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Abstract. Multiprocessordasedn simultaneousnultithreaded SMT) or mul-
ticore (CMP) processorsre continuingto gain a signi cant sharein both high-
performanceand mainstreancomputingmarkets. In this paperwe evaluatethe
performancef OpenMPapplicationon thesetwo parallelarchitectureswe use
detailedhardware metricsto identify architecturabottlenecksWe nd thatthe
high level of resourcesharingin SMTs resultsin performancecomplications,
shouldmorethan1 threadbe assignedn a single physical processorCMPs,on
theotherhand,areanattractve alternatve. Ourresultsshav thatthe exploitation
of the multiple processoicoreson eachchip resultsin signi cant performance
bene ts. We evaluatean adaptve, run-time mechanismwhich provides limited
performanceémprovementson SMTs, however the inherentbottleneckgemain
dif cult to overcomeWe concludethatout-of-the-boxOpenMPcodescaleshet-
teron CMPsthanSMTs. To maximizethe ef ciency of OpenMPon SMTs, new
capabilitiesarerequiredby the runtimeervironmentand/orthe programmingn-
terface.

1 Intr oduction

As a shared-memorprogrammingparadigmOpenMPis suitablefor parallelizingap-
plicationson simultaneousnultithreaded SMT) [17] and multicore (CMP) [16] pro-
cessorsTheseprocessorappeartto dominateboththe high-endand mainstreantom-
putingmarkets.Productssuchasintel's HyperthreadedentiumlV arealreadywidely
usedfor desktopandsener computingwith similar productsbeingmarketedor in late
stagesf developmentby othervendors At the sametime, high-end future micropro-
cessorgncompasaggressie multithreadingandmulticoretechnologiego form pow-
erful computationabuilding blocksfor thenext generatiorof supercomputergill three
vendorsselectedby the DARPA HPCSprogram(IBM, Cray and Sun) have adopted
multithreadecand multicore processodesignscombinedwith differenttechnological
innovationssuchasstreamingprocessocoresandproximity communicatior5, 6, 15].
With the adwent of multithreadedand multicore multiprocessorsa thorougheval-
uation of OpenMPon sucharchitecturess a timely and necessarffort. In this pa-
per we evaluatea comprehense set of OpenMPcodes,including completeparallel
benchmarksandreal-world applicationson both a realmulti-SMT system,composed



of Intel's Hyperthreadegrocessorsandon a simulatedmultiprocessowith CMP pro-
cessorskor thelatterarchitecturatlasswe usecompletesystenmsimulationto factorin
ary operatingsystemeffects.Our evaluationusesdetailedperformanceneasurements
andinformationfrom hardware performancecounterso pinpointarchitecturabottle-
necksof SMT/CMP processorshathinderthe scalabilityof OpenMP aswell asareas
in which OpenMPimplementationsan be improved to better supportexecutionon
SMT/CMP processors.

We obsere that the extensie resourcesharingin SMTs often hindersscalability
shouldthreadsco-executingon the samephysical processohave con icting resource
requirementsT he signi®cantlylower degreeof resourcesharingin CMPs,ontheother
hand,allows applicationsto effectively exploit the multiple executioncoresof each
physicalprocessaonWe quantitatvely evaluatethe effectsof resourcesharingonthe L2
missrate,the numberof stall cyclesandthe numberof dataTLB missesWe theneval-
uatethe effectivenessf a run-timemechanisnthattransparentlydeterminesanduses
the optimal numberof threadson eachSMT processarThis techniqueyields measur
able,thoughlimited performancémprovement Despiteits assistanceghearchitectural
bottlenecksof SMTsdo not allow OpenMPapplicationgo ef®ciently exploit the addi-
tional executioncontects of SMT processors.

