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ABSTRACT

REDUCING COMMUNICATION COSTIN SCALABLE SHARED MEMORY
SYSTEMS

by
GheithAli Abandah

Chair: EdwardS. Davidson

Distributedshaed-memongystemsprovide scalableperformanceanda corvenientmodelfor
parallelprogramming.However, their non-uniformmemorylateng often makesit difficult to de-
velop efficient parallelapplications.Futuresystemsshouldreducecommunicatiorcostto achiese
betterprogrammabilityand performance We have developeda methodologyandimplementeda
suiteof tools, to guidethe searchfor improved codesandsystemsAs theresultof onesuchsearch,
we recommendi remotedatacachingtechniquehatsignificantlyreducescommunicatiorcost.

We analyzeapplicationsby instrumentingtheir assembly-codsources.During execution,an
instrumentedpplicationpipesa detailedtraceto configurationndependenfCIAT) andconfigura-
tion dependen{CDAT) analysistools. CIAT characterizeiherentapplicationcharacteristicshat
do not changefrom one configurationto anotherincludingworking sets,concurreng, sharingbe-
havior, and communicatiorpatternsyariationover time, slack,andlocality. CDAT simulatesthe
traceon a particularhardwaremodel,andis easilyretagetedto nen systems.CIAT is fasterthan
detailedsimulation;however, CDAT directly provides moreinformationabouta specificconfigu-
ration. The combinationof the two tools constitutesa comprehensie and efficient methodology
We calibrateexisting systemsusing carefully designedmicrobenchmarkshat characterizdocal
and remotememory producerconsumercommunicationinvolving two or more processorsand
contentionwhenmultiple processorsitilize memoryandinterconnect.

This dissertatiordescribeghesetools andillustratestheir useby characterizinga wide range
of applicationsand assessinghe effects of architecturalandtechnologicaladvanceson the per
formanceof HP/Corvex Exemplarsystemsgvaluatesstrengthsandweaknessesf currentsystem
approachesandrecommendsolutions.

CDAT analysisof threeCC-NUMA systemapproacheshawvsthatcurrentsystemgeducecom-
municationcost by minimizing eitherremotelateng or remotecommunicationfrequeny. We
describefour architecturallyvaried systemshat are technologicallysimilar to the low remotela-
teng/ SGI Origin 2000, but incorporateadditionaltechniquedor reducingthe numberof remote



communicationsUUsing CCAT, a CDAT-like simulatorthat modelscommunicatiorcontentionwe
evaluatethe worthinessf thesetechniquesSuperiorperformances reachedvhenprocessorsup-
ply cachedcleandata,or whena remotedatacacheis introducedthat participatesn the local bus
protocol.
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CHAPTER 1
INTRODUCTION

Thisintroductorychapteispecifiegheobjectivesof thisresearctandprovidessomebackground
andterminologyto enablepresentinghefollowing chaptersn asmoothway. Sectionl.1loverviens
someof themainconceptsn distributedsharednemorymultiprocessingnddiscussesomealter
native architecturahpproachesSectionl.2 outlinessomeperformancendprogrammabilityissues
that have motivatedthis researchSectionl.3 specifiesthe main dissertatiorresearctobjecties,
Sectionl.4 outlinesour approacho accomplishingheseobjectives,andSectionl.5surweys some
relatedwork.

1.1 Distrib uted Shared Memory Multipr ocessors

Distributed-memorysystemsare parallel processorshat use high-bandwidth Jow-lateng in-
terconnectiometworksto connectpowerful processingiodeswhich containprocessorandmem-
ory [CSG98,Hwa93. Theinterconnectiometworksprovide thecommunicatiorchannelghrough
which nodesexchangedataandcoordinateheir work in solving parallelapplications.

Distributed-memorsystemseducesomebottleneckghat limit performancdan systemswith
centralmemories.Thus,they have the potentialfor scalingin sizeandperformanceWhenthe dis-
tributedmemoryis nodeprivate,asin distributed-memorymulticomputes, processingiodescom-
municateand exchangedatausing explicit messageassing. Although message-passirapplica-
tionscanbeefficientandportable they arehardto developand,becaus®f thetypically largesetup
overheadoermessagethey have problemsn exploiting fine-grainparallelism[For94,CLR94]. On
the other hand, distributed shared-memoryDSM) multiprocessos provide programmerscorve-
nienceof memorysharingwith one global addresspace someportion of which is foundin each
node[PTM96]. Uniprocessoapplicationsareofteneasilyportedto DSM multiprocessorsandtheir
performanceanthenbeincrementallytunedto exploit the available parallelism.Moreover, tuned
shared-memorgpplicationcanbeasefficientasmessage-passirapplicationdCLR94], provided
thatsupportis availablefor high bandwidthblock transfers.



Dueto the increasinggap betweerprocessospeedand memoryspeed DSM systemsauseone
or morelevelsof cacheghatareoftenkeptconsistenby usingoneof mary cachecoherenceroto-
cols[CSG98,LW95|.

Varioussoftwareand hardwaretechniqueshave beenproposedor implementingDSM multi-
processor$PTM96]. Commercialimplementationsisually employ hardwaretechniquesecause
of their higherperformanceandeasiermprogrammability Threecommercialmultiprocessorsising
hardwaregechniquesprderedby increasingdegreeof hardwaresupportfor coherentdatareplica-
tion andmigration,areCray ResearciT3D [KS93], Corvex SPP100(QBre95], andKendallSquare
ResearciKSR1 [FBR93,BD94]. Thesethreemultiprocessorsepresenthreedistinct paradigms
for implementingDSM systems.

The T3D interconnectslual-processoprocessingiodesusinga 3-dimensionatorus. The T3D
is a non-uniformmemoryaccesgNUMA) multiprocessarA processocanaccessnemoryin re-
mote nodesusing load and storeinstructionsthat optionally updateits cache. Coherencés not
maintainedamongthe processoicachesor with remotememory e.g.,when a processoupdates
datain its cache,the datacopies,if ary, in othercachesand remotememoryare not affected.
Hence,T3D shared-memonrapplicationsrequentlyusedirect memoryinstructionsto bypassthe
cacheanduseexplicit synchronizatioroperationgo orderstoresandloadsamongthe processors.
TheT3D incorporatespecialhardwaresupportto achieve fastsynchronization.

The SPP1000nterconnecteight-processoprocessingiodesusing four rings. The SPP1000
is a cache-coheent non-uniformmemoryaccess(CC-NUMA) multiprocessar It hasa cache-
coherenceontroller(CCC)thatusesadirectory-basedachecoherenc@rotocolto enablecoherent
datamigrationandreplication,e.g.,whenacachdine is updatedthe CCCinvalidatesothercopies
andinsuresthata processorequesilwaysgetsa copy of the mostrecentdata. In additionto the
processocacheseachSPP100hodereseresa portion of its memoryfor useasalargeintercon-
nectcache(IC) for reducingthe numberof remote-memonaccessesReferencedemotedatais
copiedinto the IC in additionto the processocache thusfuture accesseto the referencedemote
datathatresultin processocachemissescouldbesenedlocally by thelC.

The KSR1interconnectsingle-processgprocessingiodesusinga hierarchyof ringswith up
to 32 nodesin eachlowestlevel ring; a higherlevel ring canconnectup to 32 lower level rings.
TheKSR1is acade-onlymemoryarchitecture (COMA). Similarto the SPP1000the KSR1usesa
directory-basedoherenc@rotocol. Additionally, the KSR1“memory” isimplementedn hardware
asasetof attractionmemoriesi.e. alargecachein eachnode.The KSR1maovesandreplicateslata
amongthe attractionmemoriesdynamicallyandcoherentlyin responseo processoaccesses.

Severalvendorsareadoptingthe CC-NUMA architecturdor building theirnew high-endseners.
CC-NUMA achieresanicebalancebetweerNUMA'’s programmingompleity andCOMA's hard-
warecompleity. Examplef new CC-NUMA systemare: HP/Corvex SPP200(QBA97], Sequent



NUMA-Q [LC96], andSGI Origin 2000[LL97].

1.2 DSM Performanceand Programmability

Computerarchitectsncreasinglyrely onapplicationcharacteristicéor insightin designingcost-
effective systems.Thisis truein the early designstagesaswell aslater stagesIn the earlydesign
stagesarchitectsface a large and diversedesignspace. Someof the early designdecisionsare:
nodeand systemorganization,numberof processorper node,target communicatiorlateny and
bandwidthmemorycachingandcoherenc@ndconsisteng protocols.They needto selectadesign
that bestfits their performancescalability availability, security programmability portability, and
manageabilityobjectivesfor thetargetapplicationmarket.

Additionally, programmerinvolvedin developingandtuningshared-memorgpplicationsieed
toolsfor analyzingapplicationgo identify performancéottlenecksandto gethintsfor improving
performanceAn applicationanalysigool’s utility depend®nits ability to providerelevantcharac-
teristicsin anaccurateandtimely manner

Figure 1.1, which shows the effects of machinesize and remotecommunicationateng on
performanceijllustratesone exampleof a designtrade-of. The remotelateng is the lateng for
satisfyinga processoicachemiss from anothemode. The figure shavs a trendthat s typical of
mary parallelapplications.This figureis basedon datafound by simulatingtracesof a 256 x 256
blockedmatrix multiplication on a particularCC-NUMA systemwhich has4 processorpernode
andsupportscoherencerotocolssimilar to the StanfordDASH protocols[LLG T92].

As thenumberof nodesnvolvedin solvingtheproblemincreasesheexecutiontime decreases.
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Figure1.1: Effects of machinesizeand remotelatency.
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For ary given numberof nodes,asthe lateng of accessinglatain remotenodesincreasesthe
executiontime increases.The figure shows the effects of increasingthe remotelatengy from the
local, i.e. samenodeaccesstime (UMA) to 10 timesthelocal time (10X). Notethatall the single
nodeaccessearelocal; thus,the single nodetime is independentf the remotelateng. On the
otherhand,the systemcostincreasesvith largermachinesizeandwith lower remotelateng.

Figure 1.2 providesan explanationof the trendsillustratedin Figure 1.1 by breakingdown the
executiontime into several distinct components.lt shows profiles of the executiontime of the 5
machinesizesfor the variousremotelatencies.The averagetime spentin executingusefulinstruc-
tions and satisfyinglocal missesdecreasessthe machinesize increases.However, the relative
contributionof remotemissesandtheimbalancdime,i.e. time spentwaiting for otherprocessorto
completesomeportion of their work, eachincreasessthe machinesizeincreasesvhich severely
limits the performancef thelargermachinesizes.

For aparticularmachinesizeof morethanonenode the averagetime spentin satisfyingremote
missesandtheimbalanceime bothincreaseasthe remotelateng increasesThe combinedeffects
resultin the possibility of achieszing betterperformancavith fewer nodesandlower remotelateng
thanwith morenodesandhigherremotelateng.

Our experiencewith the Corvex SPP100@&ndthe SPP160qwhich usesa moreadvancedpro-
cessor)s that mary applicationsdo not scalebeyond 8 processorgthe size of onenode). Marny
usersof this systermfind the effort of tuningtheir applicationdor scalability, by carefullocalization
of memoryreferencessooverwhelmingthatthey abandortuningtheseapplicationsIn the Univer
sity of Michigan’s Centerfor Parallel Computing(CPC),for example,mostusersrun application
codesthatdo not scalebeyond 8 processorsTherefore the SPP1600s typically partitionedinto



severalsubcomplges,noneof which containamorethan8 processors.

For programmerso succeedn developingefficientandscalableapplicationson DSM systems,
they needaccurateandrelevantinformationabouttheirapplicationsandthe DSM system®n which
they run. They needmeando analyzeheirapplicationsn orderto identify performancéottlenecks
andconsequentlynoreeasilytunetheseapplicationdor betterperformanceTheknowledgeof an
applicationscharacteristicgs ofteninsufficient to tuneit for a particularsystem.The programmer
alsoneedsto know enoughinformationaboutthe systems performancecharacteristicén orderto
exploit the systems strengthsandavoid its weaknesses.

In our evaluationof the SPP100(Qpresentedn Chapters), we found that its remotelateng
is about4 to 7 timesthelocal lateng.. This makesthe remotecommunicatiorcosthigh in appli-
cationswith a large numberof remotemisses.In orderto build DSM systemshat featuregood
programmabilityand scalability it is very importantto find effective approacheso reducingthe
communicatiorcost. Systemswith remotecommunicatiorcostthatis closeto thelocal costrelieve

the programmefrom having to investsignificanteffort in localizingmemoryreferences.

1.3 Dissertation Research Objectives
Themainobjectivesof thisresearclhare:

¢ To developamethodologyfor analyzingshared-memorgpplicationsandillustrateits useto
supportdevelopmentbof efficient DSM applicationsandsystems.

¢ To developandusea methodologyfor evaluatingandcalibratingexisting DSM systems.

¢ To proposeandevaluatesystem-l@el designtechniquedor reducingthe costof communica-
tion amongthe processorsyith a primaryfocuson the systemarchitectureandprotocols.

Althoughapplicationtuning, e.g.,localizing memoryreferencesndsoftwareprefetching,can
alsosignificantlyreducecommunicatiorcost,it is not within the scopeof this research.

1.4 Dissertation Outline

To supportour methodologyof analyzingapplicationsand evaluatingdesignoptions,we have
developeda setof toolsfor collectingandanalyzingtracesof shared-memorgpplications.These
tools and our analysismethodologyare presentedn Chapter2. The tool for collecting traces,
SMAIT, hastwo parts:aper | scriptprogramfor instrumentingthe assemblyjanguagdiles, and
arun-timelibrary thatis compiledwith the applicationobjectcode.During programexecution,the
instrumentednstructionsgeneratenetraceperthreadby performingcallsto the run-timelibrary.
Thesetracescan either be dumpedto a file or pipedto the analysistools for on-the-fly analysis.



Pipingenabledull analysisof long executionperiods(hundredf millions of instructions)without
excessve storagaequirements.

Threemain analysistools have beendeveloped: CIAT, for performingconfigurationindepen-
dentanalysis,and CDAT and CCAT, for configurationdependenanalysis. CIAT helpsus under
standandquantifyanapplicationsinherentbehaior with respecto memoryinstructions synchro-
nization, communicationand private and sharedmemoryaccess.CIAT is uniquein its generic
analysisapproactwhichis not specificto ary particularmachineconfigurationor coherenceroto-
col, i.e., it requiresno machinedescriptionandreportsno artifactualbehaior which is causedy
someaspecbf a machines configurationor its protocols.

CDAT is a system-lgel simulatorthat obseresthe memoryand|/O referencegieneratedy
eachprocessarlt paysspecialattentionto thosereferenceshatgeneratesecond-lgel cachemisses
sincethesemissescausethe systemtraffic. CDAT is aflexible simulationtool thatis easilyretar
getedto a new machineconfigurationby readinga configuratiorfile. The configuratiorfile allows
thesystendesigneto selectamongawide rangeof designoptions.For a particularsystemconfig-
uration,CDAT generatesnformationthat describeghe applications cachemisses systemtraffic,
latenciesandamountof datatransferred.

CCAT, like CDAT, is alsoa system-lgel simulator However, it is moredetailedandmodels
contentionon memoryandinterconnects CCAT is now targetedto memory-basedlirectory CC-
NUMA systemsandassumesnadwancedprocessomodel.

Theseanalysistoolsalsogeneratdéraceshatmaybeusedby TDAT, ourtime distributionanal-
ysistool, to analyzethe variationsin anapplicationsbehaior overtime.

In Chapter3, we presenta thoroughcharacterizatiomf the eightapplicationsthatareusedin
thisresearctwith avariety of problemsizesandnumberof processorswWe useCIAT andTDAT to
characterizéheinherentpropertiesof theseapplicationsandshov how configurationindependent
analysiss usedto characterizeeightaspect®f applicationbehaior: generakharacteristicsyork-
ing sets,concurreng, communicatiorpatternscommunicatiorvariationovertime, communication
slack,communicatioriocality, and sharingbehaior. We demonstratéhat our approachprovides
anefficient, clean,andinformative characterization.

In Chapter4, we move on to presentan experiment-basedethodologyfor characterizinghe
memory communicationschedulingandsynchronizatiorperformancenf existing DSM systems.
We extendexisting microbenchmarkingechniquedo characterizéheimportantaspectof a DSM
system.In particular we presentcarefully designedmicrobenchmarkso characterizehe perfor
manceof thelocal andremotememory producerconsumecommunicatiorinvolving two or more
processorsandthe effectson performancevhenmultiple processorgontendfor utilization of the
distributedmemoryandtheinterconnectiometwork.

Advancesin microarchitecturepackaging,and manufacturingorocesse&nabledesignergdo



build new systemswith higherperformanceandscalability In Chapters, we usethe microbench-
marksof Chapter4 to contrasthe memoryandcommunicatiorperformanceof two generation®f
the Convex Exemplarscalableparallelprocessingystem.The SPP100&nd SPP200have signif-
icantarchitecturabndimplementatiordifferencesbut maintainupwardbinary compatibility. The
SPP200Gmploysmanufacturingand packagingadwancesto obtain shortersysteminterconnects
with wider datapathsandimproved functionality, therebyreducingthe latengy andincreasinghe
bandwidthof remotecommunication Althoughthe memorylateng is not greatlyimproved, newver
out-of-orderexecutionprocessorgoupledwith nonblockingcachesachieve muchhighermemory
bandwidth. The SPP200Chasa richer systeminterconnectopology that allows scalabilityto a
larger numberof processorsThe SPP200@&lsoemploysinnovationsin its coherencerotocolsto
improve synchronizatiomndcommunicatiorperformanceWe characterizéheperformanceffects
of thesechangesandidentify someremaininginefficienciesthatfuture systemshouldaddress.

In Chapter6, we presenta comparatie studyof threeimportantCC-NUMA implementations,
the StanfordDASH, the Corvex SPP1000andthe SGI Origin 2000,to find strengthsand weak-
nesse®f currentimplementations Although the threesystemssharemary similarities,they have
significantdifferenceghat translateinto large performancedifferences.For example,they differ
in the numberof processorpernode,processocacheconfiguration,memoryconsisteng model,
locationof memoryin the node,andcache-coherengarotocol.

In this study we evaluatethe effects of thesedifferenceson cachemisses,local bus traffic,
internodetraffic, misstime in variouscomponentypes,and amountof datatransferred.We use
detailedmultiprocessotracesof selectedshared-memorgpplicationgo drive CDAT. We first use
modelsthat represeneachof the threesystemsas closely aspossible. Our resultsindicatelarge
performancedifferencesamongthe three systemswhich are largely dueto the useof different
componentspeedsand sizes. We then put the three systemson the sametechnologicalevel by
assigningthemcomponent®f similar size and speed but presere their individual organizations
and coherenceprotocol differences. Although the Origin 2000still hasthe leastaverageremote
accesgime, it spendshe longesttime satisfyingits missesbecausahe majority of its missesare
satisfiedremotely From this study we have concludedthat the Origin 2000 hasa potentialfor
superiomerformanceprovidedthattheratio of remotemisseds reduced.

In Chapter7, we recommendh schemehat reduceghe remotemissratio without increasing
latengy. We use CCAT to evaluatethis schemeand show that this schemealwaysimprovesthe
executiontime of the parallelapplicationaused.This schemeoffersasmuchasa 50%reductionin
the executiontime, andis relatively moreeffective with “problematic”applications.

In Chapter8, we presentour conclusionsaboutthe methodologythe applicationcasestudies,
performanceof existing systemsthe strengthsand weaknessefound in the three major system

approachethatwe have studied,andthe studiedtechniquedor reducingthe communicatiorcosts



of future systemsWe alsooutline somefuturework.

1.5 RelatedWork

In this section,we presenta surwey of somerelatedwork andoutline someof the similarities
anddifferenceswith respecto ourwork.

1.5.1 Performance Collection

Characterizingshared-memongapplicationsinvolvesperformancecollectionand performance
analysis. Performancecollection often involves collecting detailedinformation aboutthe appli-
cation's memoryreferences.Thereare several classesof techniquedor performancecollection,
eachwith its own advantagesaindlimitations. Hardwaremonitors,e.g.,the VAX microcodemon-
itor [EC84], Corvex CXpa[CXp93], andthe IBM POWER performancemonitor [WCNSH94]
provide low-level information using event counters,but require specialhardwaresupportand so
tendto be system-specific ATUM [ASHB86] generates compressedracefile for postanalysis,
but is alsobasedon hardwaresupportsinceit enablescollectingaddresgracesby modifying the
microcode.

Codeinstrumentatione.g.,ATOM [SE94, RY O [ZK95], andPixie [Smi91],enablegollecting
variousperformancedataandtracesby instrumentingeither the assemblyor the objectfile of a
uniprocessoapplication.This techniqueoftenrequiressourcecodeavailability, perturbshe execu-
tion, andcannotbe usedwith applicationghat generatecodedynamically e.g.databasesystems.
MPTRACE [EKKL90] usesassemblyodeinstrumentatiorio collecttracesof shared-memorgnul-
tiprocessompplications.

Simulationis alsousedin performancealatacollection,for example,Proteu§BDCW91], Tango
Lite [GH92], and SIMOS[RHWG95. Similar to codeinstrumentationsimulationenablescol-
lecting performancedataof variouskinds, but is often slower. SimOScollectstracesfor actiities
within theoperatingsystemin additionto the userspaceactivities anddoesnot requiresourcecode
availability.

Dynamiccodetranslationcanbe usedin performanceollection,e.g.,DEC FX!32 [FX] which
enablesaxecutingsomex86 programson an Alpha workstation. In this technigue tracescanbe
collectedby instrumentingduring executiontime, the basicblocksof anapplication.

Ourtracecollectiontool wasdevelopedo enablecollectingtracesof someCorvex SPP100@nd
SPP160Gpplications.SMAIT usescodeinstrumentatiortechniques.It is similarto MPTRACE
in its ability to collectmultiprocessotracesby instrumentinghe assemblyfiles of anapplication.
However, its techniqueof replacingthe instrumentednstructionsby subroutinecalls, makesit rel-
atively flexible. SMAIT addressethe executionperturbatiornproblemby providing a light partial



instrumentatioroption for collectingtiming information. Unlike hardwaremonitorsand SimOS,
SMAIT doesrequiresourcecodeavailability andcannottraceactivity within the operatingsystem,

unlessthe operatingsystemis madeavailablefor instrumentation.

1.5.2 PerformanceAnalysis

Availableparallelperformancanalysigoolshave mainly beendevelopedor analyzingnessage-
passingapplicationsg.g.,Pablo[RANT93], Medea] CMM *+ 95], andParadyn[MCC*95k]. There
is, however, somework thatfocuseson characterizingshared-memorapplications. Singhet al.
demonstratedhat it is often difficult to modelthe communicatiorof parallelalgorithmsanalyti-
cally [SRG94]. They suggestedieveloping general-purpossimulationtools to obtainempirical
informationfor supportingthe designof parallelalgorithms.

Thetoolsdevelopedin thisresearctaddressheshortageof toolsfor analyzingshared-memory
applicationsandthe limited scopeof thetoolsthatdo exist. They enablemechanicatharacteriza-
tion of awiderrangeof shared-memorgpplicationpropertieghanary previoustool suite,andthey
useacleanempproacho characterizingnherentapplicationpropertieswithout beingbiasedoward
ary particularsystemconfiguration A judiciouscombinationof our configurationindependenand
configuratiordependerdinalysezonstitutesa comprehensie andefficient methodologyA sharper
contrastetweerour approactandotherrelatedwork is givenin Chapter3.

Thereareseveralstudiesthatcombinesource-codanalysiswith configurationdependenanal-
ysis to characterizeshared-memonppplications[SWG92, RSG93,WOT+95]. Woo et al. have
characterizedeveral aspectsof the SPLASH-2 suite of parallel applicationsfWOT+95]. Their
characterizationncludesload balanceworking sets,communicatiorto computatiorratio, system
traffic, andsharing.They usedexecution-drvensimulationwith the TangoLite [GH92] tracingtool.
In orderto capturesomeof thefundamentapropertiesof SPLASH-2 they adjustednodelparame-
tersbetweerlow andhigh values.In contrastour configurationindependenanalysischaracterizes
thesepropertiesmore naturelyand efficiently, without resortingto a seriesof specificconfigura-
tions. For example,the above studies,unlike CIAT, characteriz&ommunicatiorby measuringhe
coherencdraffic, which is a function of the applications inherentcommunicatiorand the simu-
latedsystems cacheconfiguratiorandcoherencerotocol. CIAT's characterizatioof theinherent
communicatioris fastandcleanbecausét tracksonly the alternationof accessesn eachmemory
locationanddoesnot usea specificcachecoherencerotocolor modelthestatef multiple caches.
CIAT characterizeanapplicationsworking setsin oneexperimentandis accuratevenwith appli-
cationsthatdo not exhibit goodspatiallocality. CIAT’s concurreng characterizatioimncludesthe
serialfraction,loadimbalanceandresourcecontentionin additionto speedup.

Chandraet al. alsousedsimulationto characterizehe performanceof a collectionof applica-

tions[CLR94]. Their mainobjective wasto analyzewheretime is spentin message-passingrsus



shared-memorprograms.Perland Sites[PS96]have studiedsomeWindows NT applicationson
Alpha PCs.Their studyincludesanalyzingthe applicationbandwidthrequirementsgharacterizing
the memoryaccesgatternsandanalyzingapplicationsensitvity to cachesize.

To getinsightin designingnterconnectiometworks,Chodnekaet al. analyzedhetime distri-
butionandlocality of communicatioreventsin somemessage-passirmndshared-memorgpplica-
tions[CSVT97]. CIAT andTDAT characterizehetime distribution of communicatioreventsasa
functionof timein additionto reportingthe cumulative distributionfunctionof theeventrates.CIAT
characterizesommunicatioriocality by characterizinghe communicatiorbetweereachprocessor
pair, not just characterizinghe communicatiorfrom one particularprocessoto the otherproces-
sors. Thus, CIAT and TDAT presentmore useful characterizationfor understandingnd tuning
shared-memorgpplications.

LeutenggerandDias[LD93] analyzedthe TPC-Cdisk accesset modelits disk accespat-
ternsandshovedthat TPC-Ccanachieve closeto linearspeedujn adistributedsystemwhensome
read-onlydatais replicated.

1.5.3 SystemCalibration

Microbenchmarkinghasbeenusedin mary studiesto characterizdow-level performanceof
uniprocessoandmultiprocessosystemgSS95,McC953 MS96, MSSAD93,GGJF 90, HLK97].

Saaedraand Smith have usedmicrobenchmarkingo characterizeéhe configurationand per
formanceof the cacheand TLB subsystem#n uniprocessor$SS95. They have shown that mi-
crobenchmaricharacterizatiorcan be usedto parameterizgperformancemodelsthat predictthe
performanceof simple applicationsto within 10% of the actualrun times. Using his STREAM
microbenchmarkdylcCalpin measuredhe memorybandwidthof mary high-performanceystems
andnoticedthattheratio of CPUspeedo memoryspeeds growing rapidly [McC95d. McVoy has
obsenedthatspeciakareandattentionmustbegivento designingnicrobenchmarkthataccurately
measureéhe memorylateng andbandwidthof modernprocessorsvhich allow multiple outstand-
ing misseg[MS96]. His microbenchmarlsuite,| nbench, measuresnary aspectof processor
andsystemperformance.

Although thereare somestudiesthat have usedmicrobenchmarkso characterizeghe memory
performancef shared-memorynultiprocessor§GGJt 90, SGC93HLK97], themicrobenchmarks
presentedhereoffer wide coverageof the memoryandcommunicatiorperformancdor DSM sys-
tems.Thesemicrobenchmarksharacterizéhe lateny andbandwidthof local andsharedaccesses
asfunctionsof the accesgatternand distance,and characterizéhe overheadsdueto preserving
cachecoherencandcontentiorresultingfrom concurrentaccessing.
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1.5.4 Distrib uted Shared Memory Ar chitecture

In Sectionl.1andChapter6, we discusshe implementation®f someDSM systems.To con-
sene spacewe do not repeatthis discussiorhere. But it is worthwhile to mentionthat mary of
the techniquesand approachesisedin the DSM systemghat we focus on were developedin the
StanfordDASH [LLG t92], MIT Alewife [ABC*95], andSClI standardSCI93 projects.Detailed
sunweys of distributedshared-memorgonceptsandsystemsarefoundin [LW95, PTM96,CSG98].

Marny CC-NUMA systemsgxisting commercialmachinesaswell asresearchprototypesuse
cachingto reducethenumberof remotecapacitymisseJAB97, LC96,NABT95, LLG 92, FW97,
MD9g].

Cachingremotedatain local specializedcachess a popularapproachusedmainly to reduce
the costof capacitymisses. Mary approachesiave usedDRAMSs to sene aslarge interconnect
caches(Exemplar[AB97], NUMA-Q [LC96], S3.mp[NAB*95], and NUMA-RC [ZT97]), or
SRAMsto sene asfastinterconneccachegyDASH [LLG T92)), or both (R-NUMA [FW97] and
VC-NUMA [MD98]). In Chapter7, we evaluatethe worthinessof an SRAM interconnectache
in reducingthe numberof remote communicationmisses. Unlike DASH and VC-NUMA, our
implementatioris compatiblewith the MESI cachecoherencerotocolssupportedy modernpro-
cessors Additionally, unlike R-NUMA's block cacheour implementatiorcachegemotelineson
loadmissesanddoesnot cacheremotelines on storemissesandthereforeoffers a betterreduction
of theremotecommunicatiorcost.
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CHAPTER 2
METHODOLOGY AND TOOLS

This chapterdescribesour methodologyfor characterizingshared-memonapplicationsand
evaluatingscalableshared-memorgystemsanddescribeghe tool suiteusedto supportit. These
tools arethenusedto carry out the casestudiesin Chapters3, 6, and7. Microbenchmarkings
introducedn Chapterd andusedin Chapters. Microbenchmarkesultsarealsousedto supportthe
casestudiesin Chapters$ and?.

2.1 Overview

This methodologyis basedon a suiteof five flexible toolsthatenablecollectingandanalyzing
detailedtracesof sharedmemoryapplicationsas shovn in Figure2.1. The Shaed-MemoryAp-
plication Instrumentatio Tool (SMAIT) is usedfor tracecollection. Threetools areusedfor trace
analysisithe ConfigumationIndependenfnalysisTool (CIAT), theConfiguiation Dependenfnaly-
sisTool (CDAT), andthe CommunicatiorContentionAnalysisTool (CCAT). TheTimeDistribution
AnalysisTool (TDAT) characterizesventtime distributions.

In Figure 2.1, a shared-memorynultiprocessor(MP) is usedto executeand analyzeinstru-
mentedapplicationcodes.However, theanalysigoolscanalsoacceptracefiles generatedby other
means. SMAIT supportsexecution-driveranalysisby (i) piping the tracesdirectly to one of the
analysistools, insteadof generatingracefiles, and(ii) acceptingeedbacko controlthe execution
timing onthetracedmultiprocessoaccordingo thesimulatedsystenconfiguratioror CIAT’ sanal-
ysismodel. Execution-drvenanalysisenablesanalyzinglongerexecutionperiodsby using piping
to eliminatethe needto storehugetracefiles and using feedbackto avoid the non-deterministic
behaior of someapplications.

Usually, we first useCIAT to characterizeéhe applicationsinherentcharacteristicsasoutlined
in Section3.2. Thenwe useCDAT or CCAT to characterizetheraspectandto find theapplication
performanceandgeneratedraffic on a particularsystemconfiguration.CDAT and CCAT areused

to characterizehingslike cachemissesandfalsesharingthatdependon configurationparameters,
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Figure 2.1: A comprehensiveshared-memoryapplication analysismethodology

suchascachesizeandwidth.

CDAT and CCAT are systemlevel simulators. CCAT modelscontentionon bussesmemory
banksandinterconnectiotlinks, andhasa moredetailedprocessomodel. AlthoughCDAT handles
eachcachemissasanatomictransactionits relative simplicity givesit afive-fold speedadvantage
over CCAT, enablingthe analysisof longerexecutionperiods.

CIAT analyzesnherentapplicationpropertiesi.e.,thosethatdo notchangdrom oneconfigura-
tion to anotherthusrelieving CDAT andCCAT from repeatinghis analysisor every configuration.
CDAT and CCAT, which usefairly detailedmodelsof the systemcoherencerotocolandsystem
state aregenerallyslower thanCIAT.

In additionto its system-independermharacterizationmeportfile, CIAT generates detailed
memoryusagefile that providesaccessnformationfor eachaccesseanemorypage. CDAT and
CCAT may or may not requireaccesgo this memory usagefile, dependingon which policy is
specifiedn theconfiguratiorfile for mappingmemorypagedo the simulatednmemorybanks.CIAT
optionallygenerates traceof the communicatioreventsthatis analyzedoy TDAT to characterize
the communicatiorvariationover time. TDAT is alsousedto analyzeCDAT's and CCAT s traffic
traces.

The systemconfigurationto be analyzedby CDAT or CCAT is specifiedthrougha file that
selectdrom thesupportedrchitecturabptionsandspecifiecomponensizesandspeedsTo enable
performancenalysisof applicationrunson anexisting systemwe usea suiteof microbenchmarks
to calibratethe system. This calibrationis thenusedto fill in a configurationfile for that system.
To evaluaterunson a proposeddesign,the designeffills in a configurationfile with the proposed
designparameters.

The characterizatiomeportedby thesetoolsis usedto supportapplicationtuning, early design
of scalableshared-memorgystemsparameterizingyntheticworkloadgeneratorscomparingal-
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ternative designoptions,andinvestigatingnew designapproachesThe suite of microbenchmarks
enablegalibratingexisting systemsandevaluatingtheir strengthsandweaknesses.

SMAIT is describedn Section2.2. Section2.3 introducestraceanalysistechniqueghatare
commonto thethreeanalysigools. Sections2.4,2.5,and2.6 describehe CIAT, CDAT, andCCAT
traceanalysistools, respectiely. Section2.7 describesTDAT. Finally, Section2.8 outlinesour
assessmemif theaccurag of thesetools. Furtherdetailonthesetoolsis reportedn [Aba96].

2.2 Trace Collection (SMAIT)

SMAIT is basedon RYO [ZK95], atool developedby ZuckerandKarp for instrumentingPA-
RISC[Hew94] instructionsequenceskY O is a setof awk scriptsthatenablereplacingindividual
machinenstructionswith callsto userwritten subroutines.

