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Abstract— In this paper, we discussresultsand characteristics
of the benchmark suites maintained by the Standard Per-
formance Evaluation Corporation' s (SPEC) High-Performance
Group (HPG). Curr ently, SPECHPG hastwo linesof benchmark
suites for measuring performance of large-scalesystems:SPEC
OMP and SPEC HPC2002. SPEC OMP uses the OpenMP
API and includes benchmark suites intended for measuring
performance of modern shared memory parallel systems.SPEC
HPC2002 usesboth OpenMP and MPI, and thus it is suitable
for distrib uted memory systems,shared memory systems,and
hybrid systems.SPECHPC2002containsbenchmarksfr om thr ee
popular application areas, Chemistry, Seismic, and Weather
Forecasting. Each of the thr ee benchmarks in HPC2002 has a
small and a medium data set, in order to satisfy the need for
benchmarking a wide range of high-performance systems.We
analyze published results of these benchmark suites regarding
scalability. We also discusscurr ent efforts of SPEC HPG to de-
velop a SPEC MPI benchmark suite basedon MPI applications.

I . INTRODUCTION

SPEC(The StandardPerformanceEvaluationCorporation)
is an organizationfor creatingindustry-standardbenchmarks
to measurevariousaspectsof moderncomputersystemper-
formance.SPEC's High-PerformanceGroup (SPECHPG) is
a workgroupaimedat benchmarkinghigh-performancecom-
putersystems.In Juneof 2001,SPECHPGreleasedthe�rst of
the SPECOMP benchmarksuites,SPECOMPM2001.This
suite consistsof a set of OpenMP-based[1], [2] application
programs.The datasetsof the SPECOMPM2001suite (also
referred to as the medium suite) are derived from state-of-
the-artcomputationon modernmedium-scale(4- to 16-way)
sharedmemoryparallelsystems.Aslot et al.[3] have presented
thebenchmarksuite.Aslot et al.[4] andIwashitaet al.[5] have
describedperformancecharacteristicsof the benchmarksuite.
The second,large suite, SPECOMPL2001,focusingon 32-
way and larger systems,was releasedin May 2002. SPEC
OMPL2001 sharesmost of the application code basewith
SPECOMPM2001,but the codeand the datasetshave been
improvedandmadelargerto achieve betterscalingandalsoto
re�ect the classof computationregularly performedon such
large systems[6]. So far, SPECOMP performancehas been
reportedfor systemsup to 128 processors.

SPECHPC2002is the latestreleaseof theHPCbenchmark
suite.It is suitablefor sharedanddistributedmemorymachines
or clustersof sharedmemorynodes.SPECHPC applications
have been collected from among the largest, most realistic

computationalapplicationsthat are available for distribution
by SPEC.In contrastto SPECOMP, they are not restricted
to any particularprogrammingmodel or systemarchitecture.
Both shared-memoryand messagepassingmethodsare sup-
ported. All codesof the current SPEC HPC2002suite are
availablein an MPI andan OpenMPprogrammingmodeland
they includetwo datasetsizes.

The SPECMPI benchmarksuite is currently underdevel-
opment.It will bebasedon realMPI applicationcodes.It was
felt that thereis a needfor a standardMPI benchmarksuite
basedon real applicationsin the marketplace,which usesthe
SPECmodelof resultsubmissionandpublication,andSPEC
HPG aims to �ll this need.

Performancecharacteristicsof application programs on
large-scalesystemsareoftensigni�cantly differentfrom those
on smaller systems.In our previous paper[6] we have dis-
cussedthe scaling of SPEC OMP benchmarks.In this pa-
per, we characterizethe performancebehavior of large-scale
systems(32-way and larger) using the SPEC OMPL and
HPC2002benchmarksuites.In Section2, we provide a short
descriptionof the applicationscontainedin the benchmarks.
Section3 analyzesthe publishedresultsof SPECOMPL2001
and SPECHPC2002on large systems,basedon application
programbehavior andsystems'architecturalfeatures.Section
4 concludesthe paper.

