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Abstract. Multiprocessorsbasedonsimultaneousmultithreaded(SMT) or mul-
ticore (CMP) processorsarecontinuingto gain a signi�cant sharein bothhigh-
performanceandmainstreamcomputingmarkets.In this paperwe evaluatethe
performanceof OpenMPapplicationson thesetwo parallelarchitectures.Weuse
detailedhardwaremetricsto identify architecturalbottlenecks.We �nd that the
high level of resourcesharingin SMTs resultsin performancecomplications,
shouldmorethan1 threadbeassignedon a singlephysicalprocessor. CMPs,on
theotherhand,areanattractivealternative.Ourresultsshow thattheexploitation
of the multiple processorcoreson eachchip resultsin signi�cant performance
bene�ts. We evaluatean adaptive, run-timemechanismwhich provides limited
performanceimprovementson SMTs,however the inherentbottlenecksremain
dif�cult to overcome.Weconcludethatout-of-the-boxOpenMPcodescalesbet-
ter on CMPsthanSMTs.To maximizetheef�ciency of OpenMPon SMTs,new
capabilitiesarerequiredby theruntimeenvironmentand/ortheprogrammingin-
terface.

1 Intr oduction

As a shared-memoryprogrammingparadigm,OpenMPis suitablefor parallelizingap-
plicationson simultaneousmultithreaded(SMT) [17] andmulticore(CMP) [16] pro-
cessors.Theseprocessorsappearto dominateboththehigh-endandmainstreamcom-
putingmarkets.ProductssuchasIntel's HyperthreadedPentiumIV arealreadywidely
usedfor desktopandservercomputing,with similarproductsbeingmarketedor in late
stagesof developmentby othervendors.At thesametime, high-end,futuremicropro-
cessorsencompassaggressive multithreadingandmulticoretechnologiesto form pow-
erful computationalbuildingblocksfor thenext generationof supercomputers.All three
vendorsselectedby the DARPA HPCSprogram(IBM, Cray andSun)have adopted
multithreadedandmulticoreprocessordesigns,combinedwith differenttechnological
innovationssuchasstreamingprocessorcoresandproximity communication[5,6,15].

With the advent of multithreadedandmulticoremultiprocessors,a thorougheval-
uationof OpenMPon sucharchitecturesis a timely andnecessaryeffort. In this pa-
per we evaluatea comprehensive set of OpenMPcodes,including completeparallel
benchmarksandreal-world applications,on botha realmulti-SMT system,composed



of Intel'sHyperthreadedprocessors,andonasimulatedmultiprocessorwith CMPpro-
cessors.For thelatterarchitecturalclassweusecompletesystemsimulationto factorin
any operatingsystemeffects.Our evaluationusesdetailedperformancemeasurements
andinformationfrom hardwareperformancecountersto pinpointarchitecturalbottle-
necksof SMT/CMPprocessorsthathinderthescalabilityof OpenMP, aswell asareas
in which OpenMPimplementationscan be improved to bettersupportexecutionon
SMT/CMPprocessors.

We observe that the extensive resourcesharingin SMTs often hindersscalability,
shouldthreadsco-executingon thesamephysical processorhave con�icting resource
requirements.Thesigni®cantlylowerdegreeof resourcesharingin CMPs,on theother
hand,allows applicationsto effectively exploit the multiple executioncoresof each
physicalprocessor. Wequantitatively evaluatetheeffectsof resourcesharingon theL2
missrate,thenumberof stall cyclesandthenumberof dataTLB misses.Wetheneval-
uatetheeffectivenessof a run-timemechanismthat transparentlydeterminesanduses
theoptimalnumberof threadson eachSMT processor. This techniqueyieldsmeasur-
able,thoughlimited performanceimprovement.Despiteits assistance,thearchitectural
bottlenecksof SMTsdo not allow OpenMPapplicationsto ef®ciently exploit theaddi-
tionalexecutioncontexts of SMT processors.

