-level agents.

MATE [5l6] (Monitoring, Analysis and Tuning Environment) is a project that
tries to expand beyond automated performance analysis by incorporating meth-
ods for automated program tuning. MATE relies on dynamic run-time code
patching using the Dyninst API [I] to gather performance data and to dynam-
ically adapt the running application to improve its performance.
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6 Conclusion

We have presented Periscope, our tool for automated performance analysis based
on the idea of capturing situations of inefficient execution in the form of ASL
properties. Using Periscope, developers can quickly locate the most severe ineffi-
ciencies and discover their reasons. We have tested Periscope on several OpenMP
benchmarks and have discovered bottlenecks of up to 8% in overall execution
time.
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