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Abstract

Thehybrid memorymodelof clustersof multiprocessors
raisestwo issues: programmingmodeland performance.
Many parallel programs have beenwritten by using the
MPI standard. To evaluatethepertinenceof hybrid models
for existingMPI codes,wecompare a unifiedmodel(MPI)
anda hybrid one(OpenMPfinegrain parallelizationafter
profiling) for theNAS2.3 benchmarkson two IBM SPsys-
tems.Thesuperiorityof onemodeldependson 1) the level
of shared memorymodelparallelization, 2) the communi-
cation patternsand 3) the memoryaccesspatterns. The
relativespeedsof themainarchitecture components(CPU,
memory, and network)are of tremendousimportancefor
selectingonemodel. With the usedhybrid model,our re-
sultsshowthata unifiedMPI approach is betterfor mostof
thebenchmarks.Thehybrid approach becomesbetteronly
whenfastprocessorsmakethecommunicationperformance
significantandthelevelof parallelizationis sufficient.

1 Intr oduction

Someprimary supercomputermanufacturerslike IBM
andCompaquseCLUstersof MUltiProcessors(CLUMP)
to provide scalablehigh performancecomputers.The fu-
ture ASCI White machinecorrespondsto this architecture
with 512 16-way SMP nodes. CLUMPs may usediffer-
ent memory models for the interconnectionof the SMP
nodes:NUMA or Message-Passing.TheSGI Origin com-
putersusetheNUMA approachaswell astheConvex Ex-
emplarones. The IBM SPsand the CompaqSC Clusters
usemessage-passing.In this paper, we focuson CLUMPs
with a hybridmemorymodel(sharedmemoryinsidenodes
andmessagepassingbetweennodes)at thehardwarelevel.
Two main issuesshouldbe addressedfor selectinga pro-
grammingmodel:theeaseof useandperformance.

First, we mustchoosebetweena unified programming
modelor ahybridone.In theunifiedprogrammingmodels,

theprogrammerusesasingleAPI to describethecommuni-
cationsinsidethemultiprocessornodesandbetweenthem.
All the “messagepassing”or DSM systemsbelongto this
category. Thehybrid memorymodelsmix sharedmemory
insidethemultiprocessorandmessagepassingbetweenthe
nodes.MPI+OpenMP, MPI+threadsaretwo hybridmodels.
Becausethehybridprogrammingmodelsrequiremanaging
two differentmemorymodels,they aremuchmorecomplex
for theprogrammer. Also, many existing applicationsusea
MPI implementation.For theseapplications,the relevance
of thehybridprogrammingmodelsmustbecarefullyexam-
ined because,aswe will demonstrate,even optimizedhy-
brid codesmayprovideinsignificantperformanceimprove-
mentcomparedto theoriginalMPI version.

Thesecondissueis performance.It dependson at least
threeparameters:a) thesharingof communicationsupport
(memorysystemandnetwork interface)betweenthe pro-
cessorsfor the unified model i.e. how the per processor
latency andbandwidthevolve whenseveralprocessorsuse
a samenetwork interface(andprotocol), b) the degreeof
sharedmemoryparallelismfor thehybrid modelandc) the
speed-upon theparallelsectionfor bothmodelsthatcanbe
differentbecauseloop nestsmaybeexecutedin a different
way.

Section 2 presentsthe programmingmodels and the
methodology. Section3 comparestheperformanceof MPI
unified model and the MPI+ OpenMPhybrid model for
the NAS 2.3 Benchmarks.We presentdetailedresultsfor
different cluster sizesand data set sizes(CLASS A and
CLASS B) in section4. Section5 presentsrelatedworks.
Finally, section6 concludes.

2 Programming modelsand methodology

In this paper, we focus on existing MPI programsthat
have beendevelopedfor traditionalparallelmachines.Be-
causemostof themanufacturersprovideextendedversions
of their communicationlibrary for clustersof multiproces-
sors,existingMPI codescanbedirectlyusedwith aunified
MPI model. The alternative is mixing MPI with a shared
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memorymodelsuchasOpenMP. In thatcase,differentpos-
sibilities exist, which must be comparedaccordingto the
performanceandprogrammingeffort trade-off.

2.1 Programming efforts for mixing MPI +
OpenMP

2.1.1 Fine-grain parallelization

FromanexistingMPI code,thesimplestapproachis thein-
crementalone: it consistsin OpenMPparallelizationof the
loopnestsin thecomputationpartof theMPI code.Thisap-
proachis alsocalledOpenMPfine-grainor loop level par-
allelization.Severaloptionscanbeusedaccordingto 1) the
programmingeffort and2) the choiceof the loop neststo
parallelize.

