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Abstract

Thehybrid memorymodelof clustess of multiprocessos
raisestwo issues: programmingmodel and performance
Many parallel programs have beenwritten by using the
MPI standad. To evaluatethe pertinenceof hybrid models
for existing MPI codeswe compae a unifiedmodel(MPI)
and a hybrid one (OpenMPfine grain parallelization after
profiling) for the NAS 2.3 bendimarkson two IBM SPsys-
tems.Thesuperiorityof onemodeldependson 1) the level
of shared memorymodelparallelization, 2) the communi-
cation patternsand 3) the memoryaccesspatterns. The
relativespeed®f the mainarchitecture component$CPU,
memory and network) are of tremendousmportancefor
selectingone model. With the usedhybrid model,our re-
sultsshowthat a unifiedMPI approach is betterfor mostof
thebendimarks.Thehybrid approadc becomedbetteronly
whenfastprocessos male thecommunicationperformance
significantandthelevel of parallelizationis suficient.

1 Intr oduction

Some primary supercomputemanugcturerslike IBM
and Compagquse CLUstersof MUItiProcessorCLUMP)
to provide scalablehigh performancecomputers. The fu-
ture ASCI White machinecorrespondso this architecture
with 512 16-way SMP nodes. CLUMPs may use differ-
ent memory modelsfor the interconnectionof the SMP
nodes:NUMA or Message-Bssing.The SGI Origin com-
putersusethe NUMA approachaswell asthe Corvex Ex-
emplarones. The IBM SPsandthe CompagSC Clusters
usemessage-passingn this paper we focuson CLUMPs
with a hybrid memorymodel(sharednemoryinsidenodes
andmessag@assingbetweemodes)at the hardwarelevel.
Two mainissuesshouldbe addressedor selectinga pro-
grammingmodel:the easeof useandperformance.

First, we mustchoosebetweena unified programming
modelor a hybrid one.In theunifiedprogrammingmodels,
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theprogrammeusesasingleAPI to describehecommuni-
cationsinsidethe multiprocessonodesandbetweerthem.
All the “messagepassing’or DSM systemsbelongto this

catgory. The hybrid memorymodelsmix sharedmemory
insidethe multiprocessoandmessag@assingoetweerthe
nodes MPI+OpenMPMPI+threadsaretwo hybrid models.
Becausehe hybrid programmingmodelsrequiremanaging
two differentmemorymodels they aremuchmorecomplex

for the programmerAlso, mary existing applicationsusea

MPI implementation.For theseapplicationsthe relevance
of thehybrid programmingnodelsmustbe carefullyexam-

ined becauseaswe will demonstrategven optimizedhy-

brid codesmay provide insignificantperformancémprove-

mentcomparedo the original MPI version.

The secondssueis performancelt depend®on at least
threeparametersa) the sharingof communicatiorsupport
(memorysystemand network interface)betweenthe pro-
cessordor the unified modeli.e. how the per processor
latenyy andbandwidthevolve whenseveral processorsise
a samenetwork interface (and protocol), b) the degreeof
sharednemoryparallelismfor the hybrid modelandc) the
speed-umn the parallelsectionfor bothmodelsthatcanbe
differentbecausdoop nestsmay be executedin a different
way.

Section 2 presentsthe programmingmodels and the
methodology Section3 compareghe performancesf MPI
unified model and the MPI+ OpenMP hybrid model for
the NAS 2.3 Benchmarks.We presentdetailedresultsfor
different cluster sizesand data set sizes (CLASS A and
CLASSB) in section4. Section5 presentselatedworks.
Finally, section6 concludes.

2 Programming modelsand methodology

In this paper we focus on existing MPI programsthat
have beendevelopedfor traditionalparallelmachines.Be-
causemostof the manufcturergrovide extendedversions
of their communicatiorlibrary for clustersof multiproces-
sors,existing MPI codescanbedirectly usedwith a unified
MPI model. The alternatve is mixing MPI with a shared



memorymodelsuchasOpenMPIn thatcasedifferentpos-
sibilities exist, which mustbe comparedaccordingto the
performancendprogrammingeffort trade-of.

2.1 Programming efforts for mixing MPI +
OpenMP

2.1.1 Fine-grain parallelization

Fromanexisting MPI code the simplestapproachs thein-
crementabne:it consistan OpenMPparallelizationof the
loop nestdn thecomputatiorpartof theMPI code.Thisap-
proachis alsocalled OpenMPfine-grainor loop level par
allelization. Severaloptionscanbe usedaccordingo 1) the
programmingeffort and 2) the choiceof the loop neststo
parallelize.

Severallevels of programmingeffort canbe used. First
possibilityconsistsn parallelizingloop nestsn thecompu-
tation part of the MPI codewithout any manualoptimiza-
tion. Only the correctnesf the parallel versionversus
the sequentialversionsemantids checled. But the incre-
mentalapproaclttanbe significantlyimprovedby applying
several manualoptimizations(loop permutation,loop ex-
change,useof temporaryvariables). Theseoptimizations
arerequiredl) to transformnonparallelloop nestsinto par
allel onesand?) to improvethe parallelefficiency by avoid-
ing falsesharingor reducingthe numberof synchronization
points(critical sectionspatrriers).