SMAIT is designedo enablecollectingtracesof multi-threadedshared-memorparallel ap-
plications. SMAIT hastwo parts: a per | script programfor instrumentingPA-RISC assembly
languagefiles, and a run-timelibrary that is linked with the instrumentedorogram. The per |
scriptprogramreplacessomePA-RISC instructionswith calls to the run-timelibrary subroutines.
During programexecution therun-timelibrary generatesnetracefile perthread. SMAIT provides
threelevelsof instrumentation:

o At Level 1, SMAIT instrumentghe procedurecall instructionsfor somel/O, threadmanage-
ment,andsynchronizatiorsubroutinesAt thislevel, SMAIT enable<ollectingtracedor the
I/O streamandtiming information. Therun-timelibrary generatesnecall recod wheneer
aninstrumentedall instructionis executed.A call recordcontaingthe call type, time before

andafterthe procedurecall, andfour agumentfields.

o At Level 2, SMAIT additionallyinstrumentsall load andstoreinstructionsto tracethe data
stream.Therun-timelibrary generateenememory-accesecoid wheneer aninstrumented
memory-accesfstructionis executed. A memory-accessecordcontainsthe type of the
instructionandthevirtual address.

o At Level 3, SMAIT additionallyinstrumentsall branchinstructionsandthefirst instruction
of every proceduren orderto tracethe instructionstream. The run-time library generates
one brand recod for eachtakenbranch. A branchrecordcontainsthe virtual addressof
the branchinstruction plus 4 and the virtual addressof the branchtamget. Four is added
to the branchinstructionaddresgo accountfor the instructionin the delay slot after the
branchinstructionwhich,in PA-RISCarchitectureis fetchedandconditionallyexecuted.The
run-timelibrary alsogenerate®nerecordwhenever the first instructionof aninstrumented

proceduras executed.This recordcontainsthevirtual addres®f the procedurestart. At this
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level, the memory-acceseecordshave an additionalfield that specifiesthe location of the
memoryinstructionrelative to the predecessdiracedbranchor memoryinstruction,soasto

indicatethe numberof nontracednterveninginstructions.

When Level 1 is used,the instrumentedcodeis lightly perturbedand runs nearthe original
uninstrumentedpeed.This level is mainly usedfor collectingtiming information. WhenLevel 2
or 3is usedtheinstrumenteadodeis heaily perturbedandrunsabout70to 100timesslowerthan
theoriginal uninstrumentedode.

2.3 TraceAnalysis

This is anintroductorysectionthat describesometraceanalysistechniqueghatare common
amongthethreetraceanalysigools.

Eachtool acceptswo setsof tracefiles. Eachsetis madeup of p tracefiles comingfrom p
threadsof execution. The first set, called call traces is optional and containstracesof the I/O
andsynchronizatiortalls. The secondset,calleddetailedtraces is requiredandcontainsthe call
records,datastreamrecordsand, if available, the instruction streamrecords. Although all the
recordsin thecall tracesarealsoin thedetailedtracesthe call tracesareusedbecausehey usually
comefrom a lessperturbedexecutionand their time stampsare closerto the timing of an unin-
strumentedixecution. The call tracesarecollectedusingSMAIT instrumentatiorievel 1, andthe
detailedtracesarecollectedusingSMAIT instrumentatiorLevel 2 or 3.

Thetools assumeéhat the tracescomefrom anapplicationwith oneor moreexecutionphases
whereeachphasehasits own properties Currently the supportecphasesreserial/parallel phases
anduserdefinedphases.In a serialphase,ThreadO is the only active threadand otherthreads,
for a multi-threadexecution,areidle. In a parallelphase multiple threadsare active. The tools
recognizeransitionsbetweenserialandparallelphasedrom the tracerecordsof thethread-span
andthread-joincalls that activate and deactvate threadsbetweenserial and parallelphases.The
userdefinedphasesrerecognizedvhenthetools encountespecialmarkerrecordgAba9q. The
markerrecordscanbe generatedby instrumentinghe high-level sourcecode.

The tools performanalysisper phaseand report characterizatiorstatisticsat the end of each
phase.They alsoreportthe characterizatiostatisticsaggrejatedover all phasesattheend.

CIAT and CDAT manageone pseudoclock perthreadin orderto interleave the processingof
multiple traces. The clocksareinitialized to zeroat the startof the first phase.A threadclock is
incrementedby onewhenearer aninstructionis processedor that thread. Additionally, CDAT on
second-lgel cachemissedgncrementghethreadclock by the numberof cyclesof the misslateng.
The clocksaresynchronizedt the endof eachphase andasthey emege from a synchronization
barrief to thevalueof thelargestclock.
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Within a serialphase CIAT and CDAT procesghe tracerecordsof ThreadO until reachinga
threadspawvn call. Within a parallelphase bothtools procesdracerecordsfrom all the available
threadsuntil reachingathreadjoin call. At eachstep,the next tracerecordselectedor processing
is chosenfrom the threadwith the smallestclock value. In casemultiple threadshave this small-
estclock value, tracerecordsare selectedor processingn an ascendingorder accordingto the
respectie threadlDs.

Although CCAT usesthe samefront-endengineto parsethe input tracesit is aneventdriven
simulatorthat consumeghe traceon demandaccordingto the statusof the simulatedprocessors.
CCAT hasaneventschedulingcorethatis adaptedrom the SimPacktoolkit [Fis95].

The tools also supporttracesthat do not containinformation aboutthreadmanagemenand
synchronizatione.g.,the TPCtracesdescribedn Chapter3. Thetools supportanalyzing!’ trace
filestakenfrom T differentprocesseby interleaving thesetraceson p processors.

For thesetracesthetoolsusethe time stampsn the tracesynchronizatiommecordsto breakthe
tracesinto logical slices A sliceis a sequencef memory-accesfiranch,andsystemcall records
thataresurroundedy two synchronizatiommecordswhich containthe startandendtime stampsof
theslice,asobsernedwhenthetracewascollected.Thetools sortthe slicesinto a list accordingto
their starttimesandscheduléhemon the availableprocessorsif thesliceat thelist head A, hasa
starttimethatis largerthanthe endtime of anearlierslice, B, thatis still active,thenA will notbe
scheduledintil B completes.

Althoughthis consenrativeschedulingcorrectlycapturesnter-proces€ommunicationhowever
its conserative orderingof the sliceslengthenghe executiontime, and consequentlywe cannot
accuratelycharacterizesomeconfigurationndependenperformanceropertie§of the TPCbench-
marks)like concurreng, communicatiorvariationovertime,andcommunicatiorslack(Chaptei3),
nor configurationdependengxecutiontime andcontentionChapter7).

2.4 Configuration IndependentAnalysis (CIAT)

CIAT is intendedto capturethe inherentapplicationcharacteristicshat do not changefrom
onemultiprocessoconfigurationto another A multiprocessoconfigurationspecifieshe way that
processorareclusteredn a hierarchy the interconnectiortopology, the coherencerotocols,the
cacheconfigurationsandthe sizesandspeed®f the multiprocessocomponents.

CIAT usesa modelsimilar to the PRAM model [FW78] which assumeshat p processorgan
executep instructionsconcurrentlyandeachinstructiontakesa fixed time. Therefore CIAT keeps
track of time in instructionunits. CIAT interleaves the analysisof multiple threadtraceson p
processorgccordingto the threadspavn andjoin calls,andobeys therestrictionsof the lock and

barriersynchronizatiorcalls. CIAT additionallymaintainsinternaldatastructuredor the accessed
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memorylocationsthatareusedby its characterizatioalgorithms(moredetailis givenin Chaptei3).

CIAT usesmary counterdor countingvariouseventsandusesa memorystructureto keeptrack
of dataandcodeaccessesThe phasestatisticsarereportedn areportfile atthe endof eachphase
andthe aggreyatestatisticsarereportedin the reportfile at the endof the lastphase.Additionally,
atthe endof thelastphase CIAT scanghe memorystructureandreportsmemoryusagestatistics
in the reportfile and generates memoryusagefile that summarizeghe memoryusageof each
touchedpage.

CIAT providestheoptionof generatingatracefile of thekey communicatiorevents.Thistrace
file enablesonductingiime distribution analysisof theapplications communicatiorpatternausing
TDAT, asdescribedn Section2.7.

2.5 Configuration DependentAnalysis (CDAT)

CDAT is asystem-l@el simulatorthatis intendedo investigatea large designspaceat the early
designstagesf new scalableshared-memorgystemsCDAT is fasterthancycle-by-g/cle simula-
tors,e.g. CCAT, dueto usingthe simplificationassumptionsutlinedin the next paragraph CDAT
describeshesystemtraffic thatwould begeneratedhy anapplicationonaparticularmultiprocessor
configuration.CDAT is a trace-drven simulatorthathascache memory bus, andinternodeinter-
connectiormodels.Thesemodelscanbearrangedn a hierarchicakonfiguratiorasspecifiedn the
configuratiorfile.

CDAT assumethateachinstructiontakesonecycle to completeaslongasit doesnotgenerate
missin thesecond-lgel cache Whenaninstructiongenerates miss, CDAT simulateghe system-
level transactiongtransactionamongthe systemcomponentsjo satisfy this miss. This is done
in accordancevith the cachecoherencerotocolasspecifiedin the configuratiorfile. In this case,
CDAT assumethattheinstructiontakesasmary cyclesastherearein thecritical pathto satisfythe
miss. To keepthe modelssimpleandfast, CDAT assumeshateachmissis atomicandthatthereis
no contentionon systenresources.

CDAT usesmary countersfor countingvarioussystemeventsto reportevent countsandflow
parametershat describemary aspectof the applicationbehaior on the specifiedconfiguration.
Theseabstractionsare also usedto parameterizavorkload generators. The phasestatisticsare
reportedin thereportfile atthe end of every phaseandthe aggrejatestatisticsarereportedat the
endof thelastphase.

Additionally, CDAT (and CCAT) cangeneratdwo typesof traces;geneal anddetailed The
generaltracecontainsthe requestandreturntransactiongieneratedy the processorandl/O de-
vices. Processorequestsare generatedn cachemisses,and processoreturnsare generatewn
cachereplacements/O requestsare generatecbn DMA activities. The detailedtrace contains
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recordsof all the signalsthat areneededo satisfyprocessorequestandreturns. More detailon
theformatof thetwo tracetypesis reportedn [Aba96]. Thegeneratraceis usedn timedistribution
analysig TDAT) andto drive othersystem-leel simulatorgdevelopedandusedin Hewlett-Packard
LaboratoriesPalo Alto). Thedetailedtraceis usedfor detuggingCDAT.

CDAT modelingof shared-memorgystemss sufficiently flexible to enablesxperimentingwith
awide varietyof designoptions.For example,throughthe configuratiorfile options,usersmay se-
lect a desiredcoherenceprotocolvariant,specify systemcomponensizesandspeedsandspecify
how processorandmemorybanksare clusteredandinterconnected Additionally, othersystem-
level simulatorghatuseCDAT’sgeneraltracehave thefreedomto usevarioushardwarémplemen-
tations.

CDAT and CCAT have several policies for mappingvirtual memorypagesto the distributed
physicalmemorybanks. Someof thesepoliciesrely on the informationgatheredoy CIAT about
memoryusage.They readthe memoryusagefile and mapthe virtual pagesusedinto the physical
memorybanksaccordingo thepolicy specifiedn theconfiguratiorfile. CDAT andCCAT havethe
ability to allocateprivatepagesn thelocal node interleave sharedhagesacrossiodesandreplicate

codepagesn multiple nodes.

2.6 Communication Contention Analysis (CCAT)

CCAT is a system-lgel simulatorthat hasan aggressie processomodelfor simulatingthe
high traffic conditionsthat are commonwith modernprocessors.CCAT modelscontentionon
sharedresourcesit modelsindividual buses memorybanks,andinterconnectiometworklinks as
facilities. A systemsignalutilizesa facility by occupyingit for a specifiedhumberof cycles. If the
facility is busy, the signalis queuedon the facility queueandsenedlaterin aFFIFO style[Fis95.

Theprocessoexecutesa specifiecnumberof instructiongpercycle (IPC) whenit is not stalled.
The processoican have up to somespecifiednumberof outstandingmisses,andthusit is able
to overlapthe latenciesof multiple cachemissesand generatehigh systemtraffic. The processor

supportssequentiamemoryconsisteng [Lam79] andstallson thefollowing events:

1. It attemptgo fetchaninstructionandmissesn the secondarycache. The processoremains

stalleduntil this codemissis satisfied.

2. It hasadatamissandits outstandingequesbuffer is full. Eachprocessohasanarchitected
numberof outstandingequesbuffer entries.This buffer keepstrack of the secondargcache
missesand replacements.The processoistaysstalled until someoutstandingrequestsare
satisfiedandthereareenoughfree entries.Note that a missthatforcesthe replacemenof a

dirty line needgwo entries;onefor the missrequestinda secondor thereplacementequest.
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3. Thewindow of instructionsbetweerthe oldestunsatisfiednemoryinstructiort andthe cur-
rentinstructionequalsthe numberof entriesin the instructionreorderbuffer (ROB). Since
the processograduateperformedinstructionsin programordet an unsatisfiednemoryin-
structioncausesll successoinstructionsto be heldin the ROB. Thuswhenthe ROB is full,

the processocannotissuenew instructionsandconsequentlgtalls.

4. In somemodernprocessorshe ROB hasdedicatedentriesfor memoryinstructions.Hence,
whenthewindow of instructionsin the ROB includesa numberof memoryinstructionsthat
equalsthe numberof entriesdedicatedor this type of instruction,the processostallsuntil

someinstructionggraduateandthereis a freememoryROB entry.

Sincethe processomodeldoesnot stall due to datadependencieghe rate of systemtraffic
causedy this processomodelis an upperboundon the actualtraffic, andthusis appropriatefor
evaluatingsystemsunderheavy traffic conditions. However, the CCAT processomodelcanbe
parameterizedo causdighter traffic by, asan extremeexample,selectingl IPC anda one-entry
ROB, which forcesa serializationof the instructionstreamas if every instructionis dependent
on the precedingnstructionandno dependencés toleratedby the processar This selectioncan
give a lower boundon the traffic rateswith normal applicationworkloads. Alternatively, some
intermediateselectioncanbe choseraccordingto someestimateof how well the processois able

to toleratedependence.

2.7 Time Distrib ution Analysis (TDAT)

TDAT is a separatdime distribution analysistool. TDAT is usedto analyzeeventtracesgen-
eratedby CIAT, CDAT, or CCAT. TDAT acceptsevent tracefiles storedon disk, or alternatiely
acceptsventtracepipesfrom ary of thesethreeanalysistools for on-the-flyanalysis. The event
traceis an ASCII file thathasonerecordperevent. Eachrecordstartswith a clock field andmay
have otheroptionalfields.

TDAT putsthe eventsinto bins accordingto the clock field. The bin width canbe specifiedby
theuser TDAT reportsthenumberof eventsin eachbin, the numberof bins,theaverage minimum,
andmaximumeventrates,andthe eventdensityanddistribution functions.

2.8 Tool Validation

We have useda combinationof techniqueso verify thecorrectnessf thetoolsdescribedn this
chapter
SMAIT wasvalidatedby comparingthe generatedracesagainsthe sourceassemblycode.

LA memoryinstructionis unsatisfiedf it hasanoutstandingnissrequest.
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Thethreetraceanalysistools werewritten in C usinga cautiousprogrammingstyle with fre-
guentuseof assertiorstatementsAn assertiorstatementctsasa diagnostigpoint; it verifiesthat
the programstateat that point is as expected[KR92]. This frequentuseof assertionstatements
helpedusto exposeandfix mary programmingougsandalgorithmicerrorsthroughouthe devel-
opmentprocess.

We have alsousedsimplesynthetictraceso validatevariousaspect®of thesetools. By running
thesetoolson synthetictraceshathave predeterminednalysigesults we wereableto validatethe
outputreportfiles.

The CIAT communicatiortraceandthe CDAT andCCAT detailedtracewere usedto validate
therespectre tools. In particular the CCAT detailedtracewasvery usefulin verifying that CCAT
correctlysimulateghetamgetcachecoherencerotocols.

CIAT analysisof the SPLASH2 suite of benchmarkgpresentedn Chapter3) was verified
againstthe configurationdependentinalysispresentedn [WOT*95]. While the resultsof the
two approachegenerallyagree,thereare somejustifiable differencesdue to usingtwo different
hardwareplatformsandthe fundamentalimitations anddifferencef thetwo approaches.

We have also verified CDAT’s resultsagainsta reportgeneratedy Corvex CXpa [CXp93].
CXpa collects performancestatisticsusing hardwaremonitors on the SPP1600which usesthe
PA7200processofCHK *96]. For a singlenodeconfigurationrunninga 256 x 256 blockedmatrix
multiplication program,CDAT reported14% more datamisses. We believe that CDAT reported
moremissedecausé doesnotmodelthe PA7200’sassistachehateliminatessomeof theconflict
misses.

As presentedn Chapter7, CCAT simulatessystemssimilar to the SGI Origin 2000[LL97].
CCAT’slocal andremotemisslatenciesagreewith thelatencieameasuredisingmicrobenchmarks
andreportedn [HLK97].
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CHAPTER 3

APPLICATION CHARACTERIZATION CASE STUDIES WITH
CIAT

In this chapter we presenthe collectionof shared-memonrapplicationsthat areusedin this
researchWe characterizéheseapplicationausingour configuratiorindependenanalysisapproach
to geta generalandthoroughunderstandingf their inherentproperties. We also usethesecase
studiedto illustratetheadvantage®f this approach.

3.1 Intr oduction

As describedn Chapter2, configuratiordependertnalysigunsanapplicationtraceonamodel
of a tamget systemconfigurationto predictits performanceon the tamget system. Configuration
independendinalysispntheotherhand,usesonly aparallelexecutiontraceandextractstheinherent
configurationindependenapplicationcharacteristics.

While configurationdependenainalysiss repeatedor every tamgetconfigurationconfiguration
independenanalysisis only performedonceper combinationof problemsizeandnumberof pro-
cessors.Configurationindependentinalysisprovides a generalunderstandingf an applications
inherentpropertiesand, as demonstratedh following chaptersenablesexplaining the resultsof
configurationdependenanalysis.

This chapterdemonstratethat configurationindependenanalysisis a usefulapproactio char
acterizingseveralimportantaspect®f shared-memorgpplicationsit is moreefficientin character
izing certainpropertiegshanconfigurationdependenanalysis,andit cancapturesomeapplication
propertieghatare easilymissedby configurationdependenanalysison a fixed configuration.Us-
ing ajudiciouscombinatiorof bothconfiguratiordependerdandconfigurationindependerdginalysis
providesan efficient and comprehensie methodologyfor characterizingshared-memorgapplica-
tions.

In this chapteywe useour configurationindependenganalysistool, CIAT, to characterizeight
shared-memorgpplicationbenchmarksliravn from the StanfordSPLASH-2 NAS ParallelBench-
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marks(NPB), andTransactiorProcessindPerformanceCouncil (TPC)applicationsuites.

In the restof this chapter Section3.2 describessomeimportantshared-memongapplication
characteristicand why knowledge of themis usefulto architectsand softwareengineers. Sec-
tion 3.3 describeghe eight case-studypenchmarks.Section3.4 containseight subsectionseach
describinghow we usedconfigurationindependentnalysisto characterizea particularaspectof
the benchmarksinterpretsthe resultsof the characterizationsand discusseshe advantagesand

disadvantage®f this approachSection3.5 presentsomeconclusions.

3.2 Shared-Memory Application Characteristics

This chapteraddressesightcharacteristicef shared-memorgpplications:

¢ Geneanl characteristicsof the applicationincludedynamicinstructioncount,numberof dis-
tinct touchedinstructions a parallelexecutionprofile (serialandparallelphases)numberof
synchronizatiorbarriersandlocks, I/O traffic, and percentagef memoryinstructions(by

type).

e Theworkingsetof anapplicationin anexecutioninterval is the numberof distinctmemory
locationsaccesseih thisinterval [Den6g. Theworkingsetoftenchange®vertime andmay
be hierarchicale.g.,multiple working setsmay be accesseiteratively andcollectively con-
stitute a larger working set. The working setsizeis a measuref the applicationstemporal
locality, which affectsits cacheperformance A large working setindicatesa low degreeof
temporallocality; whentheworking setsizeis largerthanthe cachesize,capacitymissesoc-
cur. Characterizinghe working setsof targetapplicationss importantin selectingthecache
sizeof anew system.This characterizatiois alsousefulto programmersfor example,when
the working setsizeis larger thanthe cachesize,the programmeicanimprove the applica-
tion performancdyy reducingits working set,e.g.,by sggmentinga matrix computationinto
blocks[Wol96].

e The amountof concuriencyavailablein an applicationinfluenceshow well the application
performancescalesasmore processorgsreused. An applicationwith high concurreng has
the potentialto efficiently utilize alargenumberof processorsSection3.4.3discussefactors
thataffect the concurrenyg of shared-memorgpplications.The amountof availableconcur
reng in the target applicationsprovides the systemdesignerwith insight in selectingthe
machinesizeandthe numberof processorso be clusteredn eachnode. Characterizingand
reducingfactorsthat adverselyaffect an applications concurrenyg is valuablefor improving

applicationscalability.

¢ Communicationin a shared-memorynultiprocessooccursimplicitly whenmultiple proces-
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sorsaccessharednemorylocations.Communicatioroccursin several patternsdepending
on the type and order of the accesseand the numberof processorsnvolved. One exam-
ple is the producerconsumeipatternwhereone processostoresto a memorylocationand
anotherthenloadsfrom this location. Section3.4.4 presentsa classificationof the memory
accesyatternsin shared-memorapplicationsthat causecommunicatiortraffic. For a sys-
temdesignersincecoherencanissesandtraffic areafunctionof thecommunicatiorpatterns
andthe systemconfiguration,characterizinghe volumeof the variouscommunicatiorpat-
ternsis particularlyimportant.A successfusystemdesignedesignsa systenthatefficiently
supportghe commoncommunicatiorpatternsof the target applications.Additionally, char
acterizingthe communicatiorpatternsin an applicationcan help the programmeto avoid

expensve patterns.

Communicatiorvariation overtimeis asimportantascharacterizingverall communication
volume. Communicationcan exhibit uniform, bursty, random,periodic, or other comple&
behaior. Expressinghow the applicationbehaesover time enablesdentifying and char
acterizingthe programsegmentsmostresponsibldor the applications communication.For
a systemdesignerthe knowledgeof the distribution function of the communicatiorratesis
importantin specifyingappropriatdbandwidthfor the systeminterconnects.

Communicatiorslad is the temporaldistancebetweerproducinga new valueandreferenc-
ing it by otherprocessors.Characterizinghe communicatiorslackis usefulto predictthe
potentialutility of prefetching.For anapplicationwith large slack,prefetchingcanbesched-

uledearlyto reduceprocessostallsdueto cachemiss.

Communicatiorocality is ameasuref thedistancebetweerthe communicatingprocessors.
For example,someapplicationshave local communicatiorwherea processotendsto com-
municatewith its nearneighborsandothershave uniform communicatiorwherea processor
communicatesvith all other processors.In applicationtuning, communicationlocality is
usefulfor assigninghreadgo physicalprocessorsln systemdesigniit is usefulin selecting
the systemorganizationandthe interconnectiortopology. As an example,consideran ap-
plicationwhereonethreadproducesshareddatathatis consumedy all otherthreads.In a
systemwith mesh-stylénterconnectbetterperformanceanbeachievedwhentheproducing
threadis run on a centrallylocatedprocessarFor anarchitectdesigningfor this application,
supportinga broadcastapabilitymaybe a viable designchoice.

Thesharingbehaviorof anapplicationrefersto which memorylocationsaresharecandhow.
A real shared memorylocationis alocationin the sharedspacehatis accessethy multiple

processorsluringthe programexecution. A private locationis accessethy only oneproces-
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sor. A sharedaccesds anaccesdo arealsharedocationanda private accesds anaccess
to a privatelocation. Notice thatnot all sharedaccessesausecommunicationFor example,
considera processoperformingmultiple loadsof onesharedocationaftera storeperformed
by anothemprocessarUsing perfectcachespnly thefirst loadis a communicatioreventthat
requirescoherencéraffic to copythe datafrom the producers cacheto thelocal cache.The
subsequentbadsare not considereccommunicatioreventsbecausehey are satisfiedfrom
thelocal cache.Characterizinghe sharingbehaior of anapplicationhelpsthe programmer
tolocalizedata,i.e.to mapdatato memoryin awaythatminimizesaccessime. For example,
mappingprivate datato local memoryreduceghe privateaccesgime, and mappingshared
datato thenodewhereit is mostreferencedjenerallyreduceshe averagesharedaccessime.

3.3 Applications

We have analyzedRadix, FFT, LU, and Cholesk from SPLASH-2[WOT*95], CG and SP
from NPB [BT94], and TPC benchmark<C and D [TPC92, TPC93. SPLASH-2consistsof 8
applicationsand 4 computationakernelsdravn from scientific, engineeringand graphicscom-
puting. NPB consistsof 5 kernelsand 3 pseudo-applicatiasthat mimic the computatioranddata
movementcharacteristicsf large-scalecomputationafluid dynamicapplicationganearlierreport
characterize$ benchmark®f NPB using CIAT and CDAT [Aba97]). The TPC benchmarksre
intendedto comparecommercialdatabaselatforms. The following is a shortdescriptionof the
eightbenchmarksTheseparticularapplicationswvereselectecbecausehey represenawide range
of applications.

Radix is aninteger sort kernelthatiterateson radix r digits of the keys. In eachiteration,a
processopartially sortsits assignedeys by creatinga local histogram. The local histogramsare
thenaccumulatednto a globalhistogramthatis usedto permutethe keys into a new arrayfor the
next iteration(two arraysareusedalternately).Our experimentsusedaradix of 1024.

FFT is a one-dimensionak-point complex FastFourier Transformkerneloptimizedto mini-
mizeinterprocessocommunicationThedatais organizedas/n x y/n matricesandeachprocessor
is responsiblef /n/p contiguousows. Thekernelsall-to-all communicatioroccursin threema-
trix transposesteps. Every processotransposes contiguoussubmatrixof /n/p x y/n/p from
every processarlf every processostartsby transposingrom Processof’s rows, high contention
occurs.Hence to minimize contentiongachprocessobeginsby transposinga submatrixfrom the
next processos setof rows.

LU is a kernelthat factorsa densen x n matrix into the productof a lower triangularand
anuppertriangularmatrix. The matrix is dividedinto B x B blocks. The blocksare partitioned

amongtheprocessorsiyhereeachprocessoupdatests blocks. To reducedfalse-sharing@ndconflict
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ProblemSizel ProblemSizell
Benchmark| ProblemSize | TotalInstructiongM) | ProblemSize | Total Instructions(G) |
Radix 256K integers 88 | 2M integers 0.63
FFT 64K points 30 | 1M points 0.51
LU 256 X 256 80| 512 x 512 0.57
Cholesly t k15. Ofile 860 | t k29. Ofile 2.13
CG 1,400/15 147 | 14,000/15 2.43(0.75)
SP 163/100 611 | 64°/400 189(1.61)
TPC-C NA NA | 16users (1.0)
TPC-D NA NA | 1 GB database (2.8)

Table 3.1: Sizesof the two setsof problemsanalyzed. The two numbers specifying the
problem sizeof CG and SPrefer to the problem sizeand the number of iter-
ations, respectively The total instructions is the total number of instructions
executedusing 32 processorsValuesin parenthesisshowthe number of actu-
ally analyzedinstructions for the partially analyzedproblems.

misses elementswithin a block areallocatedcontiguouslyusing 2-D scatterdecomposition.Our
experimentusedB = 16.

Cholesky is a kernelthatusesblockedCholesly factorizationto factora sparsamatrix into the
productof alowertriangularmatrix andits transpose.

CG is aniterative kernelthatuseshe conjugategradientmethodto computeanapproximation
to thesmalleskigervalueof a sparsesymmetricpositive definitematrix. Table3.1shovstheorder
of thematrix andthe numberof iterationsof thetwo problemsizesanalyzed.

SPis asimulatedapplicationthatsolvessystemsf equationgesultingfrom anapproximately
factoredimplicit finite-differencediscretizationof the Navier-Stokesequations.SP solvesscalar
pentadiagonbasystemgesultingfrom full diagonalizatiorof the approximatelyfactoredscheme.

TPC-C is anon-line transactionprocessingpenchmarkthat simulatesan ervironmentwhere
multiple operatorsexecutetransactionsgainsta database.The TPC-C analysispresentedn this
chaptelis basedn a 1 Gigainstructiontracethatrepresentshe benchmarlexecution.

TPC-D is a decisionsupportapplicationbenchmarkhat performscomple< andlong-running
gueriesagainsiargedatabasesTPC-Dis comprisedf 17 querieghatdiffer in compleity andrun
time. Eachqueryoftenundegoesmultiple phasesvith varyingdisk I/O rates.The TPC-Danalysis
presentedn this chapteris for a 2.8 Gigainstructiontracerepresentinghe third phaseof Query
3 wheremostof the querytime is spent. Comparedwith otherqueries,althoughQuery 3 takesa
moderateuntime, it hasa high disk I/O andcommunicatiorrates[TPC]. However, otherqueries
canbecharacterizedimilarly.

Table 3.1 shaws the problemsizesanalyzedin this study The scientific benchmarkswvere

analyzedusingtwo problemsizeson arangeof Processorfrom 1 to 32. Problemsizell hasabout
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| Feature | SPPi160M@ata |

Numberof processors 32in 4 nodes
Processor PA 7200@ 120MHz
Main memory 1024MB pernode
OSversion SPP-UX4.2
Fortrancompiler Corvex FC9.5

C compiler Corvex CC6.5

Table 3.2: The SPP160thost configuration.

oneorderof magnitudemoreinstructionsthanproblemsizel.

TheSPLASH-2benchmarksveredevelopedat StanfordUniversityto facilitateshared-memory
multiprocessoresearctandarewritten in C. The NPB are specifiedalgorithmically so that com-
putervendorscanimplementthemon a wide rangeof parallelmachinesWe analyzedhe Corvex
Exemplar[Bre95]implementatiorof NPB, whichis writtenin Fortran. The performancef anear
lier versionof thisimplementations reportedn [SB95]. However, to getagenerakharacterization
of thesebenchmarksywe undid someof the Exemplarspecificoptimizationse.g.,we removed the
extracodethatlocalizesshareddatainto thenode-prvatememoryof the 8-processonodes.The six
scientificbenchmarksvereinstrumentedcompiled,andanalyzedon a 4-nodeExemplarSPP1600
multiprocessarTable3.2 shows the configurationof this system.

The six scientificbenchmarksre multi-threaded Eachstartswith a serialinitialization phase
whereonly ThreadO is active to setupthe problem. After the initialization phase,p threadsare
spavnedto runonthep availableprocessorf the mainparallel phase Theproblemis partitioned
amongtheavailableprocessorandeachprocessois responsibléor its part. Thethreadsoordinate
their work by usingsynchronizatiorbarriersandmutual-exclusionregions controlledby locks. At
the end of the parallel phase,the multiple threadsjoin and only ThreadO remainsactive in the
wrap-upphaseto do validationandreporting.

Unlessotherwisespecifiedthereportedscientificapplicationcharacteristicarefor theparallel
phaseusing32 processorskor CG andSR their characteristicslo not changerom oneiterationto
anotherin the parallelphase.Hence to save analysistime, we performedour analysisof problem
sizell only from the programstartto theendof the secondterationin the parallelphase We report
thecharacteristicef the secondterationasrepresentatie of thewhole parallelphase.

TheTPCtraceswverecollectedatHP Labsona4-CPUHP senerrunningacommercialatabase
ervironment.In this configuration parallelismis exploited usingmultiple processethatcommuni-
cateusingsharednemoryandsemaphor@perations.The TPC-Ctraceis composedf tracefiles
for 45 processesandthe TPC-D traceis composedf tracefiles for 23 processesThe operating
systemsenestheactive processeby performingcontext switchingonthelimited numberof CPUs.
To capturethe characteristicef eachprocessCIAT analyzeghe TPCtracesby runningeachpro-
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cesdraceonadedicategrocessarConsequently45 processorareusedto analyzeTPC-Cand23
processorsreusedfor TPC-D.

TheseTPCtracesincluderecordsfor the userspacememoryinstructionstakenbranchessys-
temcalls,andsynchronizatiorinstructions e.g.load-and-cleaword. However, they do not contain
informationaboutcontet switching. Thus, it is impossibleto analyzethesetracesin the exactoc-
currenceordet For suchcasesCIAT usesthe conserative traceschedulingalgorithmdescribedn
Section2.3. And consequentlyve do not characterizéhe concurreng, communicationvariation

over time,andcommunicatiorslackof the TPCbenchmarks.

3.4 Characterization Results

The following eight subsectiongare devotedto the eighttargetedcharacteristicsEachsubsec-
tion describesheconfigurationndependenanalysisused stategheadvantagesanddisadwantages
of theapproachandpresentandinterpretsheresultsof characterizinghe eightbenchmarks.

3.4.1 General Characteristics

Eachmemoryinstructionaccessesne or more consecutre locations,wherethe size of each
locationis onebyte,e.g.,theload-wordinstructionaccessefour locations.CIAT maintainsa hash
table that hasan entry for eachaccessedbcation. Eachentry holdsthe location’s statusbits and
accesinformation. Onestatusbit, thecodebit, is setwhenthelocationis accesselly aninstruction
fetch. At the endof atrace,CIAT sumsthe setcodebits to find the touchedcodesizeandsums
the clearcodebits to find the toucheddatasize. The codeanddatasizesof the eightbenchmarks
areshavn in Table3.3. While Cholesly andSPhave about85 KB of touchedcode,the otherfour
scientifickernelshave less.However, the TPCbenchmarksouchhundredf codekilobytesin the
tracedperiod.

The datasizeis oneto threeordersof magnituddargerthanthe codesize,whereLU hasthe
smallestatasizeandCG hasthelargest. TPC-Cs datasizeis largerthanTPC-D’s datasizemainly
dueto thedifferencesn their disk accespatterns SinceTPC-Cprocessesandomtransactionshat
generatsshortrandom-accesdisk readsandwrites, it usesalargedisk cachan memoryto improve
diskaccessime. However, TPC-Dquerieggeneratdong sequentiatiisk readswith little datareuse,
consequentlyt usesalimited numberof memorybuffersto temporarilyhold andprocesseaddisk
chunks.

Table3.3alsoshawsfive aggrgatecharacteristicef theparallelphasethenumberof executed
instructions,percentagef memoryinstructions,averageinstructionsexecutedper takenbranch,
the numberof barriers,andthe numberof locks. CG hasthe highestpercentagef memoryin-

structionsandthe largestdatasize. Consequentlyit is a benchmarkthat canpotentially stressthe
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| | Radix| FFT| LU [ Cholesy | CG | SP | TPC-C | TPC-D ||

Codesize(KB) | 9 18 | 13 88 23 83 820 200

Datasize(MB) || 17 | 49 | 2.0 46 90 30 47 35
(29 [B2][(052] (21) | (9.0 | (0.57)

No. of instrs. 110 | 480 | 540 | 2,000 [2,000] 190,000/ 1,000 | 2,900

in (M) (22) [ (27| (69) | (770) | (130)| (600)

Memorylnstrs. || 29% [ 29% | 40% | 26% | 51% | 35% 36% 48%

Instructions/ 33 16 25 24 21 68 10 10

takenbranches || (15) | (16) | (24) (24) | (21 | (70)

No. of barriers 11 7 67 4 1,185| 1,600 0 0
1y | (@ | @35 (4) (735) | (400)

No. of locks 442 | 32 | 32 | 72026 | O 0 |7.9x10° | 5.3x10°
(442) | (32) | (32) [ (54,419)| (0) 0)

Table 3.3: Generalcharacteristicsof problemsizell using32processorsCharacteristics
of problem sizel are givenin parenthesisif significantly different.

processocache.This high memoryinstructionpercentagés dueto simplereductionoperationn
long vectors. The six scientificbenchmarkdiave moreinstructionsbetweentakenbrancheghan
the TPC benchmarksinfrequentbranchingis typical of scientificapplicationsn which the appli-
cationspendgnostof its time in loopswith large loop bodiesandonebackwardoranch.Table3.3
indicatesthatthe scientificbenchmarksselittle synchronizationamongthem,CG hasthe fewest
instructionsper barrierand Choleslk hasby far the mostlocks. The TPC traceshave relatively
mary synchronizatiorevents, mainly load-and-cleawvord instructionsand senop systemcalls.
However, thetracecollectionperturbsexecutionandthe traceshave elevatedsynchronizatiomates
relative to unperturbedexecution. In orderto minimize the effect of this behaior on our analysis,
we ignore all accesse$o the synchronizatiornvariableswhen characterizingcommunicationand
sharing. Thus, our characterizatiorof the TPC communicatioronly includescommunicatioron
normalsharednemoryanddoesnotincludecommunicatioron synchronizatiorvariables.