I I . DESCRIPTION OF THE BENCHMARKS

A. Overview of the SPECOMPL2001Benchmark

TheSPECOMPL2001benchmarksuiteconsistsof 9 appli-
cationprograms,which representthe type of softwareusedin
scienti�c technicalcomputing.The applicationsincludemod-
eling and simulation programsfrom the �elds of chemistry,
mechanicalengineering,climate modeling, and physics.Of
the 9 application programs,7 are written in Fortran, and
2 (ART and EQUAKE) are written in C. The benchmarks
require a virtual addressspaceof about 6.4 GB in a 16-
processorrun. The rationale for this size were to provide
datasetssigni�cantly larger than thoseof the SPECOMPM
benchmarks,with a requirementfor a 64-bit addressspace.

Descriptionsof the 9 applicationscodesare provided in
Tab. I.

B. Overview of the SPECHPC2002BenchmarkSuite

SPEC HPC2002 is a benchmarksuite based on high-
performancecomputing(HPC) applicationsand the MPI and
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TABLE I

DESCRIPTION AND NUMBER OF LINES OF THE OMPL BENCHMARK

APPLICATIONS.

Code Description #Lines

APPLU Solves 5 coupled non-linear PDEs on a 3-
dimensionallogically structuredgrid, using the
Symmetric Successive Over-Relaxation implicit
time-marchingscheme[7].

4000

APSI Lake environmental model, which predicts the
concentrationof pollutants. It solves the model
for the mesoscaleand synopticvariationsof po-
tential temperature,wind components,andfor the
mesoscaleverticalvelocity, pressure,anddistribu-
tion of pollutants.

7500

MGRID Simple multigrid solver, which computesa 3-
dimensionalpotential�eld.

500

SWIM Weatherpredictionmodel,which solvesthe shal-
low water equations using a �nite difference
method.

400

FMA3D Crashsimulationprogram.It simulatesthe inelas-
tic, transientdynamicresponseof 3-dimensional
solids and structuressubjectedto impulsively or
suddenlyapplied loads. It usesan explicit �nite
elementmethod[8].

60000

ART (Adaptive ResonanceTheory) neural network,
which is usedto recognizeobjectsin a thermal
image[9]. The objects in the benchmarkare a
helicopterandan airplane.

1300

GAFORT Computesthe global maximum �tness using a
geneticalgorithm.It startswith an initial popula-
tion and then generateschildrenwho go through
crossover, jump mutation, and creep mutation
with certainprobabilities.

1500

EQUAKE Is an earthquake-modelingprogram.It simulates
the propagationof elasticseismicwavesin large,
heterogeneousvalleys in order to recover the
time history of the ground motion everywhere
in the valley due to a speci�c seismicevent. It
usesa �nite elementmethodon an unstructured
mesh[10].

1500

WUPWISE (WuppertalWilson FermionSolver) is a program
in the �eld of lattice gaugetheory. Lattice gauge
theory is a discretizationof quantumchromody-
namics.Quark propagatorsare computedwithin
a chromodynamicbackground�eld. The inhomo-
geneouslattice-Diracequationis solved.

2200

OpenMP standardsfor parallel processing.It is targetedat
thosewho evaluateperformancefor HPC systems,including
users,systemvendors,software vendors,and researchers.It
uses a set of realistic applicationsto measurethe perfor-
mance of the computing system's processors,memory ar-
chitecture,and operatingsystem.SPECHPC2002improves
upon and replacesthe SPECHPC96 benchmarksuite. The
SPECHPC2002suitecomprisesthreebenchmarks,eachwith
a small-andmedium-sizeddataset.A shortdescriptionof the
benchmarkapplicationsis provided in Tab. II.

The SPECenv application is developed within the WRF
(WeatherResearchandForecasting)Modeling Systemdevel-
opmentproject.This is a multi-yearprojectbeingundertaken
by severalagencies.Membersof theWRF Scienti�c Boardin-
cluderepresentativesfrom EPA, FAA, NASA, NCAR, NOAA,
NRL, USAF and several universities.SPECHPG integrated
version1.2.1of the WRF weathermodel into the SPECtools
for building, running and verifying results.This meansthat

TABLE II

DESCRIPTION AND NUMBER OF LINES OF THE HPC2002 BENCHMARK

APPLICATIONS.