Anotherissueis the choice of the loop neststo paral-
lelize. Oneoptionis to parallelizeall loop nests.This op-
tion hastwo drawbacks:it increasesheprogrammingeffort
andthe parallelizationof loop neststhatdoesnt contritute
significantly to the global executiontime can be counter
productve. The alternatve consistsin selectingby profil-
ing the loop neststhat contribute significantlyto the global
executiontime. In this work, we have selectedheloopsto
parallelizeaccordingto the framework shown in figure 1.
The completedescriptionof intra-nodeparallelizationpro-
cessfor the NAS parallelbenchmarkss describedn [1].
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Figure 1. The parallelization framework

2.1.2 Coarse-grainparallelization

Insteadbf applyingatwo level parallelization(processevel
andloop level), anothercurrentlyinvestigatedapproachis

thecoarse-grai®penMPSPMD parallelization.In this ap-
proach OpenMPBis still usedto take advantageof theshared
memoryinsidethe SMP nodesbut a SPMD programming
styleis usedinsteadof thetraditionalsharednemorymul-
tithreadapproachIn this mode,OpenMPis usedto spavn
N threadsn the mainprogram having eachthreadactsim-
ilarly to aMPI processTheOpenMPPar al | el directive
is usedat the outermostlevel of the program. The prin-
ciple is to spavn the threadsjust after the spavn of the
MPI processegsomeinitializations may separatehe two
spavns). As for the messag@assingSPMD approachthe
programmemusttake careof severalissues:array distri-
butionamongthreadswork distributionamongthreadsand
coordinationbetweenthreads. Sincethe array distribution
is doneassuminga sharedmemory the distribution of the
arraysonly concernsthe attribution of differentarray re-
gionsto the differentrunningthreads. For maximumper
formance,theseregions should not overlap for write ref-
erences. The work distribution is madeaccordingto the
array distribution. Typically, the OpenMPDO directive is
not usedfor distributing the loop iterationsamongthreads.
Instead,the programmerinsertssome calculationsof the
loop boundarieghat dependson the threadnumber Co-
ordinatingthe threadsinvolves managingcritical sections
(I/0, MPI calls) usingeitherOpenMPdirectiveslike Mas -

t er orthreadibrary callslikeonp_get _t hr ead_num()
to guardconditionalstatementsk-ew resultshave beenpub-
lishedonthecoarse-graimixedOpenMP+MPparalleliza-
tion.

In this paperwe only considetthefine grainincremental
approachincluding manualoptimizationsand profiling to
choicetheloop nestgo parallelize.The comparisorresults
betweerMPI andMPI+OpenMPperformancegresentedn
this paperareonly valid for this approach.

2.2 MPI versusMPI+OpenMP

MPI The MPI processeswithin nodes communicates
throughthe memory(MP-SHARED-MEMORY optionon
theIBM SP)without usingthe network interface. The user
spacenodehasheenusedfor highestpossiblegperformance.
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 presentedn the left part of figure 2. It cor
respondgo the parallelizationfor a clusterof uniprocessor
nodeswherea MPI processs allocatedon eachnode.The
right partshavs how the computatiorpart of the MPI pro-
cessis split into threadsby usingOpenMPdirectives. The
numberof threadscorrespondgo the numberof CPUsin
eachnode. In Figure2, P is the partof MPI codethatcan-
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not be parallelizedwith OpenMPand Pn is the OpenMP
parallelpart.

2.3 IBM SPsystems

Two IBM SPsystemswvereusedfor the experimentde-
causethey exhibit two differentbalancedetweerthe per
formanceof the main component§CPU, Memory, Net-
work) performance. The first systemgathers32 Winter-
Hawk Il (WH2) multiprocessorsvith 4 Pover3+CPUsper
noderunningat 375MHz. Memory systemfor thesenodes
is basedon a bus with a 1.6 GB/s maximum bandwidth.
The secondsystemconnects8 NightHawk | (NH1) mul-
tiprocessordasedon Pover3 CPUsrunningat 222 MHz.
EachNH1 multiprocessoprovidesatheoreticall4.2 GB/s
peakmemorybandwidthunderspecificassumptiongmem-
ory bankpopulation). The Powver3 CPU hasa 64 KB data
cache. The unified L2 cachesizesarerespectiely 8 MB
(WH2 nodes)and4 MB (NH1 nodes)erCPU.

The multi-stageinterconnectiometwork is the samefor
both SP systems. Eachmultiprocessonode hasone net-
work interface. The maximum per node network band-
width is 150-MB/secunidirectionaland 300-MB/secbidi-
rectional.