Therestof thepaperis organizedasfollows: In section2 we outlinerelatedwork.
In section3 we evaluatethe executionof OpenMPcodeson SMT- and CMP-based
multiprocessorsandpinpoint architecturalbottlenecksusinga variety of performance
metrics.Section4 evaluatesasimple,yeteffectivemechanismthatautomaticallydeter-
minesandexploits theoptimalnumberof executioncontexts on SMT-basedmultipro-
cessors.In section5 we outlinesomeimplicationsof theproliferationof hybrid, SMT-
andCMP-basedmultiprocessorsfor OpenMP. Finally, section6 concludesthepaper.

2 RelatedWork

Earlier researchefforts have portedandevaluatedOpenMPon speci®cprocessorde-
signs,includingheterogeneouschip multiprocessors[14], slipstreamprocessors[9] (a
form of 2-way chip multiprocessorsin which the secondcoreis usedfor speculative
runaheadexecution)andCyclops,a ®ne-grainmultithreadedprocessorarchitecturein-
troducedby IBM [1]. Our evaluationfocuseson commodityprocessors,with organi-
zationsspanningthedesignspacebetweensimultaneousmultithreadingandchip mul-
tiprocessorsanda few executioncontexts. Althoughnot at thehigh endof thedesign
spaceof supercomputingarchitectures,suchprocessorsare becomingcommonplace
andarenaturalbuilding blocksfor largermultiprocessors.A recentstudyof OpenMP
loopschedulingpoliciesonmultiprocessorswith Intel'sHyperthreadedprocessorsindi-
catedtheneedfor adaptationof boththedegreeof concurrency andtheloopscheduling
algorithmswhenOpenMPapplicationsareexecutedon simultaneousmultithreading
architectures,becauseof different forms of interferencesbetweenthreads[18]. Our
evaluationcorroboratestheseresultsandprovidesdeeperinsight on the architectural
reasonsdueto which adaptivity is aneffective methodfor improving theperformance
of OpenMPprogramsonSMT processors.



3 Experimental Evaluation and Analysis

3.1 Hardware and Software Envir onmentand Con�guration

In orderto ascertaintheeffectsof thecharacteristicsof modernprocessorarchitectures
on theexecutionof OpenMPapplications,we have consideredtwo typesof multipro-
cessorswhicharebecomingmoreandmorepopularin today'scomputingenvironment,
namelymultiprocessorsbasedoneitherSMTsor CMPs.SMTsincorporateminimalad-
ditional hardwarein orderto allow multiple co-executingthreadsto exploit potentially
idle processorresources.The threadsusually sharea singlesetof resourcessuchas
executionunits, cachesandthe TLB. CMPson the otherhandintegratemultiple in-
dependentprocessorcoreson a chip. Thecoresdo, however, shareoneor moreouter
levelsof thecachehierarchy, aswell astheinterfaceto externaldevices.

We useda real, 4-way server basedon Hyperthreaded(HT) Intel processorsasa
representativeSMT-basedmultiprocessor. Intel HT processorsarea low-end/ low-cost
implementationof simultaneousmultithreading.Eachprocessoroffers2 executioncon-
texts which shareexecutionunits,all levelsof thecache,anda commonTLB. Theex-
perimentstargetedat theCMP-basedmultiprocessorshave beencarriedout on a sim-
ulated4-way system.The simulatedCMP processorsintegrate2 coresper processor.
They arecon®guredalmostidentically to the real Intel HTs, apartfrom the L1 cache
andTLB whichareprivate,percoreontheCMPandsharedbetweenexecutioncontexts
on the SMT. Note that usingprivateL1 cachesandTLBs favors CMPsby providing
moreeffectivecacheandTLB spaceto eachthreadandreducingcontention.Therefore,
our experimentalsetupseemsto favor CMPs.Note however, that we areevaluatinga
CMP with in-orderissuecores,which aremuchsimplerthanthe out-of-orderexecu-
tion enginesof our realSMT platform.Furthermore,themulticoreorganizationof our
simulatedCMP enablesa chip layoutwith privateL1 cachesat a nominalincreasein
die area[13]. For thesereasons,the simulatedCMP platform canstill be considered
asroughly equivalent(in termsof resources)to our real SMT platform.We usedthe
Simics[7] simulationplatformto conductcompletesystemsimulations,includingsys-
temcallsandoperatingsystemoverhead.Table1 describesthecon®gurationof thetwo
systemsin furtherdetail.