Code Description #Linesand
Languages

SPECenv (WRF) is basedon the WRF weather
model,a state-of-the-art,non-hydrostatic
mesoscale weather model, see
http://www.wrf-model.org.

25000C
145000F90

SPECseis was developed by ARCO beginning in
1995 to gain an accuratemeasureof
performanceof computingsystemsas it
relatesto the seismicprocessingindus-
try for procurementof new computing
resources.

25000
F77 andC

SPECchem usedto simulatemoleculesab initio, at
the quantumlevel, and optimize atomic
positions.It is a researchinterestunder
the name of GAMESS at the Gordon
ResearchGroupof Iowa StateUniversity
and is of interest to the pharmaceutical
industry.

120000
F77 andC
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Fig. 1. Speedupof SPECenv for differentdatasetsandprogrammingmodels
on a SunFire 6800platform.

thebenchmarkrunson moresystemsthanWRF hasof�cially
beenported to. It can run in OpenMP, MPI or mixed MPI-
OpenMPmode(hybrid). The benchmarkrunsuserestart�les
that arecreatedafter the modelhasrun for several simulated
hours.This ensuresthat cumulusand microphysicsschemes
are fully developedduring the benchmarkruns.Fig. 1 shows
the scalabilityfor the differentdatasetsandthe OpenMPand
MPI modeon a Sun Fire 6800.The mediumdataset shows
better scalability. The best programmingmodel will depend
on the platform anddataset.Here,OpenMPis betterfor the
small datasetandMPI for the large dataset.

SPECseisconsistsof a modeling phasewhich generates
synthetic seismic traces for any size of data set, with a
�e xibility in the geometry of shots and receivers, ground
structures,varying lateral velocity, and many other options.
A subsequentphasestacksthe tracesinto commonmidpoint
stacks. There are two imaging phaseswhich produce the
valuableoutput seismologistsuse to locate resourcesof oil.
The �rst of the two imaging phasesis a Fourier method
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Fig. 2. Speedupof SPECseisfor differentdatasetsandprogrammingmodels
on a SunFire 6800platform.

which is very ef�cient but which doesnot take into account
variationsin the velocity pro�le. Yet, it is widely usedand
remainsthe basisof many methodsfor acousticimaging.The
secondimaging techniqueis a much slower �nite-dif ference
method,which can handlevariations in the lateral velocity.
This techniqueis usedin many seismicmigrationcodestoday.
SPECseiscanrun in OpenMPor MPI mode.Fig. 2 shows the
scalability for the different data sets and the OpenMP and
MPI modeon a Sun Fire 6800.The mediumdataset shows
better scalability. The best programmingmodel will depend
on the platform anddataset. In this caseOpenMPhasbetter
scalability.

Like SPECseis,SPECchemis often used to exhibit per-
formanceof high-performancesystemsamongthe computer
vendors.Portions of SPECchemcodesdate back to 1984.
It comeswith many built-in functionalities,such as various
�eld molecularwave-functions,certainenergy correctionsfor
someof thewave-functions,andsimulationof severaldifferent
phenomena.Dependingon what wave-functionsyou choose,
SPECchemhas the option to output energy gradients of
these functions, �nd saddlepoints of the potential energy,
computethe vibrational frequenciesand IR intensities,and
more. SPECchemcan run in OpenMP, MPI or mixed MPI-
OpenMPmode(hybrid). Fig. 3 shows the scalability for the
different data sets and the OpenMP and MPI mode on a
SunFire 6800.The mediumdatasetshows betterscalability,
despitethe fact that this datasetwasmeasuredon a machine
with fasterprocessors.In this caseMPI hasbetterscalability
for the small dataset.

C. Developmentof the SPECMPI BenchmarkSuite

In May 2004, SPEC HPG decided to start development
of a SPEC MPI benchmarksuite. It was felt that there is
a need for a standardMPI benchmarksuite basedon real
applicationsin the marketplacewhich usesthe SPECmodel
of resultsubmissionandpublication,andSPECHPG aimsto
�ll this need.