Therestof the paperis organizedasfollows: In section2 we outline relatedwork.
In section3 we evaluatethe executionof OpenMPcodeson SMT- and CMP-based
multiprocessorsind pinpoint architecturabottleneckausinga variety of performance
metrics.Sectiond evaluatesa simple,yet effective mechanisnthatautomaticallydeter
minesandexploits the optimal numberof executioncontexts on SMT-basedmultipro-
cessorsln section5 we outline someimplicationsof the proliferationof hybrid, SMT-
andCMP-basednultiprocessorfor OpenMPFinally, section6 concludeghe paper

2 RelatedWork

Earlier researctefforts have portedand evaluatedOpenMPon speci®cprocessode-
signs,including heterogeneouship multiprocessor§14], slipstreamprocessor$9] (a
form of 2-way chip multiprocessorsn which the secondcoreis usedfor speculatie
runaheadxecution)andCyclops,a ®ne-grainmultithreadedorocessoarchitecturan-
troducedby IBM [1]. Our evaluationfocuseson commaodityprocessorswith organi-
zationsspanninghe designspacebetweensimultaneousnultithreadingandchip mul-
tiprocessoranda few executioncontets. Although not at the high endof the design
spaceof supercomputin@rchitecturessuch processorare becomingcommonplace
andarenaturalbuilding blocksfor larger multiprocessorsA recentstudyof OpenMP
loop schedulingpolicieson multiprocessorwiith Intel's Hyperthreadegrocessorsdi-
catedtheneedfor adaptatiorof boththe degreeof concurreng andtheloop scheduling
algorithmswhen OpenMPapplicationsare executedon simultaneousnultithreading
architecturespecauseof differentforms of interferencedbetweenthreads[18]. Our
evaluationcorroborategheseresultsand provides deeperinsight on the architectural
reasonglueto which adaptvity is an effective methodfor improving the performance
of OpenMPprogramson SMT processors.



3 Experimental Evaluation and Analysis

3.1 Hardware and Software Environmentand Con guration

In orderto ascertairthe effectsof the characteristicef modernprocessoarchitectures
on the executionof OpenMPapplicationswe have consideredwo typesof multipro-
cessorsvhicharebecomingmoreandmorepopularin today's computingervironment,
namelymultiprocessorbasedneitherSMTsor CMPs.SMTsincorporateminimal ad-
ditional hardwarein orderto allow multiple co-executingthreadgo exploit potentially
idle processoresourcesThe threadsusually sharea single setof resourcesuchas
executionunits, cachesandthe TLB. CMPson the otherhandintegrate multiple in-
dependenprocessocoreson a chip. The coresdo, however, shareoneor moreouter
levelsof the cachehierarcly, aswell astheinterfaceto externaldevices.

We useda real, 4-way sener basedon HyperthreadedHT) Intel processorasa
representate SMT-basedmultiprocessarintel HT processorarealow-end/ low-cost
implementatiorof simultaneousnultithreadingEachprocessooffers2 executioncon-
texts which shareexecutionunits, all levels of the cacheanda commonTLB. Theex-
perimentgametedat the CMP-basednultiprocessoriave beencarriedout on a sim-
ulated4-way system.The simulatedCMP processorsntegrate2 coresper processar
They arecon®guredalmostidentically to the real Intel HTs, apartfrom the L1 cache
andTLB whichareprivate,percoreonthe CMP andsharedetweerexecutioncontets
on the SMT. Note that usingprivate L1 cachesand TLBs favors CMPsby providing
moreeffective cacheandTLB spacdo eachthreadandreducingcontentionTherefore,
our experimentalsetupseemsao favor CMPs. Note however, thatwe are evaluatinga
CMP with in-orderissuecores,which are much simplerthanthe out-of-orderexecu-
tion enginesof our real SMT platform. Furthermorethe multicoreorganizationof our
simulatedCMP enablesa chip layoutwith privateL1 cachesat a hominalincreasan
die area[13]. For thesereasonsthe simulatedCMP platform canstill be considered
asroughly equivalent (in termsof resourcesjo our real SMT platform. We usedthe
Simics[7] simulationplatformto conductcompletesystemsimulationsjncluding sys-
temcallsandoperatingsystemoverheadTablel describeshe con®guratiorof thetwo
systemsn furtherdetalil.

Processors L1 Cache L2 Cache L3 Cache TLB Main Mem.
4x Intel P4Xeon,1.4GHz [8K Data, 256K Uni®ed| 512K Uni®ed, 64 EntriesData, | 1GB
SMT |Hyperthreadea 2 Execution 12K Trace(Instr), |Shared Shared 128EntriesInstr,
Contets perProcessor Shared Shared
4 Processors 2x8K Data, 256K Uni®ed| 512K Uni®ed, 2x64 EntriesDatal, 1GB
CMP |x 2 P4CoresperProcessor |2x12K Trace(Instr)|Shared Shared 2x64Entriesinstr,
PrivateperCore PrivateperCore

Table 1. Con guration of the SMT- andCMP-basednultiprocessorsisedthroughouthe exper
imentalevaluation.