Processors L1 Cache L2 Cache L3 Cache TLB Main Mem.

SMT
4 x Intel P4Xeon,1.4GHz 8K Data, 256KUni®ed, 512KUni®ed, 64EntriesData, 1GB
Hyperthreadedx 2 Execution12K Trace(Instr.), Shared Shared 128EntriesInstr.,
ContextsperProcessor Shared Shared

CMP
4 Processors 2x8K Data, 256KUni®ed, 512KUni®ed, 2x64EntriesData, 1GB
x 2 P4CoresperProcessor 2x12KTrace(Instr.) Shared Shared 2x64EntriesInstr.,

PrivateperCore PrivateperCore
Table 1. Con�gurationof theSMT- andCMP-basedmultiprocessorsusedthroughouttheexper-
imentalevaluation.

We evaluatedthe relative performanceof OpenMPworkloadson the two target
architectures,using7 OpenMPapplicationsfrom the NAS Parallel Benchmarkssuite
(version3.1) [11]. We executedtheclassA problemsizeof thebenchmarks,sinceit is



a largeenoughsizeto yield realisticresults.At thesametime, it is thelargestproblem
classthatallows theworkingsetsof all applicationsto ®t entirelyin theavailablemain
memoryof 1GB.

We executedall thebenchmarkson theSMT with 1, 2, 4, and8 threads.Themain
goalof thisexperimentsetwasto evaluatetheeffectsof executing1 or 2 threadsonthe
2 executioncontextsof eachprocessor. Wethusranourexperimentsundersix different
threadplacements:i) 1 thread,ii) 2 threadsboundon2 differentphysicalprocessors,iii)
2 threadsboundonthe2 contextsof 1 processor, iv) 4 threadsboundon4 processors,v)
4 threadspairedon theexecutioncontextsof 2 processorsandvi) 8 threadspairedon4
processors.Eachthreadis pinnedonaspeci®cexecutioncontext of aspeci®cprocessor
usingtheLinux sched setaffinity systemcall. Theapplicationswereexecuted
usingIntel VTune[10] performanceanalyzer. Werecordedboththeexecutiontimeand
amultitudeof additionalperformancemetricsattainedfrom thehardwareperformance
countersavailable in the processor. Suchmetricsprovide insight into the interaction
of applicationswith the hardware,thusthey area valuabletool for understandingthe
observedapplicationperformance.

Thesameexperimentshave beenrepeatedon thesimulatedCMP-basedmultipro-
cessor. Full systemsimulationwith Simicsintroducesanaverage7000-foldslowdown
in theexecutiontime of applications,comparedwith theexecutionon a realmachine.
We simulatedthesameapplicationbinaries,usingthesamedatasets,however we re-
ducedthenumberof iterations1 we ranon thesimulatorin orderto limit theexecution
time to reasonablelevels. More speci®cally, we executedonly 3 of the outermostit-
erationsof eachbenchmark,discardingthe resultsfrom the ®rst iteration in order to
eliminatetransienteffectsdueto cachewarmup.Thesimulatordirectly providessimi-
lar, detailedperformanceinformationasVtune.

All experimentswereperformedon a dedicatedmachinein orderto rule out data
perturbationsdueto interactionswith third-partyapplicationsandservices.Theoperat-
ing systemonboththerealandthesimulatedsystemwasLinux 2.4.25.