The SP software ervironment includes the AIX 4.3
operatingsystem,the XLF 6.1 Fortran compiler that in-
cludesOpenMPdirectives and the PPE 2.4 Parallel Envi-
ronment(intra-nodeMPI communicationause the shared
memory). Thefollowing compileroptionshave beenused:
-03 -garch=pwr3-qtune=pw3-qcache=autdor MPI. The
Power3 microprocessopptionsallow the use of prefetch

instructions.The-qcache=autoptionletsthe compilerde-
cideswhetheroptimizingor notaccordingo thefeaturesof
memoryhierarchy For OpenMR the following optionsare
needed:-gsmp=noauto:schedule=statitt. meansthat the
compiler must not parallelizeautomatically but obey the
directives(OpenMPor otherones). The schedulingoption
indicateshow theloop iterationsmustbe distributedamong
the differentthreads. The static option without argument
meansa block distribution with a block size of I/n, where
| is the numberof loop iterationsand n is the numberof
parallelthreadghatwill runconcurrently

Table 1 detailsthe bidirectionalcommunicatiorperfor-
mancg(asynchronouschotest)with WH2 nodes.Notethat
no compileroptimizationswereusedfor thesemeasures.

Uniprocessor 4-way node 4-way node
Externalcomm. Internalcomm.
Bandwidth 193MB/s 49MB/s 360MB/s (1 comm.)
(perCPU) 174Mols (2 comm.)
Lateny 17 us 37us 7.8us (1comm.)
8.4us (2comm.)

Table 1. Communication performance for bidi-
rectional point to point tests (1 comm. means
that only two processor s are comm unicating.
2 comm. means that two couples of proces-
sors are comm unicating simultaneousl y).

Table 1 shavs that eachCPU canuse1/4 of the maxi-
mum bandwidthdeliveredby the network board. The mea-
suredstandardieviationis verylow. It is lowerthan5% for
the per processocommunicatiorbandwidthwhen4 CPUs
from onenodecommunicatevith 4 CPUsof anothemode
(extendedechotestfor clustersof SMP nodes). For this
communicationscheme,eachCPU experiencesa lateng
of 37 us. For a given numberof small messageso send
from anode thetotal communicatioriimeis thustwo times
smallerwith 4 CPUs per nodethanwith only one. The
reasons the overlapbetweenthe computationpartsof the
communicationsTheinternalcommunicatiorperformance
is far greaterthanthe externalone. Eachnodehasa bus
betweernthe CPUsandthe memory This is why the band-
width decreaseby a half for two simultaneousommuni-
cationswithin the SMP node.

2.4 Using SMP nodes

2.4.1 Scalability of the NAS benchmarks with 1-way
nodes

Before examinig the scalability of the NAS benchmarks
with the two differentmemorymodelson clustersof multi-
processorsye presensomebackgroundesultsabouttheir
scalabilityon a clusterof uniprocessorsThe behaiour of
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Figure 3. Speedup for the NAS benchmarks with WH2 nodes. The left part corresponds to Class A

and the right part to Class B.

theNAS benchmarkighly depend®nthebalancebetween
the main componentof the parallel architectures.In [2]
mostof the ClassA benchmarksxceptlS andFT have a

linear speedupup to 32 processor®n recentarchitectures.

TheSGlI Origin evenprovidessuperlineaspeedugior some
benchmarksThefigure 3 presentshe speedumf the Class
A andclassB benchmarkdor the SP3with WH2 nodes.
The obsened speedupsyhich dependon the communica-
tion/computatiorratio, aresensitve to the datasesizes,as
shavn by CG and LU (sub-linearfor ClassA and super
linear for ClassB for 32 nodes). Previous resultsavail-
ableonthe NAS BenchmarkWebpagegenerallyshowv sub-
linear speedupg$or mostof the computers.[2] presentsa
deepanalysisof thereasondehindthedifferentbehaiours
of the NAS benchmark®n differentmachines.The main
parameter®f the scalabilityarethe sequentiahodearchi-
tectureandthe performancenf the communicatiorsystem.
Theauthorsdemonstrat¢hatalthoughthe SGI Origine has
arelatively low communicatiorefficiency onthe NAS com-
municationpatternssomesuperlineaspeedupgareachies-
ablebecausef the nodearchitecturgcache memorysys-
tem).

2.4.2 1-way nodesversus4-way nodes

Before going into detailsof the performancecomparison,
we wantto confirm the intuition that sharingthe memory
systemandnetwork interfacemakesa clusterof SMPnodes
lessefficient thana clusterof uniprocessonodesusingthe
samenumberof CPUs. On the SP systemwith 32 WH2
nodes,we have comparedthe executiontimes of classA
andclassB MPI benchmarksvhen using the samenum-
berof CPUs,with eitherl-way nodesor 4-way nodes.The
comparisorhave 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.

