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ABSTRACT

REDUCINGCOMMUNICATION COSTIN SCALABLE SHAREDMEMORY
SYSTEMS

by
GheithAli Abandah

Chair: EdwardS.Davidson

Distributedshared-memorysystemsprovide scalableperformanceanda convenientmodelfor

parallelprogramming.However, their non-uniformmemorylatency oftenmakesit difficult to de-

velopefficient parallelapplications.Futuresystemsshouldreducecommunicationcostto achieve

betterprogrammabilityandperformance.We have developeda methodology, andimplementeda

suiteof tools,to guidethesearchfor improvedcodesandsystems.As theresultof onesuchsearch,

werecommenda remotedatacachingtechniquethatsignificantlyreducescommunicationcost.

We analyzeapplicationsby instrumentingtheir assembly-codesources.During execution,an

instrumentedapplicationpipesa detailedtraceto configurationindependent(CIAT) andconfigura-

tion dependent(CDAT) analysistools. CIAT characterizesinherentapplicationcharacteristicsthat

do not changefrom oneconfigurationto another, includingworking sets,concurrency, sharingbe-

havior, andcommunicationpatterns,variationover time, slack,andlocality. CDAT simulatesthe

traceon a particularhardwaremodel,andis easilyretargetedto new systems.CIAT is fasterthan

detailedsimulation;however, CDAT directly providesmoreinformationabouta specificconfigu-

ration. The combinationof the two tools constitutesa comprehensive andefficient methodology.

We calibrateexisting systemsusing carefully designedmicrobenchmarksthat characterizelocal

and remotememory, producer-consumercommunicationinvolving two or more processors,and

contentionwhenmultiple processorsutilize memoryandinterconnect.

This dissertationdescribesthesetools andillustratestheir useby characterizinga wide range

of applicationsandassessingthe effects of architecturaland technologicaladvanceson the per-

formanceof HP/Convex Exemplarsystems,evaluatesstrengthsandweaknessesof currentsystem

approaches,andrecommendssolutions.

CDAT analysisof threeCC-NUMA systemapproachesshowsthatcurrentsystemsreducecom-

municationcost by minimizing either remotelatency or remotecommunicationfrequency. We

describefour architecturallyvariedsystemsthatare technologicallysimilar to the low remotela-

tency SGI Origin 2000,but incorporateadditionaltechniquesfor reducingthe numberof remote



communications.UsingCCAT, a CDAT-like simulatorthatmodelscommunicationcontention,we

evaluatetheworthinessof thesetechniques.Superiorperformanceis reachedwhenprocessorssup-

ply cachedcleandata,or whena remotedatacacheis introducedthatparticipatesin the local bus

protocol.
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CHAPTER 1

INTRODUCTION

Thisintroductorychapterspecifiestheobjectivesof thisresearchandprovidessomebackground

andterminologyto enablepresentingthefollowingchaptersin asmoothway. Section1.1overviews

someof themainconceptsin distributedsharedmemorymultiprocessinganddiscussessomealter-

nativearchitecturalapproaches.Section1.2outlinessomeperformanceandprogrammabilityissues

that have motivatedthis research,Section1.3 specifiesthe main dissertationresearchobjectives,

Section1.4outlinesourapproachto accomplishingtheseobjectives,andSection1.5surveys some

relatedwork.

1.1 Distrib uted Shared Memory Multipr ocessors

Distributed-memorysystemsareparallelprocessorsthat usehigh-bandwidth,low-latency in-

terconnectionnetworksto connectpowerful processingnodeswhich containprocessorsandmem-

ory [CSG98,Hwa93]. Theinterconnectionnetworksprovide thecommunicationchannelsthrough

whichnodesexchangedataandcoordinatetheir work in solvingparallelapplications.

Distributed-memorysystemsreducesomebottlenecksthat limit performancein systemswith

centralmemories.Thus,they have thepotentialfor scalingin sizeandperformance.Whenthedis-

tributedmemoryis nodeprivate,asin distributed-memorymulticomputers, processingnodescom-

municateandexchangedatausingexplicit messagepassing.Although message-passingapplica-

tionscanbeefficientandportable,they arehardto developand,becauseof thetypically largesetup

overheadpermessage,they haveproblemsin exploiting fine-grainparallelism[For94,CLR94]. On

the other hand,distributedshared-memory(DSM) multiprocessors provide programmersconve-

nienceof memorysharingwith oneglobaladdressspace,someportionof which is found in each

node[PTM96]. Uniprocessorapplicationsareofteneasilyportedto DSM multiprocessors,andtheir

performancecanthenbe incrementallytunedto exploit theavailableparallelism.Moreover, tuned

shared-memoryapplicationscanbeasefficientasmessage-passingapplications[CLR94], provided

thatsupportis availablefor high bandwidthblock transfers.
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Dueto the increasinggapbetweenprocessorspeedandmemoryspeed,DSM systemsuseone

or morelevelsof cachesthatareoftenkeptconsistentby usingoneof many cachecoherenceproto-

cols[CSG98,LW95].

Varioussoftwareandhardwaretechniqueshave beenproposedfor implementingDSM multi-

processors[PTM96]. Commercialimplementationsusuallyemployhardwaretechniquesbecause

of their higherperformanceandeasierprogrammability. Threecommercialmultiprocessorsusing

hardwaretechniques,orderedby increasingdegreeof hardwaresupportfor coherentdatareplica-

tion andmigration,areCrayResearchT3D [KS93], Convex SPP1000[Bre95],andKendallSquare

ResearchKSR1 [FBR93,BD94]. Thesethreemultiprocessorsrepresentthreedistinct paradigms

for implementingDSM systems.

TheT3D interconnectsdual-processorprocessingnodesusinga 3-dimensionaltorus.TheT3D

is a non-uniformmemoryaccess(NUMA) multiprocessor. A processorcanaccessmemoryin re-

motenodesusing load andstoreinstructionsthat optionally updateits cache. Coherenceis not

maintainedamongthe processorcachesor with remotememory, e.g.,when a processorupdates

datain its cache,the datacopies,if any, in other cachesand remotememoryare not affected.

Hence,T3D shared-memoryapplicationsfrequentlyusedirectmemoryinstructionsto bypassthe

cache,anduseexplicit synchronizationoperationsto orderstoresandloadsamongtheprocessors.

TheT3D incorporatesspecialhardwaresupportto achieve fastsynchronization.

The SPP1000interconnectseight-processorprocessingnodesusingfour rings. The SPP1000

is a cache-coherent non-uniformmemoryaccess(CC-NUMA) multiprocessor. It has a cache-

coherencecontroller(CCC)thatusesadirectory-basedcachecoherenceprotocolto enablecoherent

datamigrationandreplication,e.g.,whena cacheline is updated,theCCCinvalidatesothercopies

andinsuresthata processorrequestalwaysgetsa copyof themostrecentdata. In additionto the

processorcaches,eachSPP1000nodereservesa portionof its memoryfor useasa large intercon-

nectcache(IC) for reducingthe numberof remote-memoryaccesses.Referencedremotedatais

copiedinto theIC in additionto theprocessorcache,thusfutureaccessesto thereferencedremote

datathatresultin processorcachemissescouldbeservedlocally by theIC.

TheKSR1 interconnectssingle-processorprocessingnodesusinga hierarchyof ringswith up

to 32 nodesin eachlowest level ring; a higher level ring canconnectup to 32 lower level rings.

TheKSR1is acache-onlymemoryarchitecture(COMA). Similar to theSPP1000,theKSR1usesa

directory-basedcoherenceprotocol.Additionally, theKSR1“memory” is implementedin hardware

asasetof attractionmemories, i.e.a largecachein eachnode.TheKSR1movesandreplicatesdata

amongtheattractionmemoriesdynamicallyandcoherentlyin responseto processoraccesses.

SeveralvendorsareadoptingtheCC-NUMA architecturefor building theirnew high-endservers.

CC-NUMA achievesanicebalancebetweenNUMA’sprogrammingcomplexity andCOMA’shard-

warecomplexity. Examplesof new CC-NUMA systemsare:HP/Convex SPP2000[BA97], Sequent
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NUMA-Q [LC96], andSGI Origin 2000[LL97].

1.2 DSM Performanceand Programmability

Computerarchitectsincreasinglyrelyonapplicationcharacteristicsfor insightin designingcost-

effective systems.This is truein theearlydesignstagesaswell aslaterstages.In theearlydesign

stages,architectsfacea large anddiversedesignspace.Someof the early designdecisionsare:

nodeandsystemorganization,numberof processorspernode,target communicationlatency and

bandwidth,memorycaching,andcoherenceandconsistency protocols.They needto selectadesign

thatbestfits their performance,scalability, availability, security, programmability, portability, and

manageabilityobjectivesfor thetargetapplicationmarket.

Additionally,programmersinvolvedin developingandtuningshared-memoryapplicationsneed

tools for analyzingapplicationsto identify performancebottlenecksandto gethints for improving

performance.An applicationanalysistool’sutility dependson its ability to providerelevantcharac-

teristicsin anaccurateandtimely manner.

Figure 1.1, which shows the effects of machinesize and remotecommunicationlatency on

performance,illustratesoneexampleof a designtrade-off. The remotelatency is the latency for

satisfyinga processorcachemiss from anothernode. The figure shows a trendthat is typical of

many parallelapplications.This figure is basedon datafoundby simulatingtracesof a ���������	���
blockedmatrix multiplicationon a particularCC-NUMA systemwhich has4 processorspernode

andsupportscoherenceprotocolssimilar to theStanfordDASH protocols[LLG 
 92].

As thenumberof nodesinvolvedin solvingtheproblemincreases,theexecutiontimedecreases.
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Figure1.1: Effectsof machinesizeand remotelatency.
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Figure1.2: Profile of the executiontime for a variety of remotelatencies.

For any given numberof nodes,as the latency of accessingdatain remotenodesincreases,the

executiontime increases.The figure shows the effectsof increasingthe remotelatency from the

local, i.e. samenodeaccess,time (UMA) to 10 timesthelocal time (10X). Notethatall thesingle

nodeaccessesarelocal; thus,the singlenodetime is independentof the remotelatency. On the

otherhand,thesystemcostincreaseswith largermachinesizeandwith lower remotelatency.

Figure1.2 providesanexplanationof thetrendsillustratedin Figure1.1 by breakingdown the

executiontime into several distinct components.It shows profilesof the executiontime of the 5

machinesizesfor thevariousremotelatencies.Theaveragetime spentin executingusefulinstruc-

tions andsatisfyinglocal missesdecreasesas the machinesize increases.However, the relative

contributionof remotemissesandtheimbalancetime,i.e. timespentwaitingfor otherprocessorsto

completesomeportionof their work, eachincreasesasthemachinesizeincreaseswhich severely

limits theperformanceof thelargermachinesizes.

For aparticularmachinesizeof morethanonenode,theaveragetimespentin satisfyingremote

missesandtheimbalancetime bothincreaseastheremotelatency increases.Thecombinedeffects

resultin thepossibility of achieving betterperformancewith fewer nodesandlower remotelatency

thanwith morenodesandhigherremotelatency.

Our experiencewith theConvex SPP1000andtheSPP1600(which usesa moreadvancedpro-

cessor)is that many applicationsdo not scalebeyond 8 processors(the sizeof onenode). Many

usersof thissystemfind theeffort of tuningtheirapplicationsfor scalability, by carefullocalization

of memoryreferences,sooverwhelmingthatthey abandontuningtheseapplications.In theUniver-

sity of Michigan’s Centerfor Parallel Computing(CPC),for example,mostusersrun application

codesthatdo not scalebeyond 8 processors.Therefore,the SPP1600is typically partitionedinto
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severalsubcomplexes,noneof whichcontainsmorethan8 processors.

For programmersto succeedin developingefficientandscalableapplicationsonDSM systems,

they needaccurateandrelevantinformationabouttheirapplicationsandtheDSM systemsonwhich

they run. They needmeansto analyzetheirapplicationsin orderto identify performancebottlenecks

andconsequentlymoreeasilytunetheseapplicationsfor betterperformance.Theknowledgeof an

application’scharacteristicsis ofteninsufficient to tuneit for a particularsystem.Theprogrammer

alsoneedsto know enoughinformationaboutthesystem’s performancecharacteristicsin orderto

exploit thesystem’sstrengthsandavoid its weaknesses.

In our evaluationof the SPP1000(presentedin Chapter5), we found that its remotelatency

is about4 to 7 timesthe local latency. This makesthe remotecommunicationcosthigh in appli-

cationswith a large numberof remotemisses.In order to build DSM systemsthat featuregood

programmabilityandscalability, it is very importantto find effective approachesto reducingthe

communicationcost.Systemswith remotecommunicationcostthatis closeto thelocalcostrelieve

theprogrammerfrom having to investsignificanteffort in localizingmemoryreferences.

1.3 Dissertation Research Objectives

Themainobjectivesof this researchare:

� To developamethodologyfor analyzingshared-memoryapplicationsandillustrateits useto

supportdevelopmentof efficientDSM applicationsandsystems.

� To developandusea methodologyfor evaluatingandcalibratingexisting DSM systems.

� To proposeandevaluatesystem-level designtechniquesfor reducingthecostof communica-

tion amongtheprocessors,with a primaryfocuson thesystemarchitectureandprotocols.

Althoughapplicationtuning,e.g.,localizingmemoryreferencesandsoftwareprefetching,can

alsosignificantlyreducecommunicationcost,it is not within thescopeof this research.

1.4 Dissertation Outline

To supportour methodologyof analyzingapplicationsandevaluatingdesignoptions,we have

developeda setof tools for collectingandanalyzingtracesof shared-memoryapplications.These

tools and our analysismethodologyare presentedin Chapter2. The tool for collecting traces,

SMAIT, hastwo parts:aperl scriptprogramfor instrumentingtheassemblylanguagefiles, and

arun-timelibrary thatis compiledwith theapplicationobjectcode.During programexecution,the

instrumentedinstructionsgenerateonetraceperthreadby performingcalls to therun-timelibrary.

Thesetracescaneitherbe dumpedto a file or piped to the analysistools for on-the-flyanalysis.
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Pipingenablesfull analysisof longexecutionperiods(hundredsof millions of instructions)without

excessivestoragerequirements.

Threemain analysistools have beendeveloped:CIAT, for performingconfigurationindepen-

dentanalysis,andCDAT andCCAT, for configurationdependentanalysis.CIAT helpsus under-

standandquantifyanapplication’sinherentbehavior with respectto memoryinstructions,synchro-

nization,communication,andprivateandsharedmemoryaccess.CIAT is uniquein its generic

analysisapproachwhich is notspecificto any particularmachineconfigurationor coherenceproto-

col, i.e., it requiresno machinedescriptionandreportsno artifactualbehavior which is causedby

someaspectof a machine’sconfigurationor its protocols.

CDAT is a system-level simulatorthat observesthe memoryandI/O referencesgeneratedby

eachprocessor. It paysspecialattentionto thosereferencesthatgeneratesecond-level cachemisses

sincethesemissescausethesystemtraffic. CDAT is a flexible simulationtool that is easilyretar-

getedto a new machineconfigurationby readinga configurationfile. Theconfigurationfile allows

thesystemdesignerto selectamongawiderangeof designoptions.For a particularsystemconfig-

uration,CDAT generatesinformationthatdescribestheapplication’scachemisses,systemtraffic,

latencies,andamountof datatransferred.

CCAT, like CDAT, is alsoa system-level simulator. However, it is moredetailedandmodels

contentionon memoryandinterconnects.CCAT is now targetedto memory-baseddirectoryCC-

NUMA systemsandassumesanadvancedprocessormodel.

Theseanalysistoolsalsogeneratetracesthatmaybeusedby TDAT, our time distributionanal-

ysistool, to analyzethevariationsin anapplication’sbehavior over time.

In Chapter3, we presenta thoroughcharacterizationof the eightapplicationsthatareusedin

this researchwith a varietyof problemsizesandnumberof processors.We useCIAT andTDAT to

characterizetheinherentpropertiesof theseapplications,andshow how configurationindependent

analysisis usedto characterizeeightaspectsof applicationbehavior: generalcharacteristics,work-

ing sets,concurrency, communicationpatterns,communicationvariationover time,communication

slack,communicationlocality, andsharingbehavior. We demonstratethat our approachprovides

anefficient,clean,andinformativecharacterization.

In Chapter4, we move on to presentan experiment-basedmethodologyfor characterizingthe

memory, communication,scheduling,andsynchronizationperformanceof existing DSM systems.

We extendexisting microbenchmarkingtechniquesto characterizetheimportantaspectsof a DSM

system.In particular, we presentcarefully designedmicrobenchmarksto characterizethe perfor-

manceof thelocal andremotememory, producer-consumercommunicationinvolving two or more

processors,andtheeffectson performancewhenmultiple processorscontendfor utilization of the

distributedmemoryandtheinterconnectionnetwork.

Advancesin microarchitecture,packaging,andmanufacturingprocessesenabledesignersto
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build new systemswith higherperformanceandscalability. In Chapter5, we usethemicrobench-

marksof Chapter4 to contrastthememoryandcommunicationperformanceof two generationsof

theConvex Exemplarscalableparallelprocessingsystem.TheSPP1000andSPP2000have signif-

icantarchitecturalandimplementationdifferences,but maintainupwardbinarycompatibility. The

SPP2000employsmanufacturingandpackagingadvancesto obtainshortersysteminterconnects

with wider datapathsandimprovedfunctionality, therebyreducingthe latency andincreasingthe

bandwidthof remotecommunication.Althoughthememorylatency is notgreatlyimproved,newer

out-of-orderexecutionprocessorscoupledwith nonblockingcachesachieve muchhighermemory

bandwidth. The SPP2000hasa richer systeminterconnecttopology that allows scalability to a

largernumberof processors.TheSPP2000alsoemploysinnovationsin its coherenceprotocolsto

improvesynchronizationandcommunicationperformance.Wecharacterizetheperformanceeffects

of thesechangesandidentify someremaininginefficienciesthatfuturesystemsshouldaddress.

In Chapter6, we presenta comparative studyof threeimportantCC-NUMA implementations,

the StanfordDASH, the Convex SPP1000,andthe SGI Origin 2000,to find strengthsandweak-

nessesof currentimplementations.Althoughthe threesystemssharemany similarities,they have

significantdifferencesthat translateinto large performancedifferences.For example,they differ

in thenumberof processorspernode,processorcacheconfiguration,memoryconsistency model,

locationof memoryin thenode,andcache-coherenceprotocol.

In this study, we evaluatethe effects of thesedifferenceson cachemisses,local bus traffic,

internodetraffic, miss time in variouscomponenttypes,andamountof datatransferred.We use

detailedmultiprocessortracesof selectedshared-memoryapplicationsto drive CDAT. We first use

modelsthat representeachof the threesystemsascloselyaspossible. Our resultsindicatelarge

performancedifferencesamongthe threesystems,which are largely due to the useof different

componentspeedsandsizes. We thenput the threesystemson the sametechnologicallevel by

assigningthemcomponentsof similar sizeandspeed,but preserve their individual organizations

andcoherenceprotocoldifferences.Although the Origin 2000still hasthe leastaverageremote

accesstime, it spendsthe longesttime satisfyingits missesbecausethe majority of its missesare

satisfiedremotely. From this study, we have concludedthat the Origin 2000 hasa potential for

superiorperformance,providedthattheratio of remotemissesis reduced.

In Chapter7, we recommenda schemethat reducesthe remotemissratio without increasing

latency. We useCCAT to evaluatethis schemeandshow that this schemealwaysimproves the

executiontimeof theparallelapplicationsused.This schemeoffersasmuchasa 50%reductionin

theexecutiontime,andis relatively moreeffectivewith “problematic”applications.

In Chapter8, we presentour conclusionsaboutthemethodology, theapplicationcasestudies,

performanceof existing systems,the strengthsandweaknessesfound in the threemajor system

approachesthatwe have studied,andthestudiedtechniquesfor reducingthecommunicationcosts
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of futuresystems.We alsooutlinesomefuturework.

1.5 RelatedWork

In this section,we presenta survey of somerelatedwork andoutline someof the similarities

anddifferenceswith respectto ourwork.

1.5.1 PerformanceCollection

Characterizingshared-memoryapplicationsinvolvesperformancecollectionandperformance

analysis. Performancecollection often involvescollecting detailedinformation aboutthe appli-

cation’s memoryreferences.Thereareseveral classesof techniquesfor performancecollection,

eachwith its own advantagesandlimitations. Hardwaremonitors,e.g.,theVAX microcodemon-

itor [EC84], Convex CXpa [CXp93], and the IBM POWER performancemonitor [WCNSH94]

provide low-level informationusingevent counters,but requirespecialhardwaresupportandso

tendto be system-specific.ATUM [ASH86] generatesa compressedtracefile for postanalysis,

but is alsobasedon hardwaresupportsinceit enablescollectingaddresstracesby modifying the

microcode.

Codeinstrumentation,e.g.,ATOM [SE94], RYO [ZK95], andPixie [Smi91],enablescollecting

variousperformancedataandtracesby instrumentingeither the assemblyor the objectfile of a

uniprocessorapplication.This techniqueoftenrequiressourcecodeavailability, perturbstheexecu-

tion, andcannotbeusedwith applicationsthatgeneratecodedynamically, e.g.databasesystems.

MPTRACE[EKKL90] usesassemblycodeinstrumentationtocollecttracesof shared-memorymul-

tiprocessorapplications.

Simulationis alsousedin performancedatacollection,for example,Proteus[BDCW91], Tango

Lite [GH92], andSimOS[RHWG95]. Similar to codeinstrumentation,simulationenablescol-

lectingperformancedataof variouskinds,but is oftenslower. SimOScollectstracesfor activities

within theoperatingsystemin additionto theuser-spaceactivitiesanddoesnot requiresourcecode

availability.

Dynamiccodetranslationcanbeusedin performancecollection,e.g.,DEC FX!32 [FX] which

enablesexecutingsomex86 programson an Alpha workstation. In this technique,tracescanbe

collectedby instrumenting,duringexecutiontime, thebasicblocksof anapplication.

Ourtracecollectiontoolwasdevelopedtoenablecollectingtracesof someConvex SPP1000and

SPP1600applications.SMAIT usescodeinstrumentationtechniques.It is similar to MPTRACE

in its ability to collectmultiprocessortracesby instrumentingtheassemblyfiles of anapplication.

However, its techniqueof replacingtheinstrumentedinstructionsby subroutinecalls,makesit rel-

atively flexible. SMAIT addressestheexecutionperturbationproblemby providing a light partial
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instrumentationoption for collectingtiming information. Unlike hardwaremonitorsandSimOS,

SMAIT doesrequiresourcecodeavailability andcannottraceactivity within theoperatingsystem,

unlesstheoperatingsystemis madeavailablefor instrumentation.

1.5.2 PerformanceAnalysis

Availableparallelperformanceanalysistoolshavemainlybeendevelopedfor analyzingmessage-

passingapplications,e.g.,Pablo [RAN 
 93], Medea[CMM 
 95], andParadyn[MCC 
 95b]. There

is, however, somework that focuseson characterizingshared-memoryapplications.Singhet al.

demonstratedthat it is often difficult to model the communicationof parallelalgorithmsanalyti-

cally [SRG94]. They suggesteddevelopinggeneral-purposesimulationtools to obtainempirical

informationfor supportingthedesignof parallelalgorithms.

Thetoolsdevelopedin this researchaddresstheshortageof toolsfor analyzingshared-memory

applications,andthelimited scopeof thetoolsthatdo exist. They enablemechanicalcharacteriza-

tion of awider rangeof shared-memoryapplicationpropertiesthanany previoustool suite,andthey

useacleanerapproachto characterizinginherentapplicationpropertieswithoutbeingbiasedtoward

any particularsystemconfiguration.A judiciouscombinationof ourconfigurationindependentand

configurationdependentanalysesconstitutesacomprehensiveandefficientmethodology. A sharper

contrastbetweenourapproachandotherrelatedwork is givenin Chapter3.

Thereareseveralstudiesthatcombinesource-codeanalysiswith configurationdependentanal-

ysis to characterizeshared-memoryapplications[SWG92,RSG93,WOT 
 95]. Woo et al. have

characterizedseveral aspectsof the SPLASH-2suite of parallel applications[WOT 
 95]. Their

characterizationincludesloadbalance,working sets,communicationto computationratio, system

traffic, andsharing.They usedexecution-drivensimulationwith theTangoLite [GH92] tracingtool.