We evaluatedthe relative performanceof OpenMPworkloadson the two target
architecturesusing 7 OpenMPapplicationsfrom the NAS Parallel Benchmarksuite
(version3.1)[11]. We executedthe classA problemsizeof the benchmarkssinceit is



alarge enoughsizeto yield realisticresults.At the sametime, it is thelargestproblem
classthatallows the working setsof all applicationgo ®t entirelyin the availablemain
memoryof 1GB.

We executedall thebenchmark®n the SMT with 1, 2, 4, and8 threadsThe main
goalof this experimentsetwasto evaluatethe effectsof executingl or 2 threadsonthe
2 executioncontexts of eachprocessaWe thusranour experimentaindersix different
threadplacementd) 1 threadji) 2 threadsboundon 2 differentphysicalprocessorsii)
2 threadoundonthe2 contets of 1 processativ) 4 threaddoundon 4 processorsy)
4 threadgpairedon the executioncontexts of 2 processorandvi) 8 threadgairedon 4
processorsEachthreads pinnedon a speci®cexecutioncontet of aspeci®cprocessor
usingthe Linux sched _setaffinity systemcall. The applicationswere executed
usinglntel VTune[10] performanceanalyzerWe recordedboththe executiontime and
amultitudeof additionalperformancenetricsattainedirom the hardwareperformance
countersavailable in the processarSuchmetricsprovide insightinto the interaction
of applicationswith the hardware,thusthey area valuabletool for understandinghe
obsenedapplicationperformance.

The sameexperimentshave beenrepeaten the simulatedCMP-basednultipro-
cessorFull systemsimulationwith Simicsintroducesan average7000-foldslovdown
in the executiontime of applicationscomparedvith the executionon a real machine.
We simulatedthe sameapplicationbinaries,usingthe samedatasets,however we re-
ducedthe numberof iterationg we ranon the simulatorin orderto limit the execution
time to reasonabldevels. More speci®cally we executedonly 3 of the outermostit-
erationsof eachbenchmarkgdiscardingthe resultsfrom the ®rst iterationin orderto
eliminatetransienteffectsdueto cachewarmup.The simulatordirectly providessimi-
lar, detailedperformancenformationasVtune.

All experimentswere performedon a dedicatednachinein orderto rule out data
perturbationglueto interactionswith third-partyapplicationsandservicesTheoperat-
ing systemon boththerealandthe simulatedsystemwasLinux 2.4.25.

3.2 Experimental Results

Weevaluatedherelative performancef thebenchmarkenthereal SMT-basedindthe
simulatedCMP-basednultiprocessorsvhen 1 or 2 threadsare activatedper physical
processqrusingthe differentbinding schemeslescribedn section3.1. We monitored
a multitude of direct (wall clock time, numberof instructions,numberof L2 and L3
referenceandmissesnumberof stall cycles,numberof dataTLB misseshumberof
bustransactionsandderived (CPI, L2 andL3 missrates)performancenetrics.Dueto
spacdimitationswe only presentanddiscusgheresultsfor L2 missrates stall cycles,
dataTLB missesandexecutiontime.

The resultsfor the L2 missrate evaluationare depictedin Figure 1. The reported
valuesare for 2 threadsper processoiand have beennormalizedwith respectio the
single-threadber processorexecutionof eachbenchmarkon the speci®carchitecture
andnumberof processorsThisway, thegraphsemphasiz¢he effectsof usingasecond

L All theNAS applicationsve usedareiterative. The computationatoutinesareenclosedn an
external,sequentialoop.



Fig. 1. NormalizedL2 missratesof the benchmark®n the SMT and CMP multiprocessofleft
andright diagramgespectiely). Thecorrespondind. thread/processanissrateson eacharchi-
tectureandnumberof processorsiave beenusedasreferencesgor thenormalization.

threadper processarTherelative L2 cacheperformancef applicationsvhenl and2
threadsareexecutedon eachphysical processodependsighly onthe speci®ccharac-
teristicsof theapplicationIf theworking setsof boththreadslo not®t in thelL2 cache,
thereis anincreasen theL2 missrate,sincecross-threadache-lineaviction resultsin
moremisseslf, ontheotherhand,the 2 threadsexecutingon the sameprocessoshare
data,theneachof themwill probablybene®tfrom dataalreadyfetchedto the cacheby
theotherthread.