Resultsareshawn in figure 4. Thefigure shavsthatthera-
tio betweenclustersof 1-way nodesand clustersof 4-way
nodess alwayslessthanl for any benchmarlandany num-
berof CPUs. Performanceatio clearly dependsn the ap-
plication. For FT, thegapis accentuatedecaus¢his bench-
mark usesglobal communicationsywhich arepresentlynot
highly optimizedonthe SPsystemsTheresultsof thecom-
parisonconfirmstheonespresentedh [5] wheretheauthors
claimthataclusterof uniprocessorsanbefastertthataclus-
ter of multiprocessors.The detailedcomparisonof these



two typesof clusterds out of the scopeof this paperwhich
aimson comparingprogrammingmodels. More, compar
ing performanceaccordingto the numberof CPUsis very
debatabl@ccordingo thecostissuesandthecurrenttrends
in parallelarchitecturesBecausef theincreasinggapbe-
tweenCPUperformanceandDRAM performancethetech-
nologicaltrendsaretowardslarger SMP nodes(NH2 nodes
of theIBM SPusel6-waynodesandthefutureSP4systems
will have 32-way nodes)built as clustersof smallerSMP
nodes.This is why we only considemperformanceof SMP
nodesin the restof the paper 4-way nodesarethe largest
nodesthatcanbe usedto compareMPl andMPI+OpenMP
onthetwo SPsystemghatwereused.

2.5 Methodology

We first appliedthe incrementalapproachto the orig-
inal MPI NPB-2.3benchmarkgo get the hybrid version.
The NAS benchmarks$ave not beentunedspecificallyto
take advantageof the memoryhierarchyof the Pover3 for
bothmodels.Soperformanceesultsdo notgive the highest
possiblevaluefor thesecodes. However, we try to be fair
in comparingcodeswith quite equivalentoptimizationlev-
els. Then,the executiontime have beendecomposedhto
computatiorandcommunicatiortimes. For that, all bench-
marks have beeninstrumentedwith time measurements.
Timings are accumulatedacrossall nodesand divided by
thenumberof nodedo give meanvaluesperprocessarThe
communicatiortime includesthe communicatiorcallsand
the synchronizatiorproceduregWait).

During the experimentson the IBM platformsand up
to now, no software was available to accesghe hardware
performancecountersof the Paver3onthelBM SR Soall
interpretation®f themeasuredesultsarebasednthetim-
ing measurementsWe have taken careto limit the inter-
pretationto the clearly apparentphenomena.A previous
studyhasbeendoneandpublished3] for a clusterof 64 2-
way Pentium-llnodes.On this platform, we hadaccesgo
the hardwareperformanceountersandwe couldprovide a
deepemanalysis.

3 Overall comparison between MPI and

MPI1+OpenMP

Figure 5 presentghe ratio betweenthe MPI execution
time andthe MPI+OpenMPexecutiontime accordingo the
numberof 4-way nodesfor eachclassof benchmarkgA or
B) andeachtype of SP nodes(WH2 andNH1). For BT
and SR, which usea squarenumberof processesye only
usethe numberof nodes(1, 4 and 16) that allows a direct
comparisorwith theotherbenchmarkspmittingthe9-node
configuration A ratiolessthanl meanghattheunifiedMPI
versionis moreefficientthanthe hybrid version.

The comparison results are clearly application-
dependent. Whatever nodesand data setsare used, the
unified MPI model is always better for LU, MG, BT
and SP The adwantageis spectaculawith LU, for which
unified MPI is always more than 2 times more efficient
thanMPI+OpenMP For CG andFT, the advantageof one
model dependson the datasetsize, on the type of nodes
andalsoon the numberof nodes.For NH1 nodesandclass
A, MPI shaws betterperformanceor CG andFT for ary
numberof nodes. On the opposite,the hybrid model is
always betterfor FT with WH2 nodes(classesA and B)
andfor classB (WH2 andNH1 nodes).lIt is alwaysbetter
for CG with WH2 nodesandclassB. Theadwantageof one
model can dependon the numberof nodes: for CG and
the WH2-classA andNH1-classB configurationsMPI is
betterfor a smallnumberof nodesandMPI+OpenMPfor a
larger numberof nodes.In both case the thresholdis low
(respectiely for 2 and8 nodes).

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

Theseresultsshav thattherelative performancef each
model dependson the application, the datasetsize and
the featuresof the differentcomponent®f the architecture
(CPU,Memorysystem/nterconnectiorsystem).

4 Understanding the performanceresults

To explain the resultsof the previous section,we have
decomposethe executiontime into computatiorandcom-
municationtimes. Accordingto Figure 2, we have further
decomposethe computatiortime into S+PandPn,where
S, P and Pn arerespectiely the sequentiatime, the MPI
paralleltime (thatcannotbeparallelizedvith OpenMP)and
thecomputatiortime thatcanbe parallelizedvith OpenMP

4.1 Amdahl’slaw for the hybrid model

For constansize problemswhenusingthe MPI unified
modelwith N 4-way nodes4N CPUswill runconcurrently
all thecodepartsexceptthe sequentiahndthecommunica-
tion parts. For the hybrid modelwith N 4-way nodesonly
the Pnpartof the programcanbe accelerated.