Several levelsof programmingeffort canbeused.First
possibilityconsistsin parallelizingloopnestsin thecompu-
tation part of the MPI codewithout any manualoptimiza-
tion. Only the correctnessof the parallel versionversus
the sequentialversionsemanticis checked. But the incre-
mentalapproachcanbesignificantlyimprovedby applying
several manualoptimizations(loop permutation,loop ex-
change,useof temporaryvariables). Theseoptimizations
arerequired1) to transformnonparallelloopnestsinto par-
allel onesand2) to improvetheparallelefficiency by avoid-
ing falsesharingor reducingthenumberof synchronization
points(critical sections,barriers).

Another issueis the choiceof the loop neststo paral-
lelize. Oneoption is to parallelizeall loop nests.This op-
tion hastwo drawbacks:it increasestheprogrammingeffort
andtheparallelizationof loop neststhatdoesn’t contribute
significantly to the global executiontime can be counter-
productive. The alternative consistsin selectingby profil-
ing theloop neststhatcontributesignificantlyto theglobal
executiontime. In this work, we have selectedtheloopsto
parallelizeaccordingto the framework shown in figure 1.
Thecompletedescriptionof intra-nodeparallelizationpro-
cessfor theNAS parallelbenchmarksis describedin [1].
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Figure 1. The parallelization frame work

2.1.2 Coarse-grainparallelization

Insteadof applyingatwo levelparallelization(processlevel
andloop level), anothercurrently investigatedapproachis

thecoarse-grainOpenMPSPMDparallelization.In thisap-
proach,OpenMPis still usedto takeadvantageof theshared
memoryinsidethe SMP nodesbut a SPMD programming
style is usedinsteadof thetraditionalsharedmemorymul-
tithreadapproach.In this mode,OpenMPis usedto spawn
N threadsin themainprogram,having eachthreadactsim-
ilarly to aMPI process.TheOpenMPParallel directive
is usedat the outermostlevel of the program. The prin-
ciple is to spawn the threadsjust after the spawn of the
MPI processes(someinitializationsmay separatethe two
spawns). As for themessagepassingSPMDapproach,the
programmermusttake careof several issues:arraydistri-
butionamongthreads,work distributionamongthreadsand
coordinationbetweenthreads.Sincethe arraydistribution
is doneassuminga sharedmemory, the distribution of the
arraysonly concernsthe attribution of different array re-
gionsto the differentrunningthreads.For maximumper-
formance,theseregions shouldnot overlap for write ref-
erences. The work distribution is madeaccordingto the
arraydistribution. Typically, the OpenMPDO directive is
not usedfor distributing the loop iterationsamongthreads.
Instead,the programmerinsertssomecalculationsof the
loop boundariesthat dependson the threadnumber. Co-
ordinatingthe threadsinvolvesmanagingcritical sections
(I/O, MPI calls)usingeitherOpenMPdirectiveslikeMas-
ter or threadlibrary callslikeomp get thread num()
to guardconditionalstatements.Few resultshavebeenpub-
lishedonthecoarse-grainmixedOpenMP+MPIparalleliza-
tion.

In thispaper, weonly considerthefinegrainincremental
approachincluding manualoptimizationsandprofiling to
choicetheloopneststo parallelize.Thecomparisonresults
betweenMPI andMPI+OpenMPperformancepresentedin
this paperareonly valid for this approach.

2.2 MPI versusMPI+OpenMP

MPI The MPI processeswithin nodes communicates
throughthe memory(MP-SHARED-MEMORY option on
theIBM SP)without usingthenetwork interface.Theuser
spacemodehasbeenusedfor highestpossibleperformance.
With this model,existing MPI codesrun without modifica-
tion (exceptfor time measurements).

MPI+OpenMP Parallelizing an application for the
SPMD MPI paradigmoften producesa programwith the
typical layout presentedin the left part of figure 2. It cor-
respondsto theparallelizationfor a clusterof uniprocessor
nodes,wherea MPI processis allocatedon eachnode.The
right partshows how thecomputationpartof theMPI pro-
cessis split into threadsby usingOpenMPdirectives. The
numberof threadscorrespondsto the numberof CPUsin
eachnode.In Figure2, P is thepartof MPI codethatcan-
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Figure 2. Parallelizing a MPI code with
OpenMP by using the fine grain appr oach:
the computation par t of the MPI code on a
node is paralleliz ed with OpenMP directives.

not be parallelizedwith OpenMPand Pn is the OpenMP
parallelpart.

2.3 IBM SPsystems

Two IBM SPsystemswereusedfor theexperimentsbe-
causethey exhibit two differentbalancesbetweenthe per-
formanceof the main components(CPU, Memory, Net-
work) performance. The first systemgathers32 Winter-
Hawk II (WH2) multiprocessorswith 4 Power3+CPUsper
noderunningat 375MHz. Memorysystemfor thesenodes
is basedon a bus with a 1.6 GB/s maximumbandwidth.
The secondsystemconnects8 NightHawk I (NH1) mul-
tiprocessorsbasedon Power3 CPUsrunningat 222 MHz.
EachNH1 multiprocessorprovidesa theoretical14.2GB/s
peakmemorybandwidthunderspecificassumptions(mem-
ory bankpopulation).ThePower3CPU hasa 64 KB data
cache. The unified L2 cachesizesare respectively 8 MB
(WH2 nodes)and4 MB (NH1 nodes)perCPU.