In mostcasesexecuting2 threadgperprocessoonthe SMT systemproved bene®-
cial for L2 cacheperformanceOn averagethreadpairingresultedn 1.05timeslower
missratesin comparisorwith thesingle-threagberprocessoexecution.An application
in which threadcross-giction appearss FT. The FT threadshave large working sets
thatcannot entirely ®t into ary level of the cachehierarcly. Moreover, the degreeof
datasharingbetweenthreadsco-executingon the sameprocessois low. As aresult,
missratesincreasesigni®cantlyif both executioncontets of eachprocessoare acti-
vated.Anotherinterestingpatterncanbe obseredin CG. Althoughthe exploitation of
the secondhyperthreadf eachprocessoresultsin a signi®cantreductionin missrate
in the single processorexperiments,as more physical processorare addedthe trend
is reversed.CG hasa high degreeof datasharingbetweenthe threadsIf few threads
areactive, the bene®tf the shareccacheareevident. However, asmorephysical pro-
cessorsareadded,nter-processodatasharingresultsin a large numberof cache-line
invalidations which eventuallyoutweighthe bene®tof intra-processodatasharing.

On the CMP-basednultiprocessothe L2 cachemissrategenerallyappeargo be
uncorrelatedo the exploitation of 1 or 2 executioncoresper physical processarAl-
thoughthe L2 is sharedbetweenboth cores,the private, per coreL1 cachedunction
asa buffer that preventsmary memoryaccessefrom reachingthe secondevel of the
cacheln fact,the useof a secondhreadon SMTsresultsin anincreasen thenumber
of L2 cacheaccessegjueto theinter-threadinterferencan theL1 cache More specif-
ically, thenumberof L2 accessealwaysincreaseshy 1.42timeson averagewhenthe
secondxecutioncontet is activatedon eachphysicalprocessorTheprivateL1 caches
in CMPsalleviate this problem.The numberof L2 accessess reducedby anaverage
factorof 1.37whenthe secondcore- andits privateL1 cache- areactivatedon each



CPU.Thebehaioral patternsobsenedfor CG andFT onthe SMT-basedmultiproces-
sorarerepeatednthe CMP aswell.
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Fig. 2. Normalizednumberof TLB misses(top diagrams)and stall cycles (bottom diagrams)
of the benchmark®n the SMT and CMP multiprocessofleft andright diagramsrespectiely).
Thecorresponding thread/processatallsandTLB misseson eacharchitectureandnumberof
processorbave beenusedasreferencesor the normalization.

Figure2 depictsthenormalizechumberof stall cyclesandTLB missesOnceagain,
the reportedvalueshave beennormalizedwith respectto the correspondingsingle-
threadperprocessoexecutionof eachbenchmarlonthespeci®carchitectureandnum-
ber of processorsThe resultsindicatethat using the secondexecutioncontet of the
SMT processor$asa signi®canteffect on the numberof TLB misses.Their number
suffers an up to 27-fold increasewhenwe mave from binding schemeghat assignl
threadper processoto thosethat assignl threadper executioncontext. On average,
TLB missesincreaseby 10.78times. The 2 threadson eachprocessonften work on
differentareasof the virtual addressspace thus being unableto shareTLB entries.
Furthermorethe Intel SMT processohasa surprisinglysmall dataTLB (64 entries),
which cannot achieve a goodcaverageof the virtual addresspaceof the benchmarks
we executed.As a result, the effective per threadsize of the sharedTLB is reduced
drasticallywhen both execution contets of eachprocessorare actvated. The CMP
processopravidesprivate TLBs for eachcore.As a consequencdhe numberof TLB
missess muchmore stablethanon the SMT system.In fact, the executionof 1 or 2
threadgerprocessohas,on average no effect on the numberof TLB misses.