Figure 6 presentghe Pn executiontime/total execution
time ratio accordingo thenumberof 1-way nodego evalu-
atethepartof the executiontime thatcaneffectively benefit
from the OpenMPparallelizationon SMP nodes. There-
sultscorrespondo ClassA andClassB benchmarks.

Clearly, the time spenton the sequentialsectionsand
the MPI parallel sectionsthat cannotbe parallelizedwith
OpenMPandthe communicatiortime limit the fraction of
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the overall codethat can be acceleratedvith an OpenMP
parallelization. This applicationof Amdahl’s law is more
significantfor the ClassA thanfor the ClassB, for which
the communicationmpactis lesssignificant. Its impactis
more significantwith the mostpowerful WH2 nodes. For
classA and WH2 nodes,CG hasthe worst behavior, the
Pnfractiongoingdown to 25%. Pnfractiondecreaseom
100%(CG, FT) or 80% (LU, MG) down to 50 or 70% ac-
cordingto the benchmarkandtheclass.

Theseresultsare relevant consideringthe original as-
sumptionthatwe useOpenMPto parallelizeexisting MPI
applications Also, we shouldstatethata betterparalleliza-
tion could be achieved for somebenchmarkdike LU us-
ing a strongerparallelizationeffort, but this no longercor-
responddo the incrementalpproachof parallelizingloop
nestswhich s the context of this paper

4.2 Communication and Computation times

To explain why the hybrid model performsbetter on
somebenchmarksind SP configurationswe have decom-
posedthe executiontime into computationand communi-
cationtimes. Summingseparatelythe computationtimes
andcommunicatiortimesacrossall CPUsmalke easierthe
presentatiorof the results. With this assumptiona per
fect speedupwould give the samevalue whatever number
of CPUsis used.

ClassA resultswith WH2 nodes Figure7 shovsthere-
sult for CG, FT, LU andMG in classA with WH2 nodes.
Comparingtheleft andright scalesfor eachbenchmarkn-
dicatestherelative contribtution of the communicatiortime
ontheoverall executiontime.

For all benchmarksexcept LU, MPI communication



WH2 nodes NH1 nodes

[H1m20408mM16 @32 E1m20408

8 1 - § 1 —
3 08 o 08 -
© =
S ¢ 067 24 06 -
T £ o E
£ % 04 E= 04 B
5 :
7 0.2 b 0.2 i
D:_ 0 e T T T T c 0 T T T
& cg-A cg-B ft-A ft-B Iu-A Iu-B mg-A mg-B

cg-A cg-B ft-A ft-B lu-A lu-B mg-A mg-B

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.

C1Comp-mpi [ Comp-mpi+openmp JComp-mpi [ Comp-mpi+openmp
-« Comm-mpi -= Comm-mpi+openmp -+ Comm-mpi -= Comm-mpi+openmp
30 140 90
i 80 +
) 25 1+ 120 o —
£ 1100 £ g§n0T
o 207 c £ 60 +
S -+ ) ) s
£EQ 151 80 £ £
oL 60 3& = 40 +
< 10+ la < <30 +
| | -
o 51 I0) o 20+
o T2 0O 10 +
0 t t t t 0 0 t t t t t
1 2 4 8 16 32 1 2 4 8 16 32
Number of WH2 nodes Number of WH2 nodes
C1Comp-mpi [ Comp-mpi+openmp C1Comp-mpi [ Comp-mpi+openmp
-« Comm-mpi -= Comm-mpi+openmp -+« Comm-mpi -= Comm-mpi+openmp
2000 900 50 25
T 800 ® ®
qé 1500 + T 288 £ £ 40 + T2 E
£9 1000 L 1500 Eo 5307 TBES
s 3 1400 6 8 R S8
97 {300 § < 27 TS
by 500 + 120 & | N
3 +100 2 g 7 1% ¢
0 t t t t 0 0 t t t t t 0
1 2 4 8 16 32 1 2 4 8 16 32
Number of WH2 nodes Number of WH2 nodes

Figure 7. Time Breakdo wn for MG, CG, LU and FT MPI and MPI+OpenMP version according to the
number of 4-way WH2 nodes. The figures breakdo wn the total execution time, summed across all
the processor s, into computation times (shown as bars with the left scale) and comm unication times
(lines with the right scale).



timesarelargerthanfor MPI+OpenMP The differencein-
creasesignificantlyfrom 4 nodes. To explain this differ-
encewe shouldstatethatthetwo modelsusedifferentcom-
municationpatternsfor the samenumberof CPUs. With
N 4-way nodestherearecommunicationbetweerdN pro-
cessedor the MPI modelopposedo communicationde-
tweenN processe$or the MPI+OpenMPmodel. For con-
stantsizeproblemsWon etal. [2] have shawvn for the NAS
benchmarkshatmessagsizegenerallydecreaseshenthe
numberof nodesincreasesput the numberof messages
sentandrecevedby eachnodeis likely to increaseasmore
nodedeadto morecomplicateccommunicatiorpatterns.