Table 3.4 shavs somestatisticsfor the disk I/O activity in the TPC traces. TPC-C accesses
relatively little dataper disk readandwrite accessmost TPC-D disk accessesre 64 KB reads.
Although TPC-D hasmoredisk I/O bytesper instruction,its disk accessesre predictablewhich
enablesiding their lateng by prefetching.

Figure 3.1 shows the percentag®f the byte, half-word (2 bytes),word (4 bytes),float (single-
precisionfloating-point),and double (double-precisiorfloating-point)load and storeinstructions.
Theleft graphis for problemsizel, andtheright graphis for problemsizell. While the percentage
of byte andhalf-word memoryinstructionsis negligible in the scientificbenchmarksit is 23%in
TPC-Cand32%in TPC-D.CG hasthe largestpercentagef loadinstructionsdueto its reduction

operationsThe averagefor the remainingbenchmarkss about2 loadsperstore,i.e. typically two

28



| | TPC-C| TPC-D ||

No. of diskreadcalls 18,000| 2,800
Averagereadchunk 1.7KB | 63KB
No. of diskwrite calls 4,000 81
Averagewrite chunk 15KB | 33B
Disk I/O bytesperinstruction|| 0.037 | 0.061

Table 3.4: Disk I/O in TPC-C and TPC-D.
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Figure 3.1: Percentageof the memory instructions accordingto the instruction type (load
or store) and type of data accessedbyte, half-word, word, float, or double).
Left chart isfor problemsizel and right chart is for problem sizell.

operandgo oneresult.

Exceptfor Radix,anintegerkernel,morethan58% of the memoryinstructionsin the scientific
benchmarksnanipulatedoublevaluesand almostall the restmanipulateword objects. Cholesly
usesa large percentag®f load-wordinstructionsto find the indicesof the sparsanatrix non-zero
elements.

Whenthe problemis scaledup, someinstructionsequenceareexecutedmorefrequently e.g.
the body of someloops, while otherinstructionsequencesare not affected. Consequentlythere
aresomedifferencesn the percentag®f memoryinstructionshetweensizel andll. Oneobvious
changeis the lower percentagef store-wordinstructionsin size ll. Store-wordinstructionsare
often associatedvith instructionsequencethat are executeda fixed numberof times, e.g. saving
the previousstateat the procedureentryfor a procedurdhatis calleda fixed numberof times.

3.4.2 Working Sets

Thesizeof a shared-memorgpplicationsworking setis sometimesharacterizedby conduct-
ing multiple simulationexperimentsusing a fully-associatve cachewith LRU replacemenypol-
icy [RSG93,WOT+95]. Eachexperimentusesone cachesizeandmeasureshe cachemissratio.
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A graphof the cachemissratio versuscachesizeis usedto deducehe working setsizesfrom the
graphknees A kneeatcachesizeC' indicateghatthereis aworking setof size< C'. Thisisatime
consumingproceduresinceit involves multiple simulationexperiments. Although thereare effi-
cienttechniquedor simulatingmultiple cachesizesin oneexperiment{KHW91], thesetechniques
arenot usedwith shared-memoryultiprocessosimulationsbecausef theinteractionamongthe
processorglue to coherenceraffic which is somefunction of the cachesize. Additionally, this
proceduradoesnotdifferentiatebetweercoherenc@andcapacitymissesandmayover-estimatehe
working setsizewhenusing cachelines that are larger thanthe size of the individually accessed
dataelementsegspeciallywith applicationghathave poorspatiallocality.

CIAT characterizeshe inherentworking setsof an applicationin one experimentusing the
accessageof theload andstoreaccessesThe accessageof aninstructionaccessindocationz is
the total size of the distinct locationsaccessetetweenthis accessandthe previous accesof z,
inclusively. By definition, the accessageis setto oo for the first accesof . For example,the
sequencef wordaccessefA, B, C, A, A, B, B) hasaccessagey o, o0, 00, 12,4, 12, 4).

The accessage predictsthe performanceof a fully-associatve cachewith LRU replacement
policy anda line sizethat equalsthe size of the smallestaccesse@lement. For an S-byte cache,
every acceswith age< S is ahit, every accesswith age= oc generates compulsorymiss,and
every accessvith age> S generates capacitymiss.

To find theaccessge,CIAT usesa counterfor theaccessetlytes.For eachaccessthecounter
is incrementedby the numberof accessedytesandthe incrementedvalueis storedin the hash
tableentry correspondindo theaccessetbcation. Whenalocationis reaccessedheaccessgeadh
is foundasthe currentcountervalue(z) minusthe storedvalue(y) atthelocation'shashtableentry.
The accessageis thencalculatedasthe accesgeachminusthe numberof repeatedyteswithin
this reach. The numberof repeatedyteswithin reachk is storedin elementk of the vectorRep,
therefore

Age = (i - j) — Repli — j.

Rep is maintainedasfollows: For eachaccesdo a previously accessedbcation,its size s is
addedto the (7 — j)th elementof vector New. ThenRep is updatedby accumulatingthe new
repeatedytesandagingprevious repetitions(a shift by s) asshown in the two loopsbelon. The

firstloop accumulatesew repetitiongafterinitializing sumto zero),andthe secondoop shiftsby

S.

sum + = Newk],

Replk] + = sum Vk:s,s+1,...,1.
Newk] = 0
Replk] = Repk—s] ;Vk:i,i—1,...,s,
Replk] = 0 Vk:s—1,8—2,...,1.
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Figure3.2: An exampleillustrating how the repeatedbytes vectors Rep and New are
updatedto find the accessagesof the sequenceof word accessefA, B, C, A,
A, B, B). Eachrow showsthe contentsof vector elements4, 8,12, . . ..

Although, in thisbasicalgorithm,vectorNew seemsedundanbecausé carriesonly onevalue
betweertwo updatesit is usefulin theoptimizedalgorithmdescribedelown. Figure3.2shovshow
thetwo vectorsareupdatedo find theaccessgesof thesequencef word accessefA, B, C, A, A,
B, B).

While shifting by incrementinga pointercanbeinexpensve, accumulatinghe new repetitions
takesO (i) operationperaccessConsequentlytheoverheadf maintainingtherepetitionvectorss
O(N?) compleity, whereN is thetracelength. We usetwo optimizationsto reducethis overhead:

1. Coarserepetitionvectorsare usedwherea vectorelementrepresents region of K reaches
and the vectorsare updatedeachtime K additionalbyteshave beenaccessed.Thus, the
compleity is reducedo O(N?%/K?) attheexpenseof upto a+ K errorin areportedaccess
age. With a reasonablehoiceof K, suchanerroris quite acceptablavhenusingthis char
acterizatiorto judgetheworking setsizerelative to particularcachesizesthatarelargerthan
K.

2. To exploit temporallocality, CIAT updategsherepetitionvectorsin alazy fashion.Although,
aging the repetitionvectorsis performedby incrementinga pointer after every K bytesof
accessaccumulatiorof New into Rep is only donewhenneededandonly up to the needed
element.For example,whenanalyzinganaccesg of reach: — j, all unaccumulateélements
in the repetitionvectorsbetweenelementsl and (¢ — j)/K are accumulated. This lazy

algorithmeliminatesmostof the accumulationse.g. for Radix, thelazy algorithmdoesonly
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Figure 3.3: The cumulative distrib ution function of the accessage. A point (z,y) indi-
catesthat y% of the accessebhave accessageof = bytesor less.

5% of theaccumulationglonewhenonly thefirst optimizationis used.

With thesetwo optimizations,the time for characterizinghe working setsis about30% of
CIAT s total analysistime. Whenit is sufficient to characterizehe working setwith respecto a
limited numberof cachesizesM , the stacksimulationalgorithmdescribedn [KHW91], whichhas
O(N x M) time complity, canbe usedinsteadof our algorithm. Note thatthe stackblock size
shouldbe selectedo matchthe sizeof thesmallestaccessedlementsoasto avoid over-estimating
thesizeof theworking set.

Figure 3.3 shows the cumulative distribution function of the accessageusing 32 processors,
ignoringinfinite ageswith K = 1 KB. A point(z, y) indicatesthaty% of theaccessebave access
age< z bytes.

Whena curve hasa distinguishalte rise to a plateau,this is anindication that the respectie
benchmarkhasanimportantworking setof size < the z valueat the beginning of the plateau.CG
hasoneimportantworking setof size <64 KB for problemsizel, and<512KB for problemsize
Il. CGis expectedto have frequentcapacitymissesvhenthe cachesizeis smallerthanits working
setsize. Unlike otherscientificbenchmarkstheworking setsizeof LU andCholeslky, at4 KB and
16 KB respectiely, doesnot changdrom oneproblemsizeto another

Someapplicationshave multiple importantworking sets. FFT with problemsizell hastwo
importantworking sets;oneat 32 KB andanotherat 4 MB. Figure 3.3 indicatesthat TPC-D has
bettertemporallocality thanTPC-Cand TPC-Cperformancecould be improved by increasinghe
cachesizebeyond64 KB. Sincetheaccessgeshownnis only for oneprocessTPC-C5s performance
mayalsobeimprovedby largercachedecausehe operatingsysteminterleavesmultiple processes
perprocessar
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3.4.3 Concurrency

Concurreny is often characterizedy measuringhe executiontime for a numberof machine
sizesandcalculatingthespeedupGoodspeedupndicateghattheapplicatiorhashighconcurreny.
CIAT characterizesoncurreng by measuringhetime, in instructions that processorspendexe-
cutinginstructionsor waiting at synchronizatiorpoints. Figure 3.4 shows a 2-processoexecution
profile of anapplicationrunningon a perfectsystem(with fixedmemoryaccesdime andzerosyn-
chronizationoverhead).The concurreny is reflectedin the busytime relative to the total time of
bothprocessors.

Figure3.4demonstratethreegenerafactorsthatadwerselyaffect concurreng: serial fraction,
load imbalance andresouce contention At the applicationstart (TO), Processob is busyin a
serial phaseand Processold is idle. At T1, the applicationentersa parallel phaseby spavning
an executionthreadon Processof.. Processol joins at the endof the parallelphase(T9) where
Processo0 startsa final serialphase.The parallelphasehassomeloadimbalancewhichis visible
asProcessof’swait onthesynchronizatiorbarrierat T2 andits join waitat T8. Thefirst waittime
is dueto Processofd having more busy cycles (work) than Processof andthe secondwait time
is dueto Processof reachingthe join point earlierthanProcessof.. Processod fails to acquire
a lock that protectsa sharedresourceat T5, soit waits until Processof releaseghis lock at T6
beforeit entersthecritical region betweenT6 andT7 andaccessethe sharedesource.

Basedon this model,the speedumf anapplicationcanbefoundby
Busy(1)

Speed
PEEAUP= TBUsy(p) + Idie(p) + Imbalancép) + Contentiofip)}/p

wherep is the numberof processorsBusy(1) is the busy time for the basicwork when using

TI0_ <« end
T9 I joi

o ~— join
T8 __ .H join
T7 __ - <— unlock
T6 L1 < unlock
- — = lock . \
T4 — L+~ lock [] Busy (instructions)
IS g—— -~ barrier | Il 1die
T2 . B < parrier [ Barrier wait
T1 || ~— spawn [ Lock wait

- Join wait

TO . L1 <« start I -

Processor O Processor 1

Figure 3.4: Execution profile of a parallel application running on a perfect systemusing
2 processors.
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Figure 3.5: Concurrencyand load balancein the parallel phase.

oneprocessqrBusy(p) is the total busy time summedover the p processorgBusy(p) — Busy(1)
is the parallel overheadbusy work including redundantand addedcomputations))dle(p) is the
total idle time during serialphases|/mbalancép) is the total wait time on barriersandjoins, and
Contentiorip) is thetotal wait time on locks. Amdahl’s serialfraction[Amd67], ignoringthethree

paralleloverheadsis
dle(p)/(p — 1)
Busy(1)

Perfectspeedups only possiblewhenthe serialfraction, paralleloverheadousy work, imbalance,

SerialFraction=

andcontentionarezero.

For the scientific benchmarksFigure 3.5 shows the total processottime spentexecutingin-
structionswaiting on barriersandthreadjoins dueto load imbalance andwaiting on locksdueto
resourcecontention(normalizedto the one-processatime). Idle time is zerobecausehis datais
basedntheparallelphaseonly.

Perfectspeedupwithin the parallel phaseoccurswhen the total busy and wait time doesnot
increaseastheprocessorincreaseLU andCholesly arethusexpectedtio have worsespeeduphan
the otherfour benchmarkssince LU’ s load imbalanceand Cholesk’s busy time increaseasthe
numberof processorincreaseskor problemsizel, Radixalsohasabadspeedupueto increases
in busytime, loadimbalanceandcontentionasthe numberof processorincreases.

AlthoughCholesly hasthemostlock attemptsunlike Radix,it shavsnegligible contentiortime
becausét usesflag-basedsynchronizatior(a processoffirst checksthe statusof the flag attached
to thelock; if the flag indicatesthatthe lock is free,the lock is acquired;otherwise the processor
busy-waits,which increaseghe busy time asthe processordéncrease).In Cholesk, a processor
attemptingto acquirea lock usuallyfindsit free. However, CIAT doesnot modelthe overheadn
acquiringandreleasingocks. In a machinewith high synchronizatioroverheadsthe contention
time canbecomemoresignificantthanwhatis reportedoy CIAT.
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3.4.4 Communication Patterns

In configurationdependenanalysiscommunications characterizedrom thetraffic thata pro-
cessorgenerateso accessdatathat is not allocatedin its local memory[SRG94]. This traffic
includestraffic dueto inherentcoherence&ommunicationgold-startmissesfinite cachecapacity
limited cacheassociattity, andfalsesharing. Inherentcommunicatioris the communicatiorthat
mustoccurin orderto getthe currentdataof a locationthatis accessedby multiple processors,
assumingunlimited replicationis allowed and that a memorylocation’s statusis not affected by
accessew otherlocations.

CIAT characterizeshe inherentcommunicationby tracking, for eachmemorylocation, the
typeandthe processolD of thelastaccessWhenthereareconsecutie load accesseby multiple
readerstheir IDs arestoredin a sharingvector CIAT thencaptureghe inherentcommunication
for asharedocationfrom changesn theaccessingrocessos ID. CIAT classifiescommunication
accessemto four mainpatternsand8 variantsto provide athoroughcharacterizationCIAT reports
thevolumesof thefollowing accesgatternsandthe sharingandinvalidationdegrees:

1. Read-aftetwrite (RAW) accessoccurswhenoneor more processorsoad from a memory
locationthat was storedinto by a processar This patterndoesnot includethe casewhere
only oneprocessostoresinto andloadsfrom a memorylocation. Moreover, whena proces-
sor performsmultiple loadsfrom the samememorylocation,only its first load is counteda
RAW accessRAW is acommoncommunicatiorpattern;it is the secondpartof a producer
consumer(syituationwhereone processoproducesdataand one or more processorgon-
sumeit. RAW is reportedin two variants: (i) RAW accessesvherethe readeris different
thanthe writer, and (i) RAW accessewherethe readeris the sameasthe writer andthere
areotherreaders.The secondvariantgeneratesoherencdraffic with cacheghatinvalidate
thedirty line on supply

2. Sharingdegreefor RAW. Thisis avectorS, whereS k] is thenumberof timesthatk proces-

sorsloadedfrom a memorylocationafterthe storeinto this location.

3. Write-afterread (WAR) accessccurswhena processostoresinto a memorylocationthat
oneor moreprocessorhiave loaded. This patterndoesnot includethe casewhereonly one
processotoadsfrom and storesinto a memorylocation. WAR is alsoa commonpattern;
it occurswhena processoupdatesa locationthatwasloadedby otherprocessorsWAR is
reportedin four variantsaccordingto the identity of the writer: (i) a new writer thatis not
oneof thereaders(ii) samewriter asthepreviouswriter which is not oneof the readers(iii)
a new writer thatis one of the readersand(iv) samewriter asthe previous writer which is

oneof thereadersA WAR accesgeneratea misswhentheaccessetbcationis notcached.
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Additionally, with an updatecachecoherenceprotocol,a WAR accesgeneratesoherence
traffic to updatethe copiesin the readers’caches;while with an invalidation protocol, it

generatemvalidationtraffic.

. Invalidation degree for WAR. This is a vector |, wherel[k] is the numberof timesthat a

memorylocationwasstoredinto after previously beingloadedby & processors.

. Write-afterwrite (WAW) acces®ccurswhena processostoresinto a memorylocationthat
was storedinto by anotherprocessar This patternoccurswhen multiple processorstore
without interveningloads,or whenprocessorsaketurnsaccessingamemorylocationwhere
in eachturnaprocessostoresandloads,andits first accesss astore. WAW is reportedn two
variants:(i) the previous processos lastaccessvasaload,and(ii) the previousprocessos

lastaccessvasastore.

. Read-afterread (RAR) accessoccurswhena processotoadsfrom a memorylocationthat
wasloadedby anothemprocessoandthefirst visible accesgo this locationis aload. Thisis
an uncommonpattern;it occursin badprogramsthatreaduninitializeddata. Nevertheless,
CIAT sometimencountershis patternwhenthe datais initialized in untracedoutines.For

simplicity, theseaccessesouldbe addedo the RAW accesses.

When using a particularcoherenceprotocolin configurationdependentinalysis,not all the

above accesyatternsgeneratecoherencdraffic. Consideyfor example,a store-updateacheco-

herenceprotocol. In iterative WAR and RAW, a RAW accesss satisfiedfrom the updatedocal

cache.However, with a store-irvalidateprotocol,a RAW accesgjeneratesoherenceraffic to get

thedatafrom theproducers cache Additionally, sequentialocality hidessomeof the communica-

tion eventssinceeachmissoperate®n a cachdine thatoften containamultiple sharecelements.

Configuratiordependenanalysiswhenusedto characterizénherentcommunicationcanmiss

somecommunicatiorevents.For example with finite write-backcachea RAW acces®f areplaced

line doesnot generatecoherencdraffic sincethe missis satisfiedfrom memory However, this

accessnaygenerateoherencéraffic with alargercachen whichtheline is notreplaced Another

exampleis a RAW accesgperformedby the writer. Whenthe storeis followed by a load from a

differentprocessarthe dirty cacheusuallysuppliesthe dataandkeepsa sharedcopy, thusa RAW

accesdy thewriter is satisfiedfrom thelocal cache.However, the RAW doesgeneratecoherence

traffic if thecacheprotocolinvalidateson supply

Figure 3.6 shaws the distribution of the four classesof communicatioraccessesMost of the

communicationn thesebenchmarkss RAW and WAR. Only Radix hasa significantnumberof

WAW accessedueto permutingthe sortedkeys betweentwo arrays. TPC-CalsohassomeRAR

and WAW accessesvhich may actually becomeRAW and WAR accesse# the traceis longer
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Figure 3.6: Percentageof the four classef communication accesseamongall data ac-
cessesasa function of the number of processorgor the two problem sizes.

and includesthe operatingsystemactiity. However, generallythe TPC benchmarksave less
communicatiorandareexpectedto have alower coherencenissratio, especiallywhenwe consider
thatin practicemultiple processesun on oneprocessar

The communicatiorpercentaggenerallyincreaseasthe numberof processorincreaseslue
to (i) theincreasein RAW accessesf widely shareddata,and (ii) the increasdn the boundary
to the body of datawhenpartitionedamongmoreprocessorsOften, mostof the communication
occurswhenaccessinghe boundaryelements.For FFT with problemsizel, the communication
percentagelropswhenthe numberof processorsncreasesrom 16 to 32 becausehe increasdn
total accessess largerthantheincreasén communicatiorevents.

Figure 3.7 shows the distribution of the 32 possiblesharingdegreesfor RAW accessesvhen
using 32 processorg(S[k] x 100/ 32, S[i]); k& = 1,...,32). TPC-Chas45 possiblesharing
degreesand TPC-Dhas23, only thefirst 32 areshavn dueto graphinglimitations. However, TPC-
C hasngligible sharingwith degreeshigherthan32. Radix, FFT, SR TPC-C,and TPC-D have
small sharingdegree,LU and Cholesly have mediumsharingdegree,and CG haslarge sharing
degreewhich explainsits fastincreasen communicatiorpercentagesthe numberof processors
increases.

Figure3.8showvsthe percentagef the 32 possiblenvalidationdegreesof theWAR accessvhen
using32 processorg(1[k] x 100/ S22, 1[i]);k = 1,...,32). TPC-Chas45 possibleinvalidation
degreesand TPC-D hasonly 23. While Radix,FFT, CG, SR TPC-C,andTPC-D have invalidation
degreesimilar to their sharingdegree, LU and Cholesly’s invalidationdegreedropsto 2 and 1,
respectiely. CG’s large invalidationdegreeimpliesthatfor eachWAR accessa cachecoherence
protocolwill generatemary updateor invalidatesignals. The TPC benchmarkssingularsharing

andinvalidationdegreesindicatesthat mostof the communicatioroccursin a producerconsumer
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Figure 3.7: RAW sharing degreefor 32 processors.
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Figure 3.8: WAR invalidation degreefor 32 processors.
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pattern. However, in TPC-Cthe consumemgenerallyupdateshe communicated/alue, while in
TPC-Donly oneproducemenerallyupdatesachlocation.

Thesharingdegreeis identicalto theinvalidationdegreewhenever a datalocationconsumedby
oneor moreRAW accesseis updatedby aWAR accessHowever, someapplicationshave sharing
degreethatis differentfrom theinvalidationdegreebecaussomesharediatais initialized onceand

never updated.

3.4.5 Communication Variation Over Time

TDAT is usedto analyzeCIAT’'s communicatioreventtracethathasonerecordfor every com-
municationevent. Eachrecordspecifieghe event's type andtime (in instructions).Thetime distri-

butionanalysiss summarizedsfollows:

1. CIAT is usedto analyzethe benchmarkandto generateéhe communicatioreventtrace.
2. Theexecutionperiodis dividedinto 1000-instructiorintervals.
3. Thenumberof communicatioreventsin eachinterval is counted.

4. Thecommunicatiomatein eachinterval is calculatedasthe numberof communicatiorevents
dividedby the productof theinterval sizeandthe numberof processors.

5. Theaverage minimum,andmaximumcommunicatiorratesover all intervalsarecalculated.

6. The communicatiorratedensityfunctionis calculated notincluding rate=0. The rate zero
is excludedto minimize the effect of the serialinitialization phasewhich doesnot have ary

communication.

7. Thedensityfunctionis integratedto find the distributionfunction.

Figure 3.9 shawvs the numberof communicatioreventsover time for 32 processorandsizel.
The graphsdo not show theinitial executionperiodsthat have no communication.LU, Cholesly,
andCG have ahigh burstof communicatioratthe parallelphasestartwhenProcessors through31
startto accesshe shareddatainitialized by Processof. Radixhastwo phase®f communicatiorto
build the global histogramandto permutethe keys betweerthetwo arrays.FFT's communication
occursin threephasesvhen matrix transpositioris performed.LU’s communicationis relatively
lessintensethanthe otherbenchmarksindis periodicwith adecreasingycle. Cholesk’scommu-
nicationis notuniform. CG andSPhave periodiccommunicatiorwith fixedcycle. CG hasasimple
periodicbehaior with a cycle of about20,000instructions;SPhasa morecomplex behaior with
acycle of about200,000.
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Figure 3.9: Number of communicationeventsover time (32 processorsproblemsizel).
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Figure3.10shavsthecommunicatiomatedistributionfunctionwith 32 processorandproblem
sizel. While all Radix’scommunicatioroccurswith acommunicatiorrate< 0.1 events/instruction
only 0.090f FFT'scommunicatioroccursatarate< 0.1events/instructionCG alsohassomehigh
communicatiorrates suggestinghatFFT andCG maysuffer mostfrom contentionin systemswith

limited communicatiorbandwidth.

3.4.6 Communication Slack

CIAT measureshe communicatiorslackasthetime in instructionsbetweerngeneratinga new
valueandreferencingt by a RAW or a WAW accessFigure3.11is basedon the communication
slack histogramreportedby CIAT for the scientificbenchmarksvhenusing 32 processors.The
figure shaws the percentagef the communicationeventsbinnedin eight slack ranges,e.g. for
problemsizell, morethan96% of SPscommunicatiorhasslackin therangeof millions of instruc-
tions. For all the benchmarksmostof the communicatiorhasa slackof thousand®f instructions
or more.However, CG’s morefrequentuseof barriersis reflectedn its smallestlack. Eachof the
six benchmark$ave large enoughslackto makeprefetchingrewarding.

3.4.7 Communication Locality

CIAT characterizeshe communicationlocality by reporting the numberof communication
eventsfor eachprocessompair. CIAT reportsthis informationin the matrix COMM_MAT. The
elementCOMM_MAT[][ j] is the numberof communicatioreventsfrom Processof to Processor

7 whichis incrementedy onein thefollowing cases:

1. Eachof Processol’s RAW accesset alocationstoredinto by Processot.
2. Eachof Processop’s WAW accesseto a locationpreviously storedinto by Processot.

3. Eachof Processoy invalidationthatis causedy a WAR acces®f Processot.

Figures3.12and 3.13 show the reportedcommunicatiommatrix for the scientificbenchmarks
using 32 processorgor problemsize | andll, respectiely. Figure 3.14 shovs the communica-
tion matrix for the TPC benchmarksThe eightbenchmark$ave clearly differentcommunication
localities.

In addition to Radix’s uniform communicationcomponent,processordiave additionalcom-
municationwith their neighbors.This additionalcommunicatiordependson the processoiD. A
processowith aneven|ID, 7, communicate$o Processor + 1; however, a processowith anodd
ID communicateso threeor moreprocessorsThe middle processarProcessofl5, communicates
to 20 processaors.

In FFT, Processof communicates constantnumberof valuesto every otherprocessaroth-

erwisethe processorsommunicatan a uniform pattern. In LU, the communicationis mainly
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Figure 3.11: Communication slack distrib ution for 32 processors.

clusteredwithin groupsof 8, with somefar communicationProcessof communicateso eachpro-
cessorj wherej = 1 & 8k for someintegerk. Moreover, Processo® communicateso andfrom all
otherprocessors.

In Cholesly, Processo® communicates$o all otherprocessorsptherwisethe processorgsom-
municaten a non-uniformpattern.While CG’s communicatioris relatively uniform, SP's commu-
nicationis clustered:Processof communicate$rom eachprocessoy wherej = i + 4k for some
integer k, andfrom the mth groupof 8 processorsyherem = i(mod4).

In TPC-C,thereis somecommunicatioramongthefirst 16 processegon Processor§ through
15). Apparently eachis responsibldor oneuser Additionally, eachof theseprocessegroduces
morethan100,000elementdor the processon Processod2 whichin turn producessomedatafor
thefirst 16 processeandmorethan150,000elementdor the processon Processodl.

In TPC-D, mostof the communicatioris from the first 8 processeswhich do disk readsand
preprocessingo the secondB processesThis indicatesthat parallelismis exploited functionally
amongtwo 8-procesgroupsandspatiallyby partitioningthe datainto 8 parts.

3.4.8 Sharing Behavior

Thedatapresentedh this sectionis basecn analyzingthe codeanddataaccessesf thewhole
execution,including the serialphase.Figure 3.15 shaws the size of referencednemorylocations
classifiedin threeclasses:codelocations,private datalocations,and shareddatalocations. As
the size of the codelocationsis much smallerthanthe size of the datalocations,the codesize
is not visible in the chart. Generally morelocationsbecomesharedasthe numberof processors
increasesall the scientificbenchmarkshaw this trend. For problemsizell, using32 processors,
morethan93% of the datalocationsof eachof Radix, FFT, LU, and SPareshared.Furthermore,
eachadditionalthreadmay require somenew private memorylocations,causingan increasein

the size of privatememoryandhencethe total datamemory This trendis particularlyvisible in
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Cholesly, andsomavhatin Radix. TPC-C5s sharedbercentagés 15%andTPC-D'sis 12%.

Figure 3.16 shows the numberof private and shareddataaccessesormalizedto the number
of dataaccessesisingoneprocessarIn Cholesly, CG, TPC-C,andTPC-D, the sharedocations
aremoreintenselyaccessedhanthe privatelocations. For example,using32 processors$o solve
problemsizell, 10% of CG’s datalocationsaresharedandthesearereferencedy 25% of all the
dataaccesseddowever, in Radix,FFT, LU, andSR thesharedocationsarelessintenselyaccessed.
For example,using32 processor$o solve Radix’s problemsizell, only 17% of all accesseareto
sharedocations.Thescientificbenchmarkshav someincreasen thetotalnumberof accessedue
to theincreasen the privateaccesseasthe numberof processorsncreases However, the large
increasen thetotal numberof accessei Cholesly is dueto theincreasen bothprivateandshared
accesses.
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3.5 Chapter Conclusions

In this chapter we have demonstratedhat configurationindependentinalysisis a viable ap-
proachto characterizingshared-memorgapplications. CIAT, our configuration-independertbol,
efficiently characterizeseveral importantaspectof shared-memongapplications. CIAT canbe
usedto mechanicallycharacterizea wide rangeof shared-memorgpplications.

CIAT characterizatiorof concurreng is informative sinceit specifiesthe applications serial
fraction, paralleloverheadousy work, load balance andresourcecontention.Using an algorithm
basedon finding the ageof the memoryaccessesCIAT characterizeshe working setsof an ap-
plicationby doingonly oneexperimentandis not confusedby coherencenisses.CIAT alsochar
acterizeghe inherentcommunicationwhich is not affectedby capacity conflict, or false-sharing
misses It reportsthe volumeof the four typesof communicatiorpatternsandtheir variants,andit
characterizethe communicatiorvariationover time, aswell ascommunicatiorslackandlocality.

We have demonstrateduranalysisapproactby analyzingeightbenchmarksisingtwo problem
sizesanda varying numberof processors.This study showns the power of this approachandthe
insightsthatcanbe gainedfrom a configurationindependenanalysisof targetedbenchmarksThe
resultsarepresentedh aform thatcanreadily be exploited by applicationandsystemdesigners.
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CHAPTER 4

MICR OBENCHMARKS FOR CALIBRA TING EXISTING
SYSTEMS

This chapteroutlinesour methodologyfor characterizingdistributed sharedmemory perfor
manceusingmicrobenchmarksWe describevhatthesemicrobenchmarkmeasureandhow.

4.1 Intr oduction

In distributedsharednemorysystemsthedistributedmemory cachesandcoherencerotocols
maketheir performancea very complex functionof theworkload,thusslowing the developmentof
efficient applications. Developing efficient applicationsand compilersfor a DSM multiprocessor
requiresa good understandingf the performanceof its hardwareand parallel softwareenviron-
ment. Performancenodelsarealsousefulfor conductingguantitatve comparisongamongdifferent
multiprocessorandselectingthe bestavailableapplicationimplementatiortechniques.

In this chapterwe presentan experimentalmethodologyto characterizéhe memory schedul-
ing, andsynchronizatiomperformancef DSM systemsWe extendthemicrobenchmarkechniques
usedin previous studies[GGJ*90, MSSAD93,SS95,McC953 MS96] by adaptingthemto deal
with theimportantattributesof a DSM system .Like previous studiespour benchmarkgvaluatethe
cachememory andinterconnectiometworkperformance Moreover, specialattentionis givento
characterizinghe communicatiorperformancethe overheads$n maintainingcachecoherenceand
the effect of contentionfor local andremoteresourcesThis characterizatiols usefulto program-
mersto estimatehe component®f the memoryaccesdime seenby their programs.Additionally,
it is usefulto architectdo identify strengthsandweaknesseis currentsystemsasdemonstratetly
the casestudyin the next chapter

The next sectionoutlinesour methodologyfor characterizingDSM performance.Section4.3
describeshememorykernelsusedn thesemicrobenchmarksSectiord.4 presentshemicrobench-
marksfor local-memorycharacterization.Sharedmemory and communicationperformanceare
treatedin Section4.5. Sections4.6 and 4.7 treatthe schedulingand synchronizatioroverheads,
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respectiely. Section4.8 offerssomeconclusions.

4.2 DSM Performance

Figure4.1lillustratessomeperformancespect®f the executionof a shared-memorprogram.
It shawvs two processorsxecuting a two-segmentprogram,where eachseggmentis endedby a
synchronizatiorbarrier The executiontime dependson the computation,schedulingoverhead,
loadbalanceandsynchronizatiomverheadIn this chapterwe focusoncharacterizinghememory
accestomponent®f the computationtime, andbriefly considerschedulingand synchronization
overheads.

In shared-memorprograms communicatioris implicit throughload andstoreinstructionsto
the sharednemoryduring the computatiortime. We presenexperimentalmethodsfor measuring
the memoryaccesdateng undervarying conditionsof accesglistance sharing,andtraffic. The
distanceis determinedby wherein the memoryhierarchy relative to the processarthe memory
accesss satisfied.For example,in the SPP100(QBre95],amemoryaccessanbesatisfiedby a hit
in the processocache,local memory anothemprocessos cachein the samenode,remoteshared
memory or aremoteprocessos cache.

Dueto thevariousoverheadactorsin thecachecoherenc@rotocol,thememoryaccessateng
is affectedby the way that the referenceddatais sharedand the sequencef accesseso it. We
presenexperimentdor characterizindhe performancef basicshareddataaccesgatterndor two
processorsandthenextendtheseexperimentdo multiple processorsWe thenpresenexperiments
to characterizéhe effectson performancevhenmultiple processorsompetefor utilization of the
distributedmemoryandinterconnectiometwork.

The schedulingoverheads time spentin the parallelervironmentwhile allocatingandfreeing
processordor paralleltasks. The examplein Figure 4.1 shaws static schedulingoverheadat the
startand at the end of task execution. Schedulingoverheadmay also exist within the execution
whendynamicallocationis supported.

The synchronizatioroverheadis the time spentperforming synchronizatioroperationse.g.,

P1 2\ [ ]
P2 I 2l

—

] [ Scheduling overhead
Time

B Computation time
Wait
O synchronization overhead

Figure4.1: lllustration of a shared-memory program executionwith two processors.
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barrier synchronizationpr acquiringa lock for a critical section[Hwa93. The synchronization
overheaddoesnot includethe wait time dueto load imbalance which caneasily be treatedsepa-
rately[Tom95 Boy95.