Thebehaior in termsof stall cyclesalsovariedsigni®cantlybetweerthetwo archi-
tecturesOn SMT processorghe numberof stall cyclesrepresentthecumulatve effect
of both cycles spentwaiting for datato be fetchedfrom ary level of the memoryhi-



erarcly andcyclesduringwhich executionwasstalledbecausef con icting resource
requirementf the threadsexecutingon the differentexecutioncontets of the pro-
cessorOn CMPs, co-executingthreadsshareonly the 2 outerlevels of the cacheand
theinterfaceto externaldevices,thusthe secondfactordoesnot contritute to the total
numberof stall cycles.For all benchmarksxecutedon the SMT, the numberof stall
cyclesincreased onaverageby 3.1times+ whenthe con®gurationvaschangedrom
1to 2 threadgerprocessorThecorrespondingverageoverheacnthe CMPis amere
1.03. This is a safeindication that the vast majority of stall cycles on the SMT can
be attributedto con icting requirement®f co-executingthreadsor internalprocessor
resources.
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Fig. 3. Normalizedexecutiontime of the benchmark®n the SMT andCMP multiprocessofleft
andright diagramrespectiely). The single-threade@sequentialexecutiontime on eacharchi-
tectureis usedasareferencdor thenormalization.

Finally, Figure 3 depictsthe resultsfrom the executiontime of applicationson
the two target multiprocessoarchitecturesThis time, the reportedvalueshave been
normalizedwith respecto the sequentia(single-threadedsingle-processogxecution
time of applicationson eacharchitecture The differentbinding schemesre labeled
as(num _processors, numthreads) ,wherenumprocessors standdor the
numberof physical processor®nto which the threadsare boundand num threads
for thenumberof threadsusedfor the applicationexecution.

All 7 benchmarkscalewell on boththe SMT andthe CMP asmore physical pro-
cessoraremadeavailableto theapplication.This indicatesthatpotentialperformance
problemsundersomebindingschemesannotbeattributedto thescalabilitycharacter
istics of the benchmarksln factfor the 2-threadedBT andCG executionon the CMP
thespeeduparesuperlineardueto theavailability of cumulatvely largerL1 cacheand
TLB whenmorethanl threadsareused.

Givenaspeci®cnumberof threadsexecutiontimesonthe SMT multiprocessoare
alwayslower if thethreadsarespreadacrossasmary physical processoraspossible,
insteadof beingplacedon both executioncontets of eachprocessarMoreover, in 7
out of 21 experimentsthe activation of the secondexecutioncontet, given a speci®c
numberof physical SMT processorgesultedn areductionof theobseredapplication
performancelt shouldalsobe pointedout that, evenfor a given application,it is not
alwaysclearwhetherthe exploitation of all executioncontets of eachprocessois the



optimal stratgy or not. In the caseof SR for example,exploiting 2 executioncontets
per processolis optimalwhen1 and 2 processorsare available, however it resultsin
performanceenaltiesvhenall 4 processorsreused.

Theresultsaretotally differenton the CMP-basednultiprocessarin 8 out of 14
caseylacing a given numberof threadson the coresof asfew processoras possi-
ble yields higher performancehan spreadinghem acrossprocessorsMoreover, the
activation of the secondcorealwaysresultedn performancemprovementsTherepli-
cationof executionunits,L1 cachesand TLBs on the CMPsallows threadso execute
more effectively, without the limitations posedby resourcesharingon SMTs. There-
ductionin resourcecon icts dueto hardware replicationoften allows the bene®tsof
inter-processocachesharingto bere ectedin areductionin executiontime.