The MPI benchmarkwill provide performancemetricsthat
canbeusedto comparedifferenthardwarearchitectures(SMP,
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Fig. 3. Speedupof SPECchemfor different data setsand programming
modelson a SunFire 6800platform normalizedby the 2-way speedup.

NUMA, clusters)andinterconnects,processors,memoryhier-
archy, compilers,andMPI implementations.

Thedraft benchmarksuitecurrentlyconsistsof 16candidate
applicationcodesfrom the�elds of CFD, weatherforecasting,
MolecularDynamics,QuantumChemistry, Biochemistry, and
Finite ElementMethods.Thecontentsof thesuiteis not �x ed
yet. It is not expectedthat all of the candidatecodeswill be
accepted,andmorecodeswill beaddedto thelist of candidate
codes. SPEC HPG is still open of MPI application code
submissions.MPI applicationsfrom any applicationareacan
be submitted,but SPECprefersprogramsthat areconsidered
state-of-the-artin a given�eld. Theapplicationshouldalsobe
portableacrossdifferenthardwareandsoftwarearchitectures.

The SPECtool set used is commonwith the tool set of
theupcomingupdateof theSPECCPU benchmarksuite.The
MPI benchmarksuiteis beingtestedby HPGgroupmembers,
ensuring portability acrossa wide selection of computing
resources.

I I I . LARGE SYSTEM PERFORMANCE OF SPEC
BENCHMARK SUITES

Performancecharacteristicsof application programs on
large-scalesystemsareoftensigni�cantly differentfrom those
on smaller systems.Figure 4 shows a scaling of Amdahls
speedupfor 32 to 128 threads,normalizedby the Amdahls
speedupof 16 threads.Amdahl's formulapredictsthespeedup
on � processorsto be

���

����� �

	

��

�����������

, where � is
the parallel coverage.The parallel coverageis the fraction
of sequentialexecution time that is enclosedby a parallel
construct.

Amdahls speedupassumesperfect scaling of the parallel
portion of the program. Actual programsand actual hard-
warehave additionalsourcesof overhead,which degradethe
performanceobtained on a real system relative to predic-
tion given by Amdahls law. On the other hand Amdahl's
speedupdoes not take into account that the performance
can strongly dependon the data size per processor. Figures
5,6, and 7 show the scaling data for publishedbenchmark
results of SPEC OMPL2001. The numbers listed in the
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TABLE III

PLATFORMS USED FOR THE OMPL BENCHMARKS.

Vendor HP PA HP IA64 Sun SGI Fujitsu

Clock [MHz] 875 1500 1200 400 1299

L1 Inst. 0.75MB 16KB 32KB 32KB 128KB

L1 Data 1.5MB 16KB 64KB 32KB 128KB

L2 Cache - 256KB 8MB 8MB 2MB

L3 Cache - 6144KB - - -

following �gures have beenobtainedfrom the resultspub-
lished by SPEC as of November, 2003. For the latest re-
sultspublishedby SPEC,seehttp://www.spec.org/omp/results
and http://www.spec.org/hpc2002/results. All results shown
conform to Base Metrics reporting rules. Base Metrics are
producedby building all applications in the suite with a
commonsetof optimizationsandwithout any modi�cations to
the sourceor directives.For betterpresentationof the graph,
we have normalizedall resultswith the 32-processorresults
of the sametype of systemcon�guration. If the samesystem
has fasterand slower processorcon�gurations, we usedthe
scoreswith the fasterprocessors.In orderto make the graphs
readable,we have selectedthe systemsthat provided at least
32- and64-processorresults.

A. Scalabilityof OMPL Benchmarks

As of November2003 28 resultshad beenpublishedfor
OMPL and 76 for OMPM. Theseresultswere usedfor the
�gures. Notethatasof January2006,39resultshavebeenpub-
lishedfor OMPL and141for OMPM. In this sectionwe focus
on the resultswith the large dataset.Figures5,6, and7 show
the scalability of the SPECOMPL benchmarkapplications.
The resultsof � ve differentarchitecturesdescribedin Tab. III
are shown: a HP Superdomewith PA-8700+ CPUs, a HP
Superdomewith Itanium2,a SUN Fire 15K with UltraSPARC
III, a SGI O3800 with R12000 and a Fujitsu Primepower
Systemwith SPARC64V CPUs.