In orderto capturesomeof thefundamentalpropertiesof SPLASH-2,they adjustedmodelparame-

tersbetweenlow andhighvalues.In contrast,our configurationindependentanalysischaracterizes

thesepropertiesmorenaturelyandefficiently, without resortingto a seriesof specificconfigura-

tions. For example,theabove studies,unlike CIAT, characterizecommunicationby measuringthe

coherencetraffic, which is a function of the application’s inherentcommunicationandthe simu-

latedsystem’scacheconfigurationandcoherenceprotocol.CIAT’scharacterizationof theinherent

communicationis fastandcleanbecauseit tracksonly thealternationof accesseson eachmemory

locationanddoesnotuseaspecificcachecoherenceprotocolor modelthestatesof multiplecaches.

CIAT characterizesanapplication’sworkingsetsin oneexperimentandis accurateevenwith appli-

cationsthatdo not exhibit goodspatiallocality. CIAT’s concurrency characterizationincludesthe

serialfraction,loadimbalance,andresourcecontentionin additionto speedup.

Chandraet al. alsousedsimulationto characterizetheperformanceof a collectionof applica-

tions[CLR94]. Their mainobjectivewasto analyzewheretime is spentin message-passingversus
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shared-memoryprograms.Perl andSites[PS96]have studiedsomeWindows NT applicationson

Alpha PCs.Their studyincludesanalyzingtheapplicationbandwidthrequirements,characterizing

thememoryaccesspatterns,andanalyzingapplicationsensitivity to cachesize.

To getinsight in designinginterconnectionnetworks,Chodnekaret al. analyzedthetimedistri-

butionandlocality of communicationeventsin somemessage-passingandshared-memoryapplica-

tions[CSV
 97]. CIAT andTDAT characterizethetime distribution of communicationeventsasa

functionof timein additionto reportingthecumulativedistributionfunctionof theeventrates.CIAT

characterizescommunicationlocality by characterizingthecommunicationbetweeneachprocessor

pair, not just characterizingthecommunicationfrom oneparticularprocessorto the otherproces-

sors. Thus,CIAT andTDAT presentmoreusefulcharacterizationsfor understandingandtuning

shared-memoryapplications.

LeuteneggerandDias [LD93] analyzedtheTPC-Cdisk accessesto modelits disk accesspat-

ternsandshowedthatTPC-Ccanachievecloseto linearspeedupin adistributedsystemwhensome

read-onlydatais replicated.

1.5.3 SystemCalibration

Microbenchmarkinghasbeenusedin many studiesto characterizelow-level performanceof

uniprocessorandmultiprocessorsystems[SS95,McC95a, MS96, MSSAD93,GGJ
 90, HLK97].

SaavedraandSmith have usedmicrobenchmarkingto characterizethe configurationandper-

formanceof the cacheandTLB subsystemsin uniprocessors[SS95]. They have shown that mi-

crobenchmarkcharacterizationcanbe usedto parameterizeperformancemodelsthat predict the

performanceof simpleapplicationsto within 10% of the actualrun times. Using his STREAM

microbenchmarks,McCalpinmeasuredthememorybandwidthof many high-performancesystems

andnoticedthattheratioof CPUspeedto memoryspeedis growing rapidly [McC95a]. McVoy has

observedthatspecialcareandattentionmustbegiventodesigningmicrobenchmarksthataccurately

measurethememorylatency andbandwidthof modernprocessorswhich allow multiple outstand-

ing misses[MS96]. His microbenchmarksuite,lmbench, measuresmany aspectsof processor

andsystemperformance.

Although therearesomestudiesthathave usedmicrobenchmarksto characterizethememory

performanceof shared-memorymultiprocessors[GGJ
 90, SGC93,HLK97], themicrobenchmarks

presentedhereoffer wide coverageof thememoryandcommunicationperformancefor DSM sys-

tems.Thesemicrobenchmarkscharacterizethelatency andbandwidthof local andsharedaccesses

asfunctionsof the accesspatternanddistance,andcharacterizethe overheadsdueto preserving

cachecoherenceandcontentionresultingfrom concurrentaccessing.
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1.5.4 Distrib uted SharedMemory Ar chitecture

In Section1.1 andChapter6, we discussthe implementationsof someDSM systems.To con-

serve space,we do not repeatthis discussionhere. But it is worthwhile to mentionthat many of

the techniquesandapproachesusedin the DSM systemsthat we focuson weredevelopedin the

StanfordDASH [LLG 
 92], MIT Alewife [ABC 
 95], andSCI standard[SCI93] projects.Detailed

surveysof distributedshared-memoryconceptsandsystemsarefoundin [LW95, PTM96,CSG98].

Many CC-NUMA systems,existing commercialmachinesaswell asresearchprototypes,use

cachingto reducethenumberof remotecapacitymisses[AB97, LC96,NAB 
 95, LLG 
 92,FW97,

MD98].

Cachingremotedatain local specializedcachesis a popularapproachusedmainly to reduce

the costof capacitymisses.Many approacheshave usedDRAMs to serve as large interconnect

caches(Exemplar [AB97], NUMA-Q [LC96], S3.mp[NAB 
 95], and NUMA-RC [ZT97]), or

SRAMs to serve asfast interconnectcaches(DASH [LLG 
 92]), or both (R-NUMA [FW97] and

VC-NUMA [MD98]). In Chapter7, we evaluatethe worthinessof an SRAM interconnectcache

in reducingthe numberof remotecommunicationmisses. Unlike DASH and VC-NUMA, our

implementationis compatiblewith theMESI cachecoherenceprotocolssupportedby modernpro-

cessors.Additionally, unlike R-NUMA’s block cache,our implementationcachesremotelineson

loadmissesanddoesnotcacheremotelinesonstoremisses,andthereforeoffersabetterreduction

of theremotecommunicationcost.
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CHAPTER 2

METHODOLOGY AND TOOLS

This chapterdescribesour methodologyfor characterizingshared-memoryapplicationsand

evaluatingscalableshared-memorysystems,anddescribesthe tool suiteusedto supportit. These

tools are thenusedto carry out the casestudiesin Chapters3, 6, and7. Microbenchmarkingis

introducedin Chapter4 andusedin Chapter5. Microbenchmarkresultsarealsousedto supportthe

casestudiesin Chapters6 and7.

2.1 Overview

This methodologyis basedon a suiteof five flexible tools thatenablecollectingandanalyzing

detailedtracesof sharedmemoryapplicationsasshown in Figure2.1. The Shared-MemoryAp-

plication Instrumentation Tool (SMAIT) is usedfor tracecollection.Threetoolsareusedfor trace

analysis:theConfigurationIndependentAnalysisTool (CIAT), theConfigurationDependentAnaly-

sisTool (CDAT), andtheCommunicationContentionAnalysisTool (CCAT). TheTimeDistribution

AnalysisTool (TDAT) characterizeseventtimedistributions.

In Figure 2.1, a shared-memorymultiprocessor(MP) is usedto executeand analyzeinstru-

mentedapplicationcodes.However, theanalysistoolscanalsoaccepttracefilesgeneratedby other

means.SMAIT supportsexecution-drivenanalysisby (i) piping the tracesdirectly to oneof the

analysistools,insteadof generatingtracefiles,and(ii) acceptingfeedbackto control theexecution

timing onthetracedmultiprocessoraccordingto thesimulatedsystemconfigurationor CIAT’sanal-

ysismodel. Execution-drivenanalysisenablesanalyzinglongerexecutionperiodsby usingpiping

to eliminatethe needto storehugetracefiles andusingfeedbackto avoid the non-deterministic

behavior of someapplications.

Usually, we first useCIAT to characterizetheapplication’sinherentcharacteristics,asoutlined

in Section3.2.ThenweuseCDAT or CCAT to characterizeotheraspectsandto find theapplication

performanceandgeneratedtraffic on a particularsystemconfiguration.CDAT andCCAT areused

to characterizethingslike cachemissesandfalsesharingthatdependon configurationparameters,
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Figure2.1: A comprehensiveshared-memoryapplication analysismethodology.

suchascachesizeandwidth.

CDAT andCCAT aresystemlevel simulators.CCAT modelscontentionon busses,memory

banks,andinterconnectionlinks, andhasamoredetailedprocessormodel.AlthoughCDAT handles

eachcachemissasanatomictransaction,its relativesimplicity givesit a five-foldspeedadvantage

over CCAT, enablingtheanalysisof longerexecutionperiods.

CIAT analyzesinherentapplicationproperties,i.e.,thosethatdonotchangefrom oneconfigura-

tion to another, thusrelieving CDAT andCCAT from repeatingthisanalysisfor everyconfiguration.

CDAT andCCAT, which usefairly detailedmodelsof the systemcoherenceprotocolandsystem

state,aregenerallyslower thanCIAT.

In addition to its system-independentcharacterizationreport file, CIAT generatesa detailed

memoryusagefile that providesaccessinformationfor eachaccessedmemorypage. CDAT and

CCAT may or may not requireaccessto this memoryusagefile, dependingon which policy is

specifiedin theconfigurationfile for mappingmemorypagesto thesimulatedmemorybanks.CIAT

optionallygeneratesa traceof thecommunicationeventsthatis analyzedby TDAT to characterize

thecommunicationvariationover time. TDAT is alsousedto analyzeCDAT’s andCCAT’s traffic

traces.

The systemconfigurationto be analyzedby CDAT or CCAT is specifiedthrougha file that

selectsfromthesupportedarchitecturaloptionsandspecifiescomponentsizesandspeeds.To enable

performanceanalysisof applicationrunsonanexistingsystem,weuseasuiteof microbenchmarks

to calibratethesystem.This calibrationis thenusedto fill in a configurationfile for that system.

To evaluaterunson a proposeddesign,the designerfills in a configurationfile with the proposed

designparameters.

Thecharacterizationreportedby thesetools is usedto supportapplicationtuning,earlydesign

of scalableshared-memorysystems,parameterizingsyntheticworkloadgenerators,comparingal-
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ternative designoptions,andinvestigatingnew designapproaches.Thesuiteof microbenchmarks

enablescalibratingexisting systemsandevaluatingtheirstrengthsandweaknesses.

SMAIT is describedin Section2.2. Section2.3 introducestraceanalysistechniquesthat are

commonto thethreeanalysistools.Sections2.4,2.5,and2.6describetheCIAT, CDAT, andCCAT

traceanalysistools, respectively. Section2.7 describesTDAT. Finally, Section2.8 outlinesour

assessmentof theaccuracy of thesetools.Furtherdetailon thesetoolsis reportedin [Aba96].

2.2 TraceCollection (SMAIT)

SMAIT is basedon RYO [ZK95], a tool developedby ZuckerandKarp for instrumentingPA-

RISC[Hew94] instructionsequences.RYO is a setof awk scriptsthatenablereplacingindividual

machineinstructionswith callsto userwrittensubroutines.

SMAIT is designedto enablecollecting tracesof multi-threadedshared-memoryparallelap-

plications. SMAIT hastwo parts: a perl script programfor instrumentingPA-RISC assembly

languagefiles, anda run-time library that is linked with the instrumentedprogram. The perl

scriptprogramreplacessomePA-RISC instructionswith calls to the run-timelibrary subroutines.

Duringprogramexecution,therun-timelibrary generatesonetracefile perthread.SMAIT provides

threelevelsof instrumentation:

� At Level 1, SMAIT instrumentstheprocedurecall instructionsfor someI/O, threadmanage-

ment,andsynchronizationsubroutines.At this level,SMAIT enablescollectingtracesfor the

I/O streamandtiming information.Therun-timelibrary generatesonecall record whenever

aninstrumentedcall instructionis executed.A call recordcontainsthecall type,time before

andaftertheprocedurecall, andfour argumentfields.

� At Level 2, SMAIT additionallyinstrumentsall loadandstoreinstructionsto tracethedata

stream.Therun-timelibrary generatesonememory-accessrecord wheneveraninstrumented

memory-accessinstructionis executed. A memory-accessrecordcontainsthe type of the

instructionandthevirtual address.

� At Level 3, SMAIT additionally instrumentsall branchinstructionsandthefirst instruction

of every procedurein order to tracethe instructionstream. The run-timelibrary generates

onebranch record for eachtakenbranch. A branchrecordcontainsthe virtual addressof

the branchinstructionplus 4 and the virtual addressof the branchtarget. Four is added

to the branchinstructionaddressto accountfor the instruction in the delay slot after the

branchinstructionwhich,in PA-RISCarchitecture,is fetchedandconditionallyexecuted.The

run-timelibrary alsogeneratesonerecordwhenever thefirst instructionof an instrumented

procedureis executed.This recordcontainsthevirtual addressof theprocedurestart.At this
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level, the memory-accessrecordshave an additionalfield that specifiesthe location of the

memoryinstructionrelative to thepredecessortracedbranchor memoryinstruction,soasto

indicatethenumberof nontracedinterveninginstructions.

WhenLevel 1 is used,the instrumentedcodeis lightly perturbedand runs nearthe original

uninstrumentedspeed.This level is mainly usedfor collectingtiming information. WhenLevel 2

or 3 is used,theinstrumentedcodeis heavily perturbedandrunsabout70 to 100timesslowerthan

theoriginaluninstrumentedcode.

2.3 TraceAnalysis

This is an introductorysectionthatdescribessometraceanalysistechniquesthatarecommon

amongthethreetraceanalysistools.

Eachtool acceptstwo setsof tracefiles. Eachset is madeup of � tracefiles comingfrom �
threadsof execution. The first set, calledcall traces, is optionaland containstracesof the I/O

andsynchronizationcalls. Thesecondset,calleddetailedtraces, is requiredandcontainsthecall

records,datastreamrecordsand, if available, the instructionstreamrecords. Although all the

recordsin thecall tracesarealsoin thedetailedtraces,thecall tracesareusedbecausethey usually

comefrom a lessperturbedexecutionand their time stampsarecloserto the timing of an unin-

strumentedexecution.Thecall tracesarecollectedusingSMAIT instrumentationLevel 1, andthe

detailedtracesarecollectedusingSMAIT instrumentationLevel 2 or 3.

The toolsassumethat the tracescomefrom anapplicationwith oneor moreexecutionphases

whereeachphasehasits own properties.Currently, thesupportedphasesareserial/parallel phases

anduser-definedphases.In a serialphase,Thread0 is the only active threadandother threads,

for a multi-threadexecution,are idle. In a parallelphase,multiple threadsareactive. The tools

recognizetransitionsbetweenserialandparallelphasesfrom thetracerecordsof thethread-spawn

andthread-joincalls that activateanddeactivatethreadsbetweenserialandparallelphases.The

user-definedphasesarerecognizedwhenthetoolsencounterspecialmarkerrecords[Aba96]. The

markerrecordscanbegeneratedby instrumentingthehigh-level sourcecode.

The tools performanalysisper phaseandreport characterizationstatisticsat the endof each

phase.They alsoreportthecharacterizationstatisticsaggregatedoverall phasesat theend.

CIAT andCDAT manageonepseudoclock per threadin orderto interleave theprocessingof

multiple traces.The clocksareinitialized to zeroat the startof the first phase.A threadclock is

incrementedby onewhenever an instructionis processedfor that thread. Additionally, CDAT on

second-level cachemissesincrementsthethreadclock by thenumberof cyclesof themisslatency.

Theclocksaresynchronizedat theendof eachphase,andasthey emerge from a synchronization

barrier, to thevalueof thelargestclock.
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Within a serialphase,CIAT andCDAT processthe tracerecordsof Thread0 until reachinga

threadspawn call. Within a parallelphase,both tools processtracerecordsfrom all the available

threadsuntil reachinga threadjoin call. At eachstep,thenext tracerecordselectedfor processing

is chosenfrom the threadwith the smallestclock value. In casemultiple threadshave this small-

estclock value, tracerecordsareselectedfor processingin an ascendingorderaccordingto the

respective threadIDs.

Although CCAT usesthesamefront-endengineto parsethe input traces,it is aneventdriven

simulatorthat consumesthe traceon demandaccordingto the statusof thesimulatedprocessors.

CCAT hasaneventschedulingcorethatis adaptedfrom theSimPacktoolkit [Fis95].

The tools also supporttracesthat do not containinformation aboutthreadmanagementand

synchronization,e.g.,theTPCtracesdescribedin Chapter3. The toolssupportanalyzing� trace

files takenfrom � differentprocessesby interleaving thesetraceson � processors.

For thesetraces,thetoolsusethetimestampsin thetracesynchronizationrecordsto breakthe

tracesinto logical slices. A slice is a sequenceof memory-access,branch,andsystemcall records

thataresurroundedby two synchronizationrecordswhich containthestartandendtime stampsof

theslice,asobservedwhenthetracewascollected.Thetoolssorttheslicesinto a list accordingto

their starttimesandschedulethemon theavailableprocessors.If thesliceat thelist head,A, hasa

starttime thatis largerthantheendtime of anearlierslice,B, that is still active,thenA will not be

scheduleduntil B completes.

Althoughthisconservativeschedulingcorrectlycapturesinter-processcommunication;however

its conservative orderingof the sliceslengthensthe executiontime, andconsequentlywe cannot

accuratelycharacterizesomeconfigurationindependentperformanceproperties(of theTPCbench-

marks)like concurrency, communicationvariationovertime,andcommunicationslack(Chapter3),

nor configurationdependentexecutiontime andcontention(Chapter7).

2.4 Configuration IndependentAnalysis (CIAT)

CIAT is intendedto capturethe inherentapplicationcharacteristicsthat do not changefrom

onemultiprocessorconfigurationto another. A multiprocessorconfigurationspecifiestheway that

processorsareclusteredin a hierarchy, the interconnectiontopology, the coherenceprotocols,the

cacheconfigurations,andthesizesandspeedsof themultiprocessorcomponents.

CIAT usesa modelsimilar to thePRAM model[FW78] which assumesthat � processorscan

execute� instructionsconcurrentlyandeachinstructiontakesa fixedtime. Therefore,CIAT keeps

track of time in instructionunits. CIAT interleaves the analysisof multiple threadtraceson �
processorsaccordingto the threadspawn andjoin calls,andobeys the restrictionsof the lock and

barriersynchronizationcalls. CIAT additionallymaintainsinternaldatastructuresfor theaccessed
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memorylocationsthatareusedby its characterizationalgorithms(moredetailis givenin Chapter3).

CIAT usesmany countersfor countingvariouseventsandusesamemorystructureto keeptrack

of dataandcodeaccesses.Thephasestatisticsarereportedin a reportfile at theendof eachphase

andtheaggregatestatisticsarereportedin the reportfile at theendof thelastphase.Additionally,

at theendof thelastphase,CIAT scansthememorystructureandreportsmemoryusagestatistics

in the reportfile andgeneratesa memoryusagefile that summarizesthe memoryusageof each

touchedpage.

CIAT providestheoptionof generatinga tracefile of thekey communicationevents.This trace

file enablesconductingtimedistributionanalysisof theapplication’scommunicationpatternsusing

TDAT, asdescribedin Section2.7.

2.5 Configuration DependentAnalysis (CDAT)

CDAT is asystem-level simulatorthatis intendedto investigatea largedesignspaceat theearly

designstagesof new scalableshared-memorysystems.CDAT is fasterthancycle-by-cyclesimula-

tors,e.g.CCAT, dueto usingthesimplificationassumptionsoutlinedin thenext paragraph.CDAT

describesthesystemtraffic thatwouldbegeneratedby anapplicationonaparticularmultiprocessor

configuration.CDAT is a trace-drivensimulatorthathascache,memory, bus,andinternodeinter-

connectionmodels.Thesemodelscanbearrangedin ahierarchicalconfigurationasspecifiedin the

configurationfile.

CDAT assumesthateachinstructiontakesonecycle to completeaslongasit doesnotgeneratea

missin thesecond-level cache.Whenaninstructiongeneratesa miss,CDAT simulatesthesystem-

level transactions(transactionsamongthe systemcomponents)to satisfy this miss. This is done

in accordancewith thecachecoherenceprotocolasspecifiedin theconfigurationfile. In this case,

CDAT assumesthattheinstructiontakesasmany cyclesastherearein thecritical pathto satisfythe

miss.To keepthemodelssimpleandfast,CDAT assumesthateachmissis atomicandthatthereis

no contentionon systemresources.

CDAT usesmany countersfor countingvarioussystemeventsto reportevent countsandflow

parametersthat describemany aspectsof the applicationbehavior on the specifiedconfiguration.

Theseabstractionsare also usedto parameterizeworkload generators.The phasestatisticsare

reportedin the reportfile at theendof every phaseandtheaggregatestatisticsarereportedat the

endof thelastphase.

Additionally, CDAT (andCCAT) cangeneratetwo typesof traces;general anddetailed. The

generaltracecontainsthe requestandreturntransactionsgeneratedby theprocessorsandI/O de-

vices. Processorrequestsaregeneratedon cachemisses,andprocessorreturnsaregeneratedon

cachereplacements.I/O requestsaregeneratedon DMA activities. The detailedtracecontains
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recordsof all thesignalsthatareneededto satisfyprocessorrequestsandreturns.More detailon

theformatof thetwo tracetypesis reportedin [Aba96]. Thegeneraltraceisusedin timedistribution

analysis(TDAT) andto driveothersystem-levelsimulators(developedandusedin Hewlett-Packard

Laboratories,Palo Alto). Thedetailedtraceis usedfor debuggingCDAT.

CDAT modelingof shared-memorysystemsis sufficiently flexible to enableexperimentingwith

awide varietyof designoptions.For example,throughtheconfigurationfile options,usersmayse-

lect a desiredcoherenceprotocolvariant,specifysystemcomponentsizesandspeeds,andspecify

how processorsandmemorybanksareclusteredandinterconnected.Additionally, othersystem-

level simulatorsthatuseCDAT’sgeneraltracehavethefreedomto usevarioushardwareimplemen-

tations.

CDAT andCCAT have several policies for mappingvirtual memorypagesto the distributed

physicalmemorybanks. Someof thesepoliciesrely on the informationgatheredby CIAT about

memoryusage.They readthememoryusagefile andmapthevirtual pagesusedinto thephysical

memorybanksaccordingto thepolicy specifiedin theconfigurationfile. CDAT andCCAT havethe

ability to allocateprivatepagesin thelocalnode,interleavesharedpagesacrossnodes,andreplicate

codepagesin multiplenodes.

2.6 Communication Contention Analysis (CCAT)

CCAT is a system-level simulatorthat hasan aggressive processormodel for simulatingthe

high traffic conditionsthat are commonwith modernprocessors.CCAT modelscontentionon

sharedresources;it modelsindividualbuses,memorybanks,andinterconnectionnetworklinks as

facilities. A systemsignalutilizesa facility by occupyingit for a specifiednumberof cycles.If the

facility is busy, thesignalis queuedon thefacility queueandservedlaterin aFIFO style[Fis95].

Theprocessorexecutesaspecifiednumberof instructionspercycle (IPC)whenit is notstalled.

The processorcan have up to somespecifiednumberof outstandingmisses,and thus it is able

to overlapthe latenciesof multiple cachemissesandgeneratehigh systemtraffic. The processor

supportssequentialmemoryconsistency [Lam79] andstallson thefollowing events:

1. It attemptsto fetchaninstructionandmissesin thesecondarycache.Theprocessorremains

stalleduntil this codemissis satisfied.

2. It hasadatamissandits outstandingrequestbuffer is full. Eachprocessorhasanarchitected

numberof outstandingrequestbuffer entries.This buffer keepstrackof thesecondarycache

missesand replacements.The processorstaysstalleduntil someoutstandingrequestsare

satisfiedandthereareenoughfreeentries.Notethata missthat forcesthe replacementof a

dirty lineneedstwoentries;onefor themissrequestandasecondfor thereplacementrequest.
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3. Thewindow of instructionsbetweentheoldestunsatisfiedmemoryinstruction1 andthecur-

rent instructionequalsthe numberof entriesin the instructionreorderbuffer (ROB). Since

theprocessorgraduatesperformedinstructionsin programorder, an unsatisfiedmemoryin-

structioncausesall successorinstructionsto beheldin theROB. ThuswhentheROB is full,

theprocessorcannotissuenew instructionsandconsequentlystalls.

4. In somemodernprocessors,theROB hasdedicatedentriesfor memoryinstructions.Hence,

whenthewindow of instructionsin theROB includesa numberof memoryinstructionsthat

equalsthe numberof entriesdedicatedfor this typeof instruction,the processorstallsuntil

someinstructionsgraduateandthereis a freememoryROB entry.