4 Adaptive Selectionof the Optimal Number of Execution
Contextsfor OpenMP on SMTs

The selectionof the optimal numberof executioncontets for the executionof each
OpenMPapplicationis not trivial on SMT-basedSMPs.We thus experimentwith a
performance-dvien, adaptve mechanisnwhich dynamicallyactivatesanddeactvates
theadditionalexecutioncontexts on SMT processorso automaticallyapproximatehe
executiontime of the beststaticselectionof executioncontexts perprocessoiWe used
a simplermechanisnthanthe exhaustve searchproposedn [18], which avoids modi-
®cationsto the OpenMPcompilerandruntime.Our mechanismdenti®eswhetherthe
useof the secondexecutioncontext of eachprocessors bene®ciaffor performancend
adaptghe numberof threadsusedfor the executionof eachparallelregion. The algo-
rithm introducedn [18] alsotargetsidenti®cationof the bestloop schedulingpolicy.
Our methodis basedon the annotatiorof the beginningandendof parallelregions
with callsto our runtime. The calls canbe insertedautomatically by a simpleprepro-
cessorAlternatively, run-timelinking techniquesuchasdynamicinterpositioncanbe
usedto interceptthe calls issuedto the native OpenMPruntime at the boundarief
parallelregionsandapply dynamicadaptatiorevento unmodi®edapplicationbinaries.
Weslightly modify thesemanticef theOMPNUMTHREAD @®rvironmentvariable,
usingit asa suggestiorfor the numberof processorso be usedinsteadof the number
of threadsMoreover, we adda new ervironmentvariable(OMRPSMT). If OMBPSMTis
de®nedo bel or 2, theapplicationalwaysusesl and2 executioncontexts perphysical
processorespectiely. If its valueis O, or the variableis not de®ned,adaptve execu-
tion is activated.In this case eachkernelthreadis ®rst boundon a speci®cexecution
contet uponprogramstartup.On the secondandthird time eachparallelregion is en-
counteredpur runtimeexecutest usingl and2 executioncontexts per processoand
monitorsexecutiontime. After the third executionof eachregion, a decisionis made
usingthe timing resultsfrom the two testexecutions.Upon additionalinvocationsof
the parallelregion, the runtime automaticallyadjuststhe numberof threadsaccording
to the decision.The ®rst executionof eachparallelregion is not monitored,in orderto
avoid ary interferencen thedecisionprocesslueto cachevarmupeffects.Theruntime
makes decisionsndependentiffor eachparallelregion. The executionof mostappli-
cationsproceedsn phaseswith differentexecutioncharacteristicgor eachphaseThe



boundarieof parallelregionsoftenindicatephasechangesThus,varyingthe number
of threadsat the boundarief parallelregionsofferscontet sensitve adaptatioA.

We evaluatedthe performancenf our adaptve mechanismusingthe NAS Parallel
Benchmarkslongwith two otherOpenMPcodesMM5 [8], amesoscaleveathempre-
diction model,and COBRA [4], a matrix pseudospectrurnomputationcode.We ran
eachof the benchmarkstaticallywith 1 and2 threadsper processoon 1, 2, 3, and4
processorsWe thenexecutedeachbenchmarlusingthe adaptve strategyy. Evenin the
experimentsusinga staticnumberof threadsthreadsareboundon speci®cexecution
contets in orderto avoid unfairly penalizingperformancedue to suboptimalthread
placementecisionsof the Linux schedulerTheresultsaredepictedn Figure4.
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Fig. 4. Relatve performancef adaptve, 1 and2 threadgerphysical processoexecutionstrate-
gies.The executiontimeshave beennormalizedwith respecto the executiontime of the worst
strategyy for eachexperiment.

Comparedvith theoptimalstaticnumberof threadgor eachcasepurapproactwas
only 3.0%slower on average At the sametime, it achieved a 10.7%averagespeedup
over the worsestaticnumberof threadsfor each(benchmarknumberof processors)
combination.The averageoverall speedumbsenred over all staticcon®gurationsvas
3.9%.In 17 out of the total 36 experimentsthe adaptve mechanisneven provided a
performancemprovementover both staticstratgiesfor selectingthe numberthreads.

2 |n factloop boundariesanoffer a betterapproximatiorof applicationphasesOpenMPspec-
i cations however, prohibit varyingthe numberof active threaddnsidea parallelregion, thus
adaptive mechanisméik e ourscannot be usedto make decisionsat aloop-level resolution.



This can be attributed to the e xibility of the adaptve mechanismandits ability to
decidethe optimalnumberof threaddndependentlyor eachparallelregion.

The adaptve techniquedid not performwell for MG. MG performsonly 4 outer
mostiterations.Given that 3 iterationsare neededfor the initialization and decision
phasesMG executesin adaptve modefor only 1 iteration.However, it doesnot take
mary iterationsfor the adaptve executionto compensatéor the overheadof the mon-
itoring phase CG, for example,performsjust 15 iterationsandthe adaptve stratgy is
only slightly inferior thanthe beststaticstrateyy.

Theperformancdene®tsattainedoy our simplemechanisnarelowerthanthoseat-
tainedby the combinedadaptatiorof the numberof threadsandloop scheduleén [18].
They indicatethatdynamicadaptatiorcanprovide somespeedumn SMT-basednulti-
processorshowever theinherentarchitecturabottleneckof contemporanSMTs hin-
dertheef®cientexploitation of the additionalexecutioncontexts.