Thesecommunicatiorpatternsandperformancélateng
and bandwidth) explain the behaior of CG. Figure 8
presentshe maincommunicatiorpatterngor CG whenus-
ing 2, 4, 8 and 16 processors.The small white boxesare
for the processors.The grey rectanglescorrespondo the
mappingof communication®n 4-way nodes.The external
communicationgre betweenthe grey boxes. In eachpart
of the figure, communicationsare decomposednto small
and large messageswith the numberof eachtype (num-
ber* 64-bitwords). For CG, the long messagedominates
the communicationtime. Whenincreasingthe numberof
processes;G exchangesnorelong messagebut the mes-
sagesareshorter As shavn in tablel, thebandwidthwhen
usingasingleMPI procesgernodeis similarto theaggre-
gatebandwidthwhenusing4 MPI processepernode. So,
only the numberof long messagegives adwantageto the
MPI+OpenMP
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Figure 8. Communication patterns for CG us-
ing 2,4, 8 and 16 processor s.

Thecomparisorof thecommunicatioriimefor LU gives
the oppositeresult. The unified MPI approachprovidesa

lower communicatiortime thanthe hybrid approach Note
thatthecommunicatioriime alsoencompassdbesynchro-
nizationof therunningprocessedn theoriginal code there
is no way to separateéhe communicatiorandthe synchro-
nizationtimes. LU usesmary moresmall (< 1 KB) mes-
sageswith blocking communicationcalls than large mes-
sageswith asynchronousommunicationcalls. Only con-
sideringthe extendedechotest(for clusterof multiproces-
sors)for synchronousommunicationgannotexplain the
oppositebehaior of LU comparedto CG. Since 1) the
communicatiorateng for thefour processesisidea SMP
node(unified approachjs two timeshigher(71 us for 64

processeshhan the communicationateny (30 us for 16

processesfor a singleprocessnode(hybrid approachand
2) thecommunicatiortime for the hybrid approach30 us)

stayscloseto the communicationtime (22 us) for a void

messagédthe lateng is the dominantfactor) althoughthe
hybridapproachusedargermessageg times)thantheuni-

fied approachthe communicationpatternshouldgive the
adwantageto the hybrid approach.The oppositeresultsug-
geststhatthe synchronizatiortime is higherfor the hybrid

approachthanfor theunifiedone.

For all benchmarksthe MPI computatiorntimesareless
thanthe MPI+OpenMPones. The differenceis relatively
smallfor FT andCG. For MG, it becomessignificantfor
a large numberof nodes. For LU, the MPI computation
time is morethantwo timessmallerthanthe MP1+OpenMP
one. Threefactorscontributeto the differencein computa-
tion time betweenthe two versions. First oneis the Am-
dahl'slaw onthe OpenMPparallelpartthatwasmentioned
in theprevioussection.Secondneis thedatalayout,which
may be differentwhena processs split into 4 threadsby
an OpenMPparallelizationor whenthereare 4 MPI pro-
cessewvithin anode. This differenceimpactson the cache
behaiour, speciallywhenMPI programmingallows to ex-
presanulti-dimensionablocking. A third factoris theover-
headof threadmanagemenin the OpenMPversion. Next
sectionon"memoryaccespatterns’andparallelefficiency
on the OpenMPparallelpartwill give moreinformationto
understandhe large differenceon LU computationtimes
betweerthetwo versions.

Combiningcomputationand communicatiorvaluesex-
plaintheoverallresults.The MPI approactwith LU, which
has both better computationand communicationperfor
mance putperformghehybridapproachFor MG, thecom-
putationadvantageof MPI alwayscompensatethecommu-
nicationdisadwantage.For CG, the computatioradvantage
of MPI compensatethe communicatiordisadwantageonly
for asmallnumberof nodes.

For FT, communicationdisadwantageof the MPI ap-
proachassociatedvith the more complicated”all to all”
communicationpatternsleadsto better performancewith
the hybrid approach.As previously mentionedthe global



communicationson SP3 systemsare not optimized with
SMPnodes.

Other configurations For LU and MG, the decomposi-
tion of theexecutiontime givesvery similarresultsfor the 3
otherconfigurationsWH2-classB, NH1-classA andNH1-
classB.