The benchmarksWUPWISE, SWIM, FMA3D, and ART
show good scalability up to 128 processors.In order for
SWIM to scalewell, the bandwidthto main memory needs
to scale with the number of processors.To increasethe
scalabilityOMPL2001SWIM hasmoreparallelloopsthanthe
OMPM2001version.In addition,somescalarcomputationis
performedin parallel,in favor of improvedlocality. This is of

Fig. 4. Scalingof Amdahl's Speedupof OMPM2001through128 threads,
normalizedby the 16-threadspeedup.
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Fig. 5. Scalabilityof theOMPL benchmarksthatscalewell to 128processors
onHP-Superdome,SunFire 15K andSGI O3800normalizedby the32-thread
speedup.
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specialimportancefor machineswith nonuniformmemoryac-
cessusingthe�rst touchalgorithmto placepages.OMPL2001
ART calls malloc() more ef�ciently than the OMPM2001
version.This changereducescontentionon malloc(),andthus
improved the scalabilityof ART.
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Fig. 6. Superlinearscaling of APPLU on HP-Superdomeand Fujitsu
PRIMEPOWER normalizedby the 32-threadspeedup.

The benchmarkAPPLU shows superlinearscalingon HP
SuperdomeandFujitsuPRIMEPOWER.In ourpreviouspaper,
we alsopresentedsuperlinearscalingfor theSGI Origin 3800
and the Fujitsu PRIMEPOWER 2000[6]. This is due to a
moreef�cient usageof thecacheasmoreprocessorsareused.
The sameeffect is visible on the Sun Fire 15K. According
to the cachesizes of thesesystems,the sweet spot of the
aggregatecacheamountis between64MB and96MB. In the
OMPL2001version,falsesharingwasreducedby moving one
of the OpenMPDO directivesfrom the outermostloop to the
second-level loop.

The benchmarksEQUAKE, MGRID, APSI and GAFORT
show good scaling up to 64 processors,but poor scaling
for larger numbersof processors.HP Superdomeand SGI
Origin 3800scaledlesson EQUAKE. MGRID andEQUAKE
are sparsematrix calculations,which do not scale well to
large numbersof processors.In orderto gain morescalability
in the OMPL2001 version, we exploited more parallelism
in EQUAKE, resulting in better scaling on HP Superdome
and SGI Origin 3800. Larger dataset in OMPL2001helped
the scaling of MGRID. Comparedto OMPM2001 APSI,
OMPL2001 APSI has a larger trip count of 240 for the
correspondingloop. OMPL2001APSI also hasan improved
work arraydistribution schemeaswell as improved handling
of parallel reductionoperations.

B. Scalabilityof HPC Benchmarks

As of November2003 38 resultshave beenpublishedfor
SPEC HPC2002.18 for the small and 20 for the medium
data set. Resultson up to 128 processes-threadshave been
published.Theseresultswere usedfor the �gures. Note that
asof January2006,104resultshave beenpublishedfor SPEC
HPC2002.In this sectionwe focus on the medium data set
results on an IBM SP with 128 Power-3 CPUs running at
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Fig. 7. Scalabilityof theOMPL benchmarksthatscalewell to 64 processors
on HP-Superdome,Sun Fire 15K and SGI O3800 normalizedby the 32-
threadsspeedup.
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375MHz and an SGI 3800 with 128 R14000ACPUsat 600
MHz. In addition we show the results of a Sun Fire 6800
and 15K with UltraSparcIII CPUsat 900MHz or 1200MHz
(indicatedin the graphs),anda 64 CPU SunFire 880 cluster
with 8-way SMPsconnectedby Myrinet.

Fig. 8 shows the scalability of SPECenv for the medium
data set. All results use the MPI model of execution. The
benchmarkshows goodscalabilityup to 128 processors.
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Fig. 8. Speedupof SPECenv for the medium data set normalizedby the
16-way speedup.