We usesimple Fortranprogramsto gathertiming datafor eachof thesethreeaspectof DSM
performance.Eachprogramcalls andtimesa kernel100times and, after subtractingtimer over
headsreportsthe minimum, average andstandardieviation of its call times Thefirst call time is
ignoredsinceit is significantlyaffectedby pagefaultsandothercold starteffects. To minimize ex-
traneousffects,the experimentshouldbecarriedoutduringanexclusiveresenationperiodwhere

the oneactive userprocesss runningoneof thesetiming programs.

4.3 Memory Kernel Design

Memory kernelsarethe building blocksof the memoryandcommunicatiormicrobenchmarks.
Eachkernelaccessethel-byte elementof anarrayof sizew byteswith strides bytes. Thus,one
call time consistof the w /s accessem akernelcall.

The memorykernelsshouldbe carefully designedo measurdatengy andbandwidth.A kernel
thatmeasurefateny exposeshe accessateny anddoesnot overlapor hidethe latenciesof indi-
vidual memoryaccessesyvhereasa kernelthat measuredandwidthmaximizesaccessoverlapto
achieve the highestpossiblebandwidth.We usefour kernelsto measurdateny andbandwidthof
loadandstoreaccessef = 4 for lateny kernels,and/ = 8 for bandwidthkernels):

Load latency: To measurdgheloadlateng, theloadkernelshouldforcetheprocessoto have only
oneoutstandingaccesswhich is achievableby thel oad- use Fortrankernelthatis shavn
with anexamplein Figure4.2:

Load-Use Kernel Example: w/ | =6, s=2|
tnmp = array(w'l) = 1]-1
do i= 2, ws > o t np takes the values
tnmp = array(tnp) 3|1 > 4,2, and 0.
end do 4 |2
5 3 >
6|4 | <=
Figure4.2: Load- use kernel.
The arrayusedin this kernelis initialized asarray(i) = i - s/l, for eachof its w/]

elements Consequentlythis kernelscanghe arraybackwardsandhasonly oneoutstanding
loadbecaus¢he addresof eachloadis afunctionof the previousloadedvalue.
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Store latency: Thestoreinstructiondoesnotreturndatathatcanbe usedto establisha datadepen-
deng thatserializesthe storestream.However, for strides> 2/ bytes,thest or e- | oad-
use kernelin Figure4.3is capableof measuringhe storelateng. This kernelmeasureghe
storemisslateng in write-allocatecachesasthe lateng from issuingthe storeto completing
theallocationin thecacheof themissedine. Thestorein this kernelmayhit or miss,but the
load alwayshits. The load simply readsthe addresdor the next store,therebyestablishing

thedatadependengneededo serializethe storeaccesses.

Store-Load-Use Kernel Example: w/ | =6, s=2|

array(wl-1) =0 i=
tnmp = array(w'l)
doi= 2, ws
array(tnp-1) =0
tnp = array(tnp)
end do

t np takes the values

4 2, and 0.
Elements 5, 3, and 1

> are cleared.

o o~ WON P
| OfIN| OO | O

-

Figure4.3: St or e- | oad- use kernel.

Considetthearrayusedn thiskernelasbeingdividedinto consecutre groupsof s // elements
each. Thearrayis initialized suchthat the elementdn eachgroup have the samevalueand
point to the lastelementin the previous group. This kernelalsoscanshe arraybackwards,
andthetwo elementsaccesselly oneiteration’sstoreandloadinstructionanustbeallocated
in thesamecachdine. The storeinstructionin this kernelmustprecedeheload (otherwise,
in a multiprocessosystemthe load may generatea load miss,andif the memoryreturnsa

sharedine, a following storeto thatline would requesexclusive ownership).

In modernsuperscalaprocessorshe overheadf the load anduseis minimizedsincethese
processorsisuallyperformthe load concurrentlywith the storeandbypasshe load’s result
for quick calculationof thenew addressOnthe PA8000[Hun95, thel oad- use kerneland
thest or e- | oad- use kerneleachtakesthreecyclesperiterationwhenall accessehit in

thecachewhich s theloadfollowedby uselateng.

Load bandwidth: Thefollowing | oad kernel,which performssimple, forward accessingf the
array can be usedto measurebandwidth, possiblywith somemodificationsas described

below.
do i= s/l, w/l, step s/l

sum = sum + array(i)
end do
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Usually, modernoptimizing compilerscan achiare peakbandwidthwith this kernel. The
compilershouldunroll this loop sufficiently to minimize the effect of the backwardbranch
at the loop’s end, and schedulethe loop in a way that masksits computetime. In some
processorgheexistenceof theaddinstructionmayreducethe numberof outstandingnisses
thatthe processocanhave. For suchprocessorgheaddinstructionscanbedeletedrom the

assemblyfile of thecompiledkernel.

Store bandwidth is measuredbyy thest or e kernel,whichis similarly designedy replacingthe
reductionsum = sum + array(i), inthel oad kernelbyarray(i) =0.

Processorghat supportprefetchingcomplicatemeasuringhe cachemisslatencies.Somepro-
cessorsupportsoftwareprefetchingoy providing “non-binding”loadinstructionghatcanbeadded
by theprogrammepr thecompilerto bring thedatato the cacheaheadof its use.Non-bindingloads
do not returndatato a register Softwareprefetchingcanbe disabledby instructingthe compiler
notto insertprefetchinstructions.Someprocessorsupporthardwareprefetchingwherethe cache
controller basednthemisshistory, speculatesvhich uncachedineswill bereferencedn thenear
future andautomaticallygeneratesequestgo prefetchtheselines. For example,the PA7200 pro-
cessof[KCZ 194 prefetcheghe next sequentiatacheline on a cachemiss. Sincethe above two
latengy kernelsscanthe arraybackwardsthe next (forward) sequentialine is alwaysin the cache,
thus,no sequentiaprefetchings done.

In addition,the PA7200 prefetchesachelines basedon hintsfrom the load/store-with-update
instructions.Thesenstructionsareusuallyusedin loopswith constanstridesthrougharrays.They
performloadsor storesthat updatethe baseregisterthatis usedin calculatingthe currentaddress.
Themodifiedbaseis typically usedto find theaddressn the next iteration.Whenaload/store-with-
updateinstructiongenerates cachemiss,the PA7200 usesthe modifiedaddresgo find the stride
anddirectionfor prefetching. The above lateny kernelshave indirectaddressinganddo not have
load/store-with-updteinstructions thus,they avoid this type of prefetching.

In theselateng kernels,ar r ay is initialized in sucha way asto causethe array be scanned
linearly in the backwarddirection. However, it can be initialized differently to avoid hardware
prefetchingwhenotherprefetchingalgorithmsareused.

In this characterizatiorthe avelageaccesgimeis calculatecasthe minimumcall time divided
by theaccessepercall (w/s). Thetransferrateis foundby dividing the numberof accessetlytes
per call (lw/s) by the minimum call time. Usually the highestobsered transferrate occursat
s = | bytesbecausall thetransferredlataareaccessedlhebandwidththroughaninterconnecting
link is calculatedby dividing the numberof bytestransferredhroughthis link by the averagecall
time.

Theminimum call timeis usedin calculatingthe averageaccessime andthetransferratefor a
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processoin orderto minimize extraneouseffects. The averagecall time is usedin calculatingthe
bandwidththroughalink in orderto accountor concurrentink utilizationwhenmultiple processors

areactive.

4.4 Local Memory Performance

In the experimentausedto characterizéhe processodatacacheandlocalmemoryperformance
under private accessconditions,a memorykernelis run on one processar Eachexperimentis
repeatedor stridesl, 21,41, ..., .5, and25 bytes;where2S5 is thefirst stridewith the sametime per
accesssthepreviousstride. Thus,onecachdine contains$ bytes.Figure4.4shownstypicalresults
of theaverageaccessime asafunctionof arraysizefor a processowith onecacheof sizeC' bytes,

A-way set-associate, andleast-recently-useplacemenpolicy. Thefigure shavsthreeregions:

1. Hit region (0 < w < C bytes):Thearraysizeis smallerthanthe cachesize,andevery access
is a hit takingly sec.

2. Transitionregion (C' < w < C 4 C'/A bytes): Someof the accessearehits andothersare
missesresultingin an averageaccessime of 77(s, w) sec. The width of this region is the

cachesizedividedby the degreeof the cacheassociatiity (assumind-RU replacement).

3. Missregion(w > C' + C'/ A bytes):Thearraysizeis solargethatevery acces$o anew cache
line is a misstaking an averageaccesdime of Ty, (s) sec. Storemisstime is usuallylarger
thanload misstime dueto the write-backoverheadof flushingthe dirty replacedine from
thecache.

T !
s >= S bytes ‘

s =2l bytes -------
s =l bytes -------

Miss time

Average access time

Hit time

C C+C/A
Array size

Figure4.4: Typical average accesgsime as a function of array sizefor various strides,
s =1,2l,and 5 bytes.
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Figure4.5: Cachemissesin the transition region(C' < w < C 4+ C/A) for array sizew,
and an A-way associativecacheof sizeC'.

Usingthelateny kernels, T is thelateny of anaccesshathitsin thecacheandy,(.5) is the
latengy of anaccesghat missesn the cache(plusthe lateng of finding the next address).Using
the bandwidthkernelsthe cachetransferrateis calculatedasthe numberof accessetbytes(/w/ s)
dividedby the minimumcall time in the hit region. The memorytransferrateis foundasthesizeof
theaccessedachelines (w for s < 5, andSw/s for s > ) dividedby minimumcall time in the
missregion.

TheTT(s, w) curveis atruncatechyperbolapnamely

_ Ty x (residentlines)+ Tiy(s) x (nonresidentines)
B totallines

TT(57 w)

Figure 4.5 illustratesT(s, w) for a cachewith size C' and associatiity A. For an array of
size w, the sggmentof sizew — ' shawvn to theright is the excesssegment. Whenthe arrayis
accessedepetitively, assumin@nLRU replacemenstratey, residentlines= A(C/A — (w — C'))
andnonresidentines= (A + 1)(w — C'), wherethetotal_lines= w. Hence, It (s, w) is givenby
thefollowing hyperbolicfunctionof w:
C—Alw-0C) A+ 1) (w-=C)

w

w

TT(S,U)) =TH X + TM(S) X (

Notethat77(s,C') = Ty andT(s,C + C/A) = Tym(s).

4.5 Shared Memory Performance

In this section,we presenthe shared-memorperformancevaluationmethodology Subsec-
tion 4.5.1evaluatesinterconnectacheperformance4.5.2 evaluatesshared-memoryperformance
when2 processoriteractin a producerconsumeiaccesgattern,4.5.3 evaluateshe overheadof
maintainingcoherencevhenmultiple processorareinvolvedin shared-dataccessand4.5.4eval-
uatesoverall performancevhenmultiple active processorgontendin accessindocal andremote

memory
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45.1 InterconnectCachePerformance

SomeDSM systemsuseinterconnecicaches(ICs) to exploit locality of referenceto remote
shared-memorgata(shareddatawith a homememorylocationin someothernode).Whenremote
shared-memorylatais referenceddy a processarif it is notin the processos datacacheor the
local nodes IC, a cachdline is retrieved over the interconnecinda copy s storedin the local IC.
Hence,subsequenteferencego this line thatmissin one of the datacachesf this nodecanbe
satisfiedlocally from the IC (until this line is replacedin the IC or invalidateddueto write by a
remotenode).

To evaluatethe performanceof the IC, we usean experimentsimilar to the oneusedfor eval-
uatinglocal-memoryperformance.We usea programthatis run on two processorgrom distinct
nodes. The first processorllocatesa local sharedarray andinitializesit. The secondprocessor
accessethe array repetitively using a load kernel. The experimentis repeatedor varying array
sizesto characterizeéhe IC sizeandassociatiity, andfor varyingstridesto characterizeéhe IC line
length.

4.5.2 Producer-ConsumerPerformance

In this subsectionye evaluatethe shared-memorperformancevhentwo processorsnteract
in a producerconsumerccesgatternon shareddata. For this purposewe usea programthathas
thefollowing pseudo-code:

shared Al w/l]

repeat {
Proc O wites into A]] with stride s (a store kernel)
wai t _barrier()
Proc 1 reads fromA[] with stride s (a | oad kernel)
wai t _barrier()

This program,which runson two processorssimulateghe casewhenoneprocessoproduces
dataandanotherprocessoconsumedt. For w//-elementarraywith strides, Processob doesw/ s
write accesseandthen Processofl doesw /s readaccesses eachiteration. w is selectedsuch
thatthe arrayfits in the processodatacache.Thetimesspentin the two kernelsaremeasurednd
the minimum times are divided by the numberof accesse$o getthe averageaccesdimes. The
time of Processao® is calledwrite-afterread(WAR) accesdime. Thetime of Processol is called
read-aftemwrite (RAW) accessime.

The synchronizatiorbarrierusedin thesemicrobenchmarkshouldbe carefully selected Con-
siderthat when Processof is in the storekernel, Processod is waiting on the synchronization
barrier Thus,a processowaitingon abarriershouldbewaiting on acachedlag sothatit doesnot

generatanemorytraffic thataffectsthe accessesf the otheractive processoor processors.
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If the programis modifiedso that Processof writesinto the arrayinsteadof reading,we get
a third accesspatternwith write-afterwrite (WAW) accesgime. This is a lesscommonaccess
pattern,but may occut for example,in a false-sharingsituationwheretwo processorsvrite into
two differentvariableshathapperto belocatedin the samecachdine.

For the fourth accesgattern,read-afterread (RAR), the programwould be modified so that
both processorsead. In this case ,eachprocessoracquiresa local copy of the data,andwe would
getaccesgimessimilar to the local-memoryaccesdimes. Thus,the local-memoryaccesgimes
couldsimply beusedinstead(unlessthe accessedrrayis largerthanthe processocacheandhasa
remotehome,which will becachedn thelocal IC—if used).

TheWAR andRAW access$imescanbeusedo find theshared-memorgoint-to-pointproducer
consumecommunicatiodateng andtransferate. Thelateng is thesumof WAR andRAW access
timeswith s = [ byteswhenusingthe lateng/ kernels. The transferrateis [ bytesdivided by the
sumof WAR andRAW accesdimeswith s = [ whenusingthe bandwidthkernels.

Thesetimesdependon theaccesstride,the distancebetweerthe two processorsandwhether
the datais cachedn the otherprocessos cache.Sincethearrayfits in the datacachejt is cached
whenerer a processoaccesseft. To measurdghe not-cachedcase we addsomecodeto flushthe
cacheafterthekernelcallsor usealargearray(w > C' + C/A).

In systemdike the Corvex SPP1000the lateng of a remoteaccessdependson the number
of nodesanddoesnot dependon the distanceof the remotenode. Eachaccesdasa requesipath
anda reply path, which collectively circle oneinterconnectiorring, therefore,the lateng is not
affectedby the locationof the remotenode. However, otherinterconnectiortopologiesike mesh
andhypercubehave latencieghat do dependon the remotenodelocation. Consequentlythe mi-
crobenchmarkghatmeasurgheir communicatiorperformanceneedto reportperformancdigures
thatdo dependon therelative positionof the processors.

To characterizesuchsystemsaccuratelywe needeitherthe ability to control processoalloca-
tion or, at least,the ability to find the physicallocationof an allocatedthread. Whenthe system
providesthe ability to control processomllocation,we suggestharacterizingsuchsystemsalong
two dimensionsFirst thedistancedimensionpy repeatinghe producerconsumecommunication
experimentfor variousdistances.Secondthe function dimension by performingthe experiments
describedn this sectionwith the bestcaseallocation,in which the nodesusedareascloseaspos-
sible.

To achieve asimilartwo-dimensionatharacterizatiofor systemshatprovide theability to find
thephysicallocationof anallocatedhread,we suggestarryingoutexperimentghatrequesall the
physicalprocessorshut activateonly a subsebf theseprocessorsaccordingto their location. This
approachassumeshatthe systemdoesnot oversubscribg@rocessoranddoesnot migratethreads

from oneprocessoto another
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45.3 CoherenceOverhead

In this subsectionwe evaluatethe shared-memorperformancevhentwo or more processors
performreadand write accesseto shareddata. The objective hereis to evaluatethe coherence
overheadas a function of the numberof processorsnvolvedin shared-memonaccess.For this
purposewe useaprogramthathasthefollowing pseudo-code:
shared Al w/l]
repeat {

Proc O wites into A]] with stride s (store-Ioad-use)
wai t _barrier()
foreach proc # Proc 0 {

begin_critical _section

read fromA[] with stride s (load-use)
endcritical section

}

wai t _barrier()

}

This programis run on p processorandsimulateghe casewhereoneprocessoproducedata
andp — 1 processorsonsumet. In this program Processo® doesw /s write accesseperiteration,
andeachof theotherprocessordoesw / s readaccessegeriterationinsideacritical section.Notice
that no more than one processoiis active in the critical sectionat ary time. The time spentin
doing theseaccessess measuredor eachprocessofand the minimum times are divided by the
numberof accesse® gettheaverageaccessime for eachprocessarThetime of Processo® is the
invalidationtime which is afunctionof p. Thetimesfor the otherprocessorsftendependon the
orderin whichthey enterthecritical section.e.g.,the Corvex Exemplarevaluatedn Chapterb.

45.4 Concurrent Traffic Effects

In eachexperimentdescribedn the previous sectionsponly oneprocessoat atime is actively
runninga load or storekernel. Hence,the reportedresultsrepresenta bestcasewhereprocessor
accessearenot hinderedby ary resourcecontentionwith otheraccessesWe have modifiedsome
of the previous experimentsto have multiple active processors.Thesemodificationsallow char
acterizingthe aggrejatememorybandwidththroughthe systeminterconnectsand characterizing
singleprocessomemoryperformancealegradationdueto concurrentraffic.

To characterizehe aggrgatelocal-memorybandwidth,we usean experimentbasedon the
| oad kernel.In this experimentp processorérom onenodeusethel oad kernelto accesa2pC'-
byte array simultaneouslywhere(' is the sizeof the processocache.Eachprocessoaccessea
disjoint 2C'-byte sggmentwith strides. The sggmentsizeis selectedo evaluatethe local-memory
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performanceén themissregion. Theaggrgatebandwidthis calculatedas

" cachdine size
averageline accesgime overall processors.

p

We characterizeghe aggreate remote-memonbandwidthby the performanceof the remote
RAW access.In this experiment,p processorgrom one nodeusethe st or e kernelto update
a 2pC-byte array simultaneously Then p processorgrom anothemodeusethel oad kernelto
accesshearray simultaneouslyThel oad kerneltimeis usedto find the aggreyatebandwidthfor
RAW throughthe systeminterconnect.

4.6 SchedulingOverhead

The schedulingime is the time neededdy the parallelervironmentto startandfinish parallel
taskson p processorsThis time mayincludethe overheadof allocatingprocessor$or the parallel
task, distributing the task’s executablecode, startingthe task on the processorsand freeing the
allocatedprocessorattaskcompletion.In this section we present characterizatioof two aspects
of schedulingoverheadsstaticschedulingandparallel-loopscheduling.

Staticschedulingoverhead SSO)occurswhenschedulinganumberof processorshatdoesnot
changeduringruntime. It is incurredoncepertaskandis significantfor shorttasks. To evaluate
this overheadwe run a simple programon a varying numberof processorsvhereeachprocessor
simply printsits taskiD. Measuringhe executionwall clocktime is agoodapproximatiorfor SSO.

Somecompilersautomaticallyparallelizeloops. In the resultingcode,during programexecu-
tion, ProcessoD is alwaysactive. Whenit reachesa parallelloop, it activatesthe otheravailable
processorto participatdn thework of theloop. Theotherprocessorgobackto idle attheparallel-
loop completion. The overheadof processomlactivation and deactvation for a parallelloop is the
parallel-loop schedulingoverheadPLSO).To evaluatethis overheadwe time a parallelloop that
hasonecall to a subroutineconsistingsimply of areturnstatemen{Null Subroutine).

4.7 Barrier Synchronization Time

In ashared-memorynultiprocessara call to anexplicit synchronizatiomoutineis oftenneeded
betweercodeseggmentshataccessharedlata.Whenaprocessoreadssharedlatathatis modified
by anothemprocessara barriersynchronizatiorcall beforethe readensureghatthe otherprocessor
hascompletedts update.

We evaluatethe time to call a barriersynchronizatiorsubroutinevhenall the processorgnter
the barriersimultaneouslyThis is implementedy makingevery processocall the subroutinefor

mary iterations,andreportingthe elapsedime percall.
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4.8 Chapter Conclusions

In this chapterwe have presenteénexperimentaimethodologyfor measuringhe memoryand
communicatiorperformanceof a DSM multiprocessarThis methodologycharacterizegnportant
performancespect®f local-memoryandshared-memorgccessingschedulingandsynchroniza-
tion.

Forlocal-memoryaccessthesemicrobenchmarkenablecharacterizinghe processodatacache
configurationthelatenciesof cachehits andmissesandtheachiezablecacheandmemorytransfer
rates.As illustratedin the next chapterthey alsoexposememorysystenbottienecks.

For shared-memonrgccessthey enablecharacterizinghe shared-memorgommunicatiorcost
asfunctionof distanceaccesgatternandnumberof processorsMoreover, they provide acharac-
terizationof the effectson performancealueto the concurrentraffic whenmultiple processorsire
concurrentlyutilizing the sharednemoryandtheinterconnectiometwork.

Although the static schedulingoverheadis incurredonce per taskandis only significantfor
shorttasks,it usuallyincreasesith more processorsand givesan indication on the parallelen-
vironmentperformancen schedulingprocessoranddistributing the task’s codeto the scheduled
processor§AD96, AD98h]. The parallel-loopschedulingoverhead PLSO)alsousuallyincreases
asthe numberof processorincreasesSincethe PLSOcanbe significantfor tensof processorsit
may not be profitableto parallelizea shortloop. For a serialloop thattakesTy, parallelizingit with
perfectload balancegivesa parallelloop thattakes7,/p + PLSQ(p). Hence,parallelismmay be
profitableif PLSQ(p) < (1 — 1/p)To, andtheoptimumpis | /Ty / LPLSQp).

We suggesthatthe experiment-basedhethodologypresentedn this chaptercanbe appliedto
existing shared-memaorynultiprocessoraindthat the resultingcharacterizatioris usefulfor devel-
oping and tuning shared-memorgapplicationsand compilers. We have also shown that a corre-
spondingcommunicatiorperformancecharacterizationf message-passingulticomputersanbe
systematicallycarriedout [AD96].
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CHAPTER 5

ASSESSINGTHE EFFECTS OF TECHNOLOGICAL ADVANCES
WITH MICR OBENCHMARKS

In this chapterwe usethe microbenchmarkslevelopedin Chapter4 to calibrateand evaluate
the performancef two generation®f the HP/Corvex Exemplar We characterizehe performance
effectsof the changesn microarchitecturendimplementatiortechnology We alsoidentify some
remaininginefficienciesin the cachecoherenc@rotocolandnodeconfiguratiorthatfuture systems

shouldaddress.

5.1 Intr oduction

Distributed Shaed Memoryis becomingthe prevailing approactfor building scalableparallel
computers. DSM systemsuse high-bandwidth low-lateng interconnectiometworksto connect
powerful processinghodesthat containprocessorandmemory The distributedmemoryis shared
throughaglobaladdresspacethusproviding anaturalandcorvenientprogrammingnodel[LW95,
CSGag].

The SPP1000vasintroducedin 1994 as Corvex’s first implementatiorof its ExemplarDSM
architecturgBre95]. In 1997,HP/Corvex startedto ship multi-nodeconfigurationsof its second
Exemplargenerationthe SPP200(QBA97]. Althoughthe new systemis upwardlybinary compati-
blewith oldersystemsit hassignificantdifferenceshatachiese higherperformanceandscalability
The SPP200Qusesa modern,superscalaprocessothat featuresout-of-orderexecutionand non-
blocking caches. Additionally, the SPP200thaslarger nodes,a richer interconnectiortopology;
betterpackagingandmanufacturingechnologyandmoreoptimizedprotocolsto improve its mem-
ory latengy andbandwidth.

Thefollowing sectiondescribeghe architectureof thetwo systemsandoutlinestheir relevant
differences. Section5.3 outlinesthe performanceaspectsvaluatedin this chapter Section5.4
compareghe local memory performanceof the two systems. Section5.5 evaluatesthe various

aspectof the communicatiorperformancevhenaccessingharednemory Section5.6 evaluates
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the aggreyateachiazablebandwidthandthe effectsof contention.Section5.7 evaluatesanaspect
of the synchronizatioroverhead.Finally, Section5.8 dravs someconclusionsandsuggestguture

directions.

5.2 SPP2000vs. SPP1000G- SystemOverview

The SPP100Gndthe SPP200@&onnectmultiple nodesusing multiple-ring interconnects An
SPP100hodehas4 pairsof processorand4 memoryboards(with 2 bankseach)connectedy
a crossbar;an SPP2000node has 8 processoipairs and 8 memoryboards(with 4 bankseach)
connectedby a crossbar Thus, an SPP200nhode hastwice the processorsand four times the
memorybanksof the SPP1000Eachprocessopair (in bothsystemshasanagentthatconnectst
toacrossbhaport; eachmemoryboardhasa memorycontmoller thatdoedikewise(Figure5.1). Each
SPP200Modecanbe configuredwith up to 16 Gbytesof SDRAM; eachSPP100hodewith up to
only 2 Gbytesof DRAM. Yet, dueto improved packaginganddevice density a 2-nodeSPP2000
toweris physicallythe samesizeasa 2-nodeSPP100Qower.

Crossbar Crossbar
' controlier H RI X ' controlier H RI T x

SPP1000 SPP2000

Figure5.1: EachSPP100thodehasfour of the left functional block. Each SPP200thode
haseight of the right functional block. Rl is the ring interface.

The SPP100@sesthe Hewlett-PackardPA 7100[AAD T93], atwo-waysuperscalaprocessar
runningat 100 MHz. The SPP200usesthe PA 8000[Hun9g, a four-way superscalaprocessar
runningat 180 MHz. In additionto the PA 8000's higherfrequeng andlarger numberof func-
tional units, it supportsout-of-orderinstructionexecution,and memorylateng overlappingand
hiding. On HP workstationsthat usetheseprocessors,the PA 8000 achieves4.7x floating-point
performanceand3.6x integerperformancen SPEC95relative to the PA 7100[SPH.

Eachprocessohastwo off-chip dataandinstructioncacheghat arevirtually addressedThe
datacacheswithin one nodeare kept coherentusing directory-basedachecoherenceprotocols.

1The HP 9000 Model 735/99runsa PA 7100at 99 MHz with 256-KB dataandinstructioncaches.The HP 9000
Model C180-XPrunsa PA 8000at 180MHz with 1-MB dataandinstructioncaches.
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Pidi

SPP1000 SPP2000

Figure5.2: Four 8-processorSPP1000nodesare connectedin one dimension using 4
rings. Four 16-processorSPP2000nodesare connectedin two dimensions
using 32rings.

The SPP100Msesathree-statgrotocol,andthe SPP200Qsesa four-stateprotocol[SA95]. Each
memoryline hasanassociatedoherenceéagto keeptrack of which processortave cachedcopies
of thisline.

In the SPP1000eachmemorycontrollerhasaring interfacethatconnectst to onering. Thus,
a multi-node SPP100Gsystemhas4 rings. Eachring carriesthe remotememoryaccesse$o the
correspondingwo memorybanksof eachothernodein the system.The SPP1000nterconnectsip
to 16 nodesusingthese4 rings. Similarly, the SPP200thasonering interfaceper memoryboard,
andtwo or threenodesystemsimply use8 rings. However, ratherthanoneport, eachring interface
hastwo ring portswhich allow a two-dimensionating interconnectiotopology For example four
SPP200Mmodescanbeinterconnecteth a2 by 2 configuratiorusingatotal of 32rings(Figure5.2).
ThelargestSPP200@onfigurationis 4 by 8, comprisedof 32 nodesinterconnectedvith 96 rings.
Thetwo-dimensionatopologyprovideslower lateng andhigherbisectionbandwidth.

Thetwo systemsusevariantsof the|EEE ScalableCoherentnterfacg SCI93]to achieve intern-
odecachecoherenceThe SCI protocolusesa distributeddoubly-linkedlist to keeptrack of which
nodesshareeachmemoryline. Eachnodethathasa copyof a memoryline, maintainspointersto
the next forwardandnext backwardhodesn thatline’s sharinglist.

Most of the glue logic that coherentlyinterconnectghe distributed processorand memory
banksis in custom-designedatearrays[AB97]. The SPP100Quses250-K gategallium arsenide
technology which provided the speedto pumpa 16-bit flit onto the ring each3.33 nanoseconds.
The SPP200uses0.351 CMOStechnologywhich hasevolvedto provide competitive speedsn
additionto its lower power consumptiorandhigherintegration. The SPP200® ASICsareimple-
mentedusing Fujitsu’s 1.1-M gatearraysclockedat 120 MHz. However, the higherintegration
of thesechips provided wider datapathsandricher functionality. Eachport of the SPP200Cing
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interfacecanpumpa 32-bitflit per8.33nanoseconds.

5.3 Evaluation Methodology

Although someapplicationsare lateng limited, e.g., thosethat do frequentpointer chasing,
and someothersare bandwidthlimited, e.g., thosethat frequentlymove large datablocks, mary
applicationsbenefitfrom bothlow lateng andhigh bandwidth.

In this evaluation,we have usedthe microbenchmarkntroducedin Chapter4. The building
blocksof thememoryandcommunicatiormicrobenchmarkarethe memorykernelsthatarecalled
mary timesto measurghe minimum andaveragecall times Eachkernelaccessethe i-byte ele-
mentsof an arrayof sizew byteswith strides bytes. Thus,onecall time correspondso the w/s
accessem akernelcall. In this chapter! = 4 for lateng kernelsand! = 8 for bandwidthkernels.

Load lateng is measuredy thel oad- use kernel,which usesthe loadedvalueto find the
addres®f thenext load. Thedatadependengin thel oad- use kernelserializegheloadaccesses.
Thest or e- | oad- use kernelmeasureghestorelateng. In eachiteration,thiskernelperformsa
storeto oneelementfollowedby aloadfrom anadjacentlement.The loadedvalueis usedto find
theaddres®of the next storeandestablisha datadependeng Theruntimeof thest or e- | oad-
use kernelis somenumberof storelatenciesplus otherknown times. Thel oad kernelandthe
st or e kernelmeasurdandwidthby simply generatinga sequencef loadsor storesrespectiely,
withoutary datadependencies.

Thesefour kernelsarethe building blocks of the SPP2000experiments. However, sincethe
PA 7100doesnot overlapcachemissesthel oad andst or e kernelsareusedto measureéband-
width aswell aslateng in the SPP1000xperiments. The benchmarke®&PP1000and SPP2000
systemsave 4 nodeseach.The SPP200Modesareinterconnecteth a 2 by 2 configurationwhile
the SPP100Modedie alongonedimension.

Thefollowing performancespectof thetwo systemsareevaluatedn thefollowing sections:

Local memory: thelatengy andbandwidthof accessing privatearraythatis allocatedn thelocal
memory Thearraysizeis variedto characteriz&easesvherethe arrayfits in the processor
datacachethroughcasesvhereall accessearesatisfiedfrom thelocal memory Theaccess

strideis variedto exposeprocessoandsystembottienecks.

Remotememory: thelateng of accessin@g sharedarraythatis allocatedin a remotenode. The
arraysizeis variedto characterizghe performanceof the interconnectcache, which is de-
scribedin Section5.5.1.

Producerconsumercommunication: thelatenciesvhentwo processoraccess sharedarrayin

a producerconsumeipattern. The locationsof the two processorarevariedto characterize

64



intranodeandinternodecommunication.

Effect of distance: thelateng asa functionof the distancebetweertwo processorgngagedn an

internodeproducerconsumercommunication.

Effect of homelocation: thelateny asa functionof the nodelocationwherethe sharedarrayis
allocated(homenode)in the internodeproducefconsumecommunication.

Coherenceoverhead: theoverheadf maintainingcachecoherencasafunctionof thenumberof

processorgngagedn producerconsumecommunications.

Concurrent traffic effects: the aggrgatebandwidthwhenmultiple processorsreactive in per

forming memoryaccesses.

Barrier synchronization time: thetime to performa barriersynchronizatiorasa functionof the

numberof processorsvhenthe processorseachthe barriersimultaneously

5.4 Local Memory

This sectionevaluateghe local-memoryperformancavhenonly oneprocessois accessinghe
local memoryin its node. This performancds a function of the performanceof the processar

processocacheprocessobus, processongent crossbarmemorycontrolle; andmemorybanks.

5.4.1 Local Memory Latency

Figure5.3shavstheaveragdoadlateny of thetwo systemsasa functionof arraysizefor the
accesstridess = 8,16, 32, .. . bytes.For bothsystemsthe loadlateny with s > 64 bytesequals
thelateny with s = 32 bytes,indicatingthatthe cachdine sizeis 32 bytes.The hit region endsat
w = 1024 KB andthetransitionregion endsat w = 2048 KB, indicatingthatthe datacacheis a
direct-mapped 024-KB cache]AD98b]. In the hit region, every accesshits in the cachewhile in
themissregion (w > 2048 KB), every accesdo anew cachdine is amiss.

The SPP2000oad miss lateng is 0.52 usec,which is slightly lower than 0.55 pusecof the
SPP1006&. However, when consideringclock cycles, the SPP2000ateny of 93 cyclesis 69%
morethanthe SPP1000ateng. Theslighttime advantageof the SPP2000nay be attributedto the
slight speedadvantageof the SDRAM over the DRAM andthe lower processobus andcrossbar
transfertimes.

It is worthwhile to comparethis lateng to a comparableuniprocessosystem. The HP 9000
Model C160workstationruns a PA 8000 with a 160-MHz clock and hasa load misslateng of

2The SPP10000oad lateng changeslightly from oneexperimentto another:0.55 usecis the smallestiateng mea-
suredin the missregion.
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SPP1000 - load kernel SPP2000 - load-use kernel
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Figure5.3: Averageload latency asa function of array sizew. The threeregimeregions
are: hit region(0 < w < 1024 KB), transition region (1024 < w < 2048 KB),
and missregion(w > 2048 KB).

SPP1000 - store kernel SPP2000 - store-load-use kernel
0.7 T T 0.7 T T
s >= 32 bytes —+— ] s >=32 bytes —+—
= 06l s=16bytes —x-- Pl = 06l s=16bytes —x--
ot ' s =8 bytes ---%-- ] ’ s =8 bytes ---*--
8 8 AR
S 05 g 05
£ / £ Ve
g 04 g o4 #
/ /
I 0.3 % g 0.3
g / e 2 / X)(XX/X
% 02 % 02
g // N S—— g /
© SRk ) SORAIHHHKAHK I AHIHA K
< o1 X*«x*we*}%% < 01 e e
0 0
0 512 1024 1536 2048 2560 3072 0 512 1024 1536 2048 2560 3072
Array size (Kbytes) Array size (Kbytes)

Figure 5.4: Averagestore latency.