We presennow for eachconfigurationthe time decom-
positionof CG (figure 9). Like FT, CG is a benchmarkor
whichthebestprogrammingnodeldepend®ntheconfigu-
ration,thedatasesizeandthenumberof nodes.For classA
with WH2 nodes aspreviously explained,the computation
adwantageof MPI compensatethe communicationdisad-
vantagaupto 4 nodeshput notfor alargernumberof nodes.
With NH1 nodes,the computationfor both modelsare
largerthanwith WH2 nodes(accordingto respectre clock
frequeng) and the communicationtime are also slightly
larger: thesituationis similar, exceptthatMP| keepsadvan-
tageuntil 8 nodes but measuresvith 16 NH1 nodeswould
give advantageto the hybrid model. For classB, the clock
frequeng advantageof WH2 nodesonly appeargor 4 or 8
nodesprobablybecaussomecacheeffectsbecomesignif-
icant. For lessnodes,the frequeny advantageis counter
balancedy the worseperformanceof the memorysystem
(busversuscrossbar)With NH1 nodesthegapbetweerthe
MPI communicationtime andthe MPI+OpenMPcommu-
nicationtime increasegjuickly andonly the configuration
with onenodeshowvs anadwantageor the MPI model. Re-
membeithatthe communicatiortime includesthe synchro-
nizationtime. We have no clearexplanationfor the signif-
icant differencein MPI communicatiortimes betweenthe
two hardwaresystemdor the samenumberof nodes.One
reasormight bethatthe communicatiortime encompasses
a CPU partanda Network InterfaceCommunicatiorpart.
In thatcase slower CPUswould leadto largercommunica-
tion times. Unfortunatelyno hardwaremonitoringcounters
areavailableon the SPsystems.They would be neededo
preciselyexaminethe behaiour of the memoryhierarchy
for eachhardwareconfiguratiorandbenchmarliclass.

4.3 Memory accesgatterns

The Amdahl's law is not sufficient to explain the differ-
enceof computationtimes betweenthe two models. As
for the communicationpatterns,the memory accesspat-
ternsare differentfor the two models. To go further, we
examinetheparallelefficiency, whichis definedasthemea-
suredspeedupivided by the numberof CPUs,on the Pn
part of the computation(part that canbe parallelizedwith
OpenMP).Note that Pn part correspondso the samecode
for both models. However loop nestsare executeddiffer-
entlyby eachmodel.Figure10shovstheparallelefficiency
onthePnpartfor theclassA andclassB benchmarksvith

WH2 nodes.FT andMG exhibits similarbehaior: the par
allel efficiency is approximatelythe samefor the two ap-
proaches. For FT, it increaseswith the numberof nodes
for small datasesizes,which correspondo a betteruseof
cachesor remainsconstantif the datasefsizeis too large
for the cachehierarchy For MG, the parallelefficiencgy in-
creasesvhenthenumberof nodesncreasesiboreathresh-
old. For CG andLU, the MPI versionhasbetterparallel
efficieng. For CG, the parallel efficiency increaseswith
the numberof nodesfor large datasesizesandreachesa
maximumwith 4 nodesandthendecreaseghedatasesize
is too small for a full exploitation of the cachehierarchy
This last situationexists for LU for classA and classB.
The decompositiorof the computatiortime for the hybrid
versionshows thattwo parametergovernits performance:
1) the time spenton the core of the loop nestsand 2) the
overheadf threadmanagementAlthough, the hybrid ver
sionreachesowercomputatiortime onloop coresfor some
benchmarksit hashighercomputationtime for the whole
loop nestsdueto the overheadf thethreadmanagement.

At this point, we shouldstatethatthereis no reasorwhy
thehybrid approactperformsbetteron someloop nestsex-
ceptbecausdoop nestoptimizationsusedin the original
MPI versiondo not matchwell the Pover3memoryhierar
chy.

Corverselywe shouldnotethatthe OpenMPparalleliza-
tion hasa severelimitation comparedo the MPI version:
OpenMPcannotexpressmulti-dimensionablockingwhen
using the easiestparallelizationapproachor simple loop
optimizations. Suchkinds of patternsrequirea complete
rewriting of theloop nest(loop fusion),whichmeansatime
consumingprogrammingeffort.

5 Relatedworks

The performanceof the IBM SP with Winter Hawk 11
nodesis presentedn [4]. The authorcompareghis archi-
tectureto a AlphaSener SCfor severalkernelsandapplica-
tionsthat do not includethe NAS benchmarks.The paper
doesnot compareunifiedandhybrid versions.

The performanceissuesof the NAS benchmarkshave
beenpresentedn [2]. Especially Wong et al. have ex-
aminedthe architecturarequirementandscalability This
work is restrictedto uniprocessonodesandcomparegper
formanceof a clusterof workstationsandthe SGI Origin
2000machine.

The performanceof MessagePassinghasbeendetailed
in [5] for a cluster of SUN SMPs. Authors note that
the memoryhierarchyandespeciallythe populationof the
memory banks have a significantimpact on the perfor
mance.Thepaperdoesnot addressheissueof hybrid pro-
grammingmodels.

A comparisonof sharedmemoryand messagegassing



JComp-mpi-w
JComp-mpi-n

-« Comm-mpi-w
-o- Comm-mpi-n

[ Comp-mpi+openmp-w
[ Comp-mpi+openmp-n

-o- Comm-mpi+openmp-w
-e- Comm-mpi+openmp-n

140

100 +
80 +
60 +
40 +
20 +
0 !_‘—.J:D-rﬁgﬁ_{r,_‘\ 1 I I !_H I m
1 2 4 8 16 32

Number of nodes

=

N

o
I

(sec)

CG_Atimes

[ Comp-mpi-w
CJComp-mpi-n

-+ Comm-mpi-w
-o- Comm-mpi-n

[ Comp-mpi+openmp-w
[ Comp-mpi+openmp-n

-o- Comm-mpi+openmp-w
-o- Comm-mpi+openmp-n

2500
o
@J” 2000 -+

9 1500 -
£
= 1000 -
© 500 -
o

Figure 9. The execution time breakdo wn for CG accor ding to the number of 4-way nodes for the MPI
and MPI+OpenMP versions. The left part corresponds to the Class A and the right part 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 (shown as bars) and comm unication time
(lines). The left scale is the same for computation and comm unication times.