Fig. 9 shows the scalability of SPECseisfor the medium
data set. The scaling behavior dependsstrongly on the pro-
grammingmodelandplatform.While it shows almostperfect
scaling(81% ef�ciency) on 16 processors,the ef�ciency on a
SunFire 15K is much less.

For theSPECchembenchmarkonly resultsof IBM andSun
areavailablefor themediumdataset.For bothpublishedIBM
resultsthe MPI model of executionwas used.The ef�ciency
of the 32 processorrun is 82% comparedto the 16 processor
run on the IBM. Using OpenMPthe Sun Fire 15K shows a
perfect,almostsuperlinearscalingfrom 16 to 32 processors,
but for 64 processorsthe ef�ciency is only 57% comparedto
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Fig. 9. Speedupof SPECseisfor the medium dataset normalizedby the
4-way speedup.
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Fig. 10. Speedupof SPECchemfor the mediumdatasetnormalizedby the
16-way speedup.

TABLE IV

SCALING OF DIFFERENT EXECUTION MODELS OF SPECENV FOR THE

SMALL AND MEDIUM DATA SET. PLEASE NOTE THE DIFFERENT BASE

POINTS.

MPI x OMP 4x1 1x4 2x2 1x1
4way Itanium , small dataset 1.72 1.39 1.98 1
MPI x OMP 16x1 1x16 8x2 8x1
SunFire 6800,mediumdataset 1.76 1.56 1.83 1

the 16 processorrun. Better ef�ciency is achieved with the
hybrid executionmodel,where81% is reachedwith 64 CPUs
on the SunFire 880 cluster.

Although two of the HPC2002benchmarkscan be used
in hybrid mode all of the publishedresults are limited to
eitherpureOpenMPor MPI mode.Tab. IV showsthepotential
bene�t of an hybrid executionof SPECenv. Similar bene�t is
visible for SPECchemin Fig. 11, sincetheMPI andOpenMP
parallelismis on a different level of granularity.

IV. CONCLUSION AND FUTURE WORK

In this paper we have analyzedthe performancecharac-
teristics of publishedresults of the SPEC OMPL2001 and
HPC2002benchmarksuites.We have found that the OMPL
benchmarkprogramsscalewell up to 64 processors.For the
HPC2002benchmarkswe alsohave demonstratedthe impact
of the choiceof the executionmodel. The resultsshow that
the best choice of MPI, OpenMPor hybrid dependson the
usedhardwarearchitectureaswell ason the programandthe
datasets.AlthoughHPC2002is not limited to sharedmemory
platforms,thereareno resultsof largermachinesavailable,so
far. We attribute this to therelative recentreleaseof HPC2002
andexpect it to changein the nearfuture.

Thetrendsof theSPECHPC2002codesindicateclearlimits
of scalability. We concludethat,evengivensizeabledatasets,
large-scale,realisticapplicationsdo not exhibit the near-ideal
speedupsthatsomeof thesmallerbenchmarkssuggest.While
this is an expected�nding for many readers,demonstrating
the evidence is an important result of the SPEC HPC2002
development.The fact that SPEC benchmarksand reports
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Fig. 11. Speedupof SPECchemfor MPI, OpenMPandhybrid executionon
a SunFire 15K. The lines connectinghybrid runsdenoterunswith the same
numberof processors*threads.

are fully disclosedwill allow both scientistsand engineers
to identify the causesthat limit performanceand develop
remedies.

We combined OMPM and OMPL into one benchmark
providing different dataset sizes.It also includesalternative
sourcesthat have beensubmittedto SPECaccordingto the
run rulesof the benchmark.

SPECHPG is currentlydevelopinga new benchmarksuite,
that will be based on MPI application codes. The MPI
benchmarkwill provide performancemetricsthat canbe used
to comparedifferent hardware architectures(SMP, NUMA,
clusters) and interconnects,processors,memory hierarchy,
compilers,andMPI implementations.

SPEC/HPGis open for MPI application submissions.A
good candidateprogramwould representa type of compu-
tation that is regularly performedon high-performancecom-
puters.
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