Sincethe processormodeldoesnot stall due to datadependencies,the rateof systemtraffic

causedby this processormodelis anupperboundon theactualtraffic, andthusis appropriatefor

evaluatingsystemsunderheavy traffic conditions. However, the CCAT processormodel can be

parameterizedto causelighter traffic by, asan extremeexample,selecting1 IPC anda one-entry

ROB, which forcesa serializationof the instructionstreamas if every instructionis dependent

on the precedinginstructionandno dependenceis toleratedby the processor. This selectioncan

give a lower boundon the traffic rateswith normal applicationworkloads. Alternatively, some

intermediateselectioncanbechosenaccordingto someestimateof how well theprocessoris able

to toleratedependence.

2.7 Time Distrib ution Analysis (TDAT)

TDAT is a separatetime distribution analysistool. TDAT is usedto analyzeevent tracesgen-

eratedby CIAT, CDAT, or CCAT. TDAT acceptsevent tracefiles storedon disk, or alternatively

acceptsevent tracepipesfrom any of thesethreeanalysistools for on-the-flyanalysis.The event

traceis anASCII file thathasonerecordperevent. Eachrecordstartswith a clock field andmay

haveotheroptionalfields.

TDAT putstheeventsinto binsaccordingto theclock field. Thebin width canbespecifiedby

theuser. TDAT reportsthenumberof eventsin eachbin, thenumberof bins,theaverage,minimum,

andmaximumeventrates,andtheeventdensityanddistributionfunctions.

2.8 Tool Validation

Wehaveusedacombinationof techniquesto verify thecorrectnessof thetoolsdescribedin this

chapter.

SMAIT wasvalidatedby comparingthegeneratedtracesagainstthesourceassemblycode.

1A memoryinstructionis unsatisfiedif it hasanoutstandingmissrequest.
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The threetraceanalysistools werewritten in C usinga cautiousprogrammingstyle with fre-

quentuseof assertionstatements.An assertionstatementactsasa diagnosticpoint; it verifiesthat

the programstateat that point is asexpected[KR92]. This frequentuseof assertionstatements

helpedusto exposeandfix many programmingbugsandalgorithmicerrorsthroughoutthedevel-

opmentprocess.

We havealsousedsimplesynthetictracesto validatevariousaspectsof thesetools.By running

thesetoolsonsynthetictracesthathavepredeterminedanalysisresults,wewereableto validatethe

outputreportfiles.

TheCIAT communicationtraceandtheCDAT andCCAT detailedtracewereusedto validate

therespective tools. In particular, theCCAT detailedtracewasvery usefulin verifying thatCCAT

correctlysimulatesthetargetcachecoherenceprotocols.

CIAT analysisof the SPLASH2suite of benchmarks(presentedin Chapter3) was verified

againstthe configurationdependentanalysispresentedin [WOT 
 95]. While the resultsof the

two approachesgenerallyagree,therearesomejustifiabledifferencesdueto usingtwo different

hardwareplatformsandthefundamentallimitationsanddifferencesof thetwo approaches.

We have alsoverified CDAT’s resultsagainsta report generatedby Convex CXpa [CXp93].

CXpa collectsperformancestatisticsusing hardwaremonitorson the SPP1600,which usesthe

PA7200processor[CHK 
 96]. For a singlenodeconfigurationrunninga �	����������� blockedmatrix

multiplication program,CDAT reported14% moredatamisses.We believe that CDAT reported

moremissesbecauseit doesnotmodelthePA7200’sassistcachethateliminatessomeof theconflict

misses.

As presentedin Chapter7, CCAT simulatessystemssimilar to the SGI Origin 2000[LL97].

CCAT’s local andremotemisslatenciesagreewith thelatenciesmeasuredusingmicrobenchmarks

andreportedin [HLK97].
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CHAPTER 3

APPLICATION CHARACTERIZA TION CASE STUDIES WITH
CIAT

In this chapter, we presentthe collectionof shared-memoryapplicationsthat areusedin this

research.Wecharacterizetheseapplicationsusingourconfigurationindependentanalysisapproach

to get a generalandthoroughunderstandingof their inherentproperties.We alsousethesecase

studiesto illustratetheadvantagesof thisapproach.

3.1 Intr oduction

As describedin Chapter2,configurationdependentanalysisrunsanapplicationtraceonamodel

of a target systemconfigurationto predict its performanceon the target system. Configuration

independentanalysis,ontheotherhand,usesonly aparallelexecutiontraceandextractstheinherent

configurationindependentapplicationcharacteristics.

While configurationdependentanalysisis repeatedfor every targetconfiguration,configuration

independentanalysisis only performedoncepercombinationof problemsizeandnumberof pro-

cessors.Configurationindependentanalysisprovidesa generalunderstandingof an application’s

inherentpropertiesand,asdemonstratedin following chapters,enablesexplaining the resultsof

configurationdependentanalysis.

This chapterdemonstratesthatconfigurationindependentanalysisis a usefulapproachto char-

acterizingseveralimportantaspectsof shared-memoryapplications,it is moreefficient in character-

izing certainpropertiesthanconfigurationdependentanalysis,andit cancapturesomeapplication

propertiesthatareeasilymissedby configurationdependentanalysison a fixedconfiguration.Us-

ing ajudiciouscombinationof bothconfigurationdependentandconfigurationindependentanalysis

providesan efficient andcomprehensive methodologyfor characterizingshared-memoryapplica-

tions.

In this chapter, we useourconfigurationindependentanalysistool, CIAT, to characterizeeight

shared-memoryapplicationbenchmarksdrawn from theStanfordSPLASH-2,NAS ParallelBench-
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marks(NPB),andTransactionProcessingPerformanceCouncil(TPC)applicationsuites.

In the restof this chapter, Section3.2 describessomeimportantshared-memoryapplication

characteristicsand why knowledgeof them is useful to architectsand softwareengineers.Sec-

tion 3.3 describesthe eight case-studybenchmarks.Section3.4 containseight subsections,each

describinghow we usedconfigurationindependentanalysisto characterizea particularaspectof

the benchmarks,interpretsthe resultsof the characterizations,anddiscussesthe advantagesand

disadvantagesof thisapproach.Section3.5presentssomeconclusions.

3.2 Shared-Memory Application Characteristics

Thischapteraddresseseightcharacteristicsof shared-memoryapplications:

� General characteristicsof theapplicationincludedynamicinstructioncount,numberof dis-

tinct touchedinstructions,a parallelexecutionprofile (serialandparallelphases),numberof

synchronizationbarriersand locks, I/O traffic, andpercentageof memoryinstructions(by

type).

� Theworkingsetof anapplicationin anexecutioninterval is thenumberof distinctmemory

locationsaccessedin this interval [Den68]. Theworkingsetoftenchangesover timeandmay

behierarchical,e.g.,multiple working setsmaybeaccessediteratively andcollectively con-

stitutea largerworking set. Theworking setsizeis a measureof theapplication’s temporal

locality, which affectsits cacheperformance.A largeworking setindicatesa low degreeof

temporallocality; whentheworkingsetsizeis largerthanthecachesize,capacitymissesoc-

cur. Characterizingtheworking setsof targetapplicationsis importantin selectingthecache

sizeof anew system.Thischaracterizationis alsousefulto programmers;for example,when

the working setsizeis larger thanthecachesize,theprogrammercanimprove theapplica-

tion performanceby reducingits working set,e.g.,by segmentinga matrix computationinto

blocks[Wol96].

� The amountof concurrencyavailablein an applicationinfluenceshow well the application

performancescalesasmoreprocessorsareused.An applicationwith high concurrency has

thepotentialto efficiently utilize alargenumberof processors.Section3.4.3discussesfactors

thataffect theconcurrency of shared-memoryapplications.Theamountof availableconcur-

rency in the target applicationsprovides the systemdesignerwith insight in selectingthe

machinesizeandthenumberof processorsto beclusteredin eachnode.Characterizingand

reducingfactorsthatadverselyaffect anapplication’sconcurrency is valuablefor improving

applicationscalability.

� Communicationin a shared-memorymultiprocessoroccursimplicitly whenmultiple proces-
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sorsaccesssharedmemorylocations.Communicationoccursin severalpatterns,depending

on the type andorderof the accessesand the numberof processorsinvolved. Oneexam-

ple is the producer-consumerpatternwhereoneprocessorstoresto a memorylocationand

anotherthenloadsfrom this location. Section3.4.4presentsa classificationof thememory

accesspatternsin shared-memoryapplicationsthat causecommunicationtraffic. For a sys-

temdesigner, sincecoherencemissesandtraffic area functionof thecommunicationpatterns

andthe systemconfiguration,characterizingthe volumeof the variouscommunicationpat-

ternsis particularlyimportant.A successfulsystemdesignerdesignsasystemthatefficiently

supportsthecommoncommunicationpatternsof thetargetapplications.Additionally, char-

acterizingthe communicationpatternsin an applicationcanhelp the programmerto avoid

expensivepatterns.

� Communicationvariation overtime is asimportantascharacterizingoverall communication

volume. Communicationcanexhibit uniform, bursty, random,periodic,or other complex

behavior. Expressinghow the applicationbehavesover time enablesidentifying andchar-

acterizingtheprogramsegmentsmostresponsiblefor theapplication’scommunication.For

a systemdesigner, theknowledgeof thedistribution functionof thecommunicationratesis

importantin specifyingappropriatebandwidthfor thesysteminterconnects.

� Communicationslack is thetemporaldistancebetweenproducinga new valueandreferenc-

ing it by otherprocessors.Characterizingthe communicationslack is useful to predict the

potentialutility of prefetching.For anapplicationwith largeslack,prefetchingcanbesched-

uledearlyto reduceprocessorstallsdueto cachemiss.

� Communicationlocality is ameasureof thedistancebetweenthecommunicatingprocessors.

For example,someapplicationshave local communicationwherea processortendsto com-

municatewith its nearneighbors,andothershaveuniform communicationwherea processor

communicateswith all other processors.In applicationtuning, communicationlocality is

usefulfor assigningthreadsto physicalprocessors.In systemdesign,it is usefulin selecting

the systemorganizationandthe interconnectiontopology. As an example,consideran ap-

plicationwhereonethreadproducesshareddatathat is consumedby all otherthreads.In a

systemwith mesh-styleinterconnect,betterperformancecanbeachievedwhentheproducing

threadis run on a centrallylocatedprocessor. For anarchitectdesigningfor thisapplication,

supportinga broadcastcapabilitymaybeaviabledesignchoice.

� Thesharingbehaviorof anapplicationrefersto whichmemorylocationsaresharedandhow.

A real sharedmemorylocationis a locationin thesharedspacethatis accessedby multiple

processorsduringtheprogramexecution.A private locationis accessedby only oneproces-
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sor. A sharedaccessis an accessto a real sharedlocationanda private accessis an access

to a privatelocation.Noticethatnot all sharedaccessescausecommunication.For example,

consideraprocessorperformingmultiple loadsof onesharedlocationafterastoreperformed

by anotherprocessor. Usingperfectcaches,only thefirst loadis a communicationevent that

requirescoherencetraffic to copythedatafrom theproducer’s cacheto thelocal cache.The

subsequentloadsarenot consideredcommunicationeventsbecausethey aresatisfiedfrom

thelocal cache.Characterizingthesharingbehavior of anapplicationhelpstheprogrammer

to localizedata,i.e. to mapdatato memoryin awaythatminimizesaccesstime. For example,

mappingprivatedatato local memoryreducesthe privateaccesstime, andmappingshared

datato thenodewhereit is mostreferencedgenerallyreducestheaveragesharedaccesstime.

3.3 Applications

We have analyzedRadix, FFT, LU, andCholesky from SPLASH-2[WOT 
 95], CG andSP

from NPB [B 
 94], andTPC benchmarksC and D [TPC92,TPC95]. SPLASH-2consistsof 8

applicationsand4 computationalkernelsdrawn from scientific, engineering,and graphicscom-

puting. NPB consistsof 5 kernelsand3 pseudo-applicationsthatmimic thecomputationanddata

movementcharacteristicsof large-scalecomputationalfluid dynamicapplications(anearlierreport

characterizes5 benchmarksof NPB usingCIAT andCDAT [Aba97]). The TPC benchmarksare

intendedto comparecommercialdatabaseplatforms. The following is a shortdescriptionof the

eightbenchmarks.Theseparticularapplicationswereselectedbecausethey representa wide range

of applications.

Radix is an integersort kernel that iterateson radix � digits of the keys. In eachiteration,a

processorpartially sortsits assignedkeys by creatinga local histogram.The local histogramsare

thenaccumulatedinto a globalhistogramthat is usedto permutethekeys into a new arrayfor the

next iteration(two arraysareusedalternately).Ourexperimentsusedaradix of 1024.

FFT is a one-dimensional� -point complex FastFourier Transformkerneloptimizedto mini-

mizeinterprocessorcommunication.Thedataisorganizedas � ����� � matricesandeachprocessor

is responsibleof � � �!� contiguousrows. Thekernel’sall-to-all communicationoccursin threema-

trix transposesteps. Every processortransposesa contiguoussubmatrixof � � �!�"� � � �!� from

every processor. If every processorstartsby transposingfrom Processor0’s rows, high contention

occurs.Hence,to minimizecontention,eachprocessorbeginsby transposinga submatrixfrom the

next processor’ssetof rows.

LU is a kernel that factorsa dense�#�$� matrix into the productof a lower triangularand

an uppertriangularmatrix. The matrix is divided into %&�'% blocks. The blocksarepartitioned

amongtheprocessors,whereeachprocessorupdatesits blocks.To reducefalse-sharingandconflict
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ProblemSizeI ProblemSizeII
Benchmark ProblemSize Total Instructions(M) ProblemSize Total Instructions(G)

Radix 256K integers 88 2M integers 0.63
FFT 64K points 30 1M points 0.51
LU �	���(�)����� 80 �+*,�-�.�/*,� 0.57
Cholesky tk15.O file 860 tk29.O file 2.13
CG *	02143�3 /15 147 *516073�3�3 /15 2.43(0.75)
SP *8�:9 /100 611 �:1�9 /400 189(1.61)
TPC-C NA NA 16 users (1.0)
TPC-D NA NA 1 GB database (2.8)

Table3.1: 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 processors.Valuesin parenthesisshowthe number of actu-
ally analyzedinstructions for the partially analyzedproblems.

misses,elementswithin a block areallocatedcontiguouslyusing2-D scatterdecomposition.Our

experimentsused%<;=*,� .
Cholesky is a kernelthatusesblockedCholesky factorizationto factora sparsematrix into the

productof a lowertriangularmatrixandits transpose.

CG is aniterativekernelthatusestheconjugategradientmethodto computeanapproximation

to thesmallesteigenvalueof asparse,symmetricpositivedefinitematrix. Table3.1showstheorder

of thematrixandthenumberof iterationsof thetwo problemsizesanalyzed.

SP is a simulatedapplicationthatsolvessystemsof equationsresultingfrom anapproximately

factoredimplicit finite-differencediscretizationof the Navier-Stokesequations.SPsolvesscalar

pentadiagonal systemsresultingfrom full diagonalizationof theapproximatelyfactoredscheme.

TPC-C is an on-line transactionprocessingbenchmarkthat simulatesan environmentwhere

multiple operatorsexecutetransactionsagainsta database.The TPC-Canalysispresentedin this

chapteris basedon a 1 Gigainstructiontracethatrepresentsthebenchmarkexecution.

TPC-D is a decisionsupportapplicationbenchmarkthat performscomplex andlong-running

queriesagainstlargedatabases.TPC-Dis comprisedof 17queriesthatdiffer in complexity andrun

time. Eachqueryoftenundergoesmultiple phaseswith varyingdisk I/O rates.TheTPC-Danalysis

presentedin this chapteris for a 2.8 Giga instructiontracerepresentingthe third phaseof Query

3 wheremostof the querytime is spent.Comparedwith otherqueries,althoughQuery3 takesa

moderaterun time, it hasa high disk I/O andcommunicationrates[TPC]. However, otherqueries

canbecharacterizedsimilarly.

Table 3.1 shows the problemsizesanalyzedin this study. The scientific benchmarkswere

analyzedusingtwo problemsizeson a rangeof Processorsfrom 1 to 32. ProblemsizeII hasabout
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Feature SPP1600Data

Numberof processors 32 in 4 nodes
Processor PA 7200@ 120MHz
Main memory 1024MB pernode
OSversion SPP-UX4.2
Fortrancompiler Convex FC 9.5
C compiler Convex CC 6.5

Table3.2: The SPP1600hostconfiguration.

oneorderof magnitudemoreinstructionsthanproblemsizeI.

TheSPLASH-2benchmarksweredevelopedatStanfordUniversityto facilitateshared-memory

multiprocessorresearchandarewritten in C. The NPB arespecifiedalgorithmicallyso that com-

putervendorscanimplementthemon a wide rangeof parallelmachines.We analyzedtheConvex

Exemplar[Bre95] implementationof NPB,which is written in Fortran.Theperformanceof anear-

lier versionof this implementationis reportedin [SB95]. However, to getageneralcharacterization

of thesebenchmarks,we undidsomeof theExemplar-specificoptimizations,e.g.,we removedthe

extracodethatlocalizesshareddatainto thenode-privatememoryof the8-processornodes.Thesix

scientificbenchmarkswereinstrumented,compiled,andanalyzedon a 4-nodeExemplarSPP1600

multiprocessor. Table3.2showstheconfigurationof this system.

Thesix scientificbenchmarksaremulti-threaded.Eachstartswith a serialinitializationphase

whereonly Thread0 is active to setupthe problem. After the initialization phase,� threadsare

spawnedto runon the � availableprocessorsin themainparallel phase. Theproblemis partitioned

amongtheavailableprocessorsandeachprocessoris responsiblefor its part.Thethreadscoordinate

their work by usingsynchronizationbarriersandmutual-exclusionregionscontrolledby locks. At

the endof the parallel phase,the multiple threadsjoin and only Thread0 remainsactive in the

wrap-upphaseto dovalidationandreporting.

Unlessotherwisespecified,thereportedscientificapplicationcharacteristicsarefor theparallel

phaseusing32processors.For CGandSP, their characteristicsdo not changefrom oneiterationto

anotherin theparallelphase.Hence,to save analysistime, we performedour analysisof problem

sizeII only from theprogramstartto theendof theseconditerationin theparallelphase.Wereport

thecharacteristicsof theseconditerationasrepresentativeof thewholeparallelphase.

TheTPCtraceswerecollectedatHPLabsona4-CPUHPserverrunningacommercialdatabase

environment.In thisconfiguration,parallelismis exploitedusingmultiple processesthatcommuni-

cateusingsharedmemoryandsemaphoreoperations.TheTPC-Ctraceis composedof tracefiles

for 45 processes,andtheTPC-D traceis composedof tracefiles for 23 processes.The operating

systemservestheactiveprocessesby performingcontext switchingonthelimited numberof CPUs.

To capturethecharacteristicsof eachprocess,CIAT analyzestheTPCtracesby runningeachpro-
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cesstraceonadedicatedprocessor. Consequently, 45processorsareusedto analyzeTPC-Cand23

processorsareusedfor TPC-D.

TheseTPCtracesincluderecordsfor theuser-spacememoryinstructions,takenbranches,sys-

temcalls,andsynchronizationinstructions,e.g.load-and-clear-word. However, they donotcontain

informationaboutcontext switching.Thus,it is impossibleto analyzethesetracesin theexactoc-

currenceorder. For suchcases,CIAT usestheconservativetraceschedulingalgorithmdescribedin

Section2.3. And consequentlywe do not characterizethe concurrency, communicationvariation

over time,andcommunicationslackof theTPCbenchmarks.

3.4 Characterization Results

Thefollowing eightsubsectionsaredevotedto theeight targetedcharacteristics.Eachsubsec-

tion describestheconfigurationindependentanalysisused,statestheadvantagesanddisadvantages

of theapproach,andpresentsandinterpretstheresultsof characterizingtheeightbenchmarks.

3.4.1 GeneralCharacteristics

Eachmemoryinstructionaccessesoneor moreconsecutive locations,wherethe sizeof each

locationis onebyte,e.g.,theload-wordinstructionaccessesfour locations.CIAT maintainsa hash

table that hasan entry for eachaccessedlocation. Eachentry holdsthe location’s statusbits and

accessinformation.Onestatusbit, thecodebit, is setwhenthelocationis accessedby aninstruction

fetch. At the endof a trace,CIAT sumsthe setcodebits to find the touchedcodesizeandsums

theclearcodebits to find the toucheddatasize. Thecodeanddatasizesof theeightbenchmarks

areshown in Table3.3. While Cholesky andSPhave about85 KB of touchedcode,theotherfour

scientifickernelshave less.However, theTPCbenchmarkstouchhundredsof codekilobytesin the

tracedperiod.

The datasizeis oneto threeordersof magnitudelarger thanthe codesize,whereLU hasthe

smallestdatasizeandCGhasthelargest.TPC-C’sdatasizeis largerthanTPC-D’sdatasizemainly

dueto thedifferencesin theirdiskaccesspatterns.SinceTPC-Cprocessesrandomtransactionsthat

generateshortrandom-accessdiskreadsandwrites,it usesalargediskcachein memoryto improve

diskaccesstime. However, TPC-Dqueriesgeneratelongsequentialdiskreadswith little datareuse,

consequentlyit usesa limited numberof memorybuffersto temporarilyholdandprocessreaddisk

chunks.

Table3.3alsoshowsfiveaggregatecharacteristicsof theparallelphase:thenumberof executed

instructions,percentageof memoryinstructions,averageinstructionsexecutedper takenbranch,

the numberof barriers,and the numberof locks. CG hasthe highestpercentageof memoryin-

structionsandthelargestdatasize. Consequently, it is a benchmarkthatcanpotentiallystressthe
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Radix FFT LU Cholesky 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 3.5

(2.9) (3.2) (0.52) (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)
MemoryInstrs. 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

(11) (7) (35) (4) (735) (400)
No. of locks 442 32 32 72,026 0 0 7.9� 10> 5.3� 10>

(442) (32) (32) (54,419) (0) (0)

Table3.3: Generalcharacteristicsof problemsizeII using32processors.Characteristics
of problem sizeI aregiven in parenthesisif significantly different.

processorcache.Thishighmemoryinstructionpercentageis dueto simplereductionoperationson

long vectors. The six scientificbenchmarkshave moreinstructionsbetweentakenbranchesthan

theTPCbenchmarks.Infrequentbranchingis typical of scientificapplicationsin which theappli-

cationspendsmostof its time in loopswith largeloop bodiesandonebackwardbranch.Table3.3

indicatesthatthescientificbenchmarksuselittle synchronization;amongthem,CG hasthefewest

instructionsper barrierandCholesky hasby far the most locks. The TPC traceshave relatively

many synchronizationevents,mainly load-and-clear-word instructionsandsemop systemcalls.

However, thetracecollectionperturbsexecutionandthetraceshave elevatedsynchronizationrates

relative to unperturbedexecution. In orderto minimize theeffect of this behavior on our analysis,

we ignore all accessesto the synchronizationvariableswhen characterizingcommunicationand

sharing. Thus,our characterizationof the TPC communicationonly includescommunicationon

normalsharedmemoryanddoesnot includecommunicationon synchronizationvariables.

Table3.4 shows somestatisticsfor the disk I/O activity in the TPC traces. TPC-Caccesses

relatively little dataper disk readandwrite access;mostTPC-D disk accessesare64 KB reads.

Although TPC-D hasmoredisk I/O bytesper instruction,its disk accessesarepredictablewhich

enableshiding their latency by prefetching.

Figure3.1 shows thepercentageof thebyte,half-word(2 bytes),word (4 bytes),float (single-

precisionfloating-point),anddouble(double-precisionfloating-point)loadandstoreinstructions.

Theleft graphis for problemsizeI, andtheright graphis for problemsizeII. While thepercentage

of byteandhalf-wordmemoryinstructionsis negligible in thescientificbenchmarks,it is 23%in

TPC-Cand32%in TPC-D.CG hasthe largestpercentageof loadinstructionsdueto its reduction

operations.Theaveragefor theremainingbenchmarksis about2 loadsperstore,i.e. typically two
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TPC-C TPC-D

No. of disk readcalls 18,000 2,800
Averagereadchunk 1.7KB 63KB
No. of diskwrite calls 4,000 81
Averagewrite chunk 1.5KB 33 B
Disk I/O bytesperinstruction 0.037 0.061

Table 3.4: Disk I/O in TPC-C and TPC-D.
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Figure3.1: Percentageof thememory instructions accordingto the instruction type (load
or store) and type of data accessed(byte, half-word, word, float, or double).
Left chart is for problemsizeI and right chart is for problem sizeII.

operandsto oneresult.