Themulti-stageinterconnectionnetwork is thesamefor
both SP systems.Eachmultiprocessornodehasonenet-
work interface. The maximum per node network band-
width is 150-MB/secunidirectionaland300-MB/secbidi-
rectional.

The SP software environment includes the AIX 4.3
operatingsystem,the XLF 6.1 Fortran compiler that in-
cludesOpenMPdirectivesand the PPE2.4 Parallel Envi-
ronment(intra-nodeMPI communicationsusethe shared
memory).Thefollowing compileroptionshave beenused:
-O3 -qarch=pwr3-qtune=pw3-qcache=autofor MPI. The
Power3 microprocessoroptionsallow the useof prefetch

instructions.The-qcache=autooptionletsthecompilerde-
cideswhetheroptimizingor notaccordingto thefeaturesof
memoryhierarchy. For OpenMP, thefollowing optionsare
needed:-qsmp=noauto:schedule=static.It meansthat the
compiler must not parallelizeautomatically, but obey the
directives(OpenMPor otherones).Theschedulingoption
indicateshow theloop iterationsmustbedistributedamong
the different threads. The static option without argument
meansa block distribution with a block sizeof I/n, where
I is the numberof loop iterationsandn is the numberof
parallelthreadsthatwill run concurrently.

Table1 detailsthe bidirectionalcommunicationperfor-
mance(asynchronousechotest)with WH2nodes.Notethat
no compileroptimizationswereusedfor thesemeasures.

Uniprocessor 4-way node 4-way node
Externalcomm. Internalcomm.

Bandwidth 193MB/s 49MB/s 360MB/s (1 comm.)
(perCPU) 174Mo/s (2 comm.)

Latency 17 � � 37 � � 7.8 � � (1 comm.)
8.4 � � (2 comm.)

Table 1. Comm unication perf ormance for bidi-
rectional point to point tests (1 comm. means
that onl y two processor s are comm unicating.
2 comm. means that two couples of proces-
sor s are comm unicating sim ultaneousl y).

Table1 shows that eachCPU canuse1/4 of the maxi-
mumbandwidthdeliveredby thenetwork board.Themea-
suredstandarddeviation is very low. It is lower than5%for
theperprocessorcommunicationbandwidthwhen4 CPUs
from onenodecommunicatewith 4 CPUsof anothernode
(extendedechotest for clustersof SMP nodes). For this
communicationscheme,eachCPU experiencesa latency
of
� ���
	

. For a given numberof small messagesto send
from anode,thetotalcommunicationtimeis thustwo times
smallerwith 4 CPUsper node than with only one. The
reasonis theoverlapbetweenthecomputationpartsof the
communications.Theinternalcommunicationperformance
is far greaterthan the externalone. Eachnodehasa bus
betweentheCPUsandthememory. This is why theband-
width decreasesby a half for two simultaneouscommuni-
cationswithin theSMPnode.

2.4 UsingSMP nodes

2.4.1 Scalability of the NAS benchmarks with 1-way
nodes

Before examinig the scalability of the NAS benchmarks
with thetwo differentmemorymodelsonclustersof multi-
processors,wepresentsomebackgroundresultsabouttheir
scalabilityon a clusterof uniprocessors.Thebehaviour of
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Figure 3. Speedup for the NAS benc hmarks with WH2 nodes. The left par t corresponds to Class A
and the right par t to Class B.

theNAS benchmarkhighly dependsonthebalancebetween
the main componentsof the parallel architectures.In [2]
mostof the ClassA benchmarksexceptIS andFT have a
linearspeedupup to 32 processorson recentarchitectures.
TheSGIOrigin evenprovidessuperlinearspeedupfor some
benchmarks.Thefigure3 presentsthespeedupof theClass
A andclassB benchmarksfor the SP3with WH2 nodes.
Theobservedspeedups,which dependon thecommunica-
tion/computationratio, aresensitive to thedatasetsizes,as
shown by CG andLU (sub-linearfor ClassA and super-
linear for ClassB for 32 nodes). Previous resultsavail-
ableontheNAS BenchmarkWebpagegenerallyshow sub-
linear speedupsfor mostof the computers.[2] presentsa
deepanalysisof thereasonsbehindthedifferentbehaviours
of the NAS benchmarkson differentmachines.The main
parametersof thescalabilityarethesequentialnodearchi-
tectureandtheperformanceof thecommunicationsystem.
TheauthorsdemonstratethatalthoughtheSGI Originehas
arelatively low communicationefficiency ontheNAS com-
municationpatterns,somesuperlinearspeedupsareachiev-
ablebecauseof thenodearchitecture(cache,memorysys-
tem).