Class A
[m1m20408mi6 @32

£ 25

p -

o 2 -+

2 H

c ~ 1.5

gE ,

£ 1 |

: %1 e

s 0 : : : : ; ; ;

©

o cg cg ft ft lu lu mg mg

m4 o4 m4 o4 m4 o4 m4 o4

Class B
[m1m20408mi6 @32

o

o 3

& 251

& 2

S e

S 8157 1

5 11

e oo ek

I 0 : : : : ; ; ;

©

o cg cg ft ft lu lu mg mg

mi o4 m4 o4 m4 04 m4 o4

Figure 10. Parallel efficienc y on the Pn part according to the number of nodes for the Class A (left
part) and the Class B benchmarks (right part). m4 tag corresponds to the unified MPI version with
4-way WH2 nodes. 04 tag corresponds to the hybrid version with 4-way WH2 nodes.

memorymodelshasbeenpreviously presentedn [6]. The
paperfocuseson classicalparallel architecturesand does
notexaminethe CLUMP issues.

Several paperdn the literaturepresenthe implementa-
tion of applicationsusinga hybrid modellike [7]. Noneof
them provides a deepunderstandingf why this modelis
betteror worstthana unifiedone.

Other programmingmodelshave beendesignedor the
CLUMPs. For example,the sharedvirtual memoryervi-
ronmentgDSVM) provide anotheralternatie to unify the
memorymaodel,aspresentedn [8] [9] [10][11]. Recently
OpenMP[12] hasbeenimplementedn a clusterof SMPs
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ontop of the TreadmarkDSM system.As far aswe know,
thereis no comparisonbetweentheseunified approaches
andsomehybrid ones.

6 Concluding remarks

Basedon the analysisof the NAS benchmarksunning
on two differentIBM SP systemswe have demonstrated
that the choice betweenunified or hybrid programming
modelsis nottrivial from the MPI existing codes.

Several parametersnustbe considered Thefirst oneis
the level of sharedmemory parallelizationachiezable for



theloop nestsof the original MPI program.Fromtheorigi-
nalMPI programit is difficult to evaluatef theincremental
approachthatparallelizegheloop nestswith OpenMP(in-
cluding specificoptimizations)is sufficientto improve per
formanceor if it is neededo reconsidethe parallelization
of theapplicationfrom scratch.

Thesecondgharameteconcernghe communicatiorcost.
For the samenumberof processorsthis costdependson
how the communicationpatternsof the applicationmatch
the communicationarchitectureof the cluster Gener
ally, clustersof multiprocessorperformbetterwith unified
MPI approacHor lateng sensitve programsandworsefor
bandwidthsensitve programs.

A third parametelis the memory accessatternsused
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 this problem.Otherpro-
gramminganguagetik e Co-array{13] mayalsobeconsid-
eredasalternatve to OpenMPfor the hybrid programming
or evenfor theunified programming.

The last parameteris the performancebalance of
the main componentgCPUs, Memory, Network) of the
CLUMP. For the samenetwork performancefast proces-
sorsmay reducethe computationtime comparedto slow
processorsip to the pointthatcommunicatiorperformance
becomessignificant. In that casethe communicatiornper
formanceallowsto selecttheright model. In theothercase,
MPI seemgo bealwaysthebest.

Note that that our resultsand analysisonly concernsa
particularapproactof hybrid programmingwhich consists
in loop level parallelizationwith areasonabl@rogramming
effort after profiling to selectthe loop neststo parallelize.
Otherhybrid approachesnay leadto differentresultsand
analysisconclusions.

We believe thatselectingheappropriatenodelis agen-
eral problemthat is not specificto the applicationsana-
lyzedin the paper First, NAS benchmarksxhibit a large
setof communicationmemoryreferenceandcomputation
patterns.Exceptsomeirregular ones,real applicationsare
likely to encompasssimilar patterns. Second,we have
demonstratethat severalimportantparameterslistinguish
the performanceof both approachesAlthoughtherelative
impactof theseparameterss applicationdependentthey
existin arny parallelapplication.

Futurework will include performingthe sameanalysis
for otherclustersof multiprocessortike CompagSC,com-
paringwith the otherhybrid approacheandespeciallythe
coarsegrain parallelizationand deriving a generalperfor-
mancemodelthat may help choosingbetweenunified and
hybrid modelsaccordingto the characteristicef the archi-
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tectureandthe application.
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