5 Implications for OpenMP

Our studyindicatesthatalthoughscalingOpenMPon CMPscanbe effortless,scaling
onSMTsis hinderedby theeffectsof extensve resourcesharing We arguethatit is still
worthwhileto consideiperformanceptimizationdor OpenMPon SMTs.In additionto
thecurrentintel family of SMT processoranulticorearchitecturesvith SMT coresare
alsogaining popularity becausesuchdesignsoften achieve the bestbalancebetween
enepy, die areaandperformancdl12]. In our view, optimizing OpenMPfor SMTsen-
tails both additionalsupportfrom the runtime environmentand possibleextensionsto
the programminginterface.Clearly the runtime ervironmentshoulddifferentiatebe-
tweenthreadsrunningon the sameSMT andthreadsrunningacrossSMTSs. This can
beachiezedin a numberof ways:For example,a new SCHEDULElausewould allow
the loop scheduletto assigniterationsbetweenSMTs using a given policy andthen
usean SMT-awarepolicy for splitting iterationsbetweerthreadsonthe sameSMT. Al-
ternatvely, OpenMPextensiongor threadgroups[3] canbe exploited,sothatthreads
within the sameSMT processobelongto the samegroupandusetheir own schedul-
ing andlocal synchronizationmechanismaNotethatusinggroupsin this casedoesnot
necessarilymply theuseof nestecparallelism SMT-awareprogramamay utilize justa
singlelevel of parallelismbut usedifferentpoliciesfor executingthreadswithin SMTs.
In fact,currentSMTsdo notallow theexploitationof parallelismwith granularitymuch
®nerthanwhat canbe exploited by conventionalmultiprocessor$2]. If no extensions
to the OpenMPinterfacearedesiredthenmoreintelligenceshouldbe embeddedh the
runtimeervironment,to dynamicallyidentify threadsharingan SMT anddifferentiate
its internalthreadmanagemenpolicies.Although suchanexpectationis notunreason-
ablefor regulariterative scienti®capplicationsijt is dif®cult to achieve the samelevel
of runtimesophisticatiorfor irregularapplications.

Regarding portability (of both codeand performance)pne of the mostimportant
problemsfor implementingan SMT-aware versionof OpenMPis threadbinding to
processorandexecutioncontexts within processor<learly, if theprogrammemwishes
to exploit a singlelevel of parallelismin a non-malleablgorogram,the issueof bind-
ing is irrelevant. If however the programmermwishesfor ary reasonto utilize SMTs



for an alternatve multithreadedexecutionstratey (e.g.for nestedparallelism,or for
slipstreamexecution),thenit is necessaryo specifythe placemenbof threadson pro-
cessorsAlthoughthe OpenMPcommunityhasproposedextensiongo handlesimilar
casege.g.viaanONTCclause) exposingarchitecturénternalsin the programmingn-
terfaceis undesirablén OpenMPThereforenew solutionsfor improving theexecution
of OpenMPprogramson SMTsin anautonomicananneraredesirable.

6 Conclusions

In thispapemwe evaluatedheperformancef OpenMPapplication©on SMT- andCMP-
basednultiprocessoraWe foundthatthe executionof multiple threadson eachproces-
soris moreef®cientandpredictableon CMPsthanit is on SMTsdueto the higherde-
greeof resourceasolation,whichresultsin fewercon icts betweerthreadso-executing
onthe sameprocessarAlthough adaptve run-timetechniqueganimprove the perfor
manceof OpenMPapplicationson SMTs,inherentarchitecturabottlenecksinderthe
ef®cientexploitationof theseprocessors.

Our analysisindicatedthat the interferencebetweenco-executingthreadsin the
sharedevelsof thecacheor thesharedlLB mayprove adeterminingfactorfor perfor
mance Driven by this obsenation, we intendto evaluaterun- and compile-timetech-
niquesfor TLB partitioningon SMTs and cachepartitioningon both SMT and CMP
architecturesTheforthcomingproliferationof processorsrhichcombinesimultaneous
multithreadingandchip multiprocessingsuchasthe IBM Power5,andtheir useasba-
sicbuilding blocksof multiprocessorwill certainlygeneratemultitudeof challenging
softwareoptimizationproblemsfor systemsoftwareandapplicationdevelopers.
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