3.2 Experimental Results

Weevaluatedtherelativeperformanceof thebenchmarksontherealSMT-basedandthe
simulatedCMP-basedmultiprocessorswhen1 or 2 threadsareactivatedper physical
processor, usingthedifferentbindingschemesdescribedin section3.1.We monitored
a multitudeof direct (wall clock time, numberof instructions,numberof L2 andL3
referencesandmisses,numberof stall cycles,numberof dataTLB misses,numberof
bustransactions)andderived(CPI,L2 andL3 missrates)performancemetrics.Dueto
spacelimitationswe only presentanddiscusstheresultsfor L2 missrates,stall cycles,
dataTLB missesandexecutiontime.

The resultsfor the L2 missrateevaluationaredepictedin Figure1. The reported
valuesare for 2 threadsper processorandhave beennormalizedwith respectto the
single-threadper processorexecutionof eachbenchmarkon the speci®carchitecture
andnumberof processors.Thisway, thegraphsemphasizetheeffectsof usingasecond

1 All theNAS applicationsweusedareiterative.Thecomputationalroutinesareenclosedin an
external,sequentialloop.
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Fig.1. NormalizedL2 missratesof thebenchmarkson theSMT andCMP multiprocessor(left
andright diagramsrespectively). Thecorresponding1 thread/processormissratesoneacharchi-
tectureandnumberof processorshavebeenusedasreferencesfor thenormalization.

threadperprocessor. Therelative L2 cacheperformanceof applicationswhen1 and2
threadsareexecutedon eachphysicalprocessordependshighly on thespeci®ccharac-
teristicsof theapplication.If theworkingsetsof boththreadsdonot®t in theL2 cache,
thereis anincreasein theL2 missrate,sincecross-threadcache-lineeviction resultsin
moremisses.If, on theotherhand,the2 threadsexecutingon thesameprocessorshare
data,theneachof themwill probablybene®tfrom dataalreadyfetchedto thecacheby
theotherthread.

In mostcases,executing2 threadsperprocessoron theSMT systemprovedbene®-
cial for L2 cacheperformance.On average,threadpairingresultedin 1.05timeslower
missratesin comparisonwith thesingle-threadperprocessorexecution.An application
in which threadcross-eviction appearsis FT. The FT threadshave large working sets
that cannot entirely®t into any level of the cachehierarchy. Moreover, the degreeof
datasharingbetweenthreadsco-executingon the sameprocessoris low. As a result,
missratesincreasesigni®cantlyif both executioncontexts of eachprocessorareacti-
vated.Anotherinterestingpatterncanbeobservedin CG.Althoughtheexploitationof
thesecondhyperthreadof eachprocessorresultsin a signi®cantreductionin missrate
in the singleprocessorexperiments,asmorephysical processorsareaddedthe trend
is reversed.CG hasa high degreeof datasharingbetweenthe threads.If few threads
areactive, thebene®tsof thesharedcacheareevident.However, asmorephysicalpro-
cessorsareadded,inter-processordatasharingresultsin a largenumberof cache-line
invalidations,whicheventuallyoutweighthebene®tof intra-processordatasharing.

On theCMP-basedmultiprocessortheL2 cachemissrategenerallyappearsto be
uncorrelatedto the exploitation of 1 or 2 executioncoresper physical processor. Al-
thoughthe L2 is sharedbetweenboth cores,the private,per coreL1 cachesfunction
asa buffer thatpreventsmany memoryaccessesfrom reachingthesecondlevel of the
cache.In fact,theuseof a secondthreadon SMTsresultsin anincreasein thenumber
of L2 cacheaccesses,dueto theinter-threadinterferencein theL1 cache.Morespecif-
ically, thenumberof L2 accessesalwaysincreases,by 1.42timesonaverage,whenthe
secondexecutioncontext is activatedoneachphysicalprocessor. TheprivateL1 caches
in CMPsalleviate this problem.Thenumberof L2 accessesis reducedby anaverage
factorof 1.37whenthesecondcore- andits privateL1 cache- areactivatedon each