0.32usec.It seemghatthe costof connectingl6 processorsvithin acoherenSPP200thodeadds
anadditional0.20 useclateng, which penalizeserialapplications.

Figure5.4shavstheaveragestorelateng of thetwo systemsThestoremisslateng, measured
asthelateng from issuingthe storeto completingthe allocationin the cacheof the missedline, is
slightly higherthantheload misslateng dueto the overheadof flushingthedirty replacedine.

In the SPP2000thel oad- use andst or e- | oad- use kernelshave 3-cycle accesdateny
in thehit region. Thislateng is composeaf 1 cycle for calculatingtheaddresplus 2 cyclescache
lateng, whichis twice the SPP100@achdateng.

5.4.2 Local Memory Bandwidth

Whenrepeatingheabove experimentausingthebandwidth-measuringernels thetwo systems
exhibit very differentperformanceln thehit region, the SPP100@anperforml loadevery cycle or
1 storeevery 2 cycles. For s = 8 bytes,the SPP200Qsesthetwo PA 8000cacheportsto perform
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Figure5.5: Memory transfer rate in the missregion.

2 loadspercycle or 1 storepercycle. Thus,the SPP1000naximumcachetransferateis 800MB/s
for loadsand400 MB/s for storeswhenaccessinglouble-wordelementswvith a 1-elementstride.
The SPP2000naximumtransferatesare(2 x 180/100) timeslarger. However, with largerstrides,
the SPP200(erformsonly 1 accesgercycle because¢he cachehasonebankfor theevendouble-
wordsand one bankfor the odd double-wordsand eachcacheport accessean associatedank.
Thus,with s = 16, 32, . .. bytes,only oneportis utilized.

Figure5.5shavsthememorytransferatesasafunctionof theaccesstridefor thetwo systems
in themissregion. Thetransferrateis foundasthecachdine sizedividedby theaverageaccessime
perline. Notethatfor strideslargerthanone element,someof the transferrecbytesare not used.
Thestoretransferateis smallerthantheloadtransferatedueto theadditionaltraffic generatedo
write backthereplacedlirty lines.

The best-casenemorytransferrate in the SPP2000s about10 times that of the SPP1000.
The SPP100G transferrate of about50 MBY/s is limited by the lateng of the individual misses
becaus¢he PA 7100allows only oneoutstandingniss. This smalltransferratedoesnot stresshe
memorysystemandis independenbf the accesstride. Whereasthe PA 8000's ability to have up
to 10 outstandingnissesenablest to achieve muchhighertransferates,andexposesa numberof
bottlenecksasapparenfrom thevariationin transferrateasthe accesstridechanges.

The first bottleneckat s = 8 bytesis dueto the PA 8000's instructionreorderbuffer size,
which hasup to 28 entriesfor loads, stores,and someotherinstructions. With this stride, every
fourth accesss to a newv cacheline, therefore,the PA 8000 can have at most28/4 dispatched
instructionsthat generatecachemisses.For s = 8 bytes,the degreeof misslateny overlapping
in thel oad kernelis about6 (10 x 290/500, assuminghatthereare 10 outstandingnissesat the
peakbandwidth).

Theotherbottleneckghatoccurwith s > 64 bytesareexternalto the PA 8000.In the SPP2000,
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| s | Accessedanks |

8-32| All banks

64 Thefour banksof board<0, 2, 4, and6.
128 | Thefour banksof boards0, and4.

256 | Thefour banksof boardO.

512 | Banksi andiii of boardO.

1024 | Banki of board0.

Table5.1: AccessedsPP2000memory banksfor strides 8 through 1024bytes. There are
8 memory boards (0 through 7) eachhasfour banks(i, ii, iii, and iv).

the memoryis 32-wayinterleaved; consecutre 32-bytememorylines arefirst interleaved across
the 8 memoryboardsthenacrosshe4 banksof eachboard.Table5.1 shavs which memorybanks
areaccessefbr strides8 through1024bytes. The memorytransferratedeclinesasfewer memory
boardsor fewer memorybanksareutilized. Froms = 256 bytes,we seethatasinglememoryboard
supportapto 295MB/s to oneprocessorfrom s = 1024 bytes we seethata singlememorybank
supportapto 139MB/s.

The storetransferrate for strides16 and 32 bytesis limited by a bus bandwidthbottleneck.
Recallthatthe st or e kerneltransfergwo linesfor eachmiss,afetchedline anda dirty replaced
line. TheSPP200@seghe Runwaybus[BCF96], whichis an8-bytewide busclockedat 120MHz.
Thisbusmultiplexesdataandaddressewith a4:2ratio. Thus,theavailablebandwidthis 640MB/s;
thest or e kernelachieres92% of this limit.

5.5 Shared Memory Communication

Thememorykernelsarealsousedhereto evaluatethe performancef accessingharednemory
The accessedrrayis allocatedin sharedmemoryand eachexperimentusesmultiple processors.
This sectioncharacterizeproducerconsumeperformanceincludingthe effectsof communication
distance home node,and degreeof sharing. Sincethe interconnecttacheaffectsthe lateng of
accessingemotememory we startwith anevaluationof this cache.

5.5.1 InterconnectCache

The interconnectcacheis a dedicatedsectionof eachnodes memory The IC in eachnode
exploits locality of referencdor theremoteshared-memorgata(shareddatawith ahomememory
locationin someothernode).Whenaremoteshared-memorgccessnissesn boththe processos
datacacheandthenodesIC, amemoryline is retrievedover thering interconnecthroughits home
node. This line is then storedin the local IC aswell asin the processos datacache. Hence,

subsequenteferencedo this line thatmissin oneof the datacacheof this nodecanbe satisfied
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Figure5.6: Averagelatency using the | oad- use kernel for an array allocatedin are-
mote node.

locally from the IC, until suchtime asthis line is replacedn theIC or invalidateddueto storeby
aremotenode. The IC sizeis selectableby the systemadministratorandis usually selectedo
achieve the bestperformancdor frequentlyexecutedapplications.

The microbenchmarkhat evaluateslC performanceausestwo processorgrom distinct nodes.
Thefirst processoallocatesalocalsharedarrayandinitializesit. Thesecongrocessoaccessethe
arrayrepetitively usingthel oad- use kernel(thel oad kernelin the SPP100®ase).Figure5.6
showsthe averagdoadtime of the secondorocessoasa functionof thearraysize.

TheSPP100ModesIC is setto 128MB andthe SPP200Mhodesis 512MB. For arraysthatfit
in thelC, theloadtime is similar to thelocal-memoryoadtime shovn in Figure5.3.

In the SPP1000the transitionregion is 128 MB wide, which indicatesthat the IC is direct
mappedFor arraysizedargerthan256 MB, no partof thearrayremaingn thelC betweeraccesses
to it in two successie kernelcalls, therefore the accesseare satisfiedfrom the remotememory
Although the maximumlocal-memorylateny in the SPP100ds reachedwith s = 32 bytes(1
processocacheline), the remoteload lateng/ almostdoublesas s increasedrom 32 to 64 bytes,
andcontinuego increaseo reacha maximumat s — 256 bytes. In contrastthe SPP200Gemote
loadlateny doesnotchangefor s > 32 bytes.

In the SPP1000the memoryline sizeis 64 bytes,twice the size of the processorcacheline.
The 64-bytememoryline is the baseunit for maintaininginternodecoherencen the SPP1000.
Thereforefor s > 64 bytesin themissregion, every accesss anlC miss,while for s = 32 bytes,
every two processorcachemissesgenerateone IC miss. The misslateny continuesto grow as
s increasedrom 64 to 256 bytesdueto ring congestionwhich increasesasfewer rings areused
to sene the missedlines that are interleared acrossthe memorybanks;all 4 rings are usedwith

s < 64 bytes,2 ringswith s = 128 bytes,andonly onering with s = 256 bytes.A ring apparently
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remainsbusy afterfetchinga line from the remotenode(in orderto collapsethe sharinglist of the
replacedC line).

Unlike the generatrendtowardwider cachestheIC line is shorterin the SPP200Q32 bytes,
asin the processocache).Sincethe coherencaagsattachedo eachmemoryline require8 bytes
in both systems the shorterline resultsin higher overheadfor coherencdagsrelative to user
availablememory(1:4in the SPP2000and1:8 in the SPP1000)andthey provide lessprefetching
for applicationswith spatiallocality.

However, shorterlinesenabledhe SPP200Q@o achiese lowerremotelateng becausd is faster
to extracta 32-byteline from the memoryandtransferit over thering interconnectthe coherence
protocolis simpler andthe datatransferis more streamlined. Furthermore the PA 8000 allows
multiple outstandingnisseswhich reduceghe prefetchingdisadvantageof shortlines.

As s increasesindfewer rings areusedto satisfyremotemissesthe SPP200@ latengy, unlike
the SPP1000remainsconstantimplying no ring congestioreven whenonly onering is utilized
with s > 256 bytes. This improved performancés achieved by supportingup to 32 outstanding
requestsn eachring interface ratherthanonly one[AB97]. Thereforethe SPP2000ing controller
canprocessline requestoncurrentlywith collapsingthe sharinglist of a replacedine.

Notice that the SPP200@ curve shapediffers slightly from the curve of the 512-MB direct-
mappedtachemodelshovn [AD98b]. In fact,it change$rom oneexperimentto anotheraccording
to the OS mappingof the arrays virtual pagesto the physicalmemorypages. The curve shown
indicateghatsomeof thearray’s physicalpagesconflictin theIC for w» = 512 MB, resultingin an
averagelateng thatis higherthanthe IC hit lateng. The SPP200@atawasobtainedby running
this microbenchmarlon a recentlybootedsystem.The numberof IC conflictsgenerallyincreases
with time asvirtual to physicalmappingbecomesalmostrandom.The IC addressingchemen the
SPP1000s different,andneverrevealedary IC conflictsin our experiments.

5.5.2 Communication Latency

Figures5.7 and5.8 show thelatencief the two phaseof shared-memorproducerconsumer
communicatiorasa function of the accesstride. Two processorsepetitively taketurnsaccessing
asharedarray Processof executeghest or e- | oad- use kernel(produces)thenaftersynchro-
nization,Processol executesthel oad- use kernel(consumes)thenafter synchronizationthis
processs iterated. Thetime that Processof spendsn the st or e- | oad- use kernelis usedto
find the averagewrite-afterread (WAR) lateng, and Processod’s time is usedto find the read-
afterwrite (RAW) lateng. Latenciesare shown for the two casesof processomllocation: near,
whenbothprocessorarein thesamenode,andfar whenthey arefrom distinctnodes.

The arraysizeis 1 MB, which fits in the processodatacache. In the nearcase this arrayis

allocatedin the local sharedmemory; whereasijt is interleared acrossthe sharedmemoryof all
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Figure5.7: Write-after -read accesdatency as a function of the accessstride. Far WAR
for the casewhen the two processorsare from distinct nodes,and near WAR
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Figure 5.8: Read-afterwrite accesdatency.

nodesn thefar case.

In the SPP1000thefar lateng increaseasthestrideincreasesiueto theincreasen misseger
referencgup to s = 64 bytes),andthenthe decreasén the numberof ringsused. In contrastas
s isincreasedeyond 32 bytes,the SPP2000ar lateng generallydoesnot increaseindicatingno
ring congestion.WAR generatesnorering traffic thanRAW becausén additionto joining at the
headof theline’s sharinglist, the WAR senddnvalidationsignalsto the othersharingnodes.Thus,
SPP1000ar WAR lateng increasegasterthanRAW lateng asfewer ringsareused.

Far lateng is higherthanthe nearlateny dueto the overheadsof the internodecoherence
protocolandtheaddedlateng of thering interconnect As with IC misslateng, the SPP100Gar
lateng at s > 64 bytesis nearlydoublethe SPP2000ar lateng.

However, the SPP200thearWAR lateng is higherthanthat of the SPP1000In the SPP2000
intranodecoherenceprotocol, the consumergets an exclusive copy of the loadedline from the
producers cache,and the producerlosesits copy. Therefore,when the producersubsequently
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updateghisline, it mustwait to checkwhetherthe consumeis copyhasbeenmodified. This check
lengthenghe nearWAR lateng, andseemdo have someresidualeffect thatslightly increaseshe
latenyy whenonebankis utilized at s = 1024 bytes. In the SPP1000the consumemlwaysgetsa
shareccopy, whichis invalidatedconcurrentlywhenthe memorycontrollerreturnsa writable copy
to the producerwithout waiting to checkthe consumers copy status.

In the SPP2000althoughgiving an exclusive copy of a maodified line hurts repetitve near
producerconsumercommunication,it is profitable for migratory lines (lines that are accessed
largely by oneprocessoatatime [ZT97]). Whena processopgetsexclusive ownershipof a migra-
tory line, it doesnotneedto requesbwnershipwhenit subsequentlypdateshisline.

Whenthe consumeiperformsa RAW accessthe valid copy of the accessetine is in the pro-
ducers cache. Although, Section5.4.1 shoved that the two systemshave similar local-memory
lateng, the SPP100Mhasabout33%higherlateng thanthe SPP2000n nearRAW whenaccessing
the copyin the producerscache.

5.5.3 Effect of Distance

In theSPP1000eachremoteacces$asarequespathandareply path,whichcollectively circle
onering. Theremotelateng is not affectedby wheretheremotenodeis positionedon the ring—it
depend®nly onthe numberof systemnodes.However, the SPP200Gemotelatengy doesdepend
ontheremotenodelocation.

Considera far RAW accesgo aline thatis valid in the memoryof the producers node(the
producers nodeis the homeof this line). This simpleaccessds satisfiedby onerequestandone
responseOn the SPP2000this takes1.58 usecbetweerntwo adjacennhodes,and1.87 usecwhen
the two nodesare on oppositecornersof the 2 by 2 configuration. The additional0.29 usecis
neededo changadimensiorandcircle aseconding.

For a4 by 2 SPP200Gsystemit still takes1.58 usecbetweenwo nodesdirectly connectedy
2-noderings, but 1.73 zsecbetweentwo nodesdirectly connectedy 4-noderings,and2.04 psec
otherwise A simplemodelthatis consistentvith theseobsenationsis thatthis RAW accesdakes
1.43usect 0.075usecpernodeto nodelink traversalof aring + 0.15usecif tworingsaretraversed.

ForthelargestSPP200@onfiguration4 by 8, thelateng of thisaccesss calculatedhsl.73usec
for two nodesdirectly connecteddy 4-noderings, 2.03 usecfor two nodesconnectedby 8-node
rings,and1.43 4+ 0.075 x 12 + 0.15 = 2.48 usecfor nodesot onthesamering. Hadthe SPP2000
usedaone-dimensionaiopology, thelateng of this acces®n a 32-nodesystemwith theseparam-
eterswould alwaysbe1.43 + 0.075 x 32 = 3.83 usec.
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5.5.4 Effect of Home Location

The sharedarray usedin characterizingthe far producerconsumercommunicationin Sec-
tion 5.5.2is interleavedamongthe memorybanksof the four nodes.Thus,the measuredar WAR
(or far RAW) lateng is the averageof four casesaccordingto thelocationof thehomenode. The
way thatthe internodecoherenceorotocol satisfiesa cachemissdoesin fact dependon the home
nodeof the missedine [ABP94, SCI93];thethreemaincasesre:

Local home: theline’shomenodeis thelocal node.
Remotehome: theline’shomenodeis theremotenode.

Third-party home: theline’s homenodeis athird nodeotherthanthelocal andremotenodes(in
a4-nodesystemtherearetwo third-partynodes).

Table5.2 shovs the WAR andRAW latenciesof the threecasesf homenodelocationsin the
SPP200Qwith s = 32 bytes. Whenmeasuringhe lateng of the first two casesthe two nodes
involvedareadjacent.For the third-partyhomecase the remotenodeis adjacento thelocal node
in the z directionandthehomenodeis adjacento thelocalnodein the y direction. Thetableshavs
thelatencieof cachedcanduncachedVAR andRAW accessed-or thecachedaccessesheshared
arraysizeis selectedo fit in the processorcache;thus,a WAR or RAW accesoccurswhenthe
remoteprocessohasa copy of theline (the valid copyin RAW). For the uncachedaccesseghe
arraysizeis twice the processocachesize; thus,a WAR or RAW accesccurswhenthe remote
memoryor theremotelC hasa copyandtheremoteprocessodoesnot.

WAR lateng is higherthanRAW lateny becausa@VAR involvesgetting exclusive ownership
andinvalidatingothercopies. The lateng of cachedaccessess equalor higherthanthat of un-
cachedaccesses.

WAR lateng/ generallyincreasesaswe move from local to remoteto third-partyhomes.Un-
cachedWAR latencieswith remoteand third-party homesare identicalto thoseof cachedWAR
becauseasthe processodoesnot inform the directorywhenit replacesa cleanline, invalidations

aresentto theremoteprocessoin bothuncachecdndcachedWAR accesseddowever, the lateng

| Type | Cached|| Local | Remote| Third-party ||

WAR No 2.08 291 3.57
Yes 3.37 291 3.57
RAW No 2.07 1.58 2.26
Yes 2.64 2.79 2.83

Table5.2: The SPP20005s WAR and RAW latencies,in microsecondsaccording to the
location of the home nodeand the cachingstatusof the remoteprocessor

73



of the cachedlocal-homeWAR is high due to complicationsof the SCI coherenceprotocol. In

uncachedVAR, theline’s sharinglist hasoneentrythatpointsto theremotenode,andthe WAR is

performedby sendinganinvalidationto theremotenode.In cachedVAR, theline’ssharingdlist has
two nodesthe remotenodeat the headandthe local nodeat thetail. In orderto modify this line,

the SCI protocolrequiresthatthelocal nodeleavesthe sharinglist, rejoinsat the sharinglist head,
andinvalidatesthe othernode,which sumsup to a lateng of 3.37 usec(only the headof thelist

caninvalidatecopiesin othernodes).

CachedRAW lateng is higherthanthat of uncachedRAW becausef the additionallateng
of retrieving the modifiedcopyfrom the remoteproducers cacheaftercheckingthe coherencéag
in theremotenode. This retrieval is not neededn uncachedRAW wherethe remotelC or remote
memoryhasthevalid copy. SCl complicationsalsoincreasdhe gapbetweercachedanduncached
remote-homeRAW latencies. Uncachedemote-homerRAW latengy is the lowestlatengs among
remoteaccessefonly 1.58 usec),asit is simply satisfiedthrougha requesto the homenodeand
a reply with datafrom the homenodes memory However, cachedremote-homeRAW is more
expensve becausedt comesafterthe expensie cachedocal-homeWAR describedabore. When
this RAW occurs,theline’s sharinglist hasthe homenodeat the head. The SCI protocolhandles
this RAW similar to thethird-partyhomecasewheretherequestenodefirst joins the sharinglist at
theheadthengetsthe modifiedline from the old head.

5.5.5 CoherenceOverhead

This sectionevaluatedateng asafunction of the numberof processorsp, involvedin shared-
memoryproducefconsumercommunicationsn orderto characterizehe coherenceverhead.In
themicrobenchmarkised,Processof useshest or e- | oad- use kernelto accesasharedarray
thatis interleavedamongall nodesandthe otherp — 1 processorsaketurnsaccessingt usingthe
| oad- use kernel. The WAR time of Processo@ is the invalidationtime, shavn in Figure5.9 as
a functionof p — 1. Thetimesfor the otherprocessorslependon the orderin which they read.
Figure 5.10 shows the incrementalread timesfor the p — 1 readerprocessorgrom experiments
using24 and64 processor®n the SPP100Gand SPP2000respectiely. In theseexperimentsthe
processorseadin the orderof their IDs. The accumulatie sum of the invalidationtime andthe
p — 1 readtimesis thetime of oneiterationof this microbenchmark.

Theinvalidationtime increasesstheaccesstrideincreasesfor the samereason®utlinedear
lier. Thistime alsoincreasesin stepsasthe numberof processorincreasesWhenall processors
arein thesamenode theinvalidationtime remainsconstantueto the crossbais broadcastapabil-
ity. Thereis alarge stepwhenthenew processois from the seconchode,andothersmallerstepsas
eachsubsequeniodeis added.For the SPP2000with p = 2, theinvalidationtime is higherthan
thatwith p = 3 or morewithin onenode. Whenthereis only onereadeythe invalidationtime is
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Figure 5.10: Incrementalreadtime for eachprocessor

longerin orderto checkthe statusof the exclusive copyin the readers cache;with p > 2 thereis
no exclusive copywheninvalidationis beingdone.

In the SPP1000assuggestethy Figure5.10,Processol readsfrom the writer's cachecausing
thememoryto beupdatedasasideeffect. Thereadtime of Processorg through? is thuslesssince
they aresatisfiedfrom thelocal memorythatthey share. The readtime is higherfor ProcessoB
sincethe datais not in its nodeand mustbe provided remotely WhenProcessor® through15
read,they find the datain their node,andtheir readtime is similar to Processor® through7. This
sequenceepeatdor eachnode.

The SPP2000eadtime is similar with threedifferences{i) the numberof processorpernode
is 16, (ii) the secondreaderalsoseesa high lateng in orderto checkthe statusof the exclusive
copyin thefirst readers cache and(iii) thereadtime changedrom onenodeto anothetbecaus®f
varyingnumbersof IC conflicts.
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5.6 Concurrent Traffic Effects

In this section,we usethe bandwidth-measuringernelsto evaluatethe aggreyate bandwidth
whenmultiple processorsireactive accessingnemory

Figure5.11shows the aggrejateload bandwidthfrom local memorywhen p processorgérom
onenodeusethel oad kernelto accessa 2p-MB array simultaneously Eachprocessoaccesses
adisjoint 2-MB segmentwith strides. The segmentsizeis selectedo evaluatethe local-memory
performancehroughthe crossbain the missregion.

As thememorybandwidthof oneSPP100(@rocessors limited by thelateng of the individual
cachemissespneprocessodoesnot stresgshe memorysystemandeventhe aggregatebandwidth
is nearly proportionalto p for s < 128 bytes. The maximumlocal memoryload bandwidthfor
8 processorss 420 MB/s whenuniformly accessingll the nodes memorybanks. However, the
aggregatebandwidthis significantly lower, 320 MB/s, when accessingpne memoryboard(s =
256 bytes),and200MB/s whenaccessingnebank(s = 512 bytes).

As discussedn Section5.4.2, due to the high bandwidthrequirementf the PA 8000, the
bandwidthto oneSPP200(@rocessodropswhentheaccesstrideskipssomeof thememorybanks.
Additionally, the local memorycannotprovide enoughbandwidthto allow linear scalingof the
aggrgatebandwidthasthe numberof active processorincreases.The aggrejatebandwidthfalls
off even fasterwhenthe stride begins to skip memorybanks. The maximumlocal-memoryload
bandwidthfor 16 processorgs 4020MB/s whenuniformly accessingll thenodes memorybanks,
560MB/s whenaccessingnememoryboard,and300 MB/s whenaccessingnebank.

Figure5.12shavsthe aggrgateremoteRAW bandwidthwhenp processorfrom onenodeuse
thest or e kernelto updatedisjoint2-MB segmentsof a2p-MB sharedharray simultaneouslyThen
p processorfrom anothemodeusethel oad kernelto accesshesearraysegments simultaneously
Thel oad kerneltimeis usedto find theaggrejateremoteRAW bandwidththroughtherings.

As the numberof processorincreasesthe remoteRAW bandwidthscalesvorsethanthelocal
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load bandwidth. The SPP100Gemotebandwidthis adwerselyaffectedby the limitation thateach
ring interfaceallows only one outstandingequest.This limitation makescommunicatiorthrough
theringsabottleneckwhich becomesnoresevereass increasesndfewer ringsareutilized.

TheSPP2000emotebandwidthis muchhighersinceits ring interfacesachallow multiple out-
standingrequestsThis high aggreyateremotebandwidthcanonly be achiered by overlappingthe
remotelatencies.The remotebandwidthscalabilitylimitation hereis mainly dueto the compleity
of theinternodecoherencerotocol. The SCl requiresatleastfour memoryaccessefor eachRAW
accessoneto checkthelocal IC, a secondo retrieve theline from the remotememory a third to
updatetheremotememorycoherencéag,andthefourth to puttheline in thelocal IC.

In the SPP1000the aggrgateremoteRAW bandwidthwith 8 processorss 69 MB/s whenall
four ringsareutilized, andfalls to 31 MB/s with onering. In the SPP2000with 16 processorshis
bandwidthis 510 MB/s whenall memorybanksareutilized, andfalls to 80 MB/s with onememory
bank.

5.7 Synchronization Time

The SPP200Mhasnew primitivesto improve synchronizatiorperformance Figure5.13shavs
theaveragetime spentin the WAI T_BARRI ER library subroutinevhenall the processorgnterthe
barriersimultaneously

As visible from the measurediataandthe curve fits, the SPP200thasmuchimproved perfor
mance. The SPP200Qsesthe nenv coher ent _i ncr erent primitive to reducering traffic and
to lower barriertimes[BA97]. In the SPP1000whena threadreacheghe barrier it incrementsa
counterandwaitson aflag. Whenthelastthreadreacheshe barrier it updategheflagto signalto
the otherthreadso go on. This updateinvalidateshe cachedlag copiesby destroyingthe sharing
list. The next acces®f eachthreadacquireshe updatediag valueandrekuilds a new sharinglist,
which generates lot of traffic andcontention.In the SPP2000this traffic andlateng is avoided
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Figure 5.13: Barrier synchronization time (note changeof scale).

by thecoher ent _i ncr enent primitive which usesthe sharinglist to updatethe flag copiesin
the sharingnodeswithout destroyingthe sharinglist.

5.8 Chapter Conclusions

Exploiting advancesin microarchitecturejntegratedcircuit technology and packaging,the
SPP2000achieres much better performanceand scalability than its predecessorthe SPP1000.
Although the memorylatengy, in processorycles, hasnot improved, the never processover
lapsmultiple outstandingcachemissego allow up to 10x local memorybandwidth.However, the
PA 8000processos maximumbandwidthis only achievablewhenmemoryload accesseareuni-
formly distributedoverthe memorybanksandnothinderedby accessefom otherprocessorsThe
32 memorybanksin one SPP200odecan actually sustain50% of the maximumbandwidthof
all 16 processorin the node,evenwithout interveningcachehits. In the SPP1000the PA 7100’
lower maximumbandwidthallows the8 memorybanksin anodeto sustairall 8 nodeprocessorat
maximumbandwidth.

Thelateng of local communicatiorthroughsharednmemoryaccesselaschangedThelateng
of loadinga cachédline thatis dirty in the cacheof anotherocal processohasimproved. The new
four-stateintranodecoherenceprotocol reducescommunicationfor private and migratory access
patternsat the expenseof repetitve producerconsumecommunication.

The two-dimensionaling interconnectiortopology of the SPP200Qorovides much lower in-
ternodelateny and higherbisectionbandwidththanthe SPP100G single-dimensiomings. The
SPP200Gshrinksthe gap betweenthe remoteandlocal lateng further by adoptinga smallerline
sizefor internodecommunicationwhich now matchegheline sizeof the processarThe SPP2000
remotelateng is about0.5x thatof the SPP1000andits remotebandwidthis aboutl0timeshigher
for a singleactive processarthanksto the ability of the processoandthering interfaceto overlap
mary memoryrequests.The SPP100Cing interface,which senesoutstandingequestsserially,
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reduceghe one processomaximumremotebandwidthby 42% whenall 8 processorsn a node
areactively utilizing therings. Sinceit requiresmultiple memoryaccesseperremoteaccessthe
SPP2000nternodecoherencerotocolreduceghis bandwidthby 76%for 16 processors.

The SPP200aiecisionto usecustom-designedrossbaiand controllersto supportthe needed
aggregatebandwidthallowedit to have 16 processorpernode,which greatlyhelpsmedium-scale
parallelprograms.The additionof this gluelogic, however, raiseshelocal memoryandcommuni-
cationlatencieswhich penalizesequentiahnd small-scalgparallelprograms.Many modernpro-
cessorsare incorporatinginterfacesfor small-scalemultiprocessobuses,which canbe exploited
to build economicsmall nodeswith low local lateng [LL97]. However, for a systembasedon
smallnodesto succeedvith large-scalgparallelprogramsthe remotelateng shouldnot increase
prohibitively.

Sincethe Exemplardoesnot strictly adhereo the SCI standardanddoesnot usesecond-party
SCl-standarccomponentswe do not seea justification for using this protocolin sucha high-
performanceparallel system,otherthanto avoid developinga new internodecoherenceprotocol.
This studyhasexposedseveral problemsrelatedto SCI efficiengy andperformanceTheintercon-
nectcachewhich assistdnternodeaccessegjid take 12.5%of the physicalmemoryspaceof the
benchmarkedystemsnotincludingthe 25% overheadof the coherencdagsin the SPP2000The
distributedlinked-list natureof the SCI directoriesunnecessarilyncreaseghe latenciesof some
remoteaccesselke cachedVAR of local-homdinesandcachedRAW of remote-homéines. Ad-
ditionally, theinvalidationtime is linearwith the numberof sharingnodes Although someof these
issuesareaddresseth researchwork suchas[KG96], linked-list protocolsfundamentallyrequire
moredirectoryaccessethanotherprotocols[AD98a, CFKA90, CSG98]. Sincethe SPP2000li-
rectoryis implementedn memory the high directoryaccessateadwerselyaffectsremotememory
latengy andbandwidth.
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CHAPTER 6

EVALUATION OF THREE MAJOR CC-NUMA APPROACHES
USING CDAT

In this chapterwe presentheresultsof our comparatie studyof threescalableshared-memory
systemsThepurposeof thisstudyis to evaluatealternatie scalableshared-memorgystendesigns,
identify strengthsand weaknessem currentsystemsand identify designaspectshat have high
positiveimpacton suchsystemsandareaghatneedfurtherinvestigatiorandimprovement.

6.1 Intr oduction

An importantapproachin building scalableshared-memorynultiprocessorss cache-coherent
non-uniformmemoryaccessarchitecture. CC-NUMA systemsuse high bandwidth,low lateng
interconnectiometworksto connectpowerful processinghodesthat containprocessorandmem-
ory [LW95]. Eachnodehasa cache-coheencecontoller that enableslatareplicationcoherently
e.g.,whena cacheline is updatedthe CCC invalidatesother copies,and ensureghat a proces-
sor requestalwaysgetsa copy of the mostrecentdata. CC-NUMA multiprocessorprovide the
corvenienceof memorysharingwith one global addressspace,someportion of which is found
in eachnode. CC-NUMA hasa good balancebetweenprogrammingcompleity and hardware
compleity. Several vendorsare adoptingit for building new high-endseners, e.g., HP/Corvex
SPP200QBA97], SequenNUMA-Q [LC96], andSGI Origin 2000[LL97].

In an effort to identify strengthsandweaknessem currentapproachesye evaluatethreeim-
portantCC-NUMA systems:(i) StanfordDASH, a prototypeof the first projectto demonstratea
scalableshared-memorgystem(ii) Corvex SPP1000thefirst commerciallyavailableCC-NUMA
systemand(iii) SGIOrigin 2000whichrepresenttoday’sstate-of-the-artechnology Althoughthe
threesystemssharemary similarities,they have significantdifferencegshattranslateinto large per
formancedifferencesThey all clusterprocessorandmemoryinto nodeghatareinterconnectety
alow lateng interconnectiometwork.Eachnodehasmultiple processoranemory andcoherence

controller Thethreesystemdiffer in mary respectsfor example,in the numberof processorper
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node,processocacheconfigurationmemoryconsisteng model,locationof memoryin the node,
andcache-coherengarotocol. Sections.2,6.3,and6.4 presenbverviews of thethreesystems.

In this study, we usetwo representatie applicationdrom Corvex’simplementatiorof the NAS
Parallel Benchmarks For a fair systemcomparisonye undid the SPP1600-specifioptimizations
in thesebenchmarks.The two applications,CG and SE have interestingdifferencesandare fur-
ther characterizedn Chapter3. CG performssimple reductionoperationson long vectors; its
high sharingdegreecommunicatiorprovidesfor updatingandreadingthe partial products.SPper
forms computationon three-dimensionamatrices,with a producerconsumecommunicatioron
the boundarief matrix partitions. The datapresentedhereis from the main parallelphasevhen
solvingthe“A” problemsizeon 16 processors.

Section6.5presentaraw comparisorwhereCDAT analyzeshe performancef thetwo bench-
markson modelsthat arelike the threesystemswith their original parametersit shows thatthe
performancef thethreesystemsspansawide rangebecauséheir componentsary widely in size
andspeedasthesesystemswvereintroducedat differenttimes,with thethenprevailing technology
Section6.6 presentsa normalizedcomparisorwherethe systemsare put on the sametechnologi-
cal level with similar componentsWe believe thatthe normalizedcomparisorbetterexposesthe
performancealifferenceglueto systemorganizationand cache-coherengarotocol, ratherthanthe

underlyingtechnologyandcomponensizes.Someconclusionsaredravn in Section6.7.

6.2 Stanford DASH

The StanfordDASH projectstartedin the fall of 1988,andthe first prototypewascompleted
in the springof 1991[LLG T92]. The DASH is basedon the SGI PONER Station4D/340which
has4 processoboardsconnectedby a cache-coherertius. As shown in Figure 6.1, the memory
andthel/O interfacearealsoconnectedo the sharedus. Two boardsvereaddedo handleremote
memoryaccessandglobalcachecoherence.

Eachprocessoboardincludesa33 MHz MIPS R3000processowith 64-KB instructioncache,
64-KB first-level datacache,and 256-KB secondarydatacache,which is a write-backsnooping
cachethat interfaceswith the sharednodebus. The cacheline sizeis 16 bytes. The sharedbus
operatesat 16 MHz and supportsthe lllinois MESI cache-coherencgrotocol [PP84], wherethe
highestpriority processowith avalid copysuppliesdataon busrequestsThisis differentfrom the
MESI protocolssupportedy modernprocessorsvherea processoonly suppliedatawhenit hasa
modifiedcopy[SS86]. Thesysteminterconnectionis throughtwo 2-D meshesonefor requestand
anotherfor replies. This dual arrangemensimplifies protocoldeadlockelimination. The network
links are 16 bits wide with a maximumtransferrateof 60 MB/s perlink.

The CCCfunctionalityis implementedisingtwo boards:thedirectorycontroller(DC) andthe
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Figure 6.1: Four-node DASH system.

reply controller (RC). The DC generatesioderequestsand containsthe directory of the global
sharingstateof the local portion of the memoryandthe 2 dimensionnetworkinterface. The RC
handlesncomingrequestandreplies,andcontainsthe y dimensionnetworkinterfaceanda 128-
KB interconnectcache The ICC tracksoutstandingrequestanadeby the local processorsand
cachegsemotedata.

Cachecoherencéas maintainedby a combinationof snoopyanddirectoryprotocols. The way
in which a cachemissis satisfieddepend©n the homenodeof the missedine. Whena processor
generates bus requestfor a local line, the other processorsnoopthis requestand checktheir
cachesthe highestpriority processothathasa valid copysuppliesheline. At the sametime, the
DC accessethe directoryto find the global sharingstatusof the line. If thereis a remotenode
thathasa modified copy, the DC blocksthe requestandgenerates recallto the remotenode;the
processoiis unblockedwhenthe line is retrieved. In casethe line is not cachedlocally and not
modifiedin a remotenode,the memorysuppliesthe data.

Whenaprocessogenerates busrequesfor aremoteline, theline is suppliedby alocal cache
if thereis a valid copy locally. Otherwise the DC generatesa requesto the homenode. When
the RC of thehomenoderecevestherequestjt echoest onits local bus. A cacheor the memory
suppliestheline unlesst is modifiedin athird node.In the lattercaseasshavn in Figure6.2,the
homenode(H) generates recallsignal(2) to the dirty node(D). Whenthedirty noderecevesthe
recallsignal,its RC echostherecall on the local bus, the dirty cachesuppliestheline, andits DC
forwardstheline to the local node(3a), whereit is insertedin the ICC. The ICC suppliesthe line
whentheprocessoretriesits request Additionally, the dirty nodeupdategshe homenode(3b).

Thecritical misstimeis from the startof thefirst processorequesto the endof thereply that
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Figure 6.2: Satisfying a cachemissto a line with homenodeH that is dirty in nodeD.

satisfieghe processomiss. Thus,for this example,only thetime of signal(3b) is notcritical.

6.3 Convex SPP1000

The SPP100@vasintroducedin 1994andconsistof 1 to 16 nodesthatcommunicatevia four
rings [Bre95]. As shown in Figure 6.3, eachnodecontainsfour functionalblocksinterconnected
by acrossbafXBR). Eachfunctionalblockinterfaceswith onering andcontaingwo 100MHz HP
PA 7100processorandtwo memorybanks.Eachprocessohas1-MB instructionanddatacaches.
The processopair shareoneagentto communicatewith the restof the machine.The memoryhas
a configurablelogical sectionthat senesasan interconnectcache The ICC is usedfor holding
copiesof shareddatathatarereferencedy thelocal processorgyut have aremotehome.

Successie 64-bytelines areinterleared acrossthe memorybanks. A processorcacheline is
32bytes,andthusholdshalf amemoryline. EachCCCis responsibldor 1/4 of thememoryspace
that a processorcan address.When a processothasa cachemiss, its agentgenerates request
throughthe crossbatto one of the four local CCCs. The CCCfirst accessests memory(the ICC
sectionfor remotdines). If theattachednemorydoesnothave avalid copy, the CCCeithercontacts

(a) (b) [ 7200 | | 7100 |

!Agent!

Crossbar

Piid
{

Figure 6.3: (a) Four SPP100Modesinterconnectedby 4rings; eachnodehas4 functional
blocks. (b) The functional block has 2 processorsand 2 DRAM memory
banks, and interfaceswith the local crossbarand onering.
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alocal agentif ary of the agents processordiasthe valid copyin its cache,or contactsa remote
CCCfor servicethroughits ring.

Eachring is apair of unidirectionalinks with a peakbandwidthof 600MB/s for eachlink. The
ringssupportthe ScalableCoherentnterface(SCI) standardSCI193]; which coherenthtransferone
64-byteline in responséo a globalsharednemoryaccess.

The coherencalatais maintainedn tagsassociateavith the 64-bytememorylines. Eachtag
holdsthelocal andglobalsharingstateof therespectie line. Thelocal statepartincludesthelocal
cachingstatusof eachof thetwo 32-bytehalvesof theline. The intra-nodecoherencerotocolis
a three-stateviS| protocol[ABP94]. The global sharingstateis arrangedn a doubly linked list
distributeddirectoryrootedin thehomenode. Thetagin the homenodecontainsthe global status
and a pointerto the headof the sharinglist. EachlICC tagin othersharingnodescontainsthe
cachingstatusof theline andpointersto the previousandnext nodesin thelist.

6.4 SGI Origin 2000

The SGI Origin 2000[LL97] wasintroducedin 1996 andconnectdual-processonodeswith
an interconnecthat is basedon the SPIDERrouter chip [Gal9q. The CCC hasmultiple paths
to interconnecthe processopair, four memorybankswith attacheddirectory the I/O interface,
andthe interconnechetwork (Figure 6.4). Eachprocessorunsat 195 MHz andhas32-KB on-
chip instructionand datacachesanda 4-MB, 2-way associatie, combinedsecondarcache.The
secondarygachdine sizeis 128bytes.

The bandwidthssupportedy the processobus,the CCC,andthe networkareall matchedand
equal 780 MB/s. This perfectmatchingreducedateny in no-contentionsituationsby allowing
signalsto be streamedlirectly betweencomponentsthe bandwidthmatcheliminatesthe needfor
buffering.

Theprocessosupportshe MESI cache-coherengarotocol,but doesnot snoopbus request®f
otherprocessorsTherefore the Origin 2000reliespurely on a directory-basegrotocolandpoint-
to-pointsignalsfor cachecoherenceThedirectoryis implementedn the memoryand containsa
sharingvectorand a statusfield for each128-byteline. The directoryis accesseth parallelwith
memoryaccess.

As shawvn in Figure6.5,two nodesshareonerouter Eachrouterhasé6 bidirectionalports;two
portsinterfacewith thetwo nodesandthe other4 portscanbe usedto interfacewith otherrouters.
The figure shows eight routers—eaclusingfive of its ports—interconnectind.6 nodesin a cube
configuration.

The Origin 2000 supportsthe sequentiakonsisteng model [Lam79] which supportsa wide
rangeof applications put with minimal opportunitiesfor hiding the lateng of cachemisses.For
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Figure6.4: The Origin 2000node containstwo processorsd to 32 memory banks with
attacheddir ectory, and cachecoherencecontroller. It interfaceswith the I/O
devicesand the interconnectionnetwork.

Figure 6.5: Eight routers are usedto interconnectsixteenOrigin 2000 nodesin a cube

configuration.
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Figure 6.6: The Origin 2000’ speculativememory operation (2a) is usedin satisfying a
cachemissfor aline which homenodeis (H) and is ownedby node(O).

thisreasontheOrigin 2000usegnary protocoloptimizationgo reducehelocalandremotdateng.
Figure6.6 shovsanexamplewherethelocalnode(L) hasaloadmissfor aline whichhasaremote

homein node(H) andis ownedby node(O). Whenthe homenoderecevesthe missrequest;t
accessess directoryandmemory Althoughthedirectoryindicateshatnode(O) ownstheline, the
homenodespeculatiely sendsdts line to thelocal node(2a) andgeneratea recallsignal(2b). The
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localnodesavestheline until it recevesaresponsérom node(O). If node(O) hasamodifiedcopy,
it is sentto thelocal node(3a)andthe homeis updated3b). In this case the savedspeculatieline
is discardedBut if node(O) hasa cleancopy, it sendsshortnegative repliesto thelocalandhome

nodesandthespeculatieline is usedby therequestingprocessar

6.5 Raw Comparison

This sectionpresentghe raw comparisorwherewe use CDAT configurationfiles that select
component®f the samesize and speedasthoseusedin the three case-studysystems. The first
touchmemoryallocationpolicy is usedthroughout;a memorypageis allocatedn the nodewhere
thefirst referenceo this pageis made.Parameterizinghe signallatenciegartof the configuration
files was relatively difficult becausehis informationis not directly available from the literature
thatdescribeshesesystems Neverthelessbasedon analyzingthe availableinformationandsome
systencalibrationexperimentsvia microbenchmarkingye believe thatthelatenciesusedrepresent
goodapproximation®f therespectie systems.

Parameterizinghe configuratiorfile of the DASH wasthe easiesbecausehereareamplede-
tailed DASH publicationse.g.[LW95]. Parameterizinghe Origin 2000configuratiorfile is based
on the information available from SGI home page[O2K96, R1097. As thereis little publicly-
availableinformationaboutthe SPP1000atenciedrom Corvex, we usedtheresultsof our calibra-
tion experimentdAD98b]. Table6.1summarizeshelatenciesused.The CDAT configuratiorfiles
usedin this studyarelistedin AppendixA.

We referto the threesystemsevaluatedin this sectionas DASH, SPP, andOrigin. With these
signallatenciesthe missessatisfiedfrom local andremotememoriesn thethreesystemsare: 876
and3,064;564 and3,964;and290and610nanosec! respectiely.

Table6.2 summarizeshe main configurationdifferenceamongthe threesystemsThe follow-

ing subsectionanalyzethe cachemisses.

6.5.1 Miss Ratio

Therearefour mainreasondor aprocessoto generata busrequesiotherthanprefetchoper
ationswhich arenot foundin CG andSP): (i) Fetch misswhenthereis aninstructioncodemiss.
(i) Load misswhenaloadinstructionmissedn the secondargache.Usually, theprocessogetsa
shareccopy (S) of theline. However, the MESI protocolgivesthe processoanexclusive copy (E)
whentheline is not cachedn otherprocessors(iii) Store misswhena storeinstructionmissesn
thesecondarygache (iv) Store/Shit onaline in the sharedstate. The processorequestgxclusive
ownershipof theline, andasfor the storemiss,thefinal stateis modified(M).

LA recentstudyreportshigherOrigin 2000latencieHLK97].
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Signal DASH SPP Origin
FromPRO toBUS 375/313 70/120 100
FromBUSto CCC 250 - 20
FromBUSto MEM 0/188 - -
FromBUSto XBR - 32/128 -
FromXBR to CCC - 32/128 -
FromCCCto MEM - 0/140 20
FromCCCtoNET 375 59/85/165/P2 150
FromMEM to CCC - 172 80
FromMEM to BUS 313 - -
FromNETto CCC 125/250 1432 10
FromCCCto XBR - 32/128 -
FromCCCtoBUS 125/376 - 20
FromCCCtoICC 188 - -
FromXBR to BUS - 30/90 -
FromICC to BUS 250 - -
FromBUSto PRO 0/188 40 20/50

Table6.1: Signal latenciesin nanoseconds.Multiple valuesare given when the latency
dependson the signallength (seeSubsection6.6.5),latter valuesare for longer

signals. “-” indicatesthat the signalis not relevant to the correspondingsys-
tem.
Feature DASH SPP Origin
Processorpernode 4 8 2
Secondarygachesize 1/4MB 1MB 4MB
Secondarygacheassociatiity 1 1 2
line size(bytes) 16 32/64 128
Interconnectachesize 1/8MB 16 MB 0
Processocoherencerotocol lllinois MSI MESI
Memory consisteng model Relaed Weak Sequential
Exclusie-clearremotestate No No Yes

Table 6.2: Summary of differencesamongthe three CC-NUMA systems.

Figure6.7ashavsthedatamissratioin thethreesystemsiueto thethreereasongor generating
busdatarequestsThemissratiois thenumberof datamissedo thenumberof memoryinstructions.

The threesystemshave widely differentmissratios, especiallywith CG. DASH hasthe worst
missratio followed by SPP. The large missratios of DASH and SPP are mainly dueto capacity
missesasthe dataworking setis largerthanthe processocachgAD98c]. AlthoughCG’sworking
setdoesnotfit in the processocacheof SPP or DASH, SPP’smissratio is smallerdueto its wider
cache. The large, wide, set-associatie cacheusedin Origin succeedsn eliminatingmostof the
capacityandconflict missesthusit hasa missratiothatis lessthan0.5%. The missesn the Origin
aremainly coherencenissesdueto communication.

With CG, mostof the missesareload missesdueto CG's high percentag®f load instructions
usedto performthe reductionoperations.With SR a large percentag®f the missesis dueto the

producerconsumecommunicationstore/Smissproducesandload missconsumes.
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Figure6.7: (a) The ratio of data missesto memory instructions. (b) Critical misstime
relative to the instruction executiontime.

To illustratetheeffectof themissratio on performancekigure6.7bshonsthecritical time spent
satisfyingmissegrelative to the instructionexecutiontime, which is normalizedto 100%. Notice
that DASH with SPspendsarelatively smalltime in satisfyingits store/Smisses.This is because
DASH usesthe relaxed memoryconsisteng model[GGH91] that enablest to hide most of the
remotetime spentto satisfythistypeof miss.

6.5.2 ProcessomRequestsand Returns

Before going further, let us look closerat the processor/bs interactionin the threesystems.
Figure6.8shavsthepercentagef thefour processorequessignalsdescribedn Subsectiorb.5.1,
processowrite-back(w/b) signals,andsupplysignals.

The percentagef fetch missesis ngyligible becauseheseapplicationshave small codesize
that fits in the instructioncache. In Origin, wherethe missesare mainly coherenceamisses,the
dataproducedby a processoKvisible asstore/S)is communicatedo otherprocessorshroughan
equivalenthnumberof supplysignals.

With CG, DASH hasa relatively high supply percentagedueto Illinois protocolthat allows
processor$o getshareddatafrom the cacheof neighborprocessors.

With SR which hasa smallersharingdegreethanCG, thereis a larger ratio of store/Sto load

misses Coherencenissesn Origin arevisible throughsupplysignalsandcapacitymissesn DASH
andSPP arevisible throughw/b signals.

6.5.3 Local and RemoteCommunication

Thissubsectiopresentananalysiof themissesccordingo theplacewherethey aresatisfied;

alocal missis a misssatisfiedfrom a local cacheor memory andaremotemissis a misssatisfied
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Figure 6.9: The averagemisstime of local and remotemisses.

from aremotecacheor memory Figure6.9 shavs the averagemisstime for thelocal andremote
missesln all casestheaverageremotetimeis largerthantwicetheaveragdocaltime. The NUMA

factoris calculatedastheratio of the averageremotetime to the averagelocal time. SPP hasthe
highestNUMA factor (6.8),followedby DASH (3.7)andOrigin (2.3).

In SPP, thelocal misstime with SPis largerthanwith CG becaus&Phasa higherpercentage
of misseghataresatisfiedhroughprocessosupplieswhichis moreexpensvethansatisfyingthem
from the memory For DASH andSPP, the remotemisstime with CG is higherthanwith SP The
first touchmemoryallocationpolicy with SPis successfuin reducingsomeof themoreexpensie
remoteaccessefike the three-hopcommunication.Origin shows the oppositetrend becausehe
remotereadmisseswith SPareexpensve asthey aregenerallysatisfiedfrom processocachesin
which casethe speculatie linesareuseless.

Figure 6.10ashaws the percentag®f local vs. remotemissesfor eachsystem. Origin hasthe
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Figure 6.10: (a) Percentageof local vs. remotemisses.(b) Breakdown of misstime.

highestpercentagef remotemissesdueto its large numberof nodes(8 nodeswith 2 processors
each).DASH andSPP aremoresuccessfuthanOrigin in exploiting the high sharingdegreeof CG
to reducetheremotemisspercentageln DASH, someof theloadmissedo remotedataaresatisfied
from neighborcaches.In SPP, someof thesemissesare satisfiedfrom the ICC of thelocal node.
Figure 6.10bshaws the percentag®f time spentin satisfyinglocal vs. remotemisses.The high
averageremotemisstime vs. local misstime makegheimpactof remotemissesexceedtheirratio.

6.6 Normalized Comparison

In this section,we use CDAT configurationfiles that presere the architecturaland protocol
differencesput put the threesystemson the sametechnologicalevel, i.e., samenetwork speeds
and samecomponensizesandspeeds.The configurationfiles configureCDAT to simulatethree
derived systems:nDASH, nSPP, and nOrigin. They selectmoderncomponentizesand speeds
similar to thoseusedin Origin 2000(Table6.1). Thethreederivedsystemsunlike the Origin 2000,
have 4 processorpernodeandusecachdinesthatare64 bytes.

As in to the DASH node,the nDASH nodehasthe memoryon thelocal busandits CCCinter-
faceswith the bus, the network,andthe ICC that participatesn thelocal bus coherenceprotocol.
nDASH usesanICC thathasasizeandspeeddenticalto the processosecondargachenSPP uses
a 16-MB ICC thatis a sectionof the nodememoryasin the SPP1000.However, nSPP nodehas
four processorsn onesnoopybusthatis directly connectedvith the CCC,whichinterconnectshe
nodebus, memory andnetworkinterface.As in the SPP1600nSPP allows cachinglocal datain
the exclusive cleanstate(MESI protocol).

In thefollowing five subsectionswe presentanalyseof the missratio, processorequestand
returnsjocalandremotemisseswheremisstimeis spentandtraffic exchangedetweerthesystem

components.
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6.6.1 Miss Ratio

Figure6.11ashaws the datamissratio of thethreesystemsWith CG, thethreesystemsio not
have noticeablemissdifferencesandmostof the missesareload misses.On the otherhand,with
SR nSPP hasa slightly higherload missratio dueto conflictsin the ICC. Whenan ICC line is
replacedall thelocal copiesof this line areinvalidated;consequentlyfuture processoaccesseef
this line generatemisses.This behaior is not presenin nDASH becauséts ICC doesnot maintain
the inclusion propertywith respecto the locally cachedremotelines. nOrigin hasslightly fewer
store/Smissesthan the other two systemshecauséts global coherenceprotocol allows caching
remotelinesin the exclusive cleanstate.
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Figure6.11: (a) The ratio of data missesto memory instructions. (b) Critical misstime
relative to the instruction executiontime.

Figure6.11bshownsthecritical time spentsatisfyingmissegelative to theinstructiontime. With
CG, althoughthe threesystemdave similar missratios,they spenddifferenttimessatisfyingthese
misses. nDASH managedo reduceload misstime by satisfyingmore missesthroughsnooping
from neighborprocessors.nSPP also satisfiessomemisseslocally from its ICCs; however, its
loadmisstime s longerthanthatof nDASH dueto its higherremotelateng (seeSubsectior.6.3).
Moreover, nDASH spendselatively lesstimein satisfyingstore/Smisseslueto its useof therelaxed
memoryconsisteng model. Thesemissesareparticularlyexpensvein nSPP with CG becausé¢hey
invalidatecopiesin multiple nodeswhich the SCl protocoldoesserially.

6.6.2 ProcessorRequestsand Returns

Figure6.12providesacloserlook atthe processor/bsinteractionby shaving thepercentagef
thefour processorequessignalsdescribedn Subsectiors.5.1,processowrite-back(w/b) signals,
andsupplysignals. As indicatedby the small numberof fetchandw/b signals,the threesystems
have ngyligible codeand capacitymissesithe secondarycacheis large enoughto containthe data
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Figure 6.12: Processor/lus interactions; processorrequestsand returns.

andcodeworking sets.However, asSPhasmorecomple datastructureghanCG, it hasmorew/b
signalsdueto conflict misses.

nDASH satisfiesmary missesfrom processocacheshroughsupplysignals. With SR which
hasproducerconsumecommunicationalmostall nDASH’s missesaresatisfiedoy supplysignals.
In nOrigin andnSPP, thedataproduceddy aprocessofvisible asstore/S)s communicatedo other
processorshroughan equivalentnumberof supply signals. With CG, which haslarger sharing
degreethanSR thereis a largerratio of loadto store/Smisses.

6.6.3 Local and RemoteCommunication

Figure 6.13 shows the averagemisstime of the local andremotemisses. The averagelocal
misslateng in nDASH is the smallestbecauséts memoryis on the local bus, while in the other
two systemghe lateng of traversingthe CCCis addedto the memorylateng. The averagelocal
misslateny with SPis higherthanwith CG becausesP hasa higherpercentagef misseswith
invalidation. This invalidationcostis more olviousin nSPP andnOrigin becausef their useof
strictermemoryconsisteng models.

nOrigin’'s aggressie useof protocol optimizationsand streamingof remoterequestsandre-
sponsegpay off in achiezing the lowestremotemisstime. nDASH doesnhot streamremotedatato
the processorremotedatais first insertedin the ICC, thenthe requestingprocessogetsit through
snoopingrom thelCC. nSPP hasthe highestremoteaccesdateng becausé checkshelocal ICC
beforegeneratinga remoterequestandits complicatedglobal coherenceprotocol requiresmore
networksignals,oftenin a serialpattern to satisfyremotemisses.

In nSPP, the remotemisstime with CG is larger thanwith SPbecausef CG’s high sharing
degree; the overheadof maintainingthe directory increasesvith more sharers. In nOrigin, the

remotemisstime with SPis largerthanfor CG becausé&Phasa higherpercentag®ef remoteload
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Figure 6.14: (a) Percentageof local vs. remotemisses.(b) Breakdown of misstime.

misseghataresatisfiedrom remotecachesvhichis moreexpensvein nOrigin thansatisfyingthem
from remotememory

Figure 6.14ashaws the percentagef local vs. remotemissesfor eachsystem. nDASH and
nSPP have fewer remotemissesthan nOrigin becausehey satisfy more misseslocally through
cache-to-cach&ransfersor from the ICCs. Figure 6.14bshows the percentagef time spentin
satisfyinglocal vs. remotemisses. Similar to the raw comparisonthe high averageremotemiss

timevs. local time heremakesheimpactof remotemissesexceedtheir ratio.

6.6.4 Where Time Is Spent

Figure 6.15shows a breakdavn of the time spentin satisfyingprocessorequestsandreturns
in the varioussystemcomponentgor CG and SR The time spentin eachcomponentypeis split
into threeparts: critical time spentin local componentsgritical time spentin remotecomponents,

andnon-criticaltime spentin bothlocal andremotecomponentsThe figure shovs sevencompo-
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Figure6.15: A breakdownof the time spentin satisfying processomrequestsand returns
in the various systemcomponents.

nenttypes: processarbus, memory cache-coherenceontroller, directory interconnectache and
network.

Therearelarge differencedetweenthe threesystems.For example,in nDASH the memoryis
lessfrequentlyusedthanthe othersystemsThe CCCin nDASH is alsolessinvolved,andwhenit is
involved,mostof thetime spentin it is notcritical (eitherbecaus®f the relaxed consisteng model
or becausdts timeis overlappedwith otherbusactivities).

Although mostof the time spentaccessinghe directoryin nSPP is not critical, it is the most
involved componentype in the system. This behaior is dueto the SCI protocolwhich requires
several directoryaccesseto maintainthe distributedsharinglinked-list. Whenwe takeinto con-
siderationthe factthatnSPP implementsboththedirectoryandthe ICC in thememory it becomes
clearthatit hasthemoststresseanemorysubsystem.

nOrigin hasa high network utilization becausef its high percentagef remotemisses. The
network utilization in nSPP is also high becausahe SCI protocol usesmore network signalsto
satisfyonemiss.

The differenceshetweenCG and SP are dueto their differentcommunicationpatterns. The
producerconsumecommunicatiorin SPexposesahigherpercentagef thedirectorytime ascriti-
caltime dueto thefrequenmneedto find the nodethatownsthemodifiedcopy. SPalsohasrelatively
higherCCC anddirectorytimesthanCG.

6.6.5 Data Transfer

Figure 6.16 shows the numberof bytestransferredrom one componentype to anotherfor
CG and SR Whenreadingthis figure, remembethata componenbnly communicatesvith those
componentshataredirectly connectedvith it. CDAT differentiatedbetweertwo signaltypes:short
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Figure 6.16: The number of bytestransferr ed from onecomponenttype to another.

signalsthatdo notcarrydata,e.g.,processorequestandlongsignalsthatcarryonecachdine, e.g.

dataresponse.In the threesystemsthe shortsignalis 16 bytesandthe long signalis 80 bytes.

However, nSPP’sglobalcoherencerotocolhasfour signaltypes(24,40,88,and104 bytes;CDAT

doesalsomodelthesefour remotesignaltypes). The shortesinSPP remotesignalis 24 bytes. A

signalbecomesdl 6 byteslongerwhenit carriesa nodepointer, and64 byteslongerwhenit carries

data.

Relative to the othersystemsnDASH’s processorsransfermorebytesto the busasa resultof

the frequentiocal cache-to-cachransfersandits bussesarry highertraffic asthey arethe media

of communicatiorwith the memoryandthe ICC. nDASH alsotransfersthe leastamountof data

throughthe networkdueto its low percentagef remotemissesnSPP transferanoredataoverthe

networkthanmight be expectedfrom its remotemisspercentagelueto its protocolthatusesmore

networksignalspermissandlarger remotesignalsizesthanthe otherprotocols.

With SR thepercentagef bytestransferredo memoryis largerthanCG dueto memoryupdates

whenprocessorsupplydirty data.

6.7 Chapter Conclusions

Thetwo benchmarksisedn this studyhave differentcommunicatiorpatterns CG hasrepetitive

producerconsumergommunicatiorwith alarge sharingdegree,thusmostof its cachemissesare

load misses.WhereasSPhasgenerallysingleconsumerandits load and store/Smissesaremore

balanced.

Theraw comparisorshovsthattherearelargeperformancalifferenceamonghethreesystems

dueto theirdifferentcomponensizesandspeedsTheir cachemissratiosaresignificantlydifferent,

andthey have differentNUMA factors(theaverageremotemisstimeto theaveragdocaltime), with
the Origin 2000at 2.3,the DASH at 3.7,andthe SPP100@t 6.8.




On the otherhand,the Origin 2000 hasthe highestpercentagef remotemisses.This is due
to its highernumberof nodesandits lack of anICC. The Origin 2000's useof the strict sequential
consisteng modelresultsin the leastability to hide misslateng.

In the normalizedstudy wherewe usesameprocessorcachefor the threesystemsthereare
only small differencesn the cachemisses.Among the threenormalizedsystemsthe normalized
SPP1000»SPP, hasslightly morecachemissesdueto conflictsin its ICCs. ThenormalizechOrigin
hasslightly fewer store/Smisseglueto allowing the exclusive statefor cachingremotelines.

nOrigin spendsthe longesttime satisfyingits missesbecausehe majority of its missesare
satisfiedremotely nDASH'’s lllinois protocoland nSPP’s ICC reducethe percentagef remote
missesHowever, nDASH haslessmisstime thannSPP becauséts averageremotetime is smaller
andits relaxed memoryconsisteng modelenablest to hide moreof the misstime. nSPP hasthe
highestaverageremoteaccessime becausd useshe SCI coherencerotocolwhich requireanore
signalsto satisfya missthanthe protocolsusedin the othertwo systems.The aggressie protocol
optimizationsusedin nOrigin andits ability to streanremoterequestandresponsegiveit theleast
averageremoteaccesgime.

Furthermore nDASH hasthe smallestaveragelocal time because¢he memory unlike other
systemsjs closerto the processarnDASH memoryis lessinvolvedin satisfyingmissesbecause
nDASH satisfieanoremisseghroughcache-to-cachgansfers.

Theuseof thecomplex SCI protocolin nSPP resultsin a large CCC involvementin satisfying
missesandin its frequentdirectory accessesnSPP alsohasthe moststressednemory Corvex
addressethis problemby having 4 CCCsin eachSPP100ModewhereeachCCChasdirectaccess
to two memorybanks. Although the nOrigin’s large remotemiss percentageesultsin heary net-
work utilization, thecomplex protocolin nSPP sometimegeneratesnorenetworktraffic for fewer
remotemisses.

In summary nDASH outperformsthe other normalizedsystemsbecausef its coherenceand
consisteng protocols,but it usesa buscoherencgrotocolthatis not supportedoy modernproces-
sors. nSPP avoids someof its high remoteaccesdime by satisfyingsomemissesfrom its ICCs.
nOrigin, usingthe sequentiatonsisteng model,tradesexposingmore misstime for supportinga
broaderrangeof applications,andtradeslarge remotemiss percentagdor small averageremote
time. It mightbe rewardingto look for new approachethatreducethe remotemisspercentagand
maintaina smallaverageremotetime. Onesuchapproactthatusesa snoopyinterconnectacheis

investigatedn Chapter7.
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CHAPTER 7

REDUCING COMMUNICA TION COSTSOF FUTURE SYSTEMS
WITH CCAT EVALUATIONS

This chapterevaluateghreetechniquego reducethe communicatiorcostin Origin 2000-like
systems.It evaluatesfour systemsderived from the Origin 2000architectureandshows thatone
proposedechniguewhich usesa snoopycachefor remotedata,significantlyreduceshe commu-

nicationcost,andis mostbeneficialwhenthe communicatiorcostis high.

7.1 Intr oduction

In Chapter6, we have shown thatthe Origin 2000is effective in achierzing low remotelateng.
However, it hasa high ratio of remoteto local misses. Consequentlyits averagelateng andin-
ternodetraffic are high. In this chaptey we will evaluatethreetechniqueghat attemptto reduce
theremotemissesdueto communicatiorwithout adverselyaffectingthelocal andremotelatencies.

Themaincause®f the Origin 2000's frequentremotemissesare:

1. Eachnodecontainsonly two processorsthusthe shareddatais often spreadover a large

numberof nodes.

2. Theprocessodoesnot snoopthe requestof the otherlocal processarthusremotetraffic is

generatedvenwhenoneprocessocansatisfyits neighborsrequest.

3. No interconnectaches usedfor cachingremotedatathatis referencedy thelocal proces-
sor, thusremotetraffic is generatedvhenever a processorequests remoteline, evenwhen

this line hasrecentlybeenrequestedby the otherlocal processar

However, thereareno magicsolutionsfor theseweaknessesAlthoughincreasinghe number
of processorpernodewouldincreasdhe possibilityof finding shareddatain thelocalmemory the
local buswill bemoreheavily utilized andcontentionmayincreasehe memorylatengy; allowing

processorgo snoopthe requestsof other processorslecreasesemotetraffic, but the snooping
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overheadnay affect the processoperformanceandincorporatinganinterconnectache asin the
SPP1000mayincreasé¢heremotelateng.

In this chapter we evaluatefour Origin 2000-like systemghataddresghesedesigntrade-ofs
using CCAT simulationsof six applications.Section7.2 reviews the communicatiorcostin these
systemsSection7.3 expandson thesedesigntrade-ofs andintroduceghe four evaluatedsystems;
Section7.4 describeghe experimentalsetupandthe applicationaused;Section?7.5 providesa pre-
liminary evaluationto investigatehe designspace®f cachesize,numberof processorspumberof
memorybanksandprocessomodel;Section7.6 evaluategheexecutiontime andtraffic of thefour
systemsandSection?7.7 presentshe conclusionf this study

7.2 Communication Cost

In this sectionwe review communicatiorpatterndn CC-NUMA systemgo identify their costs
andexplore opportunitieor reducingthesecosts.This review discussesheseissuesn the contet
of acoherence@rotocolsimilarto theoneusedn theOrigin 2000. Thelevel of detailof the protocol
descriptionin this chapteiis sufficientfor our purposesa moredetaileddescriptionof this protocol
is presentedn [CSG98].

In CC-NUMA systemsprocessorsommunicatehroughaccessingharedata. The coherence
protocolensureghatwhena processonccessea sharednemorylocation,it will getthe mostup-
to-datedatavalue. In orderto exploit spatiallocality, the coherencerotocolusuallytransfersone
completdine wheneveracachemissoccurs.Truecommunicatioroccurswhenmultiple processors
accessa sharedlocation; false communicationoccurswhen multiple processoraccesdifferent
locationsthathapperto bein oneline.

Communicatioroccursin variouspatternsandits costis usuallyhighwhenit is betweemodes.
Remotecommunicationis possiblefor lines that have local home as well asthosewith remote
homes.

Themainremotecommunicatiorpatternsvhenaccessindocal lines are:

RAW: Loadmissfor aline thatis dirty in someremotenode.Thelocal directoryis checkedwhich
pointsto the dirty node. Thelocal coherenceontrollerthengenerates recall signalto the
dirty node.Thedirty nodethenreplieswith a dataresponséo the requestingorocessarThe

recallanddataresponssignalsareremotesignals(thearcsin Figure7.1a).

WAR: Storemissfor a line thatis sharedin one or more remotenodes. The local directoryis
checkedwhich pointsto the readernodes. The local coherencesontroller sendsa copy to
therequestefif therequestedoesnot alreadyhave one),andgenerateivalidationsignals
to the readers.After receving acknavledgmentdor the invalidationsignals,the requester
performsthestore(Figure7.1b).
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Figure 7.1: Main remotecommunication patterns.

WAW: Storemissfor aline thatis dirty in a remotenode. This is similar to RAW, but the dirty
nodeinvalidatests copyaftersupplyingthe dataresponse.

Although thesepatternsare expensve relative to the respectie patternswhereall the proces-
sorsinvolved arein the samenode,theseremotesignalsare unavoidable. The bestapproachto
addresgheir costis to decreas¢he directoryaccessand remotelatencies.However, weakercon-
sistengy modelsaddres$VAR by allowing therequesteto performits storewithoutwaiting for the
acknavledgmentignals[LLG t92].

Themainremotecommunicatiorpatternswith remotedinesare:

RAW: Loadmissfor adirty line. Thelocal coherenceontrollergenerates requessignalto the
homenode. Thedirectoryin the homenodeis thencheckedwhich pointsto the dirty node.
The homenodes coherencecontrollerthengenerates recall signalto the dirty node,and
sendsa speculatve datareply to therequesterThe dirty nodethenresponddo therequester
andupdateghe homenode. Eacharcin Figure7.1cis shovn asaremotesignal. However,
whenthe processothat hasthe dirty copyis in thelocal or homenode,the responser the
recall and updatesignals,respectiely, arelocal. The speculatie datavalueis usedonly
whenthe dirty nodehastheline in the exclusive cleanstate(modernprocessorsisuallydo
not supply cleanlines) andthe requesterecevesa negative responsesignalfrom the dirty
node.An alternative protocolthatdoesnotusethis speculatie signalhasahigherlateng; the
requesterecevesthe line after four serialsignalsinsteadof three: requestrecall, negative
responsdrom thedirty nodeto thehomenode,anddataresponsaignalfrom thehomenode
to therequester
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WAR: Storemissfor asharedine. Thelocal coherenceontrollergeneratesrequesto thehome
node. Thedirectoryis thencheckedwhich pointsto thereademodes.The homenodes co-
herencecontrollerthensendghereadersountto therequestefwith the dataif therequester
doesnot have a copy), andgeneratesn invalidationsignalto eachreader After receving
an acknavledgmentfrom eachinvalidatednode,the requestethenperformsthe store (Fig-
ure 7.1d). Whena readerprocessoiis in the local or homenode,the acknaviedgmentor
invalidationsignal,respectiely, is local.

WAW: Storemissfor adirty line. Thisis similarto RAW, but the dirty nodeinvalidatesits copy
aftersupplyingthedataresponseandsendsa completionsignal(ratherthananupdate)o the
homenode.

The communicatiornpatternswith remotelines generatanore systemtraffic and usually have
higherlatenciesthancommunicatiorwith local lines. However, for communicationwith remote
lines,therearemary technigueso avoid someof theseremotesignalsandconsequentlyeducethe

remotecommunicatiorcost. The following sectiondescribesomeof thesesolutiontechniques.

7.3 Designlssuesand Solutions

In this section,we describea basesystemsimilar to the Origin 2000,andthreederivedsystems
thatincorporatepossibledesignsolutionsthat attemptto reduceremotecommunicatiorcost. The
following four subsectionsglescribethesefour systemsandqualitatively discusgheir strengthsand
weaknesses.

7.3.1 BaseSystemwith Dir ectory-BasedCoherence

The basesystemis the closestof thesesystemsto the Origin 2000 itself. It connectsdual-
processonodeswith aninterconnecthatis basednasix-portrouter As showvnin Figure7.2,each
nodehasa cadecoheencecontmller. The CCChasmultipleinternalpathsto interconnecthepro-
cessorpair, four memorybanks(with attachedlirectory),the I/O devices,andthe interconnection
network. The processorsun at 200 MHz andsupportthe MESI cache-coherengarotocol[SS86].
Eachprocessohasa4-MB, 2-wayassociatie,combinedsecondargache. Thedatacachdine size
is 128 bytes.

Thebasesystemis sequentiallyconsistenfLam79], andmaintainscachecoherencdyy usinga
directory-baseg@rotocol. Thedirectoryis implementedn thememoryandcontainsasharingvector
anda statusfield for each128-byteline. The directoryis accessedh parallelwith eachmemory
access.

As shawvn in Figure7.3,two nodesshareonerouter Eachrouterhasé6 bidirectionalports;two

portsinterfacewith thetwo nodesandthe other4 portscanbe usedto interfacewith otherrouters.
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Figure7.2: A nodeof the basesystemcontainstwo processorsfour memory banks with
attached dir ectory, and a cachecoherencecontroller that connectsthe pro-
cessorawvith the memoriesand interfaceswith the I/O devicesand the inter-
connectionnetwork.

Figure 7.3: Eight routers are usedto interconnectsixteennodesin a cube configuration.

Thefigure shows eightrouters—eaclhtilizing five of its ports—interconnectinfé nodesn acube
configuration.

The processopair shareone split-transactiorbus to communicatewith the restof the system.
This bus hastwo modesof operation,snoopyand point-to-point[R1097. In the snoopymode,
eachprocessoobsenesthe busrequestof otherprocessorandchecksits cacheto ensurecache
coherence.For example, when the processorsnoopsa load or store miss requestgeneratecy
anotheprocessofor aline thatis dirty in its cachejt suppliesacopyof thisline; it alsoinvalidates
its copyof acachedine whenit snoopsa storemissrequesfor thisline. In thepoint-to-pointmode,
a processodoesnot snoopthe bustransaction®f otherprocessorsThus,the memorylateng can
bereducedy allowing the CCCto forwarda processorequesto the memorywithoutthe needto
wait for the snoopresult. Additionally, the processorslo notlosesomeof their cachebandwidthto
checksnoopedequests.

Thebasesystenmuseghebusin thepoint-to-poirt modeandreliespurelyonthedirectory-based
protocolfor cachecoherenceWe referto this basesystemasD2; the D standsfor puredirectory
schemeandthe 2 standgor the numberof processorpernode.
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7.3.2 Intranode Snoopy-BasedCoherence

ThesecondsystemgalledS2, is identicalto D2, but usesthe nodebusin thesnoopymode.S2

hasanadvantageover D2 in thefollowing communicatiorsituations:

¢ In RAW and WAW, whenthe processotthat hasthe dirty copyis in the samenodeasthe
requestertherequests satisfiedocally by asupplyfrom thelocal processopvertheirshared
bus. However, anupdatedatasignalis sentto thehomememoryin RAW.

¢ In WAR, whenthereis a local readey the CCC doesnot sendan invalidationsignalto this
reader In the casewhenthe only readeris local, the CCC directly givesthe requestethe
ownershipwithout ary invalidationor acknavledgmentignals.

Intuitively, we expectS2to have betterperformancehanD?2 with applicationghathave enough
local communicatiorto overcomethe addedoverheadf snooping.

7.3.3 Allowing Cachesto Supply Clean Data

Thelllinois buscachecoherencerotocolis similarto the MESI protocolusedin D2, with one
main difference. Whereas,jn the standardMESI protocol, a processoonly suppliesdatawhen
the requestedine is dirty in its cache,the lllinois protocolallows a processotto supplythe line
wheneverit hasa copy Whenmultiple processorsiave copies,thelllinois protocolsimply selects
oneof themasthe suppliet

Modernprocessorsio not supportthe lllinois protocolfor two reasons(i) Thereis no signifi-
cantlateny advantagefor satisfyinga missrequesfrom a processocacheratherthanthe memory
in modernsymmetricmultiprocessors(ii) Modernsecondarycacheslo not have a portthatcom-
municatesdirectly with the bus; all cachetransactiongjo throughthe processotthat is situated
betweerthesecondargacheandthebus(seeFigure?.2). Thus,thefrequentsuppliesn thelllinois
protocoldo deprive the processonf someof its cachebandwidth.

However, in aCC-NUMA systemtherecouldstill beanadvantageo usingthelllinois protocol
becausdt avoidssomeof the expensve remotecommunicationsThethird system|J2, is similarto
S2, but usesthelllinois protocolto maintaincachecoherenceamongthe processorsvithin anode.
Directory-basegbrotocolis still usedto maintaincoherencemongnodes.n additionto the snoopy
advantagesoutlinedin Subsectior7.3.2,12 reducescommunicationcostfurtherin the following

situations:

¢ In RAW, whentherearemultiple readerdn the samenodeandonereadergetsa copy, sub-
sequenteadersnay gettheline locally by a supplyfrom thefirst readerwithout generating

remotetraffic.

102



¢ In WAR, whenthereaderis local and hasan exclusive copy, the writer getsa copy andthe
ownershipof theline locally without generatingemotetraffic.

7.3.4 A Snoopylnter connectCachefor RemoteData

Cachingremotedatain local specializedachess a popularapproachusedmainly to reducethe
costof capacitymisses.Thefourth system, IC2, is similarto S2andusesoneSRAM interconnect
cache(IC) pernodeto reducethe costof remotecommunication(Figure7.4). In this chapter we

evaluatetwo IC implementations:

(C) ThelC is implementedisingstandardSRAM modulessimilar to the modulesusedto imple-
menteachprocessos secondarcache.Thereforethe IC canbe aslarge asthe processos

secondarycache.

(c) ThelC isimplementedn the CCCchipandis limited in size. Thisimplementatiormaybethe
only feasibleimplementatiorif the CCCis pin limited.

We assumehatbothimplementationfiave the samespeedandthattheonly differencen their
effect on systemperformanceds dueto their differencein size. In the following discussionsye
referto bothimplementationss systemIC . However, whenwe makea statementhat appliesto
only oneof thetwo implementationswe usereference€ andc.

ThelC snoopghebus,checksts cachedines,andprovidesthe snoopcheckresultto the CCC
with alateng notlongerthanthelateng of the processos snoopresponseThus,it doesnotdelay
the CCCin forwardinga neededequesto the memorywhenthereis anIC miss. We assumehat,
in caseof anlIC hit, theIC suppliegheline afteralateng similarto the supplylateng from oneof
thelocal processors.

Remotelines areinsertedin the IC in two cases:(i) whena remoteline arrivesat the CCCto
satisfya load miss,and(ii) whenalocal processosuppliesaremoteline to satisfya load missof

anothelocal processarThe IC suppliesaline to satisfylocal requestshenever it hasa copyand

Implementation (C), SRAM modules. Implementation (c), on-chip.
8] [s] 8] [s]
el [p] el [p]
T a=
[Directory. _ ic] [Directory. _
o— Cce || Memory 0= ccc [ Memory
\ \
Interconnect Interconnect

Figure7.4: Two implementations of cache coherence controller supplementedwith a
snoopyinterconnectcachefor remotelines.
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nolocal processohasadirty copy: It alsosuppliesdirty linesin responséo externalrecallsignals
whenerer no local processohasa dirty copy. A line is markeddirty in the IC whenit is inserted
asthe resultof alocal supply;in this case,the IC becomeghe owner The nodedoesnot lose
ownershipof thisline, andconsequentlgloesnot updatethe homememory

For remotelines, systemIC2, like 12, reducesRAW costof multiple local readers,andre-
ducesWAR costwhenalocal processohasthe exclusive copy. However, unlike 12, systemIC2 is
compatiblewith the cachecoherencerotocolssupportecby modernprocessorsSystemiC2 also
reduceghe systentraffic by eliminatingthe needto updatethe memoryin local RAW becausé¢he
suppliedcopyis savedin thelocal IC. Additionally, sincethe nodedoesnotloseline ownershipin

RAW, thereis no needto generataemotetraffic if thereadedaterstoresnto theline.

7.4 Experimental Setup

We useCCAT to evaluatethe performancef thesefour systemausingsix applications.CCAT
keepstrack of the stateof the secondarycache jnterconnectacheanddirectory andfully imple-
mentsthecachecoherenc@rotocolto satisfycachamissesin orderto have arealisticexperimental
setupthe modelparametersisedin this evaluation,unlessotherwisenoted,aresetto be similar to
the Origin 2000parameters.

As describedn Section2.6, CCAT is a system-lgel simulatorwith a processomodel that
capturesomemodernprocessofeatureghataffect systentraffic rates.We usetwo settingsof this

processomodel:

Conservative The processoexecutesoneinstructionper cycle (whennot stalled),hastwo buffer
entriesfor outstandingcacherequestgonefor trackingmissesandonefor write-backs)and
stallson cachemisses This settingoperatessif every instructionis dependenonits prede-

cessorandthis processomodelthusgeneratesonsenrative traffic rates.

Aggressive The processoexecutestwo instructionsper cycle (whennot stalled),hasfour entries
for outstandingcacherequestsa 48-entryinstructionreorder buffer (only 16 entriesof this
ROB canhold memoryinstructions),andtoleratesand overlapsmissesthat are within the
window of its ROB size. The processoistalls on code miss, outstandingmiss buffer full,
andROB full. Thissettingassumesio datadependencieamongtheinstructionsin the ROB
window, andthis processomodelthusgeneratesighertraffic rates.The parametersisedin
this settingareidenticalto the parametersf the MIPS R10000processarwhich is usedin
the Origin 2000. In Subsectiory.5.4,we alsoexperimentwith moreaggressie parameters
(128-entryROB, 64-entrymemoryROB, and8-entryoutstandingmisshbuffer).

Thenodebusis a multiplexed, split-transactiorb4-bit busthat runsat half the processospeed
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with 800-MB/speakbandwidth.Thus,the bustakes32 processocyclesto transfera 128-byteline.
Unlike the Origin 2000bus, which allows only 8 outstandingequeststhe busmodeluseddoesnot
limit the numberof outstandingequests.Thus,this numberis limited only by the numberof out-
standingmisseghatthe busprocessorsllow (theaggressie processomodelallows 4 outstanding
missegerprocessqthencewith two processorpernodethereis alsoa maximumof 8 outstanding
busrequests).

We do not modelthe processooverheadwvhenthe busis usedin the snoopymode. However,
wethink thatthis overheads negligible becauséhe R10000processoschedulesheckingts cache
for snoopingaroundits own cacheaccessesandthis checkingis raredueto the high ratio of data
responsédus occupang to requesibccupang (17to 1). For systeml2, the processoperformance
is notreducedaswe assumehatthe cachebandwidthis increasedo handlethe extra supplies.

Contentionon the buses memorybanks,andnetworklinks is modeledaccordingto the occu-
panciesof the varioussignaltypes(seeSubsectior?.4.1). We assumehata signalarriving at ary
of thesesharedresource®ccupiest directly whentheresourcds free. Whentheresourcds busy
servinganothersignal,the arriving signalis queuedn an unlimited FIFO queue.This is different
from the Origin 2000which haslimited queuingandusesnegative acknavledgmentsandretriesin
queuefull situations.

An Origin 2000feature,not supportedn thesemodels,is pagemigration! In orderto reduce
remotecapacitymissesthe Origin 2000monitorsthe numberof missegpernodefor eachmemory
page andmigrategshepageto thenodethatexceedsomethresholchumberof misses As described
in Section7.5,we evaluatethesesystemswith applicationghathave few capacitymissegelative to
coherencenisses.

7.4.1 CCAT Models

In orderto understandhe natureof the performanceof the four systemswe have carriedout
mary simulationexperimentswith abroadrangeof designparametersTable7.1shonvstheoptions
andthe defaultvaluesof theparameterssedin theseexperimentsin thefollowing sectionsunless
otherwisespecifiedthe defaultvaluesareused.For example,we have used?2 (thedefault),4, and8
processorpernodeto characterizehe effect of nodesizeon performance.

CCAT differentiateshbetweentwo signaltypes: a shortsignalthat doesnot carry data,e.g.,a
processorequestandalong signalthatcarriesa 128-bytedataline, e.g.,adataresponseTable7.2
showsthe two signaltypes’ occupanciesf the sharedesourcesisedwith the four systemsin the
interconnectiometwork,a packetcarryingashortsignalis 16 bytes,andonecarryingalongsignal
is 144 bytes.

! Althoughthe Origin 2000hashardwaresupportfor pagemigration, the currentoperatingsystemdoesnot support
pagemigration.
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Feature Values Default

System D,SI,IC D
Numberof processors 1,2,4,8,16,32 32
Processoclock 200MHz 200MHz*
Processocachesize 64 KB, 256KB, 1 MB, 4 MB 4 MB
Cachdline size 128bytes 128bytes
Numberof processorgernode 2,4,8 2
Numberof memorybankspernode 1,2,4,8,16,32 4
Memorypagesize 4KB 4 KB¢
Memoryallocationpolicy RoundRobin,First Touch  First Touch
Interconnectachesize 0,16KB (c), 4 MB (C) 0

¢ TheOrigin 2000runsat195MHz; 200MHz clockis morecorvenientbecausé hasacycle with aninteger
numberof nanoseconds.

¥ The Origin 2000bus supportsa maximumof 4 processors.

¢ TheOrigin 2000pageis 16 KB, 4 KB is selectedo matchthetracedsystem.

4 Codeis replicatedn all nodes.

Table 7.1: Experimental parameters.

Type Shortsignal Longsignal
Processorequesbusoccupany 10 170
Processoresponséusoccupanyg 0 170
CCCrecallbusoccupang 10 NA
CCCresponséusoccupanyg 10 160
Memorybankacces®ccupang 100 100
Interconnectiodink occupanyg 20 180

Table 7.2: Signal occupancieof the shared resourcesin nanoseconds.

Table 7.3 shovs the mainlateny parametersisedwith the four systems AppendixA lists the
CCAT configurationfile of systemD2, which specifiesall the usedsystemparameterspccupan-
cies,andlatencies.The usedlatengy andoccupang valuesarebasedon thetypical processoand
bus valuesfrom the R10000users manual[R1097],andan Origin 2000microbenchmarlevalua-
tion [HLK97].

Aspect Lateny
Processorequest 90
Processosnoopresponse 80
Processodataresponse 190
CCcC 50
Memory 100
Router 40
Networklink 10

¢ lateny betweerdetectinghe missandrequestinghebus.

Table 7.3: Valuesof the main latenciesin nanoseconds.

Whenthereis no contentionjt takesA60nsecto satisfyaprocessomissfrom thelocalmemory
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and690nsecfrom aremotememorythroughoneroutet

7.4.2 Applications

We usedsix applicationsto evaluatethe four systems:Radix, FFT, LU, and Cholesk/ from
SPLASH-2[WOT*95],andCG andSPfrom NPB[B*94]. Theinherentcharacteristicsf theseap-
plicationsarepresentedh Chaptel3. Table7.4 shavsthetwo problemsizesusedin thisevaluation.
Theseapplicationsarecompiledon an SPP160@ndinstrumentedisingSMAIT. Theinstrumented
applicationspipe detailedtracesto CCAT in anexecution-driven simulationsetup,asdescribedn
Chapter2. Theevaluationpresentedh this chaptelis basedntheperformancef themainparallel
phase.

Application ProblemSizel ProblemSizell

Radix 256Kintegers  2M integers
FFT 64K points 1M points

LU 256 x 256 512 x 512

Cholesly t k15. Ofile t k29. Ofile
CG 1,400/15 14, 000/15

SP 163/100 6431400

Table 7.4: Sizesof the two setsof problemsanalyzed. The two numbers specifying the
problemsizeof CG and SPrefer to the problem sizeand the number of itera-
tions, respectively

TheSPLASH-2applicationsareexecutedusingthedefaultcommandine options,howeverFFT
andCholeslky executionsincludedadviceaboutthe cacheparameteraccordingio Table7.1.

7.5 Preliminary Evaluation

In this section we investigatahe designspaceo selecta suitabledesigndomainfor evaluating
the four systems.Our main objective hereis to setsomeof the systemvariablesto fixed valuesto
enableusto performan evaluationof the four systemghatis realistic,andrelevantfor assessing
theirworthinessn reducingcommunicatiorcost.

7.5.1 CacheSize

As presentedn CIAT's working setanalysis(Section3.4.2),the working setof eachof the six
benchmarkss smallerthan4 MB. Hence the Origin 2000cachesizeis big enoughto avoid most
of the capacitymisses.This is confirmedby the CCAT resultsshovn in Figure 7.5 thatshavs the
percentag®f cachemisseselative to the total numberof instructions. Theseresultsare obtained

using the defaultparametergexceptfor cachesize): systemD2 with the consenrative processor
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Figure 7.5: The percentageof cachemissesto instructions using four cachesizesfor the
two problem sizes.All cachesare two-way associativeand 128byteswide.

model,32 processorsand4 memorybankspernode,with four differentcachesizes.

Note that Figure 7.5 shows threemisstypes: codemiss,load miss,andstoremiss. The store
missesinclude storingto a sharedine, aswell asstoringto an uncachedine. Whenstoringto a
sharedine, the processomustrequestindgetthe exclusive ownershipbeforeperformingthestore.
Only SPwith problemsizell hasanoticeablecodemissratio with big cachesSPhascomple data
structureghatresultin someconflict missesin the combinedsecondarycache. In five of the six
applicationstheratio of load misseds higherthantheratio of storemisses.Thisobsenationagrees
with the CIAT analysispresentedn Section3.4.4,which shovs moreRAW thanWAR andWAW.
Radix is different; it hasmore storemissesthanload missesbecausét hashigh WAW accesses
andalot of falsesharing.For RadixandCG with problemsizell, thelargeimportantworking sets
generatevery high missratioswith smallcaches.

For the two problemsizes,thereis not a large reductionin the missratio ascachesizeis in-
creasedrom a1-MB cacheto a4-MB cache.This stabilization(even giventhe modestcontinuing
reductiondn Radixand FFT, andeven SR for problemsizell) suggestshatthe remainingmisses
are primarily coherencamisses,which in fact confirmedin the next subsection.In the following
evaluationof the four systemswe fix the cachesize at 4 MB. Thus, minimizing the effects of

capacitymissesandfocusingon coherencenissesasthe primary causeof remotecommunication.

7.5.2 Number of Processors

Figure 7.6 shows the executiontime as a function of the numberof processorsnvolved in
solvingthe problem. The five executiontime componentshown aretakenfrom the processoon
the critical path. In serial phasesProcessof determineshe critical path; andin eachparallel

phase the processoithat reacheshe phase-endingynchronizatiorbarrier last is on the critical
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Figure 7.6: Executiontime (normalized to single processorexecutiontime) asa function
of the number of processorsusing 4-MB cache. The componentsof the ex-
ecutiontime are found from the critical path. Speedupis the inverseof this
time.

path;thusthereis no barrierwait time. Here,we alsousethe defaultparametergexceptfor number
of processors)with the conserative processomodel.

Thefive componentsire: busytime executinginstructiong(at 1 instructionperclock),lock wait
time, andstall time dueto code load,andstoremisses.Thefigure shovsthattheseapplicationsare
potentiallyscalableup to 32 processorsasthe instructiontime dropswith more processorsSome
othernotableobsenationsare:

o For problemsizel with oneprocessarthereis neggligible stall dueto cachemiss,indicating
that the working setsizesfit in the 4-MB cache. However, the contribution of misstime
increasessthe processorincreasewhich confirmsthat mostof the misseswith 32 proces-
sorsare coherencamisses. This increaseagreeswith CIAT's analysisthat communication
increasesvith moreprocessors.

o With 32 processorsproblemsizell haslessnormalizedcachemissstall thansizel. Conse-
guently theexecutiontime with sizell scalesetterthansizel.

o Forsizel, theexecutiontimesof LU, Cholesly, andSPdecreasasthe processorincrease,
becaus®f their low communicatiorrates.

¢ Radixscalabilityis limited by storemissesdueto WAW andfalsesharing.

¢ Although FFT hasslightly lesscommunicatiorthan SR it spendsmore time satisfyingits
missesbecauseaf the bursty natureof its remotecommunication(as predictedby CIAT's
time distributionanalysisn Section3.4.5).
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Figure7.7: Aggregatetime as a function of the number of processors. The aggregate
time is the executiontime componentsof each processorsummed over all
processorsand normalized to the 1-processortime. Speedupis the ratio of
the number of processorgo this time. Note the changeof scalefor problem
sizell.

¢ CGalsohasaburstybehaior thatis reflected with sizel, in its high storemisstime relative
to its storemissratio.

o For sizell with few processorsthe working setsof Radix, FFT, andCG arelargerthanthe
cachesize,resultingin a significantcapacitymisscontributionto the executiontime.

Figure 7.7 shaws the aggreatetime of all processorsnot just thoseon the critical path. This
datais from the samesimulationsusedto getthe datapresentedn Figure7.6. Here,we seea new
componenthamelyload imbalance which reflectsthe wait time at the synchronizatiorbarriers.
In applicationswith ideal speedupthe aggrejatetime remainsconstantsthe processorincrease.
However, for variety of reasonsthe aggreatetimesof theseapplicationsncreaseasmoreproces-
sorsareadded.

Generally problemsizell hasbetterscalabilitythansizel (notechangeof scalein Figure7.7).
CG even shows a superlinearspeedupat 2, 4, and 8 processorwith size ll; whenthe problem
is partitionedamongmore processorsthe working setof eachprocessograduallybecomesmall
enougho fit in theprocessos cacheandeliminatemostcapacitymisses—thgainsfrom this effect
exceedthelosseddueto increasingcoherencenissedn thetransitionsfrom 1 to 2 andfrom 2 to 4
processors.

Theaggr@atetime of Cholesly increasesvith moreprocessoranainly dueto the addedbusy-
wait instructionsat flag-basedocks. However, the aggrejatetimes of otherapplicationsincrease
mainly dueto loadimbalanceandmissstall. As the processorincreasethe communicatiortime
(missstall) contribution to the executiontime becomessignificant,especiallyin Radix, FFT, and
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CG.

We decidedto evaluatethe four systemsusing 32 processorshecausewith this numberof
processorthereis enoughcommunicatiorio evaluatethe effectivenesof thesesystemsn handling
communication.

7.5.3 Number of Memory Banks

Successie cachelines areinterleavedamongthe memorybanksof the Origin 2000;eachOri-
gin 2000nodehas4 to 32 memorybanks.Figure 7.8 shovs the executiontime asa function of the
numberof memorybankspernodenormalizedto the time obtainedwhenonly onebankpernode

is provided.
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Figure 7.8: Normalized executiontime asfunction of the number of memory banks per
node,using 32 processors.

Thechangen theexecutiontime with morebanksis small,andnotalwaysin thesamedirection.
Eachexecutiontime comesfrom oneexecution-drnzen simulationexperiment. In eachexecution,
the operatingsystemgivesthe applicationa set of virtual addressesThe differentsetsgenerate
differentaddresgonflicts,whichslightly affectsthetotal misstime,andconsequentlyheexecution
time.

This datashows that the executiontime is not very sensitve to the numberof memorybanks
(CG doessuffer from memorycontentionwith onebank),andthat nearmaximumperformances
achievedwith only afew banks.In following systemevaluation,we usefour bankspernode.

7.5.4 Latency Overlapping

In this section,we evaluatethree processomodelsusing the defaultparameters.Figure 7.9
shaws the executiontimesusingthe conserative andtwo aggressie processomodelsnormalized

to the time of the conserative model. The executiontime componentssummedover all phases
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Figure 7.9: Normalized executiontimes using thr eeprocessormodels: (1) conservative:
1-IPC with 1l-entry ROB; (2) aggressive: 2-IPC, 48-entry ROB, 16-entry
MR OB, and 4-entry missbuffer; (3) moreaggressive:2-IPC, 128-entryROB,
64-entry MR OB, and 8-entry missbuffer.

(usingthe critical path processoiin eachphase),are: instruction,lock wait, codemiss stall, full
ROB stall, full memoryROB stall, full outstandingmissbuffer stall, andsynchronizatiorstall. The
synchronizatiorcomponentis the stall time at the synchronizatiorpoints while waiting to finish
outstandingnissesWith theaggressie models Cholesky andCG have noticeablesynchronization
timesdueto Cholesk’s mary locksand CG’s mary barriers. Synchronizatiortime is not visible
whenusingthe consenative modelbecausdhereare no outstandingmisseswvhena synchroniza-
tion point is reachedandin theseexperimentsonly neggligible synchronizatiortime resultsfrom
outstandingwrite-backs. Figure 7.10is the samecomparisonput presentghe ROB, MROB, and
buffer stall timesaccordingto thetype of the oldestunsatisfiedmisswhenthe stall occurs.
Theexecutiontime usingeitherof thetwo aggressie modelsis alwayslessthanthetime of the
consenrativemodel,primarily dueto theinstructiontimereductionby abouffifty percentMoreover,
the aggressie modelsslightly reduceexecutiontime furtherin Radix, CG, and SP by tolerating
someof the misslateng. While the more aggressie model(3) reduceghe processosstall time
morethanthe aggressie model(2) with Radix, LU, Cholesly, andSR its stall time with FFT and
CGis largerthanthat of the aggressie model. The moreaggressie modelis successfulith four
applicationswhereit overlapsmore missesandtolerateshigherpercentagesf the misstime, and
is lesssuccessfuivith the two applicationsthat have bursty communicatioras overlappingmore
missedncreaseshe systemcongestiorandincreaseshe lateng of individual misses.
Thereductionin the missstall time of the aggressie modelis not asimpressie asit might be
becausef thelimited ROB size(and,in CG, the outstandingnisshbuffer sizeaswell). Although
theaggressie modelassumeghatinstructionsareindependenandtheprocessodoesnot stall due
to datadependencieshe ROB is not large enoughto maskthelong communicatioriatengy, norto
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Figure 7.10: Normalized executiontimes of the conservativeand aggressiveprocessor
modelsshowingthe misstype of the instruction blamed for processorstall.

frequentlycapturemultiple missesin onewindow so thattheir missescanbe overlapped.Thisis
alsotrue with the moreaggressie model. However, asthe fraction of ROB entriesdedicatedor
memoryinstructionsgrows from 1/3 in the aggressie modelto 1/2 in the moreaggressie model,
thefull MROB stallis oftenreplacedy full ROB stall.

The stalltime of Cholesk is actuallyslightly higherwhenusingthe aggressie modelsdueto
contentioneffects. The aggressie modelsreducetheinstructiontime andconsequentlyhe misses
becomdessspreadover time, which increaseshe contentionon sharedresourcesandin this case
thisincreaseexceedshe benefitsof increasedateng tolerance.

In thefollowing sectionwe presenainevaluationof thefour systemaisingtheaggressiemodel
becauseve believe thatits traffic morerealisticallyrepresentshe traffic generatedby the R10000
processarHowever, whenevaluatingthesesystemausingthe conserative modelwe getthe same
gualitatveresults andthe mainconclusiongdravn aboutthefour systemsn the next sectionusing
theaggressie modelalsohold with the conserative model.

7.6 SystemEvaluation

This sectionevaluateghe performancef thefour systemgD, S, |, andIC) usingtheaggressie
processomodelwith 32 processors4-MB cachesand4 memorybankspernode. Eachsystemis
evaluatedwith 2,4, and8 processorpernode.We evaluatesystemC usingtwo interconnectache
sizes:4 MB (C), and16 KB (c).

Figure7.11shows the percentag®ef misseghat are satisfiedfrom aremotememoryor remote
cache Sincetheseremotemissesaremoreexpensvethanlocal missesa smallpercentagés better

In all casesasthe numberof processorper nodeincreasesthe percentagef remotemisses

decreasesThisis expectedasmorememorylocationsandmoreprocessorbecomdocal with fewer
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Evaluations shownfor 2, 4, and 8 processorger node.
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nodes. In general the threesnoopysystems S, |, andIC, have smallerremotemiss percentages
thansystemD. Systemd andIC have smallerremotemisspercentagethanthe othertwo systems
with LU, Choleslky, and CG. SystemC, which is the bestoverall in reducingremotelateng, has

smallerremotemisspercentagethanthe othersystemswith SR

Systemc reducesremotemiss aswell as systemC whenthe communicationworking setis
smallenoughto fit in the 16-KB IC. Thisis notthe casewith Choleslk andwith CG whensolving
problemsizell, andC shavs animprovementover ¢ for them.

Figure 7.11 demonstrateshat the three snoopysystemsare successfuto varying degreesin
achieving their intendedpurposeof reducingthe remotemissesrelative to the basesystem. The
following subsectionsvaluatethesesystemsin more detail by analyzingtheir executiontimes,
traffic, andmisslateng.

7.6.1 ExecutionTime

Figuresr.12,and7.13shawv theexecutiontime of thesix applicationdor thetwo problemsizes.
In eachof thefollowing paragraphsye discusgherelative performancef eachapplicationonthe
four systems.

Radix hasa lot of WAW communicationandfalse sharing,consequentlyt spendsa lot of time
satisfyingstoremisses.Thesnoopysystemgyainsomeadvantageover systenD by allowing
bus snooping. This gainis larger whenmoreprocessorper nodeare used;however, since
executiontime actuallyincreasesvith moreprocessorpernode thisis amootpoint. Snoop-
ing reducesstoremisstime primarily by locally satisfyingstoremissego linesthataredirty
in someotherlocal processar Satisfyingsomemissedocally hasa positive impacton the
whole systembecausef reducedsystemtraffic andcontention.Problemsizell benefitdess
thansizel from theseadvantagedecauseat hasa lower missrateandlesscontention. For
both problemsizes,the smallerIC is nearlyasefficient asthe larger IC becauseanostof the
performanceadvantageomefrom snooping.

FFT is dominatedoy communicatioranddoesnot benefitmuchfrom thesetechniquesHowever,
systemC doesoffer the bestperformance.

LU haslow communicationrate and low stall time percentagetherefore,the threetechniques
cannotsignificantlyreducethe executiontime.

Cholesky hassignificantRAW communicationwith anaveragesharingdegreeof sevenprocessors.
Consequentlysystemd andC reducetheload misstime by satisfyingmultiple local readers
with oneremoterequest.Systemc hashigher misstime thanthat of systemC becausets

IC is not large enoughto capturethe communicationworking set,andthus mary lines are
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Figure 7.12: Execution times of the four systems(problem sizel).
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Figure 7.13: Execution times of the four systems(problem sizell).
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replacedbeforetheir presencén thelC is fully exploited.

CG hasmoreRAW communicatiorandhighersharingdegreethanCholesly, andthereforesystem
C reducegheload misstime evenfurther. The IC sizein systemc captureshe communica-

tion working setin problemsizel, but notin sizell.

SP hassignificantlocal producerconsumeicommunication.SystemC providesthe bestperfor
mancebecausadt satisfiesrepetitve RAW and WAR locally. Problemsizell hasa lower
communicatiorto computationratio thansizel, andthe memaoryallocationpolicy is more
successfuln localizing sharedpageswith sizell. Thereforesizell benefitsessfrom these

techniques.

In general,systemIC performances as goodassysteml, and betterthanl whenthe IC is
large enoughto capturethe communicationwvorking set. SystemIC performsthe bestwhenthere
is significantlocal producerconsumecommunicatioron remotelines.

For all theseapplicationsC2 out-performd2. However, D2 doesperformbetterthanthethree
snoopysystemsin thoseserial regions wherethereis little or no communicationand the cache
missesaresatisfiedwithin the local node. For example,CG hasa serialinitialization phasewhere
only Processof is active. For problemsizel, C2's executiontime is 2.5% higherthanthat of D2
in this phasedueto the overheadf snoopingwhichincreaseshe misslateny by 15%.

Whenthe processorpernodeincreasesthe numberof nodesdecreaseandtheremotelateng
decreasesThis effect reduceghe executiontime of systemD with FFT, LU, Cholesk/, andCG.
However, with more processorper node, the bus contentionincreaseswhich in Radix and SP
dominatesover the increasingbenefitscited abore. Consequently2-processonodesproducethe
highestperformancdor Radixand4-processonodesarebestfor SR The performancef thethree

snoopysystemgselative to systemD consistentlyincreasesisprocessorpernodegrows.

7.6.2 Traffic

Figures7.14,and7.15shav theaveragenumberof activesignalspercycle in thenetworklinks,
memorybanks,and busesover the entire systemfor the two problemsizes. Thesefiguresrepre-
sentthe averagetraffic rategeneratedn thesesystemsandthe relative contentionfor the available
resource®f eachtype. Active signalsareeithersignalsutilizing thesesharedresource®r waiting
(queueddueto contention}o usetheseresourcesNote thatoneremoteaccessnay resultin mary
signals.To provide anothermperspectie on the significanceof thesenumbersnotethatthe network
cansene amaximumof 56,24, or 10 signalsin onecycle for systemawith 2, 4, or 8 processorper
node,respectiely; similarly, the memoriescansene 64, 32, or 16, andthe busescansene 16, 8,
or4.
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Figure 7.14: Averageactive signalsper cycle (problemsizel). Netis signalsutilizing net-
work links, Net_cont is signalswaiting to utilize links, Mem is signalsac-
cessingmemory banks, Mem_cont is signalswaiting to accesdanks, Busis
signalsutilizing buses,and Bus_cont is signalswaiting to utilize buses.
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Figure 7.15: Averageactive signalsper cycle (problem sizell).
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Problemsizell generallyhaslower traffic rate and contentionthansizel in five of theseap-
plicationsdueto lower missratios; CG is the exceptionbecauseéts missratio with sizell is not
muchlessthanwith sizel, andits load balancewith sizell is betterthansizel. Note alsothatin
all casesasprocessorpernodeincreaseshe networkutilization andcontentiordecreasevhile the
busutilization andcontentionincrease.

With problemsizel, Radix hashigh network and bus contentionand utilization. The three
snoopysystemgeducethis behaior by 10%to 20%. The two figuresexposeFFT’s bursty remote
communicatiorasthey shav thatmostof theactive signalsareeithertraveling or waiting for service
onthenetworklinks. As LU andCholeslky have low missratios,they have low traffic rates.

CGwith systenD hasnoticeablanemorycontentionparticularlyfor problemsizel) in addition
toits highnetworkcontentionfor bothproblemsizes put moresofor problemsizell), whichoccurs
dueto its burstybehaior whenupdatingthe partialsums.The snoopysystemseducethis memory
contentiorby notallowing morethanonesimultaneouslyutstandingequesfor aparticularline on
eachbus. Moreover, systemd andIC reducethe networktraffic, particularlyfor 4 or 8 processors
pernode. With CG and problemsizell, systemd2 and C2 have more network contentionthan
systemD2 becauséheir executiontimesaresignificantlylower thanthatof systemD2.

SPhasan averagenumberof signalsutilizing the networklinks thatis largerthanthatof FFT
or CG.However, SPhaslessnetworkcontentionthanFFT or CG becauséts communications less

bursty.

7.6.3 AverageMiss Latency

Figure7.16 shavsthe lateng of anaveragemiss. For Radix and SR the averagemisslateng
increasesasthe numberof processorpernodeincreasesiueto bus contention.This trendis also
presenin CGwith systemd andC whenthe numberof processorpernodeincreasefgrom 4 to 8.
However, for the othercasesthelateny decreaseasthe numberof processorpernodeincreases
dueto thereductionsn networktime andremotemisspercentage.

This averagdateng is muchhigherthanthe memorylatenciesalculatedrom the signallaten-
cieswith no contention(seeSubsectiory.4.1)dueto thefollowing reasons:

1. As mostof themissesaredueto communicationgachis oftensatisfiedaftera seriesof hops
thatinvolve multiple processorsyhich is more expensve thansatisfyingthemdirectly from
memory

2. Whenmultiple processorareactive andeachcanhave multiple outstandingnissesthereis
contentiorfor utilizing sharedesourcesThus,themisslateny become$igherasthesignal
wait time for busyresourcess encountered.

3. The Origin 2000 has“memory-less”cachecoherencecontrol, i.e. it usesNACK-and-retry
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Figure 7.16: Averagemisslatencyin microseconds.
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Figure 7.17: Normalized executiontime using systemC2 with two memory allocation
policies: first touch (1T), and round robin (RR).

whenthe memorycannotimmediatelysatisfy a request. Whenthe CCCrecevesarequest
from aprocessofor aline in abusystate(thedirectorytagassociatedavith theline is marked
busywhile the CCCis recallingthe exclusive copyof this line for anothemprocessor)it does
not buffer the new requestput replieswith a negative acknaviedgment.Thus,therequester
retriesuntil it succeedsayhichincreaseshe systemcontentionandmisslateng further.

4. Someapplicationsparticularly FFT andCG, have bursty communicatiorthatresultin high
contention. Additionally, CG hashigh invalidation degree, and thereforeeachWAR miss
generatesary invalidationandacknavledgmensignals.

5. Astheseapplicationhave alot of producerconsumecommunicationghespeculatvemem-
ory operationsare often uselessasthe producerthasa dirty copy. Therefore the signalsthat
carryspeculatie dataincreasehesystentraffic, contentionandmisslateng.

6. For someapplications the first touchmemoryallocationpolicy often allocatesmostof the
memorypagesn NodeO whenThreadO initializesthe shareddatastructuresn the serialini-
tializationphase.Consequentlythe systemtraffic becomesinesenly distributedandNode0
is the bottleneck.

Figure7.17 shows the executiontimesusingsystemC2 with first touchandroundrobin mem-
ory allocationpolicies, normalizedto the time with first touch. FFT, LU, Cholesk, andCG have
significantlylower misstime with roundrobin thanwith first touchdueto the reducedcontention
on the networklinks thatconnectNode 0. However, first touchwith Radix and SPwhensolving
problemsizell haslessmisstime thanroundrobin asthey initialize mostof their shareddatain
parallelphasesandfirst touchis thusmoresuccessfuin localizing data.
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7.7 Chapter Conclusions

In this chapter we have studiedthe communicatiorcostin CC-NUMA systemsandevaluated
sometechniqueghat have the potentialfor reducingit. SystemD, which relies purely on the
directoryfor ensuringcachecoherencefavors sequentialprogramsin multiprogrammedparallel
environmentsover shared-memorgpplicationswith high communicatiorpercentaged-or our six
applicationsthethreesnoopysystemsandlecommunicatiorbetterthansystermD. Systeml, which
allows processorso supply cleancachedines, and systemlC, which usesan interconnectache
for reducingthe communicatiorcostof remoteline accessedothhave superiomperformance.

SystemIC handleslocal producerconsumercommunicationbetterthan systeml. Moreover,
unlike systeml, systemIC is compatiblewith the cachecoherenceprotocolssupportecby mod-
ernprocessors.Thesetwo systemshowever, do have increasedsystemcost: systeml becauset
requireshigher processorcachebandwidth,and systemIC becausét requiresthe additionof an
interconnectachein eachnode.

Althoughsystem C increaseshe costof thenode, it haslesstraffic andcontentionthansystem
D andpermitsmore processorper node. Whenthe nodebecomedarger, the overall systemcost
decreaseasfewer networklinks, routers,andcoherenceontrollersareneededThe costreduction
with largernodesmay exceedtheIC cost.

The IC canbeimplementedn the local memoryto reduceits cost. In this case,a dedicated
sectionof memoryis usedto hold the data,while the cachecoherencecontroller still storesthe
IC tagsin orderto keepup with the demandfor snooping. Consequentlythe IC cancontinueto
participatein the bus coherenceprotocolwithout causingmore delayingthan a typical processor
cache.As we assumehatthe IC supplieslineswith a 190 nanosecondiateng, gettinganIC data
line from thelocal memorywould not takemuchmoretime.

Finally, we have noticedthatthe effectivenessof systemiC is bestwith applicationghathave
highcommunicatiorcosts.Furthermoreit reducesheexecutiontime of all six casestudyapplica-
tionswhich have beencarefullydesignedo achieve low communicatiorrates.Thus,we expectthat
otherless-tuneaghared-memonrgpplicationsvould have at leastthis muchbenefit. This technique
reduceghe communicatiorcostandconsequentjowersthe NUMA factorof DSM systemsawhich
is a stepto enableCC-NUMA systemsto efficiently supportmore applicationswith lesstuning
efforts.
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CHAPTER 8
CONCLUSIONS

Here,we presenbur mainconclusionsboutthis dissertatiors methodologyandtools,thecase-
studyapplicationstheexisting systemsandapproachethathave beenassesseit thisresearchand
thetechniqueghatwe have introducedto reducethe communicatiorcostin DSM systems.

8.1 Putting It All Together

In this dissertationye have demonstrated methodologyandtoolsfor analyzingsharedmem-
ory applicationsto supportdesigningscalableshared-memorgystems. The demonstratiorwent
throughfour designstages.characterizinga wide rangeof tamgetapplicationso geta basicunder
standingof applicationpropertiesand performancemeasuringhe performanceof someexisting
systemdo prepareaccurateconfigurationfiles for them, evaluatingcurrentapproacheso identify
strengthsandweaknessesndevaluatingandproposingsolutionsfor someof the identifiedweak-
nesses.

Characterizinghe inherentapplicationpropertiesgave us bettercommandin later stagesto
selectappropriateexperimentalsetup,andto explain andrationalizethe achieved applicationper
formanceon specificsystemconfigurations For example,CIAT’s characterizatiomf working sets
gave usthe insightto selectcachesizesthat have a small ratio of capacitymisses. CIAT's char
acterizationof the communicatiorpatternsandtheir variationover time alsoplayeda vital role in
explaining the applicationperformanceon the systemsavaluatedin Chapterss and7. Moreover,
as CIAT revealedthat the case-studyscientific applicationshave a lot of WAR and RAW com-
munication,we were motivatedto experimentwith the techniqueghat reducedthe costof these
communicatiorpatternsaspresentedn Chapter7.

CDAT's simplicity and flexibility enabledus to evaluatea wide rangeof currentCC-NUMA
systemapproacheandidentify onepromisingapproactfor furtherinvestigatiorandimprovement.
Similarly, systemdesignercanuseCDAT to investigatemuchlarger designspacen the early de-
signstageof their projects.However, in orderto evaluateoptimizationtechniquedor the selected
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systemapproachye usedthe moredetailedsimulator CCAT whichis tagetedto CC-NUMA sys-

temswith memory-basea@oherence.The CCAT analysispresentedn Chapter7 shows thatthe

performanceof the case-studyapplicationss heavily affectedby contentionon sharedresources;
evaluatingthesetechniqueswith CDAT would be inconclusie asit doesnot model contention.
Systemdesignersdo needdetailedsimulatorslike CCAT at later designstagesto fine tunetheir

designs.

8.2 Methodologyand Tools

This researcthasdevelopeda suite of toolsthat mechanicallyanalyzesDSM applicationsand
providesapplicationcharacterizations aform thatis directly usefulto programmersnddesigners.

This suiteis increasinglygainingacceptancanduse. Graduatestudentdn the parallelarchi-
tecturecoursein the University of Michigan have usedit to characterizeandtuneshared-memory
applications. Sereral researcherin the Hewlett-PackardLaboratoriesuseit to characterizeap-
plications,parameterizavorkload generatorsand evaluatealternatve designoptionsfor the next
generatiorof DSM systemsMoreover, we have usedit to characterizeseveralimportantaspect®of
avarietyof scientificandcommerciakhared-memorgpplicationgAD98c], calibrateandevaluate
the performancef two generation®f the Corvex Exemplar[AD98b, AD98d], andevaluatethree
CC-NUMA approachefAD984.

Ourmethodologyeliesoninstrumentingshared-memorgpplicationdo tracethedataandcode
streamsThetraceis analyzedusinga combinationof configurationindependenandconfiguration
dependentechniques.

SMAIT is oneof few tools that enablecollectingtracesof multi-threadedshared-memorgap-
plications. Its supportof execution-drivenanalysisenablesanalyzinga wide rangeof applications
including large and dynamicapplications.However, it requiressourcecodeavailability anddoes
not tracethe operatingsystem. Thesetwo limitations did not, however, adwerselyaffect our case
studiesof scientificapplicationssincetheir sourcecodeis availableandthey do not spendsignifi-
canttime in the operatingsystem.Althoughwe did encountetheseproblemswith the commercial
applicationspur analysistools canbe usedto analyzeapplicationtracescollectedby othertracing
tools.

Splitting the applicationanalysisinto configurationindependentand configurationdependent
analysisprovidesa cleanandefficient characterizatiomf applicationperformance.Configuration
independenanalysisgivesa basicunderstandingf theinherentpropertieof anapplicationwhile
configurationdependentinalysisenablesevaluating the applicationperformanceon a particular
systemconfiguration.

The algorithmsthat were developedandincorporatedn CIAT, the configurationindependent
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analysistool, provide fastandinformative characterizationsf severalaspectof the applications
inherentpropertiesincluding generalcharacteristicsyorking sets, concurrenyg, communication
patterns,communicationvariation over time, communicationslack, communicatiornlocality, and
sharingbehaior. Thesecharacterizationaid the programmersn understandingndtuning DSM
applicationsandprovide the DSM designersvith abasicunderstandingf theirtarmgetapplications’
properties.

CDAT andCCAT weredevelopedto evaluateanapplications performanceon a particularsys-
temconfiguration.They offer two levelsof detailandcoverageof DSM systemapproachesCDAT
simulatesa wider rangeof DSM approachethan CCAT; CCAT simulateghe applicationon more
detailedmodelsof the processarbus, memory and interconnectiometworkthan CDAT. CDAT
is fasterthan CCAT, but is lessaccurate.CDAT is usefulfor performinghigh level comparisons
amonga wide rangeof alternatvesat the early designstagesand CCAT is usefulfor performing
accuratesvaluationsof alternative designoptimizationsat later designstages.

CCAT incorporates moredetailedprocessomodelthan CDAT, andcapturessomeproperties
in modernsequentiallyconsistenprocessorshataffect systemtraffic. However, CCAT’s processor
modeldoesnot track datadependencieqor the stateof the processos registersand functional
units® A modelthattrackstheseaspectsvould generatemoreaccuratenemoryaccesstreanthan
CCAT’s processomodel,but would be muchslower. We have decidedto keepCCAT’s processor
model simple and fast in orderto be able to simulatelarge applicationson systemswith large
numberof processorin areasonabléime. Standargrocessosimulatorsdo exist andcanbeused
for this purposevhenneededbut we have foundthatthe systemevel designissuegarmetedin this
researchare not very sensitive to the detail of the processomodel. Specifically the conclusions
aboutthefour systemsevaluatedn Chapter7 hold for the conserative processomodelaswell as

theaggressie processomodel.

8.3 Case-StudyApplications

In thisresearchye have usedacollectionof applicationsdravn from thescientific,engineering,
and commercialdomains. We have given specialattentionto characterizingheseapplicationsin
orderto understandheirinherentproperties.The applicationknowledgegainedby analyzingthese
applicationsvasof materialbenefitin conductingthe later stagef this research.

Theseapplicationarewell tunedfor DSM machinesandcangenerallyexploit moreprocessors.
However, they do exhibit frequentcommunicatioraccessethat oftenincreasewith more proces-
sors.On systemghathave high communicatiorcosts the coherencenissesdueto communication
limit the scalabilityof someapplicationsparticularlyRadixandCG.

!Notethatthis is nota problemfor CDAT dueto its serialexecutionmodel.
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Theimportantworking setsof theseapplicationswith the problemsizesanalyzechere,do fit
within the large cachesf modernprocessorsHowever, the working setsof Radix, FFT, CG, and
SPgetlargerwith largerproblemsizeswhich would generatea lot of capacitymisses.Additional
stepswould thenhave to be takento reducethe cachemisscostdueto limited capacity aswell as
coherenceraffic.

We have noticedsignificantdifferencedetweerthe scientificapplicationsandthe commercial
applicationghatwere analyzedn this researchWhile the scientificapplicationsaccessvord and
double-wordnemoryobijectsin largeloopswith infrequentoranchingthe commerciabpplications
accesdbyte, half-word,andword objectswith larger codesizesthatcontainfrequentbranching.

8.4 CC-NUMA Systems

We have evaluatedfour CC-NUMA systemsusing microbenchmarkingnd simulation. The
Corvex ExemplarSPP100&nd SPP200@vere evaluatedusingmicrobenchmarkingandthe Con-
vex SPP1000the StanfordDASH, andthe SG1Origin 2000wereevaluatedusingCDAT simulation.

The presenigeneratiorof the Exemplarsystemsthe SPP2000utilizes architecturalandtech-
nological advancesto achieze higher memorybandwidththanthe SPP1000andto overlap the
latenciesof multiple outstandingmisses.However, local memorylateng is notimproving in pro-
portionto increasesn the processocrlock rate. The SPP200Glsousesa richer interconnection
networkthattransferdts smallerpacketsasterthanthe SPP1000 Consequentlythe gapbetween
the local and remotelatenciesin the SPP2000s smallerthanthatin the SPP1000which gives
betterprogrammability

The SPP100Gand SPP200Qisecustom-designedrossbarsand controllersto supportseveral
processorpernode which greatlyhelpsmedium-scalgarallelprograms.Theadditionof thisglue
logic, however, raiseshelocal memorylateng, which penalizesequentiahndsmall-scalgarallel
programs.The SCI protocolthatis usedin both systemgo maintainglobal cachecoherencénas
someinefficienciesthatlimit the remoteaggreyatebandwidthandlengthentheremotelateng.

The CDAT evaluationof the CC-NUMA systemshows thatwhenthethreesystemsareputon
the sametechnologicalevel, they have analogougperformance.The Origin 2000 hasthe lowest
memorylatengy, but the DASH hasthe bestperformanceéecausét usesthe relaxed memorycon-
sisteng model(which hidessomeof the misstime) andusesthe lllinois protocol(which resultsin
fewer remotemisseghanthe Origin 2000). The SPP100thasthe highestremotelateng dueto its
complicatedSCl protocolthatmanages distributedlinked-listdirectory
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8.5 ReducingCommunication Costs

Presiousresearclnasfocusednreducingheremotecommunicatiorcostby decreasingemote
capacitymisses. In this researchwe focusedon reducingthis latengy by decreasinghe cost of
remotecoherencenisses.

We have showvn thatthereareopportunitiedor reducingremotecommunicatiorcostthatarenot
takenadvantageof by the coherenceprotocolssupportedoy modernprocessors.Theseprotocols
favor small-scalenultiprogrammedystemsver scalableDSM systemsWe have shovn thatwhen
the processorcachecoherenceprotocol is changedto allow cachesto supply cleandata, better
performances achiesedfor parallelshared-memorgpplications.

We have alsoshownvn that modernsystemshat focuson reducinglateng/ canincorporatetech-
niquesfor reducingthe remotemisseswithout significantlateng increase.By supplementinghe
nodewith an interconnectcachethat participatesn the local bus coherenceprotocolfor remote
data,theresultingsystemachiezessuperiorperformancelsingthis cache the case-studypplica-
tions benefitfrom reducedemotecommunicatiorcostin spiteof a slightlateng increasepverall

communicatiorcostis reducedy up to 63%in somecases.

8.6 FutureWork

In this dissertationye have developedconfigurationindependenanalysisechniquedor char
acterizingseveralaspect®f shared-memorgpplications However, thereareotheraspectghatare
now only characterizedisingconfigurationdependenanalysis.For example,falsesharingis char
acterizedby simulatingthe applicationon a multiprocessoconfigurationwith cachef someline
length.Measuringhenumberof cachemissef linesinvalidatedby otherprocessordueto access-
ing differentmemorylocationsthathapperto be allocatedin the samdine, is a characterizatiof
thefalsesharing.Sincethis characterizatiomepend®n the line length,configurationindependent
analysis,if anappropriatealgorithmcanbe found, might give a more generalcharacterizatiorof
falsesharing.Otheraspectghatarenow only characterizedisingconfigurationdependenanalysis
arespatiallocality andconflict misses.

In our evaluationof the threetechniquedor reducingthe communicatiorcostin Chapter7, we
deliberatelyminimizedcapacitymissesandfocusedn coherencenissesHowever, communication
in DSM systemsds dueto both capacityandcoherencenisses.Although our suspicionis thatthe
techniqueausingthe lllinois protocolandthe interconnecttachealsoreducethe costof capacity
misses,it is importantto evaluatethesetechniqueswith applicationsthat exhibit more capacity
misseghanwereexhibitedin our evaluation.

In Chapter7, we have obsenedthattheaveragemisslateng is muchhigherthanthelateng of
asimplemissthatis satisfiedfrom the memorywithout ary contention.Althoughthe averagemiss
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lateng is this high mainly dueto high ratesof bursty communicatiorandinefficienciesin memory
allocation,the coherenceprotocolthat wasusedmay be blamedfor a portion of this lateng. For

example,the coherencegprotocolusesspeculatre memoryoperationsvhich increaseghe system
traffic and may causecontention,particularlywhenthe speculatie datais not used. Anotherex-

ampleis the“memory-less"coherenceontrolthatmayincreasdhe systemtraffic andmisslateng

whenbusy lines are frequentlyrequested.We think thatit is importantto evaluatethe effective-

nessof theseprotocolfeaturesandinvestigatebetterapproacheshenthey adwerselyaffect system
performance.

Many researcherareinvestigatingapproacheso exploit the increasingransistorbudgetsof a
singlechip. Someresearcherareadwcatingusingthis budgetto build a single-chipmultiproces-
sor[HNO97]. Currentresearclevaluatessingle-chipmultiprocessodesignsin a systemthathas
only oneprocessochip. We think thatthis approachwill getmoremomentumin the nearfuture
andthatwe shouldseriouslyconsidethow to incorporatemultiple single-chipmultiprocessorén a
system.We think thatthereis now an opportunityto affect the designof suchmultiprocessorso
thatthey canbeefficiently interconnecteih a scalablesystem.
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APPENDIX A
SYSTEM CONFIGURATION FILES

SectionsA.1, A.2, and A.3 list the CDAT configurationfiles usedin the raw comparisonof
Chapter6. SectionsA.4, A.5, andA.6 list the CDAT configurationfiles usedin the normalized
comparisonof Chapter6. SectionA.7 lists the CCAT configurationfile usedto modelthe base
system(D2) in Chapter7.

A.1 DASH

nurber _of _nodes 4
processor s_per _node 4
buses_per _node 1
n
1

bus_i nt er connecti on a
membanks_per _node

meml i ne_si ze 16 (bytes)
page_si ze 4 ( Kbyt es)
nmenor y_on_bus yes

shoopy-i cc yes

dat a_cache:

used yes

si ze 256 ( Kbyt es)
| size 16 (bytes)
assoc 1
instruction_cache:

used yes

si ze 64 ( Kbyt es)
| size 16 (bytes)
assoc 1

i nt erconnect _cache:

used yes

si ze 128 ( Kbyt es)
| size 16 (bytes)
assoc 1

nurber _of _t hr eads 16

t hr ead_nmappi ng:

thread 0 node 0 proc O
thread 1 node 0 proc 1
thread 2 node 0 proc 2
thread 3 node 0 proc 3
thread 4 node 1 proc O
thread 5 node 1 proc 1
thread 6 node 1 proc 2
thread 7 node 1 proc 3
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thread 8 node 2 proc 0O
thread 9 node 2 proc 1
thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc O
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache_coher ence_pr ot ocol
al | owexcl usi ve_renot e

al | onupdat e_t ag

al l owcache_t o_cache

shar ed_l ocal _I| oad

i nv_on_supply

| ocal _col | ect s_acks

r enot e_updat es_hone

specul ati ve_nemops

ack_wb

illinois

menory_al | ocati on_policy
gener at e_m ss_trace

gener ate_transaction_trace
cl ock_i n_.MHz

I PC

FROM TO TYPE TX(ns) RX(ns) BYTES

(menory-based directory)

(First touch with code replication)

P WOOORFRFRPFOFRPRPFPOORFRPOOLPR

CCC NET  SHORT
CCC  NET LONG
CCC BUS  SHORT
CCC BUS LONG
CCC DR  SHORT
CCC ICC LONG
ICC BUS LONG

g1 0

A.2 SPP

nunber _of _nodes
processor s_per _node
buses_per _node

bus_i nt er connecti on
membanks_per _node
meml i ne_si ze
page_si ze

nmenor y_on_bus no

r osshar

4

PO MO oM
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shoopy-i cc
dat a_cache:

used
size
| size
assoc

instruction_cache:

used
size
| size
assoc

i nt erconnect _cache:

used
size
| size
assoc

nunber _of _t hr eads

t hr ead_mappi ng:

thread 0 node 0 proc O
thread 1 node 0 proc 1
thread 2 node 0 proc 2
thread 3 node 0 proc 3
thread 4 node 0 proc 4
thread 5 node 0 proc 5
thread 6 node 0 proc 6
thread 7 node 0 proc 7
thread 8 node 1 proc O
thread 9 node 1 proc 1
thread 10 node 1 proc 2
thread 11 node 1 proc 3
thread 12 node 1 proc 4
thread 13 node 1 proc 5
thread 14 node 1 proc 6
thread 15 node 1 proc 7
|

cache_coher ence_pr ot oco
al | owexcl usi ve_r enot e
al | onupdat e_t ag

al | oncache_t o_cache
shar ed_l ocal _| oad

i nv_on_supply

| ocal _col | ect s_acks

r enot e_updat es_hone
specul ati ve_nemops
ack_wb

illinois
menory_al | ocati on_policy
gener at e_m ss_trace

gener ate_transaction_trace
cl ock_i n_MHz

I PC

FROM TO TYPE X
NET CCC  SHORT 1400
NET CCC LONG 1400
NET CCC MED 1400
NET CCC ELONG 1400
PRO BUS SHORT 40
PRO BUS LONG 40
MEM CCC LONG 140

no

yes
1024
32

yes
1024
32

yes
16384
64

16

(cache-based directory)

PRPOOOOOOORRFPORPFPOON
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BUS PRO SHORT
BUS PRO LONG
BUS XBR  SHORT
BUS XBR LONG
CCC NET  SHORT
CCC NET LONG
CCC NET MED

CCC NET ELONG
CCC MEM  SHORT
CCC MEM LONG
CCC XBR  SHORT
CCC XBR LONG
CCC DR  SHORT
CCC I1CC  SHORT
CCC I1CC LONG
ICC CCC LONG
XBR BUS  SHORT
XBR BUS LONG
XBR CCC  SHORT
XBR CCC LONG
A.3 Origin
nunber _of _nodes
processor s_per _node
buses_per _node

bus_i nt er connecti on
membanks_per _node
meml i ne_si ze
page_si ze

nmenor y_on_bus
shoopy-i cc

dat a_cache:

used

si ze

| size

assoc
instruction_cache:
used

si ze

| size

assoc

i nt er connect _cache:
used

si ze

| size

assoc
nurber _of _t hr eads

t hr ead_nmappi ng:
thread 0 node 0 proc
thread 1 node 0 proc
thread 2 node 1 proc
thread 3 node 1 proc
thread 4 node 2 proc
thread 5 node 2 proc
thread 6 node 3 proc

N

OOOOIEOOOOO
o

OrOFroOor o

40 8
40 32
32 8
128 32
27 24
133 88
53 40
160 104
0 4
140 32
32 8
128 32
140 8
0 4
140 32
32 32
30 8
90 32
32 8
128 32
8

2

1

na

4

128

16

no

no

yes
4096
128

2

no

1024

64

1

no

128

64

1

16
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thread 7 node 3 proc 1
thread 8 node 4 proc O
thread 9 node 4 proc 1
thread 10 node 5 proc O
thread 11 node 5 proc 1
thread 12 node 6 proc 0O
thread 13 node 6 proc 1
thread 14 node 7 proc O
thread 15 node 7 proc 1
cache_coher ence_pr ot ocol

al | owexcl usi ve_renot e

al | onupdat e_t ag

al l owcache_t o_cache

shar ed_l ocal _I| oad

i nv_on_supply

| ocal _col | ect s_acks

r enot e_updat es_hone

specul ati ve_nemops

ack_wb

illinois

menory_al | ocati on_policy
gener at e_m ss_trace

gener ate_transaction_trace
cl ock.i n_.MHz

I PC

PRPOOO0OORRPRRPRPROORORR

CCC NET  SHORT 10 140 16
CCC  NET LONG 10 140 144
ccC MEM  SHORT 10 10 16
CCC MEM LONG 10 10 144
CCC BUS SHORT 10 10 16
CCC BUS LONG 10 10 144
CCC DR SHORT 20 70 16

A.4 nDASH

nunber _of _nodes 4
processor s_per _node 4
buses_per _node 1
n
4

bus_i nt er connecti on a
membanks_per _node

meml i ne_si ze 64
page_si ze 4
nmenor y_on_bus yes
shoopy-i cc yes
dat a_cache:

used yes
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size 4096

| size 64
assoc 2
instruction_cache:

used no
si ze 1024
| size 64
assoc 1

i nt er connect _cache:

used yes
si ze 4096
| size 64
assoc 2
nurber _of _t hr eads 16
t hr ead_nmappi ng:

thread 0 node 0 proc O

thread 1 node 0 proc 1

thread 2 node 0 proc 2

thread 3 node 0 proc 3

thread 4 node 1 proc O

thread 5 node 1 proc 1

thread 6 node 1 proc 2

thread 7 node 1 proc 3

thread 8 node 2 proc O

thread 9 node 2 proc 1

thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc O
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache_coher ence_pr ot ocol
al | owexcl usi ve_renot e

al | onupdat e_t ag

al |l owcache_t o_cache

shar ed_l ocal _I| oad

i nv_on_supply

| ocal _col | ect s_acks

r enot e_updat es_hone

specul ati ve_nemops

ack_wb

illinois

menory_al | ocati on_policy
gener at e_m ss_trace

gener ate_transaction_trace
cl ock_i n_.MHz

I PC

PNOOORFRPROORPFPOORFRPROOLR

BUS PRO SHORT O 20 16
BUS PRO LONG 0 50 80
BUS MEM SHORT O 0 16
BUS MEM LONG 0 70 80

BUS CCC SHORT 10 10 16
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BUS ICC SHORT O 20 16
BUS ICC LONG 0 50 80
CCC NET  SHORT 10 140 16
CCC  NET LONG 10 140 80
CCC BUS SHORT 10 10 16
CCC BUS LONG 10 10 80
CCC DR SHORT 20 70 16
CCC ICC LONG 10 70 80
ICC BUS LONG 50 50 80

A5 nSPP

nunber _of _nodes 4
processor s_per _node 4
buses_per _node 1
bus_i nt er connecti on na
membanks_per _node 4
6
4

meml i ne_si ze 4
page_si ze

nmenor y_on_bus no
shoopy-i cc no
dat a_cache:

used yes
size 4096
| size 64
assoc 2
instruction_cache:

used no
size 1024
| size 64
assoc 1

i nt erconnect _cache:

used yes
size 16384
| size 64
assoc 1
nunber _of _t hr eads 16

t hr ead_nmappi ng:

thread 0 node 0 proc O
thread 1 node 0 proc 1
thread 2 node 0 proc 2
thread 3 node 0 proc 3
thread 4 node 1 proc O
thread 5 node 1 proc 1
thread 6 node 1 proc 2
thread 7 node 1 proc 3
thread 8 node 2 proc O
thread 9 node 2 proc 1
thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc O
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache_coher ence_pr ot ocol 2
al | owexcl usi ve_renot e 0
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al | onupdat e_t ag

al | oncache_t o_cache

shar ed_l ocal _| oad

i nv_on_supply

| ocal _col | ect s_acks

r enot e_updat es_hone
specul ati ve_nemops
ack_wb

illinois

menory_al | ocati on_policy
gener at e_m ss_trace
gener ate_transaction_trace
cl ock_i n_MHz

I PC

PNOOODOOORRFRPROORrO

NET CCC SHORT O 10 24
NET CCC LONG 0 10 88
NET CCC  MED 0 20 40
NET CCC ELONG O 20 104

CCC NET  SHORT 10 140 24
CCC  NET LONG 10 140 88
CCC  NET VED 10 140 40
CCC  NET ELONG 10 140 104
ccC MEM  SHORT 10 10 16
CCC MEM LONG 10 70 80
CCC BUS SHORT 10 10 16
CCC BUS LONG 10 10 80
CCC DR SHORT 20 70 16
CCC ICC SHORT 10 10 16
CCC ICC LONG 10 70 80

A.6 nOrigin

nunber _of _nodes 4
processor s_per _node 4
buses_per _node 1
bus_i nt er connecti on n
4
6
4

a
membanks_per _node

meml i ne_si ze 4
page_si ze

nmenor y_on_bus no
shoopy-i cc no
dat a_cache:

used yes
si ze 4096
I size 64
assoc 2
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instruction_cache:

used no
si ze 1024
I size 64
assoc 1
i nt er connect _cache:

used no
si ze 4096
I size 64
assoc 2
nunber _of _t hr eads 16
t hr ead_nmappi ng:

thread 0 node 0 proc O

thread 1 node 0 proc 1

thread 2 node 0 proc 2

thread 3 node 0 proc 3

thread 4 node 1 proc O

thread 5 node 1 proc 1

thread 6 node 1 proc 2

thread 7 node 1 proc 3

thread 8 node 2 proc O

thread 9 node 2 proc 1

thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc O
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache_coher ence_pr ot ocol
al | owexcl usi ve_renot e

al | onupdat e_t ag

al |l owcache_t o_cache

shar ed_l ocal _I| oad

i nv_on_supply

| ocal _col | ect s_acks

r enot e_updat es_hone

specul ati ve_nemops

ack_wb

illinois

menory_al | ocati on_policy
gener at e_m ss_trace
generate_transaction_trace
cl ock_i n_.MHz

I PC

PNOOOORRFRPRFPPFPOORFRPORLPR

CCC NET  SHORT 10 140 16
CCC  NET LONG 10 140 80
ccC MEM  SHORT 10 10 16
CCC MEM LONG 10 70 80
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CCC BUS SHORT 10
CCC BUS LONG 10
CCC DR SHORT 20
A7 D2
nunber _of _nodes
processor s_per _node
buses_per _node

bus_i nt er connecti on
membanks_per _node

meml i ne_si ze

page_si ze

nmenor y_on_bus
shoopy-i cc

dat a_cache:

used

si ze

I size

assoc
instruction_cache:

used

si ze

I size

assoc

i nt er connect _cache:
used

si ze

I size

assoc

nunber _of _t hr eads

t hr ead_mappi ng:

thread 0 node 0 proc O
thread 1 node 0 proc 1
thread 2 node 1 proc O
thread 3 node 1 proc 1
thread 4 node 2 proc O
thread 5 node 2 proc 1
thread 6 node 3 proc O
thread 7 node 3 proc 1
thread 8 node 4 proc 0O
thread 9 node 4 proc 1
thread 10 node 5 proc
thread 11 node 5 proc
thread 12 node 6 proc
thread 13 node 6 proc
thread 14 node 7 proc
thread 15 node 7 proc
thread 16 node 8 proc
thread 17 node 8 proc
thread 18 node 9 proc
thread 19 node 9 proc
thread 20 node 10 proc
thread 21 node 10 proc
thread 22 node 11 proc
thread 23 node 11 proc
thread 24 node 12 proc

POFRPORFRPORFRPORFRO

OFr OFr o

10
10
70

16
80
16

16

na

128

no
no

yes
4096
128

no
1024
128

no
4096
128

32
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thread 25 node 12 proc 1

thread 26 node 13 proc 0O

thread 27 node 13 proc 1

thread 28 node 14 proc 0O

thread 29 node 14 proc 1

thread 30 node 15 proc O

thread 31 node 15 proc 1

cache_coher ence_pr ot ocol 1

| ocal _cache_coherence_protocol 2 (Directory)

al | owexcl usi ve_renot e 1

al | onupdat e_t ag 0

al | owcache_t o_cache 1

excl usi ve_st at e_support ed 1

upgr ade_si gnal _supported 1

i nv_on_supply 0

| ocal _col | ect s_acks 1

r enot e_updat es_hone 1

specul ati ve_nemops 1

ack_wb 1

illinois 0

menory_al | ocati on_policy 6

generate_mi ss_trace 0

gener at e_transaction_trace 0

cl ock.i n_.MHz 200

| PC 2

ROB 48

MEM.ROB 16

OUTSTANDI NG_.M SSES 4

FROM TO TYPE TX RX Cccupancy BYTES
(cycles) (cycles) (cycles)

PRO BUS SREQ 18 0 2 16

PRO BUS L_REQ 18 0 34 144

PRO BUS S.RES 16 0 0 16

PRO BUS L_RES 38 0 34 144

MEM CCC L_RES 0 5 0 144

MEM CCC S.RES 0 5 0 16

BUS PRO S.RES 0 18 0 16

BUS PRO L_RES 0 0 0 144

BUS PRO SREQ O 0 0 16

CCC MEM SREQ 5 0 20 16

CCC MEM L_REQ 5 0 20 144

CCC MEM SRES 5 0 20 16

CCC MEM L_RES 5 0 20 144

BUS CCC SREQ O 5 0 16

BUS CCC LREQ O 5 0 144

BUS CCC SRES 0 5 0 16

BUS CCC L_RES 0 5 0 144

CCC BUS SREQ 5 0 2 16

CCC BUS L-REQ 5 0 34 144

CCC BUS SRES 5 0 2 16

CCC BUS L.RES 5 0 32 144

CCC DR SREQ 1 1 0 16

CCC NET SREQ 6 2 4 16

CCC NET L-REQ 6 2 36 144

CCC NET SRES 6 2 4 16

CCC NET L-RES 6 2 36 144

DIR CCC S.RES 1 1 0 16

NET CCC S.REQ 8 7 0 16
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144
16

8
8
8
8
8
8
8

CcCC
CcCC
CcCC
NET
NET
NET
NET

NET
NET
NET
NET
NET
NET
NET
END

L_.REQ
S_RES
L_RES
S_REQ
L_.REQ
S_RES
L_RES

144
16

144
16

36

144

36

nunber _of _routers 8
Routing matri x:

To

1

0

from

END

of each node
router

Rout er
node

OO ddNNMMITEITWOL OO~

END

O NMIT LW
O NMITOHOMNMNOO oA A o
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