Exceptfor Radix,anintegerkernel,morethan58%of thememoryinstructionsin thescientific

benchmarksmanipulatedoublevaluesandalmostall the restmanipulateword objects. Cholesky

usesa largepercentageof load-wordinstructionsto find the indicesof thesparsematrix non-zero

elements.

Whentheproblemis scaledup, someinstructionsequencesareexecutedmorefrequently, e.g.

the body of someloops,while other instructionsequencesarenot affected. Consequently, there

aresomedifferencesin thepercentageof memoryinstructionsbetweensizeI andII. Oneobvious

changeis the lower percentageof store-wordinstructionsin size II. Store-wordinstructionsare

oftenassociatedwith instructionsequencesthatareexecuteda fixednumberof times,e.g. saving

thepreviousstateat theprocedureentryfor a procedurethatis calleda fixednumberof times.

3.4.2 Working Sets

Thesizeof a shared-memoryapplication’sworking setis sometimescharacterizedby conduct-

ing multiple simulationexperimentsusing a fully-associative cachewith LRU replacementpol-

icy [RSG93,WOT 
 95]. Eachexperimentusesonecachesizeandmeasuresthecachemissratio.
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A graphof thecachemissratio versuscachesizeis usedto deducetheworking setsizesfrom the

graphknees.A kneeatcachesize ? indicatesthatthereis aworkingsetof size @#? . This is a time

consumingproceduresinceit involvesmultiple simulationexperiments.Although thereareeffi-

cienttechniquesfor simulatingmultiple cachesizesin oneexperiment[KHW91], thesetechniques

arenot usedwith shared-memorymultiprocessorsimulationsbecauseof theinteractionamongthe

processorsdue to coherencetraffic which is somefunction of the cachesize. Additionally, this

proceduredoesnotdifferentiatebetweencoherenceandcapacitymisses,andmayover-estimatethe

working setsizewhenusingcachelines that arelarger thanthe sizeof the individually accessed

dataelements,especiallywith applicationsthathave poorspatiallocality.

CIAT characterizesthe inherentworking setsof an applicationin one experimentusing the

accessageof the loadandstoreaccesses.Theaccessageof an instructionaccessinglocation A is

the total sizeof the distinct locationsaccessedbetweenthis accessandthe previous accessof A ,

inclusively. By definition, the accessageis set to B for the first accessof A . For example,the

sequenceof wordaccesses(A, B, C, A, A, B, B) hasaccessages( B#05B#0CB#0,*,�/021608*D�/0E1 ).
The accessagepredictsthe performanceof a fully-associative cachewith LRU replacement

policy anda line sizethatequalsthesizeof the smallestaccessedelement.For an F -bytecache,

every accesswith age @GF is a hit, every accesswith age ;HB generatesa compulsorymiss,and

everyaccesswith age IJF generatesa capacitymiss.

To find theaccessage,CIAT usesa counterfor theaccessedbytes.For eachaccess,thecounter

is incrementedby the numberof accessedbytesand the incrementedvalue is storedin the hash

tableentrycorrespondingto theaccessedlocation.Whena locationis reaccessed,theaccessreach

is foundasthecurrentcountervalue( K ) minusthestoredvalue(L ) at thelocation’shashtableentry.

The accessageis thencalculatedasthe accessreachminusthe numberof repeatedbyteswithin

this reach.Thenumberof repeatedbyteswithin reachM is storedin elementM of thevectorRep,

therefore

Age ;ONEKQP)LSRTP RepUVKQP�LXW�Y
Rep is maintainedasfollows: For eachaccessto a previously accessedlocation,its size Z is

addedto the N[K\P$LSR th elementof vector New. Then Rep is updatedby accumulatingthe new

repeatedbytesandagingprevious repetitions(a shift by Z ) asshown in the two loopsbelow. The

first loop accumulatesnew repetitions(afterinitializing sumto zero),andthesecondloop shiftsbyZ .
sum ]O; NewUVMXW�0
RepUVMXW ]O; sum0
NewUVMXW ; 3

^ _`
_acb Med�Z�0!Zf]#*�0,Y8Y,Y207K2Y

RepUVMXWg; RepUVM(P"ZCWih b Mjd�K207KQP$*�0,Y8Y,Y207Z�0
RepUVMXWg; 3 h b Mjd�ZkPl*�0!Z\Pm�+0,Y8Y,YE0,*�Y
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Figure3.2: An example illustrating how the repeatedbytes vectors Rep and New are
updated to find the accessagesof the sequenceof word accesses(A, B, C, A,
A, B, B). Each row showsthe contentsof vector elements1607�+0,*,�/05Y,Y5Y .

Although,in thisbasicalgorithm,vectorNewseemsredundantbecauseit carriesonly onevalue

betweentwo updates,it is usefulin theoptimizedalgorithmdescribedbelow. Figure3.2showshow

thetwo vectorsareupdatedto find theaccessagesof thesequenceof wordaccesses(A, B, C, A, A,

B, B).

While shifting by incrementinga pointercanbeinexpensive,accumulatingthenew repetitions

takes��N[KER operationsperaccess.Consequently, theoverheadof maintainingtherepetitionvectorsis�(N[���CR complexity, where� is thetracelength.We usetwo optimizationsto reducethisoverhead:

1. Coarserepetitionvectorsareusedwherea vectorelementrepresentsa region of � reaches

and the vectorsare updatedeachtime � additionalbyteshave beenaccessed.Thus, the

complexity is reducedto �(N[� � �:� � R at theexpenseof upto a ��� errorin a reportedaccess

age.With a reasonablechoiceof � , suchanerror is quiteacceptablewhenusingthis char-

acterizationto judgetheworkingsetsizerelativeto particularcachesizesthatarelargerthan� .

2. To exploit temporallocality, CIAT updatestherepetitionvectorsin a lazy fashion.Although,

aging the repetitionvectorsis performedby incrementinga pointerafter every � bytesof

access,accumulationof New into Rep is only donewhenneededandonly up to theneeded

element.For example,whenanalyzinganaccessK of reachK+P(L , all unaccumulatedelements

in the repetitionvectorsbetweenelements1 and N[KkP$LSR2��� are accumulated.This lazy

algorithmeliminatesmostof theaccumulations,e.g. for Radix,thelazyalgorithmdoesonly
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Figure3.3: The cumulative distrib ution function of the accessage. A point N[A 0!�/R indi-
catesthat � % of the accesseshaveaccessageof A bytesor less.

5%of theaccumulationsdonewhenonly thefirst optimizationis used.

With thesetwo optimizations,the time for characterizingthe working setsis about30% of

CIAT’s total analysistime. Whenit is sufficient to characterizethe working setwith respectto a

limited numberof cachesizes� , thestacksimulationalgorithmdescribedin [KHW91], whichhas�(N[�g�"��R time complexity, canbeusedinsteadof our algorithm. Notethat thestackblock size

shouldbeselectedto matchthesizeof thesmallestaccessedelementsoasto avoid over-estimating

thesizeof theworkingset.

Figure3.3 shows the cumulative distribution function of the accessageusing32 processors,

ignoringinfinite ageswith �g;�* KB. A point N[AT07�+R indicatesthat � % of theaccesseshave access

age @#A bytes.

Whena curve hasa distinguishable rise to a plateau,this is an indication that the respective

benchmarkhasanimportantworking setof size @ the A valueat thebeginningof theplateau.CG

hasoneimportantworking setof size @ 64 KB for problemsizeI, and @ 512KB for problemsize

II. CG is expectedto have frequentcapacitymisseswhenthecachesizeis smallerthanits working

setsize.Unlike otherscientificbenchmarks,theworkingsetsizeof LU andCholesky, at4 KB and

16 KB respectively, doesnot changefrom oneproblemsizeto another.

Someapplicationshave multiple importantworking sets. FFT with problemsize II hastwo

importantworking sets;oneat 32 KB andanotherat 4 MB. Figure3.3 indicatesthatTPC-D has

bettertemporallocality thanTPC-CandTPC-Cperformancecouldbe improvedby increasingthe

cachesizebeyond64KB. Sincetheaccessageshown is only for oneprocess,TPC-C’sperformance

mayalsobeimprovedby largercachesbecausetheoperatingsysteminterleavesmultiple processes

perprocessor.
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3.4.3 Concurrency

Concurrency is oftencharacterizedby measuringtheexecutiontime for a numberof machine

sizesandcalculatingthespeedup.Goodspeedupindicatesthattheapplicationhashighconcurrency.

CIAT characterizesconcurrency by measuringthe time, in instructions,thatprocessorsspendexe-

cutinginstructionsor waiting at synchronizationpoints. Figure3.4shows a 2-processorexecution

profileof anapplicationrunningona perfectsystem(with fixedmemoryaccesstimeandzerosyn-

chronizationoverhead).Theconcurrency is reflectedin thebusy time relative to the total time of

bothprocessors.

Figure3.4demonstratesthreegeneralfactorsthatadverselyaffect concurrency: serial fraction,

load imbalance, and resource contention. At the applicationstart (T0), Processor0 is busy in a

serialphaseandProcessor1 is idle. At T1, the applicationentersa parallel phaseby spawning

anexecutionthreadon Processor1. Processor1 joins at the endof theparallelphase(T9) where

Processor0 startsa final serialphase.Theparallelphasehassomeloadimbalancewhich is visible

asProcessor0’swait on thesynchronizationbarrieratT2 andits join wait atT8. Thefirst wait time

is dueto Processor1 having morebusycycles(work) thanProcessor0 andthe secondwait time

is dueto Processor0 reachingthe join point earlierthanProcessor1. Processor1 fails to acquire

a lock that protectsa sharedresourceat T5, so it waits until Processor0 releasesthis lock at T6

beforeit entersthecritical region betweenT6 andT7 andaccessesthesharedresource.

Basedon thismodel,thespeedupof anapplicationcanbefoundby

Speedup; BusyN!*:R�
BusyN��QR ] Idle N��QRQ] ImbalanceN���R|] ContentionN��QR2���7�

where � is the numberof processors,BusyN!*:R is the busy time for the basicwork when using

Busy (instructions)
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Barrier wait

Lock wait

Join wait
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T7

barrier

unlock
lock

unlock
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barrier
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startT0
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Figure3.4: 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.

oneprocessor, BusyN��QR is the total busy time summedover the � processors(BusyN��QRyP BusyN7*:R
is the parallel overheadbusy work including redundantandaddedcomputations),Idle N��QR is the

total idle time during serialphases,ImbalanceN��QR is the total wait time on barriersandjoins, and

ContentionN��QR is thetotalwait timeon locks. Amdahl’sserialfraction[Amd67], ignoringthethree

paralleloverheads,is

SerialFraction ; Idle N��QR���N��(P$*:R
BusyN7*:R

Perfectspeedupis only possiblewhentheserialfraction,paralleloverheadbusywork, imbalance,

andcontentionarezero.

For the scientific benchmarks,Figure3.5 shows the total processortime spentexecutingin-

structions,waiting on barriersandthreadjoins dueto loadimbalance,andwaiting on locksdueto

resourcecontention(normalizedto the one-processortime). Idle time is zerobecausethis datais

basedontheparallelphaseonly.

Perfectspeedupwithin the parallelphaseoccurswhen the total busy andwait time doesnot

increaseastheprocessorsincrease.LU andCholesky arethusexpectedto haveworsespeedupthan

the other four benchmarks,sinceLU’s load imbalanceandCholesky’s busy time increaseasthe

numberof processorsincreases.For problemsizeI, Radixalsohasa badspeedupdueto increases

in busytime, loadimbalance,andcontentionasthenumberof processorsincreases.

AlthoughCholesky hasthemostlockattempts,unlikeRadix,it showsnegligiblecontentiontime

becauseit usesflag-basedsynchronization(a processorfirst checksthe statusof the flag attached

to the lock; if theflag indicatesthat the lock is free,the lock is acquired;otherwise,theprocessor

busy-waits,which increasesthe busy time asthe processorsincrease).In Cholesky, a processor

attemptingto acquirea lock usuallyfinds it free. However, CIAT doesnot modelthe overheadin

acquiringandreleasinglocks. In a machinewith high synchronizationoverheads,the contention

timecanbecomemoresignificantthanwhatis reportedby CIAT.
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3.4.4 Communication Patterns

In configurationdependentanalysis,communicationis characterizedfrom thetraffic thatapro-

cessorgeneratesto accessdata that is not allocatedin its local memory[SRG94]. This traffic

includestraffic dueto inherentcoherencecommunication,cold-startmisses,finite cachecapacity,

limited cacheassociativity, andfalsesharing. Inherentcommunicationis the communicationthat

mustoccur in order to get the currentdataof a location that is accessedby multiple processors,

assumingunlimited replicationis allowed and that a memorylocation’s statusis not affectedby

accessesto otherlocations.

CIAT characterizesthe inherentcommunicationby tracking, for eachmemorylocation, the

typeandtheprocessorID of thelastaccess.Whenthereareconsecutive loadaccessesby multiple

readers,their IDs arestoredin a sharingvector. CIAT thencapturesthe inherentcommunication

for a sharedlocationfrom changesin theaccessingprocessor’s ID. CIAT classifiescommunication

accessesinto four mainpatternsand8 variantsto providea thoroughcharacterization.CIAT reports

thevolumesof thefollowing accesspatterns,andthesharingandinvalidationdegrees:

1. Read-after-write (RAW) accessoccurswhen oneor more processorsload from a memory

location that wasstoredinto by a processor. This patterndoesnot includethe casewhere

only oneprocessorstoresinto andloadsfrom a memorylocation.Moreover, whena proces-

sor performsmultiple loadsfrom thesamememorylocation,only its first load is counteda

RAW access.RAW is a commoncommunicationpattern;it is thesecondpartof a producer-

consumer(s)situationwhereoneprocessorproducesdataandoneor moreprocessorscon-

sumeit. RAW is reportedin two variants: (i) RAW accesseswherethe readeris different

thanthewriter, and(ii) RAW accesseswherethe readeris the sameasthe writer andthere

areotherreaders.Thesecondvariantgeneratescoherencetraffic with cachesthat invalidate

thedirty line on supply.

2. Sharingdegreefor RAW. This is a vectorS, whereS[ M ] is thenumberof timesthat M proces-

sorsloadedfrom a memorylocationafterthestoreinto this location.

3. Write-after-read(WAR) accessoccurswhena processorstoresinto a memorylocationthat

oneor moreprocessorshave loaded.This patterndoesnot includethecasewhereonly one

processorloadsfrom andstoresinto a memorylocation. WAR is alsoa commonpattern;

it occurswhena processorupdatesa locationthatwasloadedby otherprocessors.WAR is

reportedin four variantsaccordingto the identity of the writer: (i) a new writer that is not

oneof thereaders,(ii) samewriter asthepreviouswriter which is notoneof thereaders,(iii)

a new writer that is oneof the readers,and(iv) samewriter astheprevious writer which is

oneof thereaders.A WAR accessgeneratesamisswhentheaccessedlocationis notcached.
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Additionally, with an updatecachecoherenceprotocol,a WAR accessgeneratescoherence

traffic to updatethe copiesin the readers’caches;while with an invalidation protocol, it

generatesinvalidationtraffic.

4. Invalidation degree for WAR. This is a vector I , whereI [ M ] is the numberof timesthat a

memorylocationwasstoredinto afterpreviouslybeingloadedby M processors.

5. Write-after-write (WAW) accessoccurswhena processorstoresinto a memorylocationthat

wasstoredinto by anotherprocessor. This patternoccurswhen multiple processorsstore

without interveningloads,or whenprocessorstaketurnsaccessingamemorylocationwhere

in eachturnaprocessorstoresandloads,andits first accessis astore.WAW is reportedin two

variants:(i) thepreviousprocessor’s lastaccesswasa load,and(ii) thepreviousprocessor’s

lastaccesswasastore.

6. Read-after-read(RAR) accessoccurswhena processorloadsfrom a memorylocationthat

wasloadedby anotherprocessorandthefirst visible accessto this locationis a load. This is

an uncommonpattern;it occursin badprogramsthat readuninitializeddata. Nevertheless,

CIAT sometimesencountersthispatternwhenthedatais initialized in untracedroutines.For

simplicity, theseaccessescouldbeaddedto theRAW accesses.

When using a particularcoherenceprotocol in configurationdependentanalysis,not all the

above accesspatternsgeneratecoherencetraffic. Consider, for example,a store-updatecacheco-

herenceprotocol. In iterative WAR andRAW, a RAW accessis satisfiedfrom the updatedlocal

cache.However, with a store-invalidateprotocol,a RAW accessgeneratescoherencetraffic to get

thedatafrom theproducer’scache.Additionally, sequentiallocality hidessomeof thecommunica-

tion eventssinceeachmissoperateson a cacheline thatoftencontainsmultiple sharedelements.

Configurationdependentanalysis,whenusedto characterizeinherentcommunication,canmiss

somecommunicationevents.For example,with finite write-backcache,aRAW accessof areplaced

line doesnot generatecoherencetraffic sincethe miss is satisfiedfrom memory. However, this

accessmaygeneratecoherencetraffic with a largercachein which theline is not replaced.Another

exampleis a RAW accessperformedby the writer. Whenthe storeis followedby a load from a

differentprocessor, thedirty cacheusuallysuppliesthedataandkeepsa sharedcopy, thusa RAW

accessby thewriter is satisfiedfrom thelocal cache.However, theRAW doesgeneratecoherence

traffic if thecacheprotocolinvalidatesonsupply.

Figure3.6 shows the distribution of the four classesof communicationaccesses.Most of the

communicationin thesebenchmarksis RAW andWAR. Only Radix hasa significantnumberof

WAW accessesdueto permutingthesortedkeys betweentwo arrays.TPC-CalsohassomeRAR

andWAW accesseswhich may actually becomeRAW and WAR accessesif the traceis longer
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Figure3.6: Percentageof the four classesof communication accessesamongall data ac-
cesses,asa function of the number of processorsfor the two problemsizes.

and includesthe operatingsystemactivity. However, generallythe TPC benchmarkshave less

communicationandareexpectedto havealowercoherencemissratio,especiallywhenweconsider

thatin practicemultiple processesrunononeprocessor.

The communicationpercentagegenerallyincreasesasthenumberof processorsincreasesdue

to (i) the increasein RAW accessesof widely shareddata,and (ii) the increasein the boundary

to the body of datawhenpartitionedamongmoreprocessors.Often,mostof the communication

occurswhenaccessingthe boundaryelements.For FFT with problemsizeI, the communication

percentagedropswhenthe numberof processorsincreasesfrom 16 to 32 becausethe increasein

totalaccessesis largerthantheincreasein communicationevents.

Figure3.7 shows the distribution of the 32 possiblesharingdegreesfor RAW accesseswhen

using 32 processors( N SUVMXW\�O*,3�3p��� 9!����Q� SUVK�W�R!h!M�; *�0,Y8Y,Y207¡�� ). TPC-C has45 possiblesharing

degreesandTPC-Dhas23,only thefirst 32areshown dueto graphinglimitations.However, TPC-

C hasnegligible sharingwith degreeshigherthan32. Radix, FFT, SP, TPC-C,andTPC-D have

small sharingdegree,LU andCholesky have mediumsharingdegree,andCG haslarge sharing

degreewhich explainsits fast increasein communicationpercentageasthe numberof processors

increases.

Figure3.8showsthepercentageof the32possibleinvalidationdegreesof theWAR accesswhen

using32 processors( N I UVMXW¢�$*,3�3X�£� 97����Q� I UVK�W�R!h!Me;&*�0,Y8Y,Y207¡�� ). TPC-Chas45 possibleinvalidation

degreesandTPC-Dhasonly 23. While Radix,FFT, CG,SP, TPC-C,andTPC-Dhave invalidation

degreesimilar to their sharingdegree,LU andCholesky’s invalidationdegreedropsto 2 and1,

respectively. CG’s large invalidationdegreeimplies that for eachWAR access,a cachecoherence

protocolwill generatemany updateor invalidatesignals. The TPC benchmarks’singularsharing

andinvalidationdegreesindicatesthatmostof thecommunicationoccursin a producer-consumer
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Figure3.7: RAW sharing degreefor 32 processors.
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Figure3.8: WAR invalidation degreefor 32processors.

39



pattern. However, in TPC-C the consumergenerallyupdatesthe communicatedvalue, while in

TPC-Donly oneproducergenerallyupdateseachlocation.

Thesharingdegreeis identicalto theinvalidationdegreewheneveradatalocationconsumedby

oneor moreRAW accessesis updatedby aWAR access.However, someapplicationshave sharing

degreethatis differentfrom theinvalidationdegreebecausesomeshareddatais initializedonceand

neverupdated.

3.4.5 Communication Variation Over Time

TDAT is usedto analyzeCIAT’scommunicationeventtracethathasonerecordfor everycom-

municationevent.Eachrecordspecifiestheevent’s typeandtime(in instructions).Thetimedistri-

butionanalysisis summarizedasfollows:

1. CIAT is usedto analyzethebenchmarkandto generatethecommunicationeventtrace.

2. Theexecutionperiodis dividedinto 1000-instructionintervals.

3. Thenumberof communicationeventsin eachinterval is counted.

4. Thecommunicationratein eachinterval is calculatedasthenumberof communicationevents

dividedby theproductof theinterval sizeandthenumberof processors.

5. Theaverage,minimum,andmaximumcommunicationratesoverall intervalsarecalculated.

6. The communicationratedensityfunction is calculated,not including rate=0. The ratezero

is excludedto minimize theeffect of theserialinitialization phasewhich doesnot have any

communication.

7. Thedensityfunctionis integratedto find thedistributionfunction.

Figure3.9 shows thenumberof communicationeventsover time for 32 processorsandsizeI.

Thegraphsdo not show the initial executionperiodsthathave no communication.LU, Cholesky,

andCGhaveahighburstof communicationattheparallelphasestartwhenProcessors1 through31

startto accesstheshareddatainitializedby Processor0. Radixhastwo phasesof communicationto

build theglobalhistogramandto permutethekeys betweenthetwo arrays.FFT’s communication

occursin threephaseswhenmatrix transpositionis performed.LU’s communicationis relatively

lessintensethantheotherbenchmarksandis periodicwith adecreasingcycle. Cholesky’scommu-

nicationis notuniform. CGandSPhaveperiodiccommunicationwith fixedcycle. CGhasasimple

periodicbehavior with a cycle of about20,000instructions;SPhasa morecomplex behavior with

acycle of about200,000.
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Figure3.9: Number of communicationeventsover time (32processors,problemsizeI).
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Figure3.10showsthecommunicationratedistributionfunctionwith 32processorsandproblem

sizeI. While all Radix’scommunicationoccurswith acommunicationrate ¤ 0.1events/instruction,

only 0.09of FFT’scommunicationoccursatarate ¤ 0.1events/instruction.CGalsohassomehigh

communicationrates,suggestingthatFFTandCGmaysuffer mostfrom contentionin systemswith

limited communicationbandwidth.

3.4.6 Communication Slack

CIAT measuresthecommunicationslackasthe time in instructionsbetweengeneratinga new

valueandreferencingit by a RAW or a WAW access.Figure3.11is basedon thecommunication

slackhistogramreportedby CIAT for the scientificbenchmarkswhenusing 32 processors.The

figure shows the percentageof the communicationeventsbinnedin eight slack ranges,e.g. for

problemsizeII, morethan96%of SP’scommunicationhasslackin therangeof millions of instruc-

tions. For all thebenchmarks,mostof thecommunicationhasa slackof thousandsof instructions

or more.However, CG’smorefrequentuseof barriersis reflectedin its smallestslack.Eachof the

six benchmarkshave largeenoughslackto makeprefetchingrewarding.

3.4.7 Communication Locality

CIAT characterizesthe communicationlocality by reporting the numberof communication

events for eachprocessorpair. CIAT reportsthis information in the matrix COMM MAT. The

elementCOMM MAT[ ¥ ][ ¦ ] is thenumberof communicationeventsfrom Processor¥ to Processor¦ which is incrementedby onein thefollowing cases:

1. Eachof Processor¦ ’sRAW accessesto a locationstoredinto by Processor¥ .
2. Eachof Processor¦ ’sWAW accessesto a locationpreviouslystoredinto by Processor¥ .
3. Eachof Processor¦ invalidationthatis causedby a WAR accessof Processor¥ .
Figures3.12and3.13show the reportedcommunicationmatrix for the scientificbenchmarks

using 32 processorsfor problemsize I and II, respectively. Figure3.14 shows the communica-

tion matrix for theTPCbenchmarks.Theeightbenchmarkshave clearlydifferentcommunication

localities.