CPU.Thebehavioral patternsobservedfor CGandFT on theSMT-basedmultiproces-
sorarerepeatedon theCMPaswell.
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Fig.2. Normalizednumberof TLB misses(top diagrams)and stall cycles (bottom diagrams)
of thebenchmarkson theSMT andCMP multiprocessor(left andright diagramsrespectively).
Thecorresponding1 thread/processorstallsandTLB missesoneacharchitectureandnumberof
processorshavebeenusedasreferencesfor thenormalization.

Figure2 depictsthenormalizednumberof stallcyclesandTLB misses.Onceagain,
the reportedvalueshave beennormalizedwith respectto the correspondingsingle-
threadperprocessorexecutionof eachbenchmarkonthespeci®carchitectureandnum-
ber of processors.The resultsindicatethat usingthe secondexecutioncontext of the
SMT processorshasa signi®canteffect on the numberof TLB misses.Their number
suffers an up to 27-fold increasewhenwe move from binding schemesthat assign1
threadper processorto thosethat assign1 threadper executioncontext. On average,
TLB missesincreaseby 10.78times.The 2 threadson eachprocessoroften work on
different areasof the virtual addressspace,thus being unableto shareTLB entries.
Furthermore,the Intel SMT processorhasa surprisinglysmall dataTLB (64 entries),
which cannot achieve a goodcoverageof thevirtual addressspaceof thebenchmarks
we executed.As a result, the effective per threadsizeof the sharedTLB is reduced
drasticallywhen both executioncontexts of eachprocessorare activated.The CMP
processorprovidesprivateTLBs for eachcore.As a consequence,thenumberof TLB
missesis muchmorestablethanon the SMT system.In fact, the executionof 1 or 2
threadsperprocessorhas,onaverage,noeffecton thenumberof TLB misses.

Thebehavior in termsof stallcyclesalsovariedsigni®cantlybetweenthetwo archi-
tectures.OnSMT processorsthenumberof stallcyclesrepresentsthecumulativeeffect
of both cyclesspentwaiting for datato be fetchedfrom any level of the memoryhi-



erarchy andcyclesduringwhich executionwasstalledbecauseof con�icting resource
requirementsof the threadsexecutingon the differentexecutioncontexts of the pro-
cessor. On CMPs,co-executingthreadsshareonly the2 outerlevels of thecacheand
theinterfaceto externaldevices,thusthesecondfactordoesnot contributeto thetotal
numberof stall cycles.For all benchmarksexecutedon the SMT, the numberof stall
cyclesincreased± onaverageby 3.1times± whenthecon®gurationwaschangedfrom
1 to 2 threadsperprocessor. ThecorrespondingaverageoverheadontheCMPis amere
1.03. This is a safeindication that the vast majority of stall cycles on the SMT can
beattributedto con�icting requirementsof co-executingthreadsfor internalprocessor
resources.
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Fig.3. Normalizedexecutiontime of thebenchmarkson theSMT andCMP multiprocessor(left
andright diagramrespectively). Thesingle-threaded(sequential)executiontime on eacharchi-
tectureis usedasa referencefor thenormalization.

Finally, Figure 3 depictsthe resultsfrom the execution time of applicationson
the two target multiprocessorarchitectures.This time, the reportedvalueshave been
normalizedwith respectto thesequential(single-threaded,single-processor)execution
time of applicationson eacharchitecture.The differentbinding schemesare labeled
as(num processors, num threads) , wherenum processors standsfor the
numberof physical processorsonto which the threadsareboundandnum threads
for thenumberof threadsusedfor theapplicationexecution.

All 7 benchmarksscalewell on boththeSMT andtheCMP asmorephysicalpro-
cessorsaremadeavailableto theapplication.This indicatesthatpotentialperformance
problemsundersomebindingschemescannotbeattributedto thescalabilitycharacter-
isticsof thebenchmarks.In fact for the2-threadedBT andCG executionon theCMP
thespeedupsaresuperlinear, dueto theavailability of cumulatively largerL1 cacheand
TLB whenmorethan1 threadsareused.

Givenaspeci®cnumberof threads,executiontimesontheSMT multiprocessorare
alwayslower if the threadsarespreadacrossasmany physicalprocessorsaspossible,
insteadof beingplacedon both executioncontexts of eachprocessor. Moreover, in 7
out of 21 experimentsthe activation of the secondexecutioncontext, given a speci®c
numberof physicalSMT processors,resultedin areductionof theobservedapplication
performance.It shouldalsobe pointedout that,even for a given application,it is not
alwaysclearwhethertheexploitationof all executioncontexts of eachprocessoris the



optimalstrategy or not. In thecaseof SP, for example,exploiting 2 executioncontexts
per processoris optimal when1 and2 processorsareavailable,however it resultsin
performancepenaltieswhenall 4 processorsareused.

The resultsaretotally differenton the CMP-basedmultiprocessor. In 8 out of 14
casesplacinga given numberof threadson the coresof as few processorsaspossi-
ble yields higherperformancethanspreadingthemacrossprocessors.Moreover, the
activationof thesecondcorealwaysresultedin performanceimprovements.Therepli-
cationof executionunits,L1 cachesandTLBs on theCMPsallows threadsto execute
moreeffectively, without the limitationsposedby resourcesharingon SMTs.The re-
duction in resourcecon�icts dueto hardwarereplicationoften allows the bene®tsof
inter-processorcachesharingto bere�ectedin a reductionin executiontime.

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

The selectionof the optimal numberof executioncontexts for the executionof each
OpenMPapplicationis not trivial on SMT-basedSMPs.We thus experimentwith a
performance-driven,adaptive mechanismwhich dynamicallyactivatesanddeactivates
theadditionalexecutioncontexts on SMT processorsto automaticallyapproximatethe
executiontime of thebeststaticselectionof executioncontexts perprocessor. We used
a simplermechanismthantheexhaustive searchproposedin [18], which avoidsmodi-
®cationsto theOpenMPcompilerandruntime.Our mechanismidenti®eswhetherthe
useof thesecondexecutioncontext of eachprocessoris bene®cialfor performanceand
adaptsthenumberof threadsusedfor theexecutionof eachparallelregion. Thealgo-
rithm introducedin [18] alsotargetsidenti®cationof thebestloopschedulingpolicy.

Our methodis basedon theannotationof thebeginningandendof parallelregions
with calls to our runtime.Thecallscanbe insertedautomatically, by a simpleprepro-
cessor. Alternatively, run-timelinking techniquessuchasdynamicinterpositioncanbe
usedto interceptthe calls issuedto the native OpenMPruntimeat the boundariesof
parallelregionsandapplydynamicadaptationevento unmodi®edapplicationbinaries.

Weslightly modify thesemanticsof theOMPNUMTHREADSenvironmentvariable,
usingit asa suggestionfor thenumberof processorsto beusedinsteadof thenumber
of threads.Moreover, we adda new environmentvariable(OMPSMT). If OMPSMTis
de®nedto be1 or 2, theapplicationalwaysuses1 and2 executioncontextsperphysical
processorrespectively. If its valueis 0, or the variableis not de®ned,adaptive execu-
tion is activated.In this case,eachkernelthreadis ®rst boundon a speci®cexecution
context uponprogramstartup.On thesecondandthird time eachparallelregion is en-
countered,our runtimeexecutesit using1 and2 executioncontexts perprocessorand
monitorsexecutiontime. After the third executionof eachregion, a decisionis made
usingthe timing resultsfrom the two testexecutions.Upon additionalinvocationsof
theparallelregion, theruntimeautomaticallyadjuststhenumberof threadsaccording
to thedecision.The®rst executionof eachparallelregion is not monitored,in orderto
avoid any interferencein thedecisionprocessdueto cachewarmupeffects.Theruntime
makesdecisionsindependentlyfor eachparallelregion. The executionof mostappli-
cationsproceedsin phases,with differentexecutioncharacteristicsfor eachphase.The



boundariesof parallelregionsoftenindicatephasechanges.Thus,varyingthenumber
of threadsat theboundariesof parallelregionsofferscontext sensitiveadaptation2.

We evaluatedtheperformanceof our adaptive mechanismusingtheNAS Parallel
Benchmarksalongwith two otherOpenMPcodes:MM5 [8], amesoscaleweatherpre-
diction model,andCOBRA [4], a matrix pseudospectrumcomputationcode.We ran
eachof thebenchmarksstaticallywith 1 and2 threadsperprocessoron 1, 2, 3, and4
processors.We thenexecutedeachbenchmarkusingtheadaptive strategy. Evenin the
experimentsusinga staticnumberof threads,threadsareboundon speci®cexecution
contexts in order to avoid unfairly penalizingperformancedue to suboptimalthread
placementdecisionsof theLinux scheduler. Theresultsaredepictedin Figure4.
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Fig.4. Relativeperformanceof adaptive,1 and2 threadsperphysicalprocessorexecutionstrate-
gies.Theexecutiontimeshave beennormalizedwith respectto theexecutiontime of theworst
strategy for eachexperiment.

Comparedwith theoptimalstaticnumberof threadsfor eachcase,ourapproachwas
only 3.0%slower on average.At thesametime, it achieveda 10.7%averagespeedup
over the worsestaticnumberof threadsfor each(benchmark,numberof processors)
combination.The averageoverall speedupobserved over all staticcon®gurationswas
3.9%.In 17 out of the total 36 experimentsthe adaptive mechanismeven provided a
performanceimprovementover bothstaticstrategiesfor selectingthenumberthreads.

2 In factloopboundariescanoffer abetterapproximationof applicationphases.OpenMPspec-
i�cations however, prohibit varyingthenumberof active threadsinsidea parallelregion, thus
adaptivemechanismslikeourscannotbeusedto makedecisionsata loop-level resolution.



This can be attributed to the �e xibility of the adaptive mechanismand its ability to
decidetheoptimalnumberof threadsindependentlyfor eachparallelregion.

The adaptive techniquedid not performwell for MG. MG performsonly 4 outer-
most iterations.Given that 3 iterationsare neededfor the initialization and decision
phases,MG executesin adaptive modefor only 1 iteration.However, it doesnot take
many iterationsfor theadaptive executionto compensatefor theoverheadof themon-
itoring phase.CG, for example,performsjust 15 iterationsandtheadaptive strategy is
only slightly inferior thanthebeststaticstrategy.

Theperformancebene®tsattainedby oursimplemechanismarelowerthanthoseat-
tainedby thecombinedadaptationof thenumberof threadsandloopschedulesin [18].
They indicatethatdynamicadaptationcanprovidesomespeeduponSMT-basedmulti-
processors,however theinherentarchitecturalbottlenecksof contemporarySMTshin-
dertheef®cientexploitationof theadditionalexecutioncontexts.

5 Implications for OpenMP

Our studyindicatesthatalthoughscalingOpenMPon CMPscanbeeffortless,scaling
onSMTsis hinderedby theeffectsof extensiveresourcesharing.Wearguethatit is still
worthwhiletoconsiderperformanceoptimizationsfor OpenMPonSMTs.In additionto
thecurrentIntel family of SMT processors,multicorearchitectureswith SMT coresare
alsogaining popularity, becausesuchdesignsoften achieve the bestbalancebetween
energy, die areaandperformance[12]. In our view, optimizingOpenMPfor SMTsen-
tails bothadditionalsupportfrom theruntimeenvironmentandpossibleextensionsto
the programminginterface.Clearly, the runtimeenvironmentshoulddifferentiatebe-
tweenthreadsrunningon the sameSMT andthreadsrunningacrossSMTs.This can
beachievedin a numberof ways:For example,a new SCHEDULEclausewould allow
the loop schedulerto assigniterationsbetweenSMTs usinga given policy and then
useanSMT-awarepolicy for splitting iterationsbetweenthreadsonthesameSMT. Al-
ternatively, OpenMPextensionsfor threadgroups[3] canbeexploited,sothat threads
within thesameSMT processorbelongto thesamegroupandusetheir own schedul-
ing andlocalsynchronizationmechanisms.Notethatusinggroupsin thiscasedoesnot
necessarilyimply theuseof nestedparallelism.SMT-awareprogramsmayutilize justa
singlelevel of parallelismbut usedifferentpoliciesfor executingthreadswithin SMTs.
In fact,currentSMTsdonotallow theexploitationof parallelismwith granularitymuch
®ner thanwhatcanbeexploitedby conventionalmultiprocessors[2]. If no extensions
to theOpenMPinterfacearedesired,thenmoreintelligenceshouldbeembeddedin the
runtimeenvironment,to dynamicallyidentify threadssharinganSMT anddifferentiate
its internalthreadmanagementpolicies.Althoughsuchanexpectationis notunreason-
ablefor regular iterative scienti®capplications,it is dif®cult to achieve thesamelevel
of runtimesophisticationfor irregularapplications.

Regardingportability (of both codeandperformance),oneof the most important
problemsfor implementingan SMT-aware versionof OpenMPis threadbinding to
processorsandexecutioncontextswithin processors.Clearly, if theprogrammerwishes
to exploit a singlelevel of parallelismin a non-malleableprogram,the issueof bind-
ing is irrelevant. If however the programmerwishesfor any reasonto utilize SMTs



for an alternative multithreadedexecutionstrategy (e.g. for nestedparallelism,or for
slipstreamexecution),thenit is necessaryto specifytheplacementof threadson pro-
cessors.Although theOpenMPcommunityhasproposedextensionsto handlesimilar
cases(e.g.via anONTOclause),exposingarchitectureinternalsin theprogrammingin-
terfaceis undesirablein OpenMP. Therefore,new solutionsfor improving theexecution
of OpenMPprogramsonSMTsin anautonomicmanneraredesirable.

6 Conclusions

In thispaperweevaluatedtheperformanceof OpenMPapplicationsonSMT- andCMP-
basedmultiprocessors.Wefoundthattheexecutionof multiple threadsoneachproces-
soris moreef®cientandpredictableon CMPsthanit is on SMTsdueto thehigherde-
greeof resourceisolation,whichresultsin fewercon�icts betweenthreadsco-executing
on thesameprocessor. Althoughadaptive run-timetechniquescanimprove theperfor-
manceof OpenMPapplicationsonSMTs,inherentarchitecturalbottleneckshinderthe
ef®cientexploitationof theseprocessors.

Our analysisindicatedthat the interferencebetweenco-executingthreadsin the
sharedlevelsof thecacheor thesharedTLB mayproveadeterminingfactorfor perfor-
mance.Drivenby this observation,we intendto evaluaterun- andcompile-timetech-
niquesfor TLB partitioningon SMTs andcachepartitioningon both SMT andCMP
architectures.Theforthcomingproliferationof processorswhichcombinesimultaneous
multithreadingandchipmultiprocessing,suchastheIBM Power5,andtheiruseasba-
sicbuilding blocksof multiprocessorswill certainlygenerateamultitudeof challenging
softwareoptimizationproblemsfor systemsoftwareandapplicationdevelopers.
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