2.4.2 1-way nodesversus4-way nodes

Beforegoing into detailsof the performancecomparison,
we want to confirm the intuition that sharingthe memory
systemandnetwork interfacemakesaclusterof SMPnodes
lessefficient thana clusterof uniprocessornodesusingthe
samenumberof CPUs. On the SPsystemwith 32 WH2
nodes,we have comparedthe executiontimes of classA
andclassB MPI benchmarkswhen using the samenum-
berof CPUs,with either1-waynodesor 4-way nodes.The
comparisonhave thusbeendonewith 8, 16 and32 CPUs.
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Figure 4. Ratio of the MPI execution time with
1-way WH2 nodes over the MPI execution time
with 4-way nodes accor ding to the number of
CPUs for the class A and class B benc hmarks.
The values are less than 1 when 1-way nodes
are better .

Resultsareshown in figure4. Thefigureshows thatthera-
tio betweenclustersof 1-way nodesandclustersof 4-way
nodesis alwayslessthan1 for any benchmarkandany num-
berof CPUs.Performanceratio clearlydependson theap-
plication.For FT, thegapis accentuatedbecausethisbench-
markusesglobalcommunications,which arepresentlynot
highly optimizedontheSPsystems.Theresultsof thecom-
parisonconfirmstheonespresentedin [5] wheretheauthors
claimthataclusterof uniprocessorscanbefasterthataclus-
ter of multiprocessors.The detailedcomparisonof these
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two typesof clustersis outof thescopeof thispaper, which
aimson comparingprogrammingmodels. More, compar-
ing performanceaccordingto the numberof CPUsis very
debatableaccordingto thecostissuesandthecurrenttrends
in parallelarchitectures.Becauseof the increasinggapbe-
tweenCPUperformanceandDRAM performance,thetech-
nologicaltrendsaretowardslargerSMPnodes(NH2 nodes
of theIBM SPuse16-waynodesandthefutureSP4systems
will have 32-way nodes)built asclustersof smallerSMP
nodes.This is why we only considerperformanceof SMP
nodesin the restof the paper. 4-way nodesarethe largest
nodesthatcanbeusedto compareMPI andMPI+OpenMP
onthetwo SPsystemsthatwereused.

2.5 Methodology

We first applied the incrementalapproachto the orig-
inal MPI NPB-2.3benchmarksto get the hybrid version.
The NAS benchmarkshave not beentunedspecificallyto
take advantageof thememoryhierarchyof thePower3 for
bothmodels.Soperformanceresultsdonotgivethehighest
possiblevaluefor thesecodes.However, we try to be fair
in comparingcodeswith quiteequivalentoptimizationlev-
els. Then,the executiontime have beendecomposedinto
computationandcommunicationtimes.For that,all bench-
marks have been instrumentedwith time measurements.
Timings are accumulatedacrossall nodesanddivided by
thenumberof nodesto givemeanvaluesperprocessor. The
communicationtime includesthecommunicationcallsand
thesynchronizationprocedures(Wait).

During the experimentson the IBM platformsand up
to now, no softwarewasavailable to accessthe hardware
performancecountersof thePower3on theIBM SP. Soall
interpretationsof themeasuredresultsarebasedonthetim-
ing measurements.We have taken careto limit the inter-
pretationto the clearly apparentphenomena.A previous
studyhasbeendoneandpublished[3] for a clusterof 642-
way Pentium-IInodes.On this platform,we hadaccessto
thehardwareperformancecountersandwe couldprovidea
deeperanalysis.

3 Overall comparison between MPI and
MPI+OpenMP

Figure 5 presentsthe ratio betweenthe MPI execution
timeandtheMPI+OpenMPexecutiontimeaccordingto the
numberof 4-waynodesfor eachclassof benchmarks(A or
B) andeachtype of SPnodes(WH2 andNH1). For BT
andSP, which usea squarenumberof processes,we only
usethe numberof nodes(1, 4 and16) that allows a direct
comparisonwith theotherbenchmarks,omittingthe9-node
configuration.A ratiolessthan1meansthattheunifiedMPI
versionis moreefficient thanthehybridversion.

The comparison results are clearly application-
dependent. Whatever nodesand data setsare used, the
unified MPI model is always better for LU, MG, BT
andSP. The advantageis spectacularwith LU, for which
unified MPI is always more than 2 times more efficient
thanMPI+OpenMP. For CG andFT, the advantageof one
model dependson the dataset size, on the type of nodes
andalsoon thenumberof nodes.For NH1 nodesandclass
A, MPI shows betterperformancefor CG andFT for any
numberof nodes. On the opposite,the hybrid model is
always better for FT with WH2 nodes(classesA and B)
andfor classB (WH2 andNH1 nodes).It is alwaysbetter
for CGwith WH2 nodesandclassB. Theadvantageof one
model can dependon the numberof nodes: for CG and
the WH2-classA andNH1-classB configurations,MPI is
betterfor asmallnumberof nodesandMPI+OpenMPfor a
largernumberof nodes.In bothcase,the thresholdis low
(respectively for 2 and8 nodes).

The resultsare quite similar for the classesA and B,
but they areslightly morefavorableto thehybridmodelfor
the classB. The resultsarealsoslightly morefavorableto
the hybrid modelwhenusingWH2 nodesinsteadof NH1
nodes.

Theseresultsshow thattherelativeperformanceof each
model dependson the application, the datasetsize and
thefeaturesof thedifferentcomponentsof thearchitecture
(CPU,Memorysystem,Interconnectionsystem).

4 Understanding the performanceresults

To explain the resultsof the previous section,we have
decomposedtheexecutiontime into computationandcom-
municationtimes. Accordingto Figure2, we have further
decomposedthecomputationtime into S+PandPn,where
S, P andPn arerespectively the sequentialtime, the MPI
paralleltime(thatcannotbeparallelizedwith OpenMP)and
thecomputationtimethatcanbeparallelizedwith OpenMP.

4.1 Amdahl’ s law for the hybrid model

For constantsizeproblems,whenusingtheMPI unified
modelwith N 4-waynodes,4N CPUswill runconcurrently
all thecodepartsexceptthesequentialandthecommunica-
tion parts.For thehybrid modelwith N 4-way nodes,only
thePnpartof theprogramcanbeaccelerated.

Figure6 presentsthe Pn executiontime/totalexecution
timeratioaccordingto thenumberof 1-waynodesto evalu-
atethepartof theexecutiontimethatcaneffectively benefit
from the OpenMPparallelizationon SMP nodes. The re-
sultscorrespondto ClassA andClassB benchmarks.

Clearly, the time spenton the sequentialsectionsand
the MPI parallel sectionsthat cannotbe parallelizedwith
OpenMPandthecommunicationtime limit the fractionof
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Figure 5. Ratio of the MPI execution time over the MPI+OpenMP execution time accor ding to the
number of 4-way nodes. The values are less than 1 when MPI is better . The top diagrams correspond
to WH2 nodes, with class A (left) and class B (left). The bottom diagrams correspond to NH1 nodes.
For the NH1 nodes and class B, some measures are missing.

the overall codethat canbe acceleratedwith an OpenMP
parallelization. This applicationof Amdahl’s law is more
significantfor the ClassA thanfor the ClassB, for which
thecommunicationimpactis lesssignificant. Its impactis
moresignificantwith the mostpowerful WH2 nodes.For
classA and WH2 nodes,CG hasthe worst behavior, the
Pnfractiongoingdown to 25%.Pnfractiondecreasesfrom
100%(CG, FT) or 80%(LU, MG) down to 50 or 70%ac-
cordingto thebenchmarkandtheclass.

Theseresultsare relevant consideringthe original as-
sumptionthatwe useOpenMPto parallelizeexisting MPI
applications.Also, we shouldstatethata betterparalleliza-
tion could be achieved for somebenchmarkslike LU us-
ing a strongerparallelizationeffort, but this no longercor-
respondsto the incrementalapproachof parallelizingloop
nests,which is thecontext of this paper.

4.2 Communication and Computation times

To explain why the hybrid model performsbetter on
somebenchmarksandSPconfigurations,we have decom-
posedthe executiontime into computationandcommuni-
cation times. Summingseparatelythe computationtimes
andcommunicationtimesacrossall CPUsmake easierthe
presentationof the results. With this assumption,a per-
fect speedupwould give the samevaluewhatever number
of CPUsis used.

ClassA resultswith WH2 nodes Figure7 shows there-
sult for CG, FT, LU andMG in classA with WH2 nodes.
Comparingtheleft andright scalesfor eachbenchmarkin-
dicatestherelative contributionof thecommunicationtime
on theoverallexecutiontime.

For all benchmarksexcept LU, MPI communication
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Figure 6. Fraction of the execution time that can be accelerated with OpenMP on cluster s of 1-way
nodes accor ding to the number of nodes for Class A and B benc hmarks.
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timesarelarger thanfor MPI+OpenMP. Thedifferencein-
creasessignificantly from 4 nodes. To explain this differ-
enceweshouldstatethatthetwo modelsusedifferentcom-
municationpatternsfor the samenumberof CPUs. With
N 4-waynodes,therearecommunicationsbetween4N pro-
cessesfor the MPI modelopposedto communicationsbe-
tweenN processesfor theMPI+OpenMPmodel. For con-
stantsizeproblems,Won et al. [2] haveshown for theNAS
benchmarksthatmessagesizegenerallydecreaseswhenthe
numberof nodesincreases,but the numberof messages
sentandreceivedby eachnodeis likely to increaseasmore
nodesleadto morecomplicatedcommunicationpatterns.

Thesecommunicationpatternsandperformance(latency
and bandwidth) explain the behavior of CG. Figure 8
presentsthemaincommunicationpatternsfor CGwhenus-
ing 2, 4, 8 and16 processors.The small white boxesare
for the processors.The grey rectanglescorrespondto the
mappingof communicationson 4-waynodes.Theexternal
communicationsarebetweenthe grey boxes. In eachpart
of the figure, communicationsaredecomposedinto small
and large messages,with the numberof eachtype (num-
ber* 64-bit words). For CG, the long messagesdominates
the communicationtime. When increasingthe numberof
processes,CG exchangesmorelong messagesbut themes-
sagesareshorter. As shown in table1, thebandwidthwhen
usingasingleMPI processpernodeis similar to theaggre-
gatebandwidthwhenusing4 MPI processespernode.So,
only the numberof long messagesgivesadvantageto the
MPI+OpenMP.
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Figure 8. Comm unication patterns for CG us-
ing 2, 4, 8 and 16 processor s.

Thecomparisonof thecommunicationtimefor LU gives
the oppositeresult. The unified MPI approachprovidesa

lower communicationtime thanthehybrid approach.Note
thatthecommunicationtimealsoencompassesthesynchro-
nizationof therunningprocesses.In theoriginalcode,there
is no way to separatethe communicationandthe synchro-
nizationtimes. LU usesmany moresmall ( � 1 KB) mes-
sageswith blocking communicationcalls than large mes-
sageswith asynchronouscommunicationcalls. Only con-
sideringtheextendedechotest(for clusterof multiproces-
sors)for synchronouscommunicationscannotexplain the
oppositebehavior of LU comparedto CG. Since 1) the
communicationlatency for thefour processesinsideaSMP
node(unified approach)is two timeshigher( � ���
� for 64
processes)than the communicationlatency ( � ���
� for 16
processes)for a singleprocessnode(hybrid approach)and
2) thecommunicationtime for thehybridapproach( � ���
� )
stayscloseto the communicationtime ( � ���
� ) for a void
message(the latency is the dominantfactor)althoughthe
hybridapproachuseslargermessages(2 times)thantheuni-
fied approach,the communicationpatternshouldgive the
advantageto thehybrid approach.Theoppositeresultsug-
geststhat thesynchronizationtime is higherfor thehybrid
approachthanfor theunifiedone.

For all benchmarks,theMPI computationtimesareless
than the MPI+OpenMPones. The differenceis relatively
small for FT andCG. For MG, it becomessignificantfor
a large numberof nodes. For LU, the MPI computation
timeis morethantwo timessmallerthantheMPI+OpenMP
one. Threefactorscontributeto thedifferencein computa-
tion time betweenthe two versions. First one is the Am-
dahl’s law on theOpenMPparallelpartthatwasmentioned
in theprevioussection.Secondoneis thedatalayout,which
may be differentwhena processis split into 4 threadsby
an OpenMPparallelizationor when thereare 4 MPI pro-
cesseswithin a node.This differenceimpactson thecache
behaviour, speciallywhenMPI programmingallows to ex-
pressmulti-dimensionalblocking.A third factoris theover-
headof threadmanagementin the OpenMPversion. Next
sectionon”memoryaccesspatterns”andparallelefficiency
on theOpenMPparallelpartwill give moreinformationto
understandthe large differenceon LU computationtimes
betweenthetwo versions.

Combiningcomputationandcommunicationvaluesex-
plaintheoverall results.TheMPI approachwith LU, which
has both better computationand communicationperfor-
mance,outperformsthehybridapproach.For MG, thecom-
putationadvantageof MPI alwayscompensatesthecommu-
nicationdisadvantage.For CG, thecomputationadvantage
of MPI compensatesthecommunicationdisadvantageonly
for a smallnumberof nodes.

For FT, communicationdisadvantageof the MPI ap-
proachassociatedwith the more complicated”all to all”
communicationpatternsleadsto betterperformancewith
the hybrid approach.As previously mentioned,the global

8



communicationson SP3 systemsare not optimized with
SMPnodes.

Other configurations For LU andMG, the decomposi-
tion of theexecutiontimegivesverysimilarresultsfor the3
otherconfigurations:WH2-classB, NH1-classA andNH1-
classB.

We presentnow for eachconfigurationthetime decom-
positionof CG (figure9). Like FT, CG is a benchmarkfor
whichthebestprogrammingmodeldependsontheconfigu-
ration,thedatasetsizeandthenumberof nodes.For classA
with WH2 nodes,aspreviouslyexplained,thecomputation
advantageof MPI compensatesthe communicationdisad-
vantageup to 4 nodes,but not for a largernumberof nodes.
With NH1 nodes, the computationfor both models are
largerthanwith WH2 nodes(accordingto respective clock
frequency) and the communicationtime are also slightly
larger: thesituationis similar, exceptthatMPI keepsadvan-
tageuntil 8 nodes,but measureswith 16 NH1 nodeswould
give advantageto thehybrid model. For classB, theclock
frequency advantageof WH2 nodesonly appearsfor 4 or 8
nodes,probablybecausesomecacheeffectsbecomesignif-
icant. For lessnodes,the frequency advantageis counter-
balancedby theworseperformanceof thememorysystem
(busversuscrossbar).With NH1 nodes,thegapbetweenthe
MPI communicationtime andthe MPI+OpenMPcommu-
nicationtime increasesquickly andonly the configuration
with onenodeshows anadvantagefor theMPI model.Re-
memberthatthecommunicationtime includesthesynchro-
nizationtime. We have no clearexplanationfor thesignif-
icant differencein MPI communicationtimesbetweenthe
two hardwaresystemsfor thesamenumberof nodes.One
reasonmight bethat thecommunicationtime encompasses
a CPU part anda Network InterfaceCommunicationpart.
In thatcase,slowerCPUswould leadto largercommunica-
tion times.Unfortunately, nohardwaremonitoringcounters
areavailableon theSPsystems.They would beneededto
preciselyexaminethe behaviour of the memoryhierarchy
for eachhardwareconfigurationandbenchmarkclass.

4.3 Memory accesspatterns

TheAmdahl’s law is not sufficient to explain thediffer-
enceof computationtimes betweenthe two models. As
for the communicationpatterns,the memory accesspat-
ternsare different for the two models. To go further, we
examinetheparallelefficiency, whichis definedasthemea-
suredspeedupdivided by the numberof CPUs,on the Pn
part of the computation(part that canbe parallelizedwith
OpenMP).Note thatPnpart correspondsto thesamecode
for both models. However loop nestsareexecuteddiffer-
entlybyeachmodel.Figure10showstheparallelefficiency
on thePnpartfor theclassA andclassB benchmarkswith

WH2 nodes.FT andMG exhibitssimilarbehavior: thepar-
allel efficiency is approximatelythe samefor the two ap-
proaches.For FT, it increaseswith the numberof nodes
for smalldatasetsizes,which correspondto a betteruseof
cachesor remainsconstantif the datasetsize is too large
for thecachehierarchy. For MG, theparallelefficiency in-
creaseswhenthenumberof nodesincreasesaboveathresh-
old. For CG andLU, the MPI versionhasbetterparallel
efficiency. For CG, the parallel efficiency increaseswith
the numberof nodesfor large datasetsizesandreachesa
maximumwith 4 nodesandthendecreases:thedatasetsize
is too small for a full exploitation of the cachehierarchy.
This last situationexists for LU for classA and classB.
Thedecompositionof the computationtime for the hybrid
versionshows that two parametersgovernits performance:
1) the time spenton the coreof the loop nestsand2) the
overheadof threadmanagement.Although,thehybrid ver-
sionreacheslowercomputationtimeonloopcoresfor some
benchmarks,it hashighercomputationtime for the whole
loopnestsdueto theoverheadof thethreadmanagement.

At thispoint,weshouldstatethatthereis noreasonwhy
thehybridapproachperformsbetteron someloopnestsex-
cept becauseloop nestoptimizationsusedin the original
MPI versiondo not matchwell thePower3memoryhierar-
chy.

Conversely, weshouldnotethattheOpenMPparalleliza-
tion hasa severe limitation comparedto the MPI version:
OpenMPcannotexpressmulti-dimensionalblockingwhen
using the easiestparallelizationapproachor simple loop
optimizations. Suchkinds of patternsrequirea complete
rewriting of theloopnest(loopfusion),whichmeansatime
consumingprogrammingeffort.

5 Relatedworks

The performanceof the IBM SPwith Winter Hawk II
nodesis presentedin [4]. The authorcomparesthis archi-
tectureto aAlphaServerSCfor severalkernelsandapplica-
tions that do not includethe NAS benchmarks.The paper
doesnot compareunifiedandhybridversions.

The performanceissuesof the NAS benchmarkshave
beenpresentedin [2]. Especially, Wong et al. have ex-
aminedthearchitecturalrequirementsandscalability. This
work is restrictedto uniprocessornodesandcomparesper-
formanceof a clusterof workstationsand the SGI Origin
2000machine.

The performanceof MessagePassinghasbeendetailed
in [5] for a cluster of SUN SMPs. Authors note that
thememoryhierarchyandespeciallythepopulationof the
memory banks have a significant impact on the perfor-
mance.Thepaperdoesnot addresstheissueof hybridpro-
grammingmodels.

A comparisonof sharedmemoryandmessagepassing
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and MPI+OpenMP versions. The left par t corresponds to the Class A and the right par t to the class
B. w (resp. n) stands for WH2 (resp. NH1) nodes. The figures breakdo wn the total execution time ,
summed across all the processor s, into computation times (sho wn as bars) and comm unication time
(lines). The left scale is the same for computation and comm unication times.

Class A

0

0.5

1

1.5

2

2.5

cg 
m4

cg 
o4

ft  
m4

ft   
o4

lu 
m4

lu  
o4

mg
m4

mg
o4

P
ar

al
le

l E
ffi

ci
en

cy
 o

n 
P

n 
pa

rt

1 2 4 8 16 32

Class B

0
0.5

1
1.5

2
2.5

3

cg 
m4

cg 
o4

ft  
m4

ft   
o4

lu 
m4

lu  
o4

mg 
m4

mg 
o4

P
ar

al
le

l e
ffi

ci
en

cy
 o

n 
P

n 
pa

rt

1 2 4 8 16 32
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memorymodelshasbeenpreviously presentedin [6]. The
paperfocuseson classicalparallel architecturesand does
notexaminetheCLUMP issues.

Several papersin the literaturepresentthe implementa-
tion of applicationsusinga hybrid modellike [7]. Noneof
themprovidesa deepunderstandingof why this model is
betteror worstthana unifiedone.

Otherprogrammingmodelshave beendesignedfor the
CLUMPs. For example,the sharedvirtual memoryenvi-
ronments(DSVM) provide anotheralternative to unify the
memorymodel,aspresentedin [8] [9] [10][11]. Recently,
OpenMP[12] hasbeenimplementedon a clusterof SMPs

on top of theTreadmarkDSM system.As far aswe know,
thereis no comparisonbetweentheseunified approaches
andsomehybridones.

6 Concluding remarks

Basedon the analysisof the NAS benchmarksrunning
on two different IBM SP systems,we have demonstrated
that the choice betweenunified or hybrid programming
modelsis not trivial from theMPI existing codes.

Severalparametersmustbeconsidered.Thefirst oneis
the level of sharedmemoryparallelizationachievable for
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theloopnestsof theoriginalMPI program.Fromtheorigi-
nalMPI program,it is difficult to evaluateif theincremental
approachthatparallelizestheloop nestswith OpenMP(in-
cludingspecificoptimizations)is sufficient to improveper-
formanceor if it is neededto reconsidertheparallelization
of theapplicationfrom scratch.

Thesecondparameterconcernsthecommunicationcost.
For the samenumberof processors,this cost dependson
how the communicationpatternsof the applicationmatch
the communicationarchitectureof the cluster. Gener-
ally, clustersof multiprocessorsperformbetterwith unified
MPI approachfor latency sensitiveprogramsandworsefor
bandwidthsensitiveprograms.

A third parameteris the memoryaccesspatternsused
by eachapproach.WhereasMPI programmingallows to
expressmulti-dimensionalblocking, it is not natural for
OpenMPto do so. To performthe samememorypatterns,
loop nestsmust be rewritten which may be complex for
long loop core or deeploop nests. Efforts for improving
OpenMPmayprovideasolutionto thisproblem.Otherpro-
gramminglanguageslikeCo-array[13] mayalsobeconsid-
eredasalternative to OpenMPfor thehybrid programming
or evenfor theunifiedprogramming.

The last parameter is the performancebalance of
the main components(CPUs, Memory, Network) of the
CLUMP. For the samenetwork performance,fastproces-
sorsmay reducethe computationtime comparedto slow
processorsupto thepoint thatcommunicationperformance
becomessignificant. In that casethe communicationper-
formanceallowsto selecttheright model.In theothercase,
MPI seemsto bealwaysthebest.

Note that that our resultsandanalysisonly concernsa
particularapproachof hybridprogramming,whichconsists
in loop level parallelizationwith areasonableprogramming
effort after profiling to selectthe loop neststo parallelize.
Otherhybrid approachesmay leadto differentresultsand
analysisconclusions.

We believethatselectingtheappropriatemodelis agen-
eral problem that is not specific to the applicationsana-
lyzed in the paper. First, NAS benchmarksexhibit a large
setof communication,memoryreferenceandcomputation
patterns.Exceptsomeirregularones,real applicationsare
likely to encompasssimilar patterns. Second,we have
demonstratedthatseveral importantparametersdistinguish
theperformanceof bothapproaches.Althoughtherelative
impactof theseparametersis applicationdependent,they
exist in any parallelapplication.

Futurework will includeperformingthe sameanalysis
for otherclustersof multiprocessorslikeCompaqSC,com-
paringwith theotherhybrid approachesandespeciallythe
coarsegrain parallelizationandderiving a generalperfor-
mancemodelthatmay help choosingbetweenunifiedand
hybrid modelsaccordingto thecharacteristicsof thearchi-

tectureandtheapplication.
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