In addition to Radix’s uniform communicationcomponent,processorshave additionalcom-

municationwith their neighbors.This additionalcommunicationdependson the processorID. A

processorwith anevenID, ¥ , communicatesto Processor¥ §O¨ ; however, a processorwith anodd

ID communicatesto threeor moreprocessors.Themiddleprocessor, Processor15,communicates

to 20 processors.

In FFT, Processor0 communicatesa constantnumberof valuesto every otherprocessor, oth-

erwisethe processorscommunicatein a uniform pattern. In LU, the communicationis mainly
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Figure3.10: Communication rate per processor(32processors,problemsizeI).
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Figure 3.11: Communication slack distrib ution for 32 processors.

clusteredwithin groupsof 8, with somefar communication:Processor¥ communicatesto eachpro-

cessor¦ where¦«ªJ¥X¬)�® for someinteger ® . Moreover, Processor0 communicatesto andfrom all

otherprocessors.

In Cholesky, Processor0 communicatesto all otherprocessors,otherwisetheprocessorscom-

municatein anon-uniformpattern.While CG’scommunicationis relatively uniform,SP’scommu-

nicationis clustered:Processor¥ communicatesfrom eachprocessor¦ where¦jª�¥�¬'¯4® for some

integer ® , andfrom the ° th groupof 8 processors,where°±ª²¥E³ mod ¯+´ .
In TPC-C,thereis somecommunicationamongthefirst 16 processes(onProcessors0 through

15). Apparently, eachis responsiblefor oneuser. Additionally, eachof theseprocessesproduces

morethan100,000elementsfor theprocesson Processor42 which in turn producessomedatafor

thefirst 16 processesandmorethan150,000elementsfor theprocessonProcessor41.

In TPC-D,mostof the communicationis from the first 8 processes,which do disk readsand

preprocessing,to the second8 processes.This indicatesthat parallelismis exploited functionally

amongtwo 8-processgroups,andspatiallyby partitioningthedatainto 8 parts.

3.4.8 Sharing Behavior

Thedatapresentedin thissectionis basedonanalyzingthecodeanddataaccessesof thewhole

execution,including theserialphase.Figure3.15shows the sizeof referencedmemorylocations

classifiedin threeclasses:codelocations,privatedatalocations,andshareddatalocations. As

the size of the codelocationsis much smallerthan the size of the datalocations,the codesize

is not visible in the chart. Generally, morelocationsbecomesharedasthe numberof processors

increases;all thescientificbenchmarksshow this trend. For problemsizeII, using32 processors,

morethan93%of thedatalocationsof eachof Radix,FFT, LU, andSPareshared.Furthermore,

eachadditionalthreadmay requiresomenew private memorylocations,causingan increasein

the sizeof privatememoryandhencethe total datamemory. This trendis particularlyvisible in
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Figure3.12: Number of communication eventsper processorpair (32 processors,prob-
lem sizeI).
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Figure3.13: Number of communication eventsper processorpair (32 processors,prob-
lem sizeII).
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Figure3.14: Number of communication events per processorpair (TPC-C: 45 proces-
sors,TPC-D: 23 processors).
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Figure3.15: The sizeof code,private data, and shared data locations.

Cholesky, andsomewhatin Radix.TPC-C’ssharedpercentageis 15%andTPC-D’s is 12%.

Figure3.16 shows the numberof privateandshareddataaccessesnormalizedto the number

of dataaccessesusingoneprocessor. In Cholesky, CG, TPC-C,andTPC-D, the sharedlocations

aremoreintenselyaccessedthantheprivatelocations.For example,using32 processorsto solve

problemsizeII, 10%of CG’s datalocationsaresharedandthesearereferencedby 25%of all the

dataaccesses.However, in Radix,FFT, LU, andSP, thesharedlocationsarelessintenselyaccessed.

For example,using32 processorsto solve Radix’sproblemsizeII, only 17%of all accessesareto

sharedlocations.Thescientificbenchmarksshow someincreasein thetotalnumberof accessesdue

to the increasein the privateaccessesasthe numberof processorsincreases.However, the large

increasein thetotalnumberof accessesin Cholesky is dueto theincreasein bothprivateandshared

accesses.
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Figure3.16: Number of private and shared data accessesnormalized to the number of
data accesseswhen using oneprocessor.

3.5 Chapter Conclusions

In this chapter, we have demonstratedthat configurationindependentanalysisis a viable ap-

proachto characterizingshared-memoryapplications.CIAT, our configuration-independenttool,

efficiently characterizesseveral importantaspectsof shared-memoryapplications. CIAT can be

usedto mechanicallycharacterizeawide rangeof shared-memoryapplications.

CIAT characterizationof concurrency is informative sinceit specifiesthe application’s serial

fraction,paralleloverheadbusywork, loadbalance,andresourcecontention.Usingan algorithm

basedon finding the ageof the memoryaccesses,CIAT characterizesthe working setsof an ap-

plicationby doingonly oneexperimentandis not confusedby coherencemisses.CIAT alsochar-

acterizesthe inherentcommunicationwhich is not affectedby capacity, conflict, or false-sharing

misses.It reportsthevolumeof thefour typesof communicationpatternsandtheir variants,andit

characterizesthecommunicationvariationover time,aswell ascommunicationslackandlocality.

Wehavedemonstratedouranalysisapproachby analyzingeightbenchmarksusingtwoproblem

sizesanda varying numberof processors.This studyshows the power of this approachandthe

insightsthatcanbegainedfrom a configurationindependentanalysisof targetedbenchmarks.The

resultsarepresentedin a form thatcanreadilybeexploitedby applicationandsystemdesigners.
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CHAPTER 4

MICR OBENCHMARKS FOR CALIBRA TING EXISTING
SYSTEMS

This chapteroutlinesour methodologyfor characterizingdistributedsharedmemoryperfor-

manceusingmicrobenchmarks.We describewhatthesemicrobenchmarksmeasureandhow.

4.1 Intr oduction

In distributedsharedmemorysystems,thedistributedmemory, caches,andcoherenceprotocols

maketheir performancea verycomplex functionof theworkload,thusslowing thedevelopmentof

efficient applications.Developingefficient applicationsandcompilersfor a DSM multiprocessor

requiresa goodunderstandingof the performanceof its hardwareandparallelsoftwareenviron-

ment.Performancemodelsarealsousefulfor conductingquantitativecomparisonsamongdifferent

multiprocessorsandselectingthebestavailableapplicationimplementationtechniques.

In this chapter, we presentanexperimentalmethodologyto characterizethememory, schedul-

ing, andsynchronizationperformanceof DSM systems.Weextendthemicrobenchmarktechniques

usedin previous studies[GGJµ 90, MSSAD93,SS95,McC95a, MS96] by adaptingthemto deal

with theimportantattributesof a DSM system.Like previousstudies,ourbenchmarksevaluatethe

cache,memory, andinterconnectionnetworkperformance.Moreover, specialattentionis givento

characterizingthecommunicationperformance,theoverheadsin maintainingcachecoherence,and

theeffect of contentionfor local andremoteresources.This characterizationis usefulto program-

mersto estimatethecomponentsof thememoryaccesstime seenby their programs.Additionally,

it is usefulto architectsto identify strengthsandweaknessesin currentsystems,asdemonstratedby

thecasestudyin thenext chapter.

The next sectionoutlinesour methodologyfor characterizingDSM performance.Section4.3

describesthememorykernelsusedin thesemicrobenchmarks.Section4.4presentsthemicrobench-

marksfor local-memorycharacterization.Sharedmemoryand communicationperformanceare

treatedin Section4.5. Sections4.6 and4.7 treat the schedulingandsynchronizationoverheads,

49



respectively. Section4.8offerssomeconclusions.

4.2 DSM Performance

Figure4.1 illustratessomeperformanceaspectsof theexecutionof a shared-memoryprogram.

It shows two processorsexecuting a two-segmentprogram,whereeachsegment is endedby a

synchronizationbarrier. The execution time dependson the computation,schedulingoverhead,

loadbalance,andsynchronizationoverhead.In thischapter, wefocusoncharacterizingthememory

accesscomponentsof the computationtime, andbriefly considerschedulingandsynchronization

overheads.

In shared-memoryprograms,communicationis implicit throughloadandstoreinstructionsto

thesharedmemoryduring thecomputationtime. We presentexperimentalmethodsfor measuring

the memoryaccesslatency undervaryingconditionsof accessdistance,sharing,andtraffic. The

distanceis determinedby wherein the memoryhierarchy, relative to the processor, the memory

accessis satisfied.For example,in theSPP1000[Bre95],a memoryaccesscanbesatisfiedby a hit

in the processorcache,local memory, anotherprocessor’s cachein the samenode,remoteshared

memory, or a remoteprocessor’scache.

Dueto thevariousoverheadfactorsin thecachecoherenceprotocol,thememoryaccesslatency

is affectedby the way that the referenceddatais sharedand the sequenceof accessesto it. We

presentexperimentsfor characterizingtheperformanceof basicshareddataaccesspatternsfor two

processors,andthenextendtheseexperimentsto multiple processors.Wethenpresentexperiments

to characterizetheeffectson performancewhenmultiple processorscompetefor utilization of the

distributedmemoryandinterconnectionnetwork.

Theschedulingoverheadis time spentin theparallelenvironmentwhile allocatingandfreeing

processorsfor parallel tasks. The examplein Figure4.1 shows staticschedulingoverheadat the

startandat the endof taskexecution. Schedulingoverheadmay alsoexist within the execution

whendynamicallocationis supported.

The synchronizationoverheadis the time spentperformingsynchronizationoperations,e.g.,

Synchronization overhead

Time

P1

P2

Wait

Scheduling overhead

Computation time

Figure4.1: Illustration of a shared-memoryprogram executionwith two processors.
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barriersynchronization,or acquiringa lock for a critical section[Hwa93]. The synchronization

overheaddoesnot includethe wait time dueto load imbalance,which caneasilybe treatedsepa-

rately[Tom95, Boy95].

We usesimpleFortranprogramsto gathertiming datafor eachof thesethreeaspectsof DSM

performance.Eachprogramcalls andtimesa kernel100 timesand,after subtractingtimer over-

heads,reportstheminimum,average,andstandarddeviation of its call times. Thefirst call time is

ignoredsinceit is significantlyaffectedby pagefaultsandothercold starteffects.To minimizeex-

traneouseffects,theexperimentsshouldbecarriedoutduringanexclusivereservationperiodwhere

theoneactiveuserprocessis runningoneof thesetiming programs.

4.3 Memory Kernel Design

Memorykernelsarethebuilding blocksof thememoryandcommunicationmicrobenchmarks.

Eachkernelaccessesthe ¶ -byteelementsof anarrayof size · byteswith stride ¸ bytes.Thus,one

call timeconsistsof the ·�¹�¸ accessesin akernelcall.

Thememorykernelsshouldbecarefullydesignedto measurelatency andbandwidth.A kernel

thatmeasureslatency exposestheaccesslatency anddoesnot overlapor hidethelatenciesof indi-

vidual memoryaccesses,whereas,a kernelthatmeasuresbandwidthmaximizesaccessoverlapto

achieve thehighestpossiblebandwidth.We usefour kernelsto measurelatency andbandwidthof

loadandstoreaccesses( ¶¢ª#¯ for latency kernels,and ¶ ª² for bandwidthkernels):

Load latency: To measuretheloadlatency, theloadkernelshouldforcetheprocessorto haveonly

oneoutstandingaccess,which is achievableby theload-use Fortrankernelthat is shown

with anexamplein Figure4.2:

-1

0

1

2

3

4

1

2

3

4

5

6

i=

w/l=6, s=2lExample:Load-Use Kernel

tmp = array(w/l)
do i= 2, w/s
   tmp = array(tmp)
end do

takes the valuestmp

4, 2, and 0.

Figure 4.2: Load-use kernel.

The arrayusedin this kernel is initialized asarray(i) = i - ¸{¹�¶ , for eachof its ·�¹�¶
elements.Consequently, this kernelscansthearraybackwardsandhasonly oneoutstanding

loadbecausetheaddressof eachloadis a functionof thepreviousloadedvalue.
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Store latency: Thestoreinstructiondoesnotreturndatathatcanbeusedto establishadatadepen-

dency thatserializesthestorestream.However, for strides º�»�¶ bytes,thestore-load-

use kernelin Figure4.3 is capableof measuringthestorelatency. This kernelmeasuresthe

storemisslatency in write-allocatecachesasthelatency from issuingthestoreto completing

theallocationin thecacheof themissedline. Thestorein thiskernelmayhit or miss,but the

load alwayshits. The loadsimply readsthe addressfor the next store,therebyestablishing

thedatadependency neededto serializethestoreaccesses.

w/l=6, s=2lExample:

takes the valuestmp

Store-Load-Use Kernel

end do
   tmp = array(tmp)
   array(tmp-1) = 0
do i= 2, w/s
tmp = array(w/l)
array(w/l-1) = 0

0

2

4

1

2

3

4

5

6

i=

0

0

0

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

are cleared.

Figure4.3: Store-load-use kernel.

Considerthearrayusedin thiskernelasbeingdividedinto consecutivegroupsof ¸:¹:¶ elements

each.Thearrayis initialized suchthat theelementsin eachgrouphave thesamevalueand

point to the lastelementin thepreviousgroup. This kernelalsoscansthe arraybackwards,

andthetwo elementsaccessedby oneiteration’sstoreandloadinstructionsmustbeallocated

in thesamecacheline. Thestoreinstructionin this kernelmustprecedetheload(otherwise,

in a multiprocessorsystem,the loadmaygeneratea loadmiss,andif thememoryreturnsa

sharedline, a following storeto thatline would requestexclusiveownership).

In modernsuperscalarprocessors,theoverheadof theloadanduseis minimizedsincethese

processorsusuallyperformthe loadconcurrentlywith thestoreandbypassthe load’s result

for quickcalculationof thenew address.OnthePA8000[Hun95], theload-use kerneland

thestore-load-use kerneleachtakesthreecyclesper iterationwhenall accesseshit in

thecache,which is theloadfollowedby uselatency.

Load bandwidth: The following load kernel,which performssimple,forwardaccessingof the

array, can be usedto measurebandwidth,possiblywith somemodificationsas described

below.

do i= ¸{¹�¶ , ·�¹�¶ , step ¸{¹�¶
sum = sum + array(i)

end do
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Usually, modernoptimizing compilerscan achieve peakbandwidthwith this kernel. The

compilershouldunroll this loop sufficiently to minimize the effect of thebackwardbranch

at the loop’s end, and schedulethe loop in a way that masksits computetime. In some

processors,theexistenceof theaddinstructionmayreducethenumberof outstandingmisses

thattheprocessorcanhave. For suchprocessors,theaddinstructionscanbedeletedfrom the

assemblyfile of thecompiledkernel.

Store bandwidth is measuredby thestore kernel,which is similarly designedby replacingthe

reduction,sum = sum + array(i), in theload kernelbyarray(i)=0.

Processorsthatsupportprefetchingcomplicatemeasuringthecachemisslatencies.Somepro-

cessorssupportsoftwareprefetchingby providing “non-binding”loadinstructionsthatcanbeadded

by theprogrammeror thecompilertobringthedatato thecacheaheadof its use.Non-bindingloads

do not returndatato a register. Softwareprefetchingcanbe disabledby instructingthe compiler

not to insertprefetchinstructions.Someprocessorssupporthardwareprefetchingwherethecache

controller, basedonthemisshistory, speculateswhichuncachedlineswill bereferencedin thenear

futureandautomaticallygeneratesrequeststo prefetchtheselines. For example,thePA7200pro-

cessor[KCZ µ 94] prefetchesthe next sequentialcacheline on a cachemiss. Sincethe above two

latency kernelsscanthearraybackwards,thenext (forward)sequentialline is alwaysin thecache,

thus,no sequentialprefetchingis done.

In addition,thePA7200prefetchescachelines basedon hints from the load/store-with-update

instructions.Theseinstructionsareusuallyusedin loopswith constantstridesthrougharrays.They

performloadsor storesthatupdatethebaseregisterthat is usedin calculatingthecurrentaddress.

Themodifiedbaseis typically usedto find theaddressin thenext iteration.Whenaload/store-with-

updateinstructiongeneratesa cachemiss,thePA7200usesthemodifiedaddressto find thestride

anddirectionfor prefetching.Theabove latency kernelshave indirectaddressinganddo not have

load/store-with-updateinstructions,thus,they avoid this typeof prefetching.

In theselatency kernels,array is initialized in sucha way asto causethe arraybe scanned

linearly in the backwarddirection. However, it can be initialized differently to avoid hardware

prefetchingwhenotherprefetchingalgorithmsareused.

In thischaracterization,theaverageaccesstime is calculatedastheminimumcall time divided

by theaccessespercall ( ·�¹�¸ ). Thetransferrate is foundby dividing thenumberof accessedbytes

per call ( ¶�·�¹�¸ ) by the minimum call time. Usually the highestobserved transferrate occursat¸�ª²¶ bytesbecauseall thetransferreddataareaccessed.Thebandwidththroughaninterconnecting

link is calculatedby dividing thenumberof bytestransferredthroughthis link by theaveragecall

time.

Theminimumcall time is usedin calculatingtheaverageaccesstime andthetransferratefor a
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processorin orderto minimizeextraneouseffects. Theaveragecall time is usedin calculatingthe

bandwidththroughalink in ordertoaccountfor concurrentlink utilizationwhenmultipleprocessors

areactive.

4.4 Local Memory Performance

In theexperimentsusedto characterizetheprocessordatacacheandlocalmemoryperformance

underprivateaccessconditions,a memorykernel is run on one processor. Eachexperimentis

repeatedfor strides¶E¼7»�¶E¼2¯X¶�¼8½¾½¿½¾¼CÀT¼ and »XÀ bytes;where »XÀ is thefirst stridewith thesametime per

accessasthepreviousstride.Thus,onecacheline containsÀ bytes.Figure4.4showstypicalresults

of theaverageaccesstimeasafunctionof arraysizefor aprocessorwith onecacheof size Á bytes,Â
-wayset-associative,andleast-recently-usedreplacementpolicy. Thefigureshowsthreeregions:

1. Hit region ( Ã(¤#·=Ä#Á bytes):Thearraysizeis smallerthanthecachesize,andeveryaccess

is a hit taking Å H sec.

2. Transitionregion ( ÁÆ¤O·<¤�Á�§#Á-¹ Â bytes):Someof theaccessesarehits andothersare

misses,resultingin an averageaccesstime of Å T ³[¸	¼!·�´ sec. The width of this region is the

cachesizedividedby thedegreeof thecacheassociativity (assumingLRU replacement).

3. Missregion ( ·Oº#ÁÇ§ÈÁ-¹ Â bytes):Thearraysizeis solargethateveryaccessto anew cache

line is a misstakingan averageaccesstime of Å M ³[¸{´ sec. Storemisstime is usuallylarger

thanloadmisstime dueto the write-backoverheadof flushingthe dirty replacedline from

thecache.

Hit time

Miss time
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s = 2l bytes
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Figure4.4: Typical averageaccesstime as a function of array size for various strides,¸�ª²¶E¼7»�¶E¼ and À bytes.
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Figure4.5: Cachemissesin the transition region ( Á&¤O·<¤OÁ�§ÊÁ-¹ Â ) for array size · ,
and an A-way associativecacheof size Á .

Usingthelatency kernels,Å H is thelatency of anaccessthathits in thecache,and Å M ³�Ày´ is the

latency of anaccessthatmissesin thecache(plus the latency of finding thenext address).Using

thebandwidthkernels,thecache transferrateis calculatedasthenumberof accessedbytes( ¶�·�¹�¸ )
dividedby theminimumcall timein thehit region. Thememorytransferrateis foundasthesizeof

theaccessedcachelines( · for ¸ËÄ=À , and À£·�¹�¸ for ¸«Ì=À ) dividedby minimumcall time in the

missregion.

The Å T ³[¸	¼!·�´ curve is a truncatedhyperbola,namely

Å T ³[¸	¼!·�´Íª Å H Î (residentlines) §"Å M ³[¸:´ Î (nonresidentlines)
total lines

Figure 4.5 illustrates Å T ³[¸	¼!·�´ for a cachewith size Á andassociativity
Â

. For an array of

size · , the segmentof size ·=ÏJÁ shown to the right is the excesssegment. Whenthe arrayis

accessedrepetitively, assuminganLRU replacementstrategy, residentlines ª Â ³EÁ-¹ Â Ï�³[·mÏ.Á�´2´
andnonresidentlines ª=³ Â §J¨:´2³[·lÏ'Á�´ , wherethetotal lines ª�· . Hence,Å T ³[¸�¼7·�´ is givenby

thefollowing hyperbolicfunctionof · :

Å T ³[¸�¼7·�´¢ª#Å H Î ÁOÏ Â ³[·#Ï"Á�´· §"Å M ³[¸:´ Î ³ Â §J¨:´2³[·ÐÏ"Á(´·
Notethat Å T ³[¸	¼!Á(´¢ª#Å H and Å T ³[¸�¼7Ál§'Á-¹ Â ´£ª#Å M ³[¸{´ .

4.5 Shared Memory Performance

In this section,we presentthe shared-memoryperformanceevaluationmethodology. Subsec-

tion 4.5.1evaluatesinterconnectcacheperformance,4.5.2evaluatesshared-memoryperformance

when2 processorsinteractin a producer-consumeraccesspattern,4.5.3evaluatestheoverheadof

maintainingcoherencewhenmultipleprocessorsareinvolvedin shared-dataaccess,and4.5.4eval-

uatesoverall performancewhenmultiple active processorscontendin accessinglocal andremote

memory.
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4.5.1 Inter connectCachePerformance

SomeDSM systemsuseinterconnectcaches(ICs) to exploit locality of referenceto remote

shared-memorydata(shareddatawith ahomememorylocationin someothernode).Whenremote

shared-memorydatais referencedby a processor, if it is not in the processor’s datacacheor the

local node’s IC, a cacheline is retrievedover the interconnectanda copyis storedin the local IC.

Hence,subsequentreferencesto this line that miss in oneof the datacachesof this nodecanbe

satisfiedlocally from the IC (until this line is replacedin the IC or invalidateddueto write by a

remotenode).

To evaluatetheperformanceof the IC, we usean experimentsimilar to theoneusedfor eval-

uatinglocal-memoryperformance.We usea programthat is run on two processorsfrom distinct

nodes. The first processorallocatesa local sharedarrayandinitializes it. The secondprocessor

accessesthe arrayrepetitively usinga load kernel. The experimentis repeatedfor varying array

sizesto characterizetheIC sizeandassociativity, andfor varyingstridesto characterizetheIC line

length.

4.5.2 Producer-ConsumerPerformance

In this subsection,we evaluatethe shared-memoryperformancewhentwo processorsinteract

in a producer-consumeraccesspatternon shareddata.For this purpose,we usea programthathas

thefollowing pseudo-code:

shared A[ ·�¹�¶ ]
repeat Ñ
Proc 0 writes into A[] with stride ¸ (a store kernel)
wait barrier()
Proc 1 reads from A[] with stride ¸ (a load kernel)
wait barrier()Ò
This program,which runson two processors,simulatesthecasewhenoneprocessorproduces

dataandanotherprocessorconsumesit. For ·�¹�¶ -elementarraywith stride ¸ , Processor0 does·�¹�¸
write accessesandthenProcessor1 does ·�¹�¸ readaccessesin eachiteration. · is selectedsuch

thatthearrayfits in theprocessordatacache.Thetimesspentin thetwo kernelsaremeasuredand

the minimum timesaredivided by the numberof accessesto get the averageaccesstimes. The

timeof Processor0 is calledwrite-after-read(WAR) accesstime. Thetimeof Processor1 is called

read-after-write (RAW) accesstime.

Thesynchronizationbarrierusedin thesemicrobenchmarksshouldbecarefullyselected.Con-

sider that whenProcessor0 is in the storekernel,Processor1 is waiting on the synchronization

barrier. Thus,a processorwaitingon abarriershouldbewaitingon acachedflag sothatit doesnot

generatememorytraffic thataffectstheaccessesof theotheractiveprocessoror processors.
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If the programis modifiedso thatProcessor1 writes into the arrayinsteadof reading,we get

a third accesspatternwith write-after-write (WAW) accesstime. This is a lesscommonaccess

pattern,but may occur, for example,in a false-sharingsituationwheretwo processorswrite into

two differentvariablesthathappento belocatedin thesamecacheline.

For the fourth accesspattern,read-after-read(RAR), the programwould be modifiedso that

bothprocessorsread. In this case,eachprocessoracquiresa local copyof thedata,andwe would

get accesstimessimilar to the local-memoryaccesstimes. Thus,the local-memoryaccesstimes

couldsimplybeusedinstead(unlesstheaccessedarrayis largerthantheprocessorcacheandhasa

remotehome,which will becachedin thelocal IC—if used).

TheWAR andRAW accesstimescanbeusedtofind theshared-memorypoint-to-pointproducer-

consumercommunicationlatency andtransferrate.Thelatency is thesumof WAR andRAW access

timeswith ¸eªG¶ byteswhenusingthe latency kernels.The transferrateis ¶ bytesdividedby the

sumof WAR andRAW accesstimeswith ¸�ªJ¶ whenusingthebandwidthkernels.

Thesetimesdependon theaccessstride,thedistancebetweenthetwo processors,andwhether

thedatais cachedin theotherprocessor’s cache.Sincethearrayfits in thedatacache,it is cached

whenever a processoraccessesit. To measurethenot-cachedcase,we addsomecodeto flushthe

cacheafterthekernelcallsor usea largearray( ·=º#Ál§$Á-¹ Â ).

In systemslike the Convex SPP1000,the latency of a remoteaccessdependson the number

of nodesanddoesnot dependon thedistanceof the remotenode. Eachaccesshasa requestpath

anda reply path,which collectively circle one interconnectionring, therefore,the latency is not

affectedby the locationof theremotenode.However, otherinterconnectiontopologies,like mesh

andhypercube,have latenciesthatdo dependon theremotenodelocation. Consequently, themi-

crobenchmarksthatmeasuretheir communicationperformanceneedto reportperformancefigures

thatdo dependon therelativepositionof theprocessors.

To characterizesuchsystemsaccurately, we needeithertheability to controlprocessoralloca-

tion or, at least,the ability to find the physicallocationof an allocatedthread. Whenthe system

providestheability to controlprocessorallocation,we suggestcharacterizingsuchsystemsalong

two dimensions:First thedistancedimension,by repeatingtheproducer-consumercommunication

experimentfor variousdistances.Secondthe function dimension,by performingtheexperiments

describedin this sectionwith thebestcaseallocation,in which thenodesusedareascloseaspos-

sible.

To achieveasimilartwo-dimensionalcharacterizationfor systemsthatprovidetheability to find

thephysicallocationof anallocatedthread,wesuggestcarryingoutexperimentsthatrequestall the

physicalprocessors,but activateonly a subsetof theseprocessorsaccordingto their location.This

approachassumesthat thesystemdoesnot oversubscribeprocessorsanddoesnot migratethreads

from oneprocessorto another.
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4.5.3 CoherenceOverhead

In this subsection,we evaluatetheshared-memoryperformancewhentwo or moreprocessors

performreadandwrite accessesto shareddata. The objective hereis to evaluatethe coherence

overheadasa function of the numberof processorsinvolved in shared-memoryaccess.For this

purpose,we useaprogramthathasthefollowing pseudo-code:

shared A[ ·�¹�¶ ]
repeat Ñ
Proc 0 writes into A[] with stride ¸ (store-load-use)
wait barrier()
foreach proc Óª Proc 0 Ñ

begin critical section
read from A[] with stride ¸ (load-use)
end critical sectionÒ

wait barrier()Ò
This programis runon Ô processorsandsimulatesthecasewhereoneprocessorproducesdata

andÔÕÏ)¨ processorsconsumeit. In thisprogram,Processor0 does·�¹:¸ write accessesperiteration,

andeachof theotherprocessorsdoes·�¹�¸ readaccessesperiterationinsideacritical section.Notice

that no more than oneprocessoris active in the critical sectionat any time. The time spentin

doing theseaccessesis measuredfor eachprocessorand the minimum times aredivided by the

numberof accessesto gettheaverageaccesstimefor eachprocessor. Thetimeof Processor0 is the

invalidationtimewhich is a functionof Ô . The timesfor theotherprocessorsoftendependon the

orderin which they enterthecritical section,e.g.,theConvex Exemplarevaluatedin Chapter5.

4.5.4 Concurrent Traffic Effects

In eachexperimentdescribedin theprevioussections,only oneprocessorat a time is actively

runninga load or storekernel. Hence,the reportedresultsrepresenta bestcasewhereprocessor

accessesarenot hinderedby any resourcecontentionwith otheraccesses.We have modifiedsome

of the previous experimentsto have multiple active processors.Thesemodificationsallow char-

acterizingthe aggregatememorybandwidththroughthe systeminterconnects,andcharacterizing

singleprocessormemoryperformancedegradationdueto concurrenttraffic.

To characterizethe aggregatelocal-memorybandwidth,we usean experimentbasedon the

load kernel.In thisexperiment,Ô processorsfrom onenodeusetheload kernelto accessa »5Ô6Á -

bytearray, simultaneously, where Á is thesizeof theprocessorcache.Eachprocessoraccessesa

disjoint »�Á -bytesegmentwith stride ¸ . Thesegmentsizeis selectedto evaluatethelocal-memory
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performancein themissregion. Theaggregatebandwidthis calculatedas

Ô Î cacheline size
averageline accesstimeoverall processors.

We characterizethe aggregateremote-memorybandwidthby the performanceof the remote

RAW access. In this experiment, Ô processorsfrom onenodeusethe store kernel to update

a »5Ô6Á -byte array, simultaneously. Then Ô processorsfrom anothernodeusetheload kernelto

accessthearray, simultaneously. Theload kerneltime is usedto find theaggregatebandwidthfor

RAW throughthesysteminterconnect.

4.6 SchedulingOverhead

The schedulingtime is the time neededby theparallelenvironmentto startandfinish parallel

taskson Ô processors.This time mayincludetheoverheadof allocatingprocessorsfor theparallel

task,distributing the task’s executablecode,startingthe task on the processors,and freeing the

allocatedprocessorsat taskcompletion.In thissection,wepresentacharacterizationof twoaspects

of schedulingoverheads:staticschedulingandparallel-loopscheduling.

Staticschedulingoverhead(SSO)occurswhenschedulinganumberof processorsthatdoesnot

changeduringrun time. It is incurredonceper taskandis significantfor shorttasks.To evaluate

this overhead,we run a simpleprogramon a varyingnumberof processorswhereeachprocessor

simplyprintsits taskID. Measuringtheexecutionwall clocktimeis agoodapproximationfor SSO.

Somecompilersautomaticallyparallelizeloops. In the resultingcode,duringprogramexecu-

tion, Processor0 is alwaysactive. Whenit reachesa parallelloop, it activatestheotheravailable

processorsto participatein thework of theloop. Theotherprocessorsgobackto idle at theparallel-

loop completion. The overheadof processoractivation anddeactivation for a parallel loop is the

parallel-loop schedulingoverhead(PLSO).To evaluatethis overhead,we time a parallelloop that

hasonecall to a subroutineconsistingsimplyof a returnstatement(Null Subroutine).

4.7 Barrier Synchronization Time

In ashared-memorymultiprocessor, acall to anexplicit synchronizationroutineis oftenneeded

betweencodesegmentsthataccessshareddata.Whenaprocessorreadsshareddatathatis modified

by anotherprocessor, a barriersynchronizationcall beforethereadensuresthattheotherprocessor

hascompletedits update.

We evaluatethe time to call a barriersynchronizationsubroutinewhenall theprocessorsenter

thebarriersimultaneously. This is implementedby makingevery processorcall thesubroutinefor

many iterations,andreportingtheelapsedtimepercall.
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4.8 Chapter Conclusions

In thischapter, wehavepresentedanexperimentalmethodologyfor measuringthememoryand

communicationperformanceof a DSM multiprocessor. This methodologycharacterizesimportant

performanceaspectsof local-memoryandshared-memoryaccessing,scheduling,andsynchroniza-

tion.

For local-memoryaccess,thesemicrobenchmarksenablecharacterizingtheprocessordatacache

configuration,thelatenciesof cachehitsandmisses,andtheachievablecacheandmemorytransfer

rates.As illustratedin thenext chapter, they alsoexposememorysystembottlenecks.

For shared-memoryaccess,they enablecharacterizingtheshared-memorycommunicationcost

asfunctionof distance,accesspattern,andnumberof processors.Moreover, they provideacharac-

terizationof theeffectson performancedueto theconcurrenttraffic whenmultiple processorsare

concurrentlyutilizing thesharedmemoryandtheinterconnectionnetwork.

Although the staticschedulingoverheadis incurredonceper taskand is only significantfor

short tasks,it usually increaseswith moreprocessorsandgivesan indicationon the parallelen-

vironmentperformancein schedulingprocessorsanddistributing the task’s codeto the scheduled

processors[AD96, AD98b]. Theparallel-loopschedulingoverhead(PLSO)alsousuallyincreases

asthenumberof processorsincreases.SincethePLSOcanbesignificantfor tensof processors,it

maynot beprofitableto parallelizea shortloop. For aserialloop thattakesÅ|Ö , parallelizingit with

perfectloadbalancegivesa parallelloop that takesÅQÖ8¹!Ôc§ PLSO³�ÔQ´ . Hence,parallelismmaybe

profitableif PLSO³�ÔQ´£¤J³!¨×Ï$¨:¹!ÔQ´�ÅQÖ , andtheoptimum Ô is Ø ÅQÖ:¹�ÙÙ[Ú PLSO³�ÔQ´ .
We suggestthat theexperiment-basedmethodologypresentedin this chaptercanbeappliedto

existing shared-memorymultiprocessorsandthat theresultingcharacterizationis usefulfor devel-

oping and tuning shared-memoryapplicationsandcompilers. We have alsoshown that a corre-

spondingcommunicationperformancecharacterizationof message-passingmulticomputerscanbe

systematicallycarriedout [AD96].

60



CHAPTER 5

ASSESSINGTHE EFFECTS OF TECHNOLOGICAL ADVANCES
WITH MICR OBENCHMARKS

In this chapter, we usethe microbenchmarksdevelopedin Chapter4 to calibrateandevaluate

theperformanceof two generationsof theHP/Convex Exemplar. We characterizetheperformance

effectsof thechangesin microarchitectureandimplementationtechnology. We alsoidentify some

remaininginefficienciesin thecachecoherenceprotocolandnodeconfigurationthatfuturesystems

shouldaddress.

5.1 Intr oduction

DistributedSharedMemoryis becomingtheprevailing approachfor building scalableparallel

computers.DSM systemsusehigh-bandwidth,low-latency interconnectionnetworksto connect

powerful processingnodesthatcontainprocessorsandmemory. Thedistributedmemoryis shared

throughaglobaladdressspace,thusprovidinganaturalandconvenientprogrammingmodel[LW95,

CSG98].

The SPP1000wasintroducedin 1994asConvex’s first implementationof its ExemplarDSM

architecture[Bre95]. In 1997,HP/Convex startedto ship multi-nodeconfigurationsof its second

Exemplargeneration,theSPP2000[BA97]. Althoughthenew systemis upwardlybinarycompati-

blewith oldersystems,it hassignificantdifferencesthatachievehigherperformanceandscalability.

The SPP2000usesa modern,superscalarprocessorthat featuresout-of-orderexecutionandnon-

blocking caches.Additionally, the SPP2000haslarger nodes,a richer interconnectiontopology,

betterpackagingandmanufacturingtechnology, andmoreoptimizedprotocolsto improveits mem-

ory latency andbandwidth.

The following sectiondescribesthearchitectureof thetwo systemsandoutlinestheir relevant

differences.Section5.3 outlinesthe performanceaspectsevaluatedin this chapter. Section5.4

comparesthe local memoryperformanceof the two systems. Section5.5 evaluatesthe various

aspectsof thecommunicationperformancewhenaccessingsharedmemory. Section5.6 evaluates
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theaggregateachievablebandwidthandthe effectsof contention.Section5.7 evaluatesanaspect

of thesynchronizationoverhead.Finally, Section5.8 draws someconclusionsandsuggestsfuture

directions.

5.2 SPP2000vs. SPP1000– SystemOverview

The SPP1000andthe SPP2000connectmultiple nodesusingmultiple-ring interconnects.An

SPP1000nodehas4 pairsof processorsand4 memoryboards(with 2 bankseach)connectedby

a crossbar;an SPP2000nodehas8 processorpairs and 8 memoryboards(with 4 bankseach)

connectedby a crossbar. Thus, an SPP2000nodehastwice the processorsand four times the

memorybanksof theSPP1000.Eachprocessorpair (in bothsystems)hasanagentthatconnectsit

toacrossbarport;eachmemoryboardhasamemorycontroller thatdoeslikewise(Figure5.1).Each

SPP2000nodecanbeconfiguredwith up to 16 Gbytesof SDRAM; eachSPP1000nodewith up to

only 2 Gbytesof DRAM. Yet, dueto improved packaginganddevice density, a 2-nodeSPP2000

tower is physicallythesamesizeasa 2-nodeSPP1000tower.

Crossbar

Agent

71007100

RIController x

DRAM

Crossbar

Agent

RIController x

8000 8000

SDRAM y

SPP1000 SPP2000

Figure5.1: EachSPP1000nodehasfour of the left functional block. EachSPP2000node
haseight of the right functional block. RI is the ring interface.

TheSPP1000usestheHewlett-PackardPA 7100[AAD µ 93], a two-waysuperscalarprocessor,

runningat 100MHz. The SPP2000usesthePA 8000[Hun95], a four-way superscalarprocessor,

runningat 180 MHz. In addition to the PA 8000’s higher frequency andlarger numberof func-

tional units, it supportsout-of-orderinstructionexecution,and memorylatency overlappingand

hiding. On HP workstationsthat usetheseprocessors,1 the PA 8000achieves4.7x floating-point

performanceand3.6x integerperformanceonSPEC95,relative to thePA 7100[SPE].

Eachprocessorhastwo off-chip dataandinstructioncachesthatarevirtually addressed.The

datacacheswithin onenodearekept coherentusingdirectory-basedcachecoherenceprotocols.
1The HP 9000Model 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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SPP1000 SPP2000

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

TheSPP1000usesa three-stateprotocol,andtheSPP2000usesa four-stateprotocol[SA95]. Each

memoryline hasanassociatedcoherencetagto keeptrackof whichprocessorshave cachedcopies

of this line.

In theSPP1000,eachmemorycontrollerhasa ring interfacethatconnectsit to onering. Thus,

a multi-nodeSPP1000systemhas4 rings. Eachring carriesthe remotememoryaccessesto the

correspondingtwo memorybanksof eachothernodein thesystem.TheSPP1000interconnectsup

to 16 nodesusingthese4 rings. Similarly, theSPP2000hasonering interfacepermemoryboard,

andtwo or threenodesystemssimplyuse8 rings.However, ratherthanoneport,eachring interface

hastwo ring portswhichallow atwo-dimensionalring interconnectiontopology. For example,four

SPP2000nodescanbeinterconnectedin a2 by 2 configurationusingatotalof 32rings(Figure5.2).

ThelargestSPP2000configurationis 4 by 8, comprisedof 32 nodesinterconnectedwith 96 rings.

Thetwo-dimensionaltopologyprovideslower latency andhigherbisectionbandwidth.

Thetwosystemsusevariantsof theIEEEScalableCoherentInterface[SCI93]toachieveintern-

odecachecoherence.TheSCIprotocolusesa distributeddoubly-linkedlist to keeptrackof which

nodesshareeachmemoryline. Eachnodethathasa copyof a memoryline, maintainspointersto

thenext forwardandnext backwardnodesin thatline’ssharinglist.

Most of the glue logic that coherentlyinterconnectsthe distributedprocessorsand memory

banksis in custom-designedgatearrays[AB97]. TheSPP1000uses250-K gategallium arsenide

technology, which provided the speedto pumpa 16-bit flit onto the ring each3.33nanoseconds.

TheSPP2000uses0.35-Û CMOStechnology, which hasevolvedto provide competitivespeedsin

additionto its lower power consumptionandhigherintegration. TheSPP2000’s ASICsareimple-

mentedusingFujitsu’s 1.1-M gatearraysclockedat 120 MHz. However, the higher integration

of thesechipsprovided wider datapathsandricher functionality. Eachport of the SPP2000ring
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interfacecanpumpa 32-bit flit per8.33nanoseconds.

5.3 Evaluation Methodology

Although someapplicationsare latency limited, e.g., thosethat do frequentpointer chasing,

andsomeothersarebandwidthlimited, e.g., thosethat frequentlymove large datablocks,many

applicationsbenefitfrom bothlow latency andhighbandwidth.

In this evaluation,we have usedthe microbenchmarkintroducedin Chapter4. The building

blocksof thememoryandcommunicationmicrobenchmarksarethememorykernelsthatarecalled

many timesto measuretheminimum andaveragecall times. Eachkernelaccessesthe ¶ -byteele-

mentsof an arrayof size · byteswith stride ¸ bytes. Thus,onecall time correspondsto the ·�¹�¸
accessesin akernelcall. In this chapter, ¶�ªÊ¯ for latency kernels,and ¶ ª² for bandwidthkernels.

Load latency is measuredby theload-use kernel,which usesthe loadedvalueto find the

addressof thenext load.Thedatadependency in theload-use kernelserializestheloadaccesses.

Thestore-load-use kernelmeasuresthestorelatency. In eachiteration,thiskernelperformsa

storeto oneelementfollowedby a loadfrom anadjacentelement.Theloadedvalueis usedto find

theaddressof thenext storeandestablisha datadependency. Theruntimeof thestore-load-

use kernelis somenumberof storelatenciesplus otherknown times. Theload kernelandthe

store kernelmeasurebandwidthby simplygeneratingasequenceof loadsor stores,respectively,

withoutany datadependencies.

Thesefour kernelsare the building blocksof the SPP2000experiments. However, sincethe

PA 7100doesnot overlapcachemisses,theload andstore kernelsareusedto measureband-

width aswell as latency in the SPP1000experiments.The benchmarkedSPP1000andSPP2000

systemshave4 nodeseach.TheSPP2000nodesareinterconnectedin a 2 by 2 configuration,while

theSPP1000nodeslie alongonedimension.

Thefollowing performanceaspectsof thetwo systemsareevaluatedin thefollowing sections:

Local memory: thelatency andbandwidthof accessingaprivatearraythatis allocatedin thelocal

memory. The arraysizeis variedto characterizecaseswherethe arrayfits in the processor

datacachethroughcaseswhereall accessesaresatisfiedfrom thelocal memory. Theaccess

strideis variedto exposeprocessorandsystembottlenecks.

Remotememory: the latency of accessinga sharedarraythat is allocatedin a remotenode.The

arraysize is variedto characterizethe performanceof the interconnectcache, which is de-

scribedin Section5.5.1.

Producer-consumercommunication: thelatencieswhentwo processorsaccessa sharedarrayin

a producer-consumerpattern.The locationsof the two processorsarevariedto characterize
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intranodeandinternodecommunication.

Effect of distance: thelatency asa functionof thedistancebetweentwo processorsengagedin an

internodeproducer-consumercommunication.

Effect of homelocation: the latency asa functionof thenodelocationwherethe sharedarrayis

allocated(homenode)in theinternodeproducer-consumercommunication.

Coherenceoverhead: theoverheadof maintainingcachecoherenceasafunctionof thenumberof

processorsengagedin producer-consumercommunications.

Concurrent traffic effects: the aggregatebandwidthwhenmultiple processorsareactive in per-

forming memoryaccesses.

Barrier synchronization time: the time to performa barriersynchronizationasa functionof the

numberof processorswhentheprocessorsreachthebarriersimultaneously.

5.4 Local Memory

Thissectionevaluatesthelocal-memoryperformancewhenonly oneprocessoris accessingthe

local memoryin its node. This performanceis a function of the performanceof the processor,

processorcache,processorbus,processoragent,crossbar, memorycontroller, andmemorybanks.

5.4.1 Local Memory Latency

Figure5.3shows theaverageloadlatency of thetwo systemsasa functionof arraysizefor the

accessstrideş-ªO+¼,¨8Ü+¼!Ý�»/¼5½5½,½ bytes.For bothsystems,theloadlatency with ¸(ºJÜ:¯ bytesequals

thelatency with ¸-ªJÝ�» bytes,indicatingthatthecacheline sizeis 32 bytes.Thehit region endsat·<ªÞ¨8Ã�»:¯ KB andthe transitionregion endsat ·<ªß»�Ã:¯X KB, indicatingthat the datacacheis a

direct-mapped1024-KBcache[AD98b]. In thehit region, every accesshits in thecache,while in

themissregion ( ·=º#»�Ã:¯4 KB), everyaccessto anew cacheline is a miss.

The SPP2000load miss latency is 0.52 Û sec,which is slightly lower than 0.55 Û secof the

SPP1000.2 However, when consideringclock cycles, the SPP2000latency of 93 cycles is 69%

morethantheSPP1000latency. Theslight time advantageof theSPP2000maybeattributedto the

slight speedadvantageof theSDRAM over the DRAM andthe lower processorbusandcrossbar

transfertimes.

It is worthwhile to comparethis latency to a comparableuniprocessorsystem.The HP 9000

Model C160 workstationruns a PA 8000with a 160-MHz clock andhasa load miss latency of

2TheSPP1000loadlatency changesslightly from oneexperimentto another:0.55 à secis thesmallestlatency mea-
suredin themissregion.
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Figure 5.4: Averagestore latency.

0.32 ê sec.It seemsthatthecostof connecting16processorswithin acoherentSPP2000nodeadds

anadditional0.20 ê seclatency, which penalizesserialapplications.

Figure5.4showstheaveragestorelatency of thetwo systems.Thestoremisslatency, measured

asthelatency from issuingthestoreto completingtheallocationin thecacheof themissedline, is

slightly higherthantheloadmisslatency dueto theoverheadof flushingthedirty replacedline.

In theSPP2000,theload-use andstore-load-use kernelshave 3-cycle accesslatency

in thehit region. This latency is composedof 1 cycle for calculatingtheaddressplus2 cyclescache

latency, which is twice theSPP1000cachelatency.

5.4.2 Local Memory Bandwidth

Whenrepeatingtheaboveexperimentsusingthebandwidth-measuringkernels,thetwo systems

exhibit verydifferentperformance.In thehit region,theSPP1000canperform1 loadeverycycleor

1 storeevery 2 cycles.For ë-ìOè bytes,theSPP2000usesthetwo PA 8000cacheportsto perform
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Figure5.5: Memory transfer rate in the missregion.

2 loadspercycleor 1 storepercycle. Thus,theSPP1000maximumcachetransferrateis 800MB/s

for loadsand400MB/s for stores,whenaccessingdouble-wordelementswith a 1-elementstride.

TheSPP2000maximumtransferratesare( æ�í�å,è�âpî4å,â�â ) timeslarger. However, with largerstrides,

theSPP2000performsonly 1 accesspercyclebecausethecachehasonebankfor theevendouble-

wordsandonebankfor the odd double-wordsandeachcacheport accessesan associatedbank.

Thus,with ëÕì�å8ï+ð!ñ�æ/ð,ò,ò5ò bytes,only oneport is utilized.

Figure5.5showsthememorytransferratesasafunctionof theaccessstridefor thetwo systems

in themissregion. Thetransferrateis foundasthecachelinesizedividedby theaverageaccesstime

per line. Note that for strideslarger thanoneelement,someof the transferredbytesarenot used.

Thestoretransferrateis smallerthantheloadtransferratedueto theadditionaltraffic generatedto

write backthereplaceddirty lines.

The best-casememorytransferrate in the SPP2000is about10 times that of the SPP1000.

The SPP1000’s transferrateof about50 MB/s is limited by the latency of the individual misses

becausethePA 7100allows only oneoutstandingmiss.This small transferratedoesnot stressthe

memorysystemandis independentof theaccessstride.Whereas,thePA 8000’sability to have up

to 10 outstandingmissesenablesit to achieve muchhighertransferrates,andexposesa numberof

bottlenecksasapparentfrom thevariationin transferrateastheaccessstridechanges.

The first bottleneckat ëóìôè bytes is due to the PA 8000’s instructionreorderbuffer size,

which hasup to 28 entriesfor loads,stores,andsomeother instructions. With this stride,every

fourth accessis to a new cacheline, therefore,the PA 8000 can have at most æ	èXî,ç dispatched

instructionsthat generatecachemisses.For ëõì&è bytes,the degreeof misslatency overlapping

in theload kernelis about6 ( å,â(í�æ�ö�âXî:÷�â�â , assumingthatthereare10 outstandingmissesat the

peakbandwidth).

Theotherbottlenecksthatoccurwith ë-é#ï:ç bytesareexternalto thePA 8000.In theSPP2000,
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ë Accessedbanks

8–32 All banks
64 Thefour banksof boards0, 2, 4, and6.
128 Thefour banksof boards0, and4.
256 Thefour banksof board0.
512 Banksi andiii of board0.
1024 Bank i of board0.

Table5.1: AccessedSPP2000memory banks for strides8 through 1024bytes.There are
8 memory boards (0 through 7) eachhasfour banks(i, ii, iii, and iv).

the memoryis 32-wayinterleaved; consecutive 32-bytememorylines arefirst interleaved across

the8 memoryboardsthenacrossthe4 banksof eachboard.Table5.1showswhich memorybanks

areaccessedfor strides8 through1024bytes.Thememorytransferratedeclinesasfewer memory

boardsor fewermemorybanksareutilized. From ë�ì²æ�÷	ï bytes,weseethatasinglememoryboard

supportsup to 295MB/s to oneprocessor;from ëøì�å,â�æ:ç bytes,we seethata singlememorybank

supportsup to 139MB/s.

The storetransferrate for strides16 and32 bytesis limited by a bus bandwidthbottleneck.

Recallthat thestore kerneltransferstwo lines for eachmiss,a fetchedline anda dirty replaced

line. TheSPP2000usestheRunwaybus[BCF96], whichis an8-bytewidebusclockedat120MHz.

Thisbusmultiplexesdataandaddresseswith a4:2ratio. Thus,theavailablebandwidthis 640MB/s;

thestore kernelachieves92%of this limit.

5.5 Shared Memory Communication

Thememorykernelsarealsousedhereto evaluatetheperformanceof accessingsharedmemory.

The accessedarrayis allocatedin sharedmemoryandeachexperimentusesmultiple processors.

Thissectioncharacterizesproducer-consumerperformance,includingtheeffectsof communication

distance,homenode,anddegreeof sharing. Sincethe interconnectcacheaffects the latency of

accessingremotememory, we startwith anevaluationof this cache.

5.5.1 Inter connectCache

The interconnectcacheis a dedicatedsectionof eachnode’s memory. The IC in eachnode

exploits locality of referencefor theremoteshared-memorydata(shareddatawith ahomememory

locationin someothernode).Whenaremoteshared-memoryaccessmissesin boththeprocessor’s

datacacheandthenode’sIC, amemoryline is retrievedover thering interconnectthroughits home

node. This line is then storedin the local IC as well as in the processor’s datacache. Hence,

subsequentreferencesto this line thatmissin oneof the datacachesof this nodecanbe satisfied
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locally from the IC, until suchtime asthis line is replacedin theIC or invalidateddueto storeby

a remotenode. The IC size is selectableby the systemadministrator, and is usuallyselectedto

achieve thebestperformancefor frequentlyexecutedapplications.

The microbenchmarkthat evaluatesIC performanceusestwo processorsfrom distinct nodes.

Thefirst processorallocatesalocalsharedarrayandinitializesit. Thesecondprocessoraccessesthe

arrayrepetitively usingtheload-use kernel(theload kernelin theSPP1000case).Figure5.6

showstheaverageloadtimeof thesecondprocessorasa functionof thearraysize.

TheSPP1000node’s IC is setto 128MB andtheSPP2000node’s is 512MB. For arraysthatfit

in theIC, theloadtime is similar to thelocal-memoryloadtimeshown in Figure5.3.

In the SPP1000,the transitionregion is 128 MB wide, which indicatesthat the IC is direct

mapped.For arraysizeslargerthan256MB, nopartof thearrayremainsin theIC betweenaccesses

to it in two successive kernelcalls, therefore,the accessesaresatisfiedfrom the remotememory.

Although the maximumlocal-memorylatency in the SPP1000is reachedwith ëÊìùñ�æ bytes(1

processorcacheline), the remoteload latency almostdoublesas ë increasesfrom 32 to 64 bytes,

andcontinuesto increaseto reacha maximumat ëcìúæ�÷	ï bytes. In contrast,theSPP2000remote

loadlatency doesnotchangefor ëûé#ñ	æ bytes.

In the SPP1000,the memoryline size is 64 bytes,twice the sizeof the processorcacheline.

The 64-bytememoryline is the baseunit for maintaininginternodecoherencein the SPP1000.

Therefore,for ë(éOï:ç bytesin themissregion, every accessis anIC miss,while for ë-ì�ñ�æ bytes,

every two processorcachemissesgenerateoneIC miss. The miss latency continuesto grow asë increasesfrom 64 to 256bytesdueto ring congestion,which increasesasfewer rings areused

to serve the missedlines that are interleaved acrossthe memorybanks;all 4 rings areusedwithëûäJï:ç bytes,2 ringswith ë�ì�å,æ�è bytes,andonly onering with ë�ìóæ	÷�ï bytes.A ring apparently
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remainsbusyafter fetchinga line from theremotenode(in orderto collapsethesharinglist of the

replacedIC line).

Unlike thegeneraltrendtowardwider caches,theIC line is shorterin theSPP2000(32 bytes,

asin theprocessorcache).Sincethecoherencetagsattachedto eachmemoryline require8 bytes

in both systems,the shorterline resultsin higher overheadfor coherencetags relative to user-

availablememory(1:4 in theSPP2000,and1:8 in theSPP1000),andthey provide lessprefetching

for applicationswith spatiallocality.

However, shorterlinesenabledtheSPP2000to achieve lowerremotelatency becauseit is faster

to extracta 32-byteline from thememoryandtransferit over thering interconnect,thecoherence

protocol is simpler, andthe datatransferis morestreamlined.Furthermore,the PA 8000allows

multiple outstandingmisses,which reducestheprefetchingdisadvantageof shortlines.

As ë increasesandfewer ringsareusedto satisfyremotemisses,theSPP2000’s latency, unlike

the SPP1000,remainsconstant,implying no ring congestioneven whenonly onering is utilized

with ë�éüæ�÷	ï bytes. This improved performanceis achieved by supportingup to 32 outstanding

requestsin eachring interface,ratherthanonly one[AB97]. Therefore,theSPP2000ring controller

canprocessa line requestconcurrentlywith collapsingthesharinglist of a replacedline.

Notice that the SPP2000’s curve shapediffers slightly from the curve of the 512-MB direct-

mappedcachemodelshown [AD98b]. In fact, it changesfrom oneexperimentto anotheraccording

to the OS mappingof the array’s virtual pagesto the physicalmemorypages.The curve shown

indicatesthatsomeof thearray’sphysicalpagesconflict in theIC for áóì²÷+å,æ MB, resultingin an

averagelatency that is higherthanthe IC hit latency. TheSPP2000datawasobtainedby running

this microbenchmarkon a recentlybootedsystem.Thenumberof IC conflictsgenerallyincreases

with timeasvirtual to physicalmappingbecomesalmostrandom.TheIC addressingschemein the

SPP1000is different,andnever revealedany IC conflictsin ourexperiments.

5.5.2 Communication Latency

Figures5.7and5.8show thelatenciesof thetwo phasesof shared-memoryproducer-consumer

communicationasa functionof theaccessstride.Two processorsrepetitively taketurnsaccessing

asharedarray, Processor0 executesthestore-load-use kernel(produces),thenaftersynchro-

nization,Processor1 executestheload-use kernel(consumes),thenaftersynchronization,this

processis iterated.The time thatProcessor0 spendsin thestore-load-use kernelis usedto

find the averagewrite-after-read(WAR) latency, andProcessor1’s time is usedto find the read-

after-write (RAW) latency. Latenciesareshown for the two casesof processorallocation: near,

whenbothprocessorsarein thesamenode,andfar whenthey arefrom distinctnodes.

The arraysize is 1 MB, which fits in the processordatacache. In the nearcase,this arrayis

allocatedin the local sharedmemory;whereas,it is interleaved acrossthe sharedmemoryof all
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Figure5.7: Write-after -read accesslatency asa function of the accessstride. Far WAR
for the casewhen the two processorsare from distinct nodes,and near WAR
when the two processorsare from the samenode.

0

1

2

3

4

5

6

7

8 16 32 64 128 256 512 1024

A
ve

ra
g

e 
R

A
W

 la
te

n
cy

 (
m

ic
ro

se
c)

ý

Stride (bytes)

SPP1000

Far
Near

0

1

2

3

4

5

6

7

8 16 32 64 128 256 512 1024

A
ve

ra
g

e 
R

A
W

 la
te

n
cy

 (
m

ic
ro

se
c)

ý

Stride (bytes)

SPP2000

Far
Near

Figure5.8: Read-after-write accesslatency.

nodesin thefar case.

In theSPP1000,thefar latency increasesasthestrideincreasesdueto theincreasein missesper

reference(up to ëjìßï:ç bytes),andthenthedecreasein thenumberof ringsused.In contrast,asë is increasedbeyond32 bytes,theSPP2000far latency generallydoesnot increase,indicatingno

ring congestion.WAR generatesmorering traffic thanRAW becausein additionto joining at the

headof theline’ssharinglist, theWAR sendsinvalidationsignalsto theothersharingnodes.Thus,

SPP1000far WAR latency increasesfasterthanRAW latency asfewer ringsareused.

Far latency is higher than the nearlatency due to the overheadsof the internodecoherence

protocolandtheaddedlatency of the ring interconnect.As with IC misslatency, theSPP1000far

latency at ë-é#ï:ç bytesis nearlydoubletheSPP2000far latency.

However, theSPP2000nearWAR latency is higherthanthatof theSPP1000.In theSPP2000

intranodecoherenceprotocol, the consumergetsan exclusive copy of the loadedline from the

producer’s cache,and the producerlosesits copy. Therefore,when the producersubsequently
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updatesthis line, it mustwait to checkwhethertheconsumer’scopyhasbeenmodified.Thischeck

lengthensthenearWAR latency, andseemsto have someresidualeffect thatslightly increasesthe

latency whenonebankis utilized at ëcìüå,â	æ:ç bytes. In theSPP1000,theconsumeralwaysgetsa

sharedcopy, which is invalidatedconcurrentlywhenthememorycontrollerreturnsawritablecopy

to theproducer, withoutwaiting to checktheconsumer’scopystatus.

In the SPP2000,althoughgiving an exclusive copy of a modified line hurts repetitive near

producer-consumercommunication,it is profitable for migratory lines (lines that are accessed

largely by oneprocessorata time [ZT97]). Whenaprocessorgetsexclusiveownershipof a migra-

tory line, it doesnotneedto requestownershipwhenit subsequentlyupdatesthis line.

Whentheconsumerperformsa RAW access,thevalid copyof theaccessedline is in thepro-

ducer’s cache. Although, Section5.4.1showed that the two systemshave similar local-memory

latency, theSPP1000hasabout33%higherlatency thantheSPP2000in nearRAW whenaccessing

thecopyin theproducer’scache.

5.5.3 Effect of Distance

In theSPP1000,eachremoteaccesshasarequestpathandareplypath,whichcollectivelycircle

onering. Theremotelatency is not affectedby wheretheremotenodeis positionedon thering—it

dependsonly on thenumberof systemnodes.However, theSPP2000remotelatency doesdepend

on theremotenodelocation.

Considera far RAW accessto a line that is valid in the memoryof the producer’s node(the

producer’s nodeis the homeof this line). This simpleaccessis satisfiedby onerequestandone

response.On theSPP2000,this takes1.58 ê secbetweentwo adjacentnodes,and1.87 ê secwhen

the two nodesareon oppositecornersof the 2 by 2 configuration. The additional0.29 ê secis

neededto changedimensionandcircle asecondring.

For a 4 by 2 SPP2000system,it still takes1.58 ê secbetweentwo nodesdirectly connectedby

2-noderings,but 1.73 ê secbetweentwo nodesdirectly connectedby 4-noderings,and2.04 ê sec

otherwise.A simplemodelthat is consistentwith theseobservationsis that this RAW accesstakes

1.43 ê sec+ 0.075ê secpernodeto nodelink traversalof aring+ 0.15 ê secif tworingsaretraversed.

For thelargestSPP2000configuration,4by8, thelatency of thisaccessiscalculatedas1.73 ê sec

for two nodesdirectly connectedby 4-noderings, 2.03 ê secfor two nodesconnectedby 8-node

rings,and å�òþç4ñsÿ.â/òVâ���÷Õí�å,æ\ÿ�â+ò�å,÷-ì²æ/òþç4èsê secfor nodesnoton thesamering. HadtheSPP2000

usedaone-dimensionaltopology, thelatency of this accesson a 32-nodesystemwith theseparam-

eterswouldalwaysbe å	òþç4ñ×ÿÊâ+ò â���÷�í�ñ�æ-ì²ñ+ò è�ñ\ê sec.
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5.5.4 Effect of Home Location

The sharedarray usedin characterizingthe far producer-consumercommunicationin Sec-

tion 5.5.2is interleavedamongthememorybanksof thefour nodes.Thus,themeasuredfar WAR

(or far RAW) latency is theaverageof four casesaccordingto thelocationof thehomenode.The

way that the internodecoherenceprotocolsatisfiesa cachemissdoesin fact dependon the home

nodeof themissedline [ABP94,SCI93];thethreemaincasesare:

Local home: theline’shomenodeis thelocal node.

Remotehome: theline’shomenodeis theremotenode.

Third-party home: theline’shomenodeis a third nodeotherthanthelocal andremotenodes(in

a 4-nodesystem,therearetwo third-partynodes).

Table5.2shows theWAR andRAW latenciesof thethreecasesof homenodelocationsin the

SPP2000with ëÇì±ñ	æ bytes. Whenmeasuringthe latency of the first two cases,the two nodes

involvedareadjacent.For thethird-partyhomecase,theremotenodeis adjacentto thelocal node

in the � directionandthehomenodeis adjacentto thelocalnodein the � direction.Thetableshows

thelatenciesof cachedanduncachedWAR andRAW accesses.For thecachedaccesses,theshared

arraysizeis selectedto fit in the processorcache;thus,a WAR or RAW accessoccurswhenthe

remoteprocessorhasa copyof the line (the valid copy in RAW). For the uncachedaccesses,the

arraysizeis twice theprocessorcachesize; thus,a WAR or RAW accessoccurswhentheremote

memoryor theremoteIC hasa copyandtheremoteprocessordoesnot.

WAR latency is higherthanRAW latency becauseWAR involvesgettingexclusive ownership

andinvalidatingothercopies. The latency of cachedaccessesis equalor higherthan that of un-

cachedaccesses.

WAR latency generallyincreasesaswe move from local to remoteto third-partyhomes.Un-

cachedWAR latencieswith remoteand third-partyhomesare identical to thoseof cachedWAR

because,astheprocessordoesnot inform thedirectorywhenit replacesa cleanline, invalidations

aresentto theremoteprocessorin bothuncachedandcachedWAR accesses.However, thelatency

Type Cached Local Remote Third-party

WAR No 2.08 2.91 3.57
Yes 3.37 2.91 3.57

RAW No 2.07 1.58 2.26
Yes 2.64 2.79 2.83

Table5.2: The SPP2000’s WAR and RAW latencies,in microseconds,according to the
location of the homenodeand the cachingstatusof the remoteprocessor.
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of the cachedlocal-homeWAR is high due to complicationsof the SCI coherenceprotocol. In

uncachedWAR, theline’ssharinglist hasoneentrythatpointsto theremotenode,andtheWAR is

performedby sendinganinvalidationto theremotenode.In cachedWAR, theline’ssharinglist has

two nodes;the remotenodeat theheadandthe local nodeat thetail. In orderto modify this line,

theSCI protocolrequiresthatthelocal nodeleavesthesharinglist, rejoinsat thesharinglist head,

andinvalidatesthe othernode,which sumsup to a latency of 3.37 ê sec(only the headof the list

caninvalidatecopiesin othernodes).

CachedRAW latency is higherthanthat of uncachedRAW becauseof the additionallatency

of retrieving themodifiedcopyfrom theremoteproducer’s cacheaftercheckingthecoherencetag

in theremotenode.This retrieval is not neededin uncachedRAW wheretheremoteIC or remote

memoryhasthevalid copy. SCIcomplicationsalsoincreasethegapbetweencachedanduncached

remote-homeRAW latencies.Uncachedremote-homeRAW latency is the lowestlatency among

remoteaccesses(only 1.58 ê sec),asit is simply satisfiedthrougha requestto thehomenodeand

a reply with datafrom the homenode’s memory. However, cachedremote-homeRAW is more

expensive becauseit comesafter the expensive cachedlocal-homeWAR describedabove. When

this RAW occurs,the line’s sharinglist hasthehomenodeat thehead.TheSCI protocolhandles

thisRAW similar to thethird-partyhomecasewheretherequesternodefirst joins thesharinglist at

thehead,thengetsthemodifiedline from theold head.

5.5.5 CoherenceOverhead

This sectionevaluateslatency asa functionof thenumberof processors,� , involvedin shared-

memoryproducer-consumercommunicationsin orderto characterizethe coherenceoverhead.In

themicrobenchmarkused,Processor0 usesthestore-load-use kernelto accessasharedarray

thatis interleavedamongall nodes,andtheother ���#å processorstaketurnsaccessingit usingthe

load-use kernel.TheWAR time of Processor0 is the invalidationtime, shown in Figure5.9 as

a function of ����å . The timesfor the otherprocessorsdependon the order in which they read.

Figure5.10 shows the incrementalread timesfor the ����å readerprocessorsfrom experiments

using24 and64 processorson theSPP1000andSPP2000,respectively. In theseexperiments,the

processorsreadin the orderof their IDs. The accumulative sumof the invalidationtime andthe

���$å readtimesis thetimeof oneiterationof thismicrobenchmark.

Theinvalidationtime increasesastheaccessstrideincreases,for thesamereasonsoutlinedear-

lier. This time alsoincreases,in steps,asthenumberof processorsincreases.Whenall processors

arein thesamenode,theinvalidationtimeremainsconstantdueto thecrossbar’sbroadcastcapabil-

ity. Thereis alargestepwhenthenew processoris from thesecondnode,andothersmallerstepsas

eachsubsequentnodeis added.For theSPP2000,with �"ì�æ , theinvalidationtime is higherthan

thatwith �mìüñ or morewithin onenode. Whenthereis only onereader, the invalidationtime is
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Figure 5.9: Invalidation time asa function of the number of sharing processors.
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Figure 5.10: Incrementalreadtime for eachprocessor.

longerin orderto checkthestatusof theexclusive copyin the reader’s cache;with �
	=æ thereis

no exclusivecopywheninvalidationis beingdone.

In theSPP1000,assuggestedby Figure5.10,Processor1 readsfrom thewriter’scachecausing

thememoryto beupdatedasasideeffect. Thereadtimeof Processors2 through7 is thuslesssince

they aresatisfiedfrom the local memorythat they share.The readtime is higherfor Processor8

sincethe datais not in its nodeandmustbe provided remotely. WhenProcessors9 through15

read,they find thedatain their node,andtheir readtime is similar to Processors2 through7. This

sequencerepeatsfor eachnode.

TheSPP2000readtime is similar with threedifferences:(i) thenumberof processorspernode

is 16, (ii) the secondreaderalsoseesa high latency in order to checkthe statusof the exclusive

copyin thefirst reader’s cache,and(iii) thereadtimechangesfrom onenodeto anotherbecauseof

varyingnumbersof IC conflicts.
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5.6 Concurrent Traffic Effects

In this section,we usethe bandwidth-measuringkernelsto evaluatethe aggregatebandwidth

whenmultipleprocessorsareactiveaccessingmemory.

Figure5.11shows the aggregateload bandwidthfrom local memorywhen � processorsfrom

onenodeusetheload kernelto accessa 2� -MB array, simultaneously. Eachprocessoraccesses

a disjoint 2-MB segmentwith stride ë . Thesegmentsizeis selectedto evaluatethe local-memory

performancethroughthecrossbarin themissregion.

As thememorybandwidthof oneSPP1000processoris limited by thelatency of theindividual

cachemisses,oneprocessordoesnotstressthememorysystem,andeventheaggregatebandwidth

is nearlyproportionalto � for ëmä å,æ�è bytes. The maximumlocal memoryload bandwidthfor

8 processorsis 420 MB/s whenuniformly accessingall the node’s memorybanks. However, the

aggregatebandwidthis significantly lower, 320 MB/s, when accessingonememoryboard( ëmìæ�÷�ï bytes),and200MB/s whenaccessingonebank( ë�ì²÷+å,æ bytes).

As discussedin Section5.4.2, due to the high bandwidthrequirementsof the PA 8000, the

bandwidthto oneSPP2000processordropswhentheaccessstrideskipssomeof thememorybanks.

Additionally, the local memorycannotprovide enoughbandwidthto allow linear scalingof the

aggregatebandwidthasthenumberof active processorsincreases.Theaggregatebandwidthfalls

off even fasterwhenthe stridebegins to skip memorybanks. The maximumlocal-memoryload

bandwidthfor 16 processorsis 4020MB/s whenuniformly accessingall thenode’smemorybanks,

560MB/s whenaccessingonememoryboard,and300MB/s whenaccessingonebank.

Figure5.12showstheaggregateremoteRAW bandwidthwhen� processorsfrom onenodeuse

thestore kernelto updatedisjoint2-MB segmentsof a2� -MB sharedarray, simultaneously. Then

� processorsfrom anothernodeusetheload kerneltoaccessthesearraysegments,simultaneously.

Theload kerneltime is usedto find theaggregateremoteRAW bandwidththroughtherings.

As thenumberof processorsincreases,theremoteRAW bandwidthscalesworsethanthelocal
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Figure5.11: Aggregatelocal load bandwidth (note changeof scale).
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Figure5.12: AggregateremoteRAW bandwidth (note changeof scale).

loadbandwidth.TheSPP1000remotebandwidthis adverselyaffectedby the limitation thateach

ring interfaceallows only oneoutstandingrequest.This limitation makescommunicationthrough

theringsabottleneck,whichbecomesmoresevereas ë increasesandfewer ringsareutilized.

TheSPP2000remotebandwidthis muchhighersinceits ring interfaceseachallow multipleout-

standingrequests.This high aggregateremotebandwidthcanonly beachievedby overlappingthe

remotelatencies.Theremotebandwidthscalabilitylimitation hereis mainly dueto thecomplexity

of theinternodecoherenceprotocol.TheSCI requiresat leastfour memoryaccessesfor eachRAW

access:oneto checkthe local IC, a secondto retrieve theline from theremotememory, a third to

updatetheremotememorycoherencetag,andthefourth to put theline in thelocal IC.

In theSPP1000,theaggregateremoteRAW bandwidthwith 8 processorsis 69 MB/s whenall

four ringsareutilized,andfalls to 31 MB/s with onering. In theSPP2000,with 16processors,this

bandwidthis 510MB/s whenall memorybanksareutilized,andfalls to 80MB/s with onememory

bank.

5.7 Synchronization Time

TheSPP2000hasnew primitivesto improve synchronizationperformance.Figure5.13shows

theaveragetime spentin theWAIT BARRIER library subroutinewhenall theprocessorsenterthe

barriersimultaneously.

As visible from themeasureddataandthecurve fits, theSPP2000hasmuchimprovedperfor-

mance.The SPP2000usesthenew coherent increment primitive to reducering traffic and

to lower barriertimes[BA97]. In theSPP1000,whena threadreachesthebarrier, it incrementsa

counterandwaitson a flag. Whenthelastthreadreachesthebarrier, it updatestheflag to signalto

theotherthreadsto go on. Thisupdateinvalidatesthecachedflag copiesby destroyingthesharing

list. Thenext accessof eachthreadacquirestheupdatedflag valueandrebuilds a new sharinglist,

which generatesa lot of traffic andcontention.In theSPP2000,this traffic andlatency is avoided
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Figure 5.13: Barrier synchronization time (notechangeof scale).

by thecoherent increment primitive which usesthesharinglist to updatetheflag copiesin

thesharingnodes,withoutdestroyingthesharinglist.

5.8 Chapter Conclusions

Exploiting advancesin microarchitecture,integratedcircuit technology, and packaging,the

SPP2000achieves much betterperformanceand scalability than its predecessor, the SPP1000.

Although the memorylatency, in processorcycles,hasnot improved, the newer processorover-

lapsmultiple outstandingcachemissesto allow up to 10x local memorybandwidth.However, the

PA 8000processor’smaximumbandwidthis only achievablewhenmemoryloadaccessesareuni-

formly distributedover thememorybanksandnothinderedby accessesfrom otherprocessors.The

32 memorybanksin oneSPP2000nodecanactuallysustain50%of the maximumbandwidthof

all 16 processorsin thenode,evenwithout interveningcachehits. In theSPP1000,thePA 7100’s

lowermaximumbandwidthallowsthe8 memorybanksin anodeto sustainall 8 nodeprocessorsat

maximumbandwidth.

Thelatency of localcommunicationthroughsharedmemoryaccesseshaschanged.Thelatency

of loadinga cacheline thatis dirty in thecacheof anotherlocal processorhasimproved. Thenew

four-stateintranodecoherenceprotocol reducescommunicationfor privateandmigratory access

patterns,at theexpenseof repetitiveproducer-consumercommunication.

The two-dimensionalring interconnectiontopologyof the SPP2000providesmuchlower in-

ternodelatency andhigherbisectionbandwidththan the SPP1000’s single-dimensionrings. The

SPP2000shrinksthe gapbetweenthe remoteandlocal latency further by adoptinga smallerline

sizefor internodecommunication,whichnow matchestheline sizeof theprocessor. TheSPP2000

remotelatency is about0.5xthatof theSPP1000,andits remotebandwidthis about10timeshigher

for a singleactive processor, thanksto theability of theprocessorandthering interfaceto overlap

many memoryrequests.The SPP1000ring interface,which servesoutstandingrequestsserially,
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reducesthe oneprocessormaximumremotebandwidthby 42% whenall 8 processorsin a node

areactively utilizing the rings. Sinceit requiresmultiple memoryaccessesper remoteaccess,the

SPP2000internodecoherenceprotocolreducesthisbandwidthby 76%for 16 processors.

The SPP2000decisionto usecustom-designedcrossbarandcontrollersto supportthe needed

aggregatebandwidthallowedit to have 16 processorspernode,which greatlyhelpsmedium-scale

parallelprograms.Theadditionof this gluelogic, however, raisesthelocal memoryandcommuni-

cationlatencies,which penalizessequentialandsmall-scaleparallelprograms.Many modernpro-

cessorsare incorporatinginterfacesfor small-scalemultiprocessorbuses,which canbe exploited

to build economicsmall nodeswith low local latency [LL97]. However, for a systembasedon

smallnodesto succeedwith large-scaleparallelprograms,the remotelatency shouldnot increase

prohibitively.

SincetheExemplardoesnot strictly adhereto theSCI standardanddoesnot usesecond-party

SCI-standardcomponents,we do not seea justification for using this protocol in sucha high-

performanceparallelsystem,otherthanto avoid developinga new internodecoherenceprotocol.

This studyhasexposedseveralproblemsrelatedto SCI efficiency andperformance.Theintercon-

nectcache,which assistsinternodeaccesses,did take12.5%of the physicalmemoryspaceof the

benchmarkedsystems,not includingthe25%overheadof thecoherencetagsin theSPP2000.The

distributedlinked-list natureof the SCI directoriesunnecessarilyincreasesthe latenciesof some

remoteaccesseslike cachedWAR of local-homelinesandcachedRAW of remote-homelines.Ad-

ditionally, theinvalidationtime is linearwith thenumberof sharingnodes.Althoughsomeof these

issuesareaddressedin researchwork suchas[KG96], linked-list protocolsfundamentallyrequire

moredirectoryaccessesthanotherprotocols[AD98a, CFKA90, CSG98]. SincetheSPP2000di-

rectoryis implementedin memory, thehigh directoryaccessrateadverselyaffectsremotememory

latency andbandwidth.
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CHAPTER 6

EVALUATION OF THREE MAJOR CC-NUMA APPROACHES
USING CDAT

In thischapter, wepresenttheresultsof ourcomparativestudyof threescalableshared-memory

systems.Thepurposeof thisstudyis toevaluatealternativescalableshared-memorysystemdesigns,

identify strengthsandweaknessesin currentsystems,and identify designaspectsthat have high

positiveimpacton suchsystemsandareasthatneedfurtherinvestigationandimprovement.

6.1 Intr oduction

An importantapproachin building scalableshared-memorymultiprocessorsis cache-coherent

non-uniformmemoryaccessarchitecture.CC-NUMA systemsusehigh bandwidth,low latency

interconnectionnetworksto connectpowerful processingnodesthat containprocessorsandmem-

ory [LW95]. Eachnodehasa cache-coherencecontroller thatenablesdatareplicationcoherently,

e.g.,when a cacheline is updated,the CCC invalidatesothercopies,andensuresthat a proces-

sor requestalwaysgetsa copy of the most recentdata. CC-NUMA multiprocessorsprovide the

convenienceof memorysharingwith oneglobal addressspace,someportion of which is found

in eachnode. CC-NUMA hasa good balancebetweenprogrammingcomplexity and hardware

complexity. Several vendorsareadoptingit for building new high-endservers,e.g.,HP/Convex

SPP2000[BA97], SequentNUMA-Q [LC96], andSGI Origin 2000[LL97].

In an effort to identify strengthsandweaknessesin currentapproaches,we evaluatethreeim-

portantCC-NUMA systems:(i) StanfordDASH, a prototypeof the first project to demonstratea

scalableshared-memorysystem,(ii) Convex SPP1000,thefirst commerciallyavailableCC-NUMA

system,and(iii) SGIOrigin 2000whichrepresentstoday’sstate-of-the-arttechnology. Althoughthe

threesystemssharemany similarities,they have significantdifferencesthattranslateinto largeper-

formancedifferences.They all clusterprocessorsandmemoryinto nodesthatareinterconnectedby

a low latency interconnectionnetwork.Eachnodehasmultiple processors,memory, andcoherence

controller. Thethreesystemsdiffer in many respects;for example,in thenumberof processorsper
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node,processorcacheconfiguration,memoryconsistency model,locationof memoryin thenode,

andcache-coherenceprotocol.Sections6.2,6.3,and6.4presentoverviews of thethreesystems.

In thisstudy, weusetwo representativeapplicationsfrom Convex’s implementationof theNAS

ParallelBenchmarks.For a fair systemcomparison,we undidtheSPP1600-specificoptimizations

in thesebenchmarks.The two applications,CG andSP, have interestingdifferencesandare fur-

ther characterizedin Chapter3. CG performssimple reductionoperationson long vectors; its

highsharingdegreecommunicationprovidesfor updatingandreadingthepartialproducts.SPper-

forms computationson three-dimensionalmatrices,with a producer-consumercommunicationon

theboundariesof matrix partitions.Thedatapresentedhereis from themainparallelphasewhen

solvingthe“A” problemsizeon16 processors.

Section6.5presentsaraw comparisonwhereCDAT analyzestheperformanceof thetwobench-

markson modelsthat arelike the threesystemswith their original parameters.It shows that the

performanceof thethreesystemsspansa wide rangebecausetheir componentsvary widely in size

andspeed,asthesesystemswereintroducedatdifferenttimes,with thethenprevailing technology.

Section6.6 presentsa normalizedcomparisonwherethe systemsareput on thesametechnologi-

cal level with similar components.We believe that the normalizedcomparisonbetterexposesthe

performancedifferencesdueto systemorganizationandcache-coherenceprotocol,ratherthanthe

underlyingtechnologyandcomponentsizes.Someconclusionsaredrawn in Section6.7.

6.2 Stanford DASH

The StanfordDASH projectstartedin the fall of 1988,andthe first prototypewascompleted

in thespringof 1991[LLG � 92]. TheDASH is basedon theSGI POWER Station4D/340which

has4 processorboardsconnectedby a cache-coherentbus. As shown in Figure6.1, the memory

andtheI/O interfacearealsoconnectedto thesharedbus.Two boardswereaddedto handleremote

memoryaccessandglobalcachecoherence.

Eachprocessorboardincludesa33MHz MIPSR3000processorwith 64-KB instructioncache,

64-KB first-level datacache,and256-KB secondarydatacache,which is a write-backsnooping

cachethat interfaceswith the sharednodebus. The cacheline size is 16 bytes. The sharedbus

operatesat 16 MHz andsupportsthe Illinois MESI cache-coherenceprotocol [PP84],wherethe

highestpriority processorwith avalid copysuppliesdataon busrequests.This is differentfrom the

MESI protocolssupportedby modernprocessorswhereaprocessoronly suppliesdatawhenit hasa

modifiedcopy[SS86].Thesysteminterconnectionis throughtwo2-D meshes:onefor requestsand

anotherfor replies. This dualarrangementsimplifiesprotocoldeadlockelimination. Thenetwork

links are16 bitswide with a maximumtransferrateof 60 MB/s perlink.

TheCCCfunctionalityis implementedusingtwo boards:thedirectorycontroller(DC) andthe
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Figure 6.1: Four-nodeDASH system.

reply controller (RC). The DC generatesnoderequests,andcontainsthe directoryof the global

sharingstateof the local portion of the memoryandthe � dimensionnetworkinterface.The RC

handlesincomingrequestsandreplies,andcontainsthe � dimensionnetworkinterfaceanda 128-

KB interconnectcache. The ICC tracksoutstandingrequestsmadeby the local processorsand

cachesremotedata.

Cachecoherenceis maintainedby a combinationof snoopyanddirectoryprotocols.Theway

in which a cachemissis satisfieddependson thehomenodeof themissedline. Whena processor

generatesa bus requestfor a local line, the other processorssnoopthis requestand checktheir

caches;thehighestpriority processorthathasa valid copysuppliestheline. At thesametime, the

DC accessesthe directory to find the global sharingstatusof the line. If thereis a remotenode

thathasa modifiedcopy, theDC blocksthe requestandgeneratesa recall to the remotenode;the

processoris unblockedwhenthe line is retrieved. In casethe line is not cachedlocally andnot

modifiedin a remotenode,thememorysuppliesthedata.

Whenaprocessorgeneratesabusrequestfor a remoteline, theline is suppliedby a localcache

if thereis a valid copy locally. Otherwise,the DC generatesa requestto the homenode. When

theRC of thehomenodereceivestherequest,it echoesit on its local bus. A cacheor thememory

suppliestheline unlessit is modifiedin a third node.In thelattercase,asshown in Figure6.2,the

homenode(H) generatesa recallsignal(2) to thedirty node(D). Whenthedirty nodereceivesthe

recallsignal,its RC echosthe recallon thelocal bus,thedirty cachesuppliestheline, andits DC

forwardsthe line to the local node(3a),whereit is insertedin the ICC. The ICC suppliesthe line

whentheprocessorretriesits request.Additionally, thedirty nodeupdatesthehomenode(3b).

Thecritical misstime is from thestartof thefirst processorrequestto theendof thereply that
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Figure6.2: Satisfying a cachemissto a line with homenodeH that is dirty in nodeD.

satisfiestheprocessormiss.Thus,for thisexample,only thetimeof signal(3b) is notcritical.

6.3 Convex SPP1000

TheSPP1000wasintroducedin 1994andconsistsof 1 to 16 nodesthatcommunicatevia four

rings [Bre95]. As shown in Figure6.3, eachnodecontainsfour functionalblocksinterconnected

by acrossbar(XBR). Eachfunctionalblock interfaceswith onering andcontainstwo 100MHz HP

PA 7100processorsandtwo memorybanks.Eachprocessorhas1-MB instructionanddatacaches.

Theprocessorpair shareoneagentto communicatewith therestof themachine.Thememoryhas

a configurablelogical sectionthat servesasan interconnectcache. The ICC is usedfor holding

copiesof shareddatathatarereferencedby thelocal processors,but havea remotehome.

Successive 64-bytelines areinterleaved acrossthe memorybanks. A processorcacheline is

32bytes,andthusholdshalf amemoryline. EachCCCis responsiblefor å{î,ç of thememoryspace

that a processorcan address.When a processorhasa cachemiss, its agentgeneratesa request

throughthe crossbarto oneof the four local CCCs. TheCCC first accessesits memory(the ICC

sectionfor remotelines). If theattachedmemorydoesnothaveavalidcopy, theCCCeithercontacts

Crossbar

Agent

71007100

RI

DRAM

CCC

(b)(a)

Figure6.3: (a)Four SPP1000nodesinterconnectedby 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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a local agentif any of the agent’s processorshasthevalid copy in its cache,or contactsa remote

CCCfor servicethroughits ring.

Eachring is apairof unidirectionallinks with apeakbandwidthof 600MB/s for eachlink. The

ringssupporttheScalableCoherentInterface(SCI)standard[SCI93];whichcoherentlytransferone

64-byteline in responseto a globalsharedmemoryaccess.

The coherencedatais maintainedin tagsassociatedwith the64-bytememorylines. Eachtag

holdsthelocalandglobalsharingstateof therespective line. Thelocal statepartincludesthelocal

cachingstatusof eachof the two 32-bytehalvesof the line. The intra-nodecoherenceprotocolis

a three-stateMSI protocol [ABP94]. The global sharingstateis arrangedin a doubly linked list

distributeddirectoryrootedin thehomenode.Thetagin thehomenodecontainstheglobalstatus

anda pointer to the headof the sharinglist. EachICC tag in other sharingnodescontainsthe

cachingstatusof theline andpointersto thepreviousandnext nodesin thelist.

6.4 SGI Origin 2000

TheSGI Origin 2000[LL97] wasintroducedin 1996andconnectsdual-processornodeswith

an interconnectthat is basedon the SPIDERrouter chip [Gal96]. The CCC hasmultiple paths

to interconnectthe processorpair, four memorybankswith attacheddirectory, the I/O interface,

andthe interconnectnetwork(Figure6.4). Eachprocessorrunsat 195 MHz andhas32-KB on-

chip instructionanddatacachesanda 4-MB, 2-wayassociative, combinedsecondarycache.The

secondarycacheline sizeis 128bytes.

Thebandwidthssupportedby theprocessorbus,theCCC,andthenetworkareall matchedand

equal780 MB/s. This perfectmatchingreduceslatency in no-contentionsituationsby allowing

signalsto bestreameddirectly betweencomponents;thebandwidthmatcheliminatestheneedfor

buffering.

TheprocessorsupportstheMESI cache-coherenceprotocol,but doesnotsnoopbusrequestsof

otherprocessors.Therefore,theOrigin 2000reliespurelyon a directory-basedprotocolandpoint-

to-pointsignalsfor cachecoherence.Thedirectoryis implementedin the memoryandcontainsa

sharingvectoranda statusfield for each128-byteline. The directoryis accessedin parallelwith

memoryaccess.

As shown in Figure6.5,two nodesshareonerouter. Eachrouterhas6 bidirectionalports;two

portsinterfacewith thetwo nodes,andtheother4 portscanbeusedto interfacewith otherrouters.

The figure shows eight routers—eachusingfive of its ports—interconnecting16 nodesin a cube

configuration.

The Origin 2000supportsthe sequentialconsistency model [Lam79] which supportsa wide

rangeof applications,but with minimal opportunitiesfor hiding the latency of cachemisses.For
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Figure6.4: The Origin 2000node contains two processors,4 to 32 memory banks with
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Figure6.5: Eight routers are usedto interconnectsixteenOrigin 2000nodesin a cube
configuration.
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Figure6.6: The Origin 2000’s speculativememory operation (2a) is usedin satisfying a
cachemissfor a line which homenodeis (H) and is ownedby node(O).

thisreason,theOrigin 2000usesmany protocoloptimizationsto reducethelocalandremotelatency.

Figure6.6showsanexamplewherethelocalnode(L) hasa loadmissfor a line whichhasaremote

homein node(H) andis ownedby node(O). Whenthe homenodereceivesthe missrequest,it

accessesits directoryandmemory. Althoughthedirectoryindicatesthatnode(O) ownstheline, the

homenodespeculatively sendsits line to thelocalnode(2a)andgeneratesa recallsignal(2b). The

85



localnodesavestheline until it receivesaresponsefrom node(O). If node(O) hasamodifiedcopy,

it is sentto thelocal node(3a)andthehomeis updated(3b). In thiscase,thesavedspeculativeline

is discarded.But if node(O) hasa cleancopy, it sendsshortnegative repliesto thelocal andhome

nodes,andthespeculativeline is usedby therequestingprocessor.

6.5 Raw Comparison

This sectionpresentsthe raw comparisonwherewe useCDAT configurationfiles that select

componentsof the samesizeandspeedas thoseusedin the threecase-studysystems.The first

touchmemoryallocationpolicy is usedthroughout;a memorypageis allocatedin thenodewhere

thefirst referenceto thispageis made.Parameterizingthesignallatenciespartof theconfiguration

files was relatively difficult becausethis information is not directly available from the literature

thatdescribesthesesystems.Nevertheless,basedon analyzingtheavailableinformationandsome

systemcalibrationexperimentsvia microbenchmarking,webelievethatthelatenciesusedrepresent

goodapproximationsof therespectivesystems.

Parameterizingtheconfigurationfile of theDASH wastheeasiestbecausethereareamplede-

tailedDASH publications,e.g.[LW95]. ParameterizingtheOrigin 2000configurationfile is based

on the informationavailable from SGI homepage[O2K96, R1097]. As thereis little publicly-

availableinformationabouttheSPP1000latenciesfrom Convex, we usedtheresultsof our calibra-

tion experiments[AD98b]. Table6.1summarizesthelatenciesused.TheCDAT configurationfiles

usedin thisstudyarelistedin AppendixA.

We refer to the threesystemsevaluatedin this sectionasDASH, SPP, andOrigin. With these

signallatencies,themissessatisfiedfrom local andremotememoriesin thethreesystemsare:876

and3,064;564and3,964;and290and610nanosec,1 respectively.

Table6.2summarizesthemainconfigurationdifferencesamongthethreesystems.Thefollow-

ing subsectionsanalyzethecachemisses.

6.5.1 Miss Ratio

Therearefour mainreasonsfor aprocessorto generatea busrequest(otherthanprefetchoper-

ationswhich arenot found in CG andSP):(i) Fetch misswhenthereis an instructioncodemiss.

(ii) Load misswhena loadinstructionmissesin thesecondarycache.Usually, theprocessorgetsa

sharedcopy(S) of theline. However, theMESI protocolgivestheprocessoranexclusivecopy(E)

whentheline is not cachedin otherprocessors.(iii) Store misswhena storeinstructionmissesin

thesecondarycache.(iv) Store/Shit on a line in thesharedstate.Theprocessorrequestsexclusive

ownershipof theline, andasfor thestoremiss,thefinal stateis modified(M).

1A recentstudyreportshigherOrigin 2000latencies[HLK97].
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Signal DASH SPP Origin
FromPRO to BUS 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
FromCCCto NET 375 59/85/165/192 150
FromMEM to CCC - 172 80
FromMEM to BUS 313 - -
FromNET to CCC 125/250 1432 10
FromCCCto XBR - 32/128 -
FromCCCto BUS 125/376 - 20
FromCCCto ICC 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 signal length (seeSubsection6.6.5),latter valuesare for longer
signals. “-” indicates that the signal is not relevant to the correspondingsys-
tem.

Feature DASH SPP Origin
Processorspernode 4 8 2
Secondarycachesize 1/4MB 1 MB 4 MB
Secondarycacheassociativity 1 1 2
line size(bytes) 16 32/64 128
Interconnectcachesize 1/8MB 16 MB 0
Processorcoherenceprotocol Illinois MSI MESI
Memoryconsistency model Relaxed Weak Sequential
Exclusive-cleanremotestate No No Yes

Table6.2: Summary of differencesamongthe threeCC-NUMA systems.

Figure6.7ashowsthedatamissratio in thethreesystemsdueto thethreereasonsfor generating

busdatarequests.Themissratiois thenumberof datamissesto thenumberof memoryinstructions.

The threesystemshave widely differentmissratios,especiallywith CG. DASH hastheworst

missratio followed by SPP. The large missratiosof DASH andSPP aremainly dueto capacity

missesasthedataworking setis largerthantheprocessorcache[AD98c]. AlthoughCG’sworking

setdoesnot fit in theprocessorcacheof SPP or DASH, SPP’smissratio is smallerdueto its wider

cache. The large, wide, set-associative cacheusedin Origin succeedsin eliminatingmostof the

capacityandconflictmisses;thusit hasa missratio thatis lessthan0.5%.Themissesin theOrigin

aremainlycoherencemissesdueto communication.

With CG, mostof themissesareloadmissesdueto CG’s high percentageof load instructions

usedto performthe reductionoperations.With SP, a large percentageof the missesis dueto the

producer-consumercommunication;store/Smissproducesandloadmissconsumes.
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Figure6.7: (a) The ratio of data missesto memory instructions. (b) Critical miss time
relative to the instruction executiontime.

To illustratetheeffectof themissratioonperformance,Figure6.7bshowsthecritical timespent

satisfyingmissesrelative to the instructionexecutiontime, which is normalizedto 100%. Notice

that DASH with SPspendsa relatively small time in satisfyingits store/Smisses.This is because

DASH usesthe relaxed memoryconsistency model [GGH91] that enablesit to hide most of the

remotetime spentto satisfythis typeof miss.

6.5.2 ProcessorRequestsand Returns

Beforegoing further, let us look closerat the processor/bus interactionin the threesystems.

Figure6.8showsthepercentageof thefour processorrequestsignalsdescribedin Subsection6.5.1,

processorwrite-back(w/b) signals,andsupplysignals.

The percentageof fetch missesis negligible becausetheseapplicationshave small codesize

that fits in the instructioncache. In Origin, wherethe missesaremainly coherencemisses,the

dataproducedby a processor(visible asstore/S)is communicatedto otherprocessorsthroughan

equivalentnumberof supplysignals.

With CG, DASH hasa relatively high supply percentagedue to Illinois protocol that allows

processorsto getshareddatafrom thecacheof neighborprocessors.

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

misses.Coherencemissesin Origin arevisiblethroughsupplysignals,andcapacitymissesin DASH

andSPP arevisible throughw/b signals.

6.5.3 Local and RemoteCommunication

Thissubsectionpresentsananalysisof themissesaccordingto theplacewherethey aresatisfied;

a local missis a misssatisfiedfrom a local cacheor memory, anda remotemissis a misssatisfied
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Figure6.9: The averagemisstime of local and remotemisses.

from a remotecacheor memory. Figure6.9 shows theaveragemisstime for thelocal andremote

misses.In all cases,theaverageremotetimeis largerthantwicetheaveragelocal time. TheNUMA

factor is calculatedasthe ratio of theaverageremotetime to theaveragelocal time. SPP hasthe

highestNUMA factor(6.8),followedby DASH (3.7)andOrigin (2.3).

In SPP, thelocal misstimewith SPis largerthanwith CG becauseSPhasa higherpercentage

of missesthataresatisfiedthroughprocessorsupplies,whichismoreexpensivethansatisfyingthem

from thememory. For DASH andSPP, the remotemisstime with CG is higherthanwith SP. The

first touchmemoryallocationpolicy with SPis successfulin reducingsomeof themoreexpensive

remoteaccesseslike the three-hopcommunication.Origin shows the oppositetrendbecausethe

remotereadmisseswith SPareexpensiveasthey aregenerallysatisfiedfrom processorcaches,in

whichcasethespeculativelinesareuseless.

Figure6.10ashows thepercentageof local vs. remotemissesfor eachsystem.Origin hasthe
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Figure6.10: (a) Percentageof local vs. remotemisses.(b) Breakdownof misstime.

highestpercentageof remotemissesdueto its large numberof nodes(8 nodeswith 2 processors

each).DASH andSPP aremoresuccessfulthanOrigin in exploiting thehighsharingdegreeof CG

to reducetheremotemisspercentage.In DASH, someof theloadmissesto remotedataaresatisfied

from neighborcaches.In SPP, someof thesemissesaresatisfiedfrom the ICC of thelocal node.

Figure6.10bshows the percentageof time spentin satisfyinglocal vs. remotemisses.The high

averageremotemisstimevs. local misstimemakestheimpactof remotemissesexceedtheir ratio.

6.6 Normalized Comparison

In this section,we useCDAT configurationfiles that preserve the architecturalandprotocol

differences,but put the threesystemson the sametechnologicallevel, i.e., samenetworkspeeds

andsamecomponentsizesandspeeds.The configurationfiles configureCDAT to simulatethree

derived systems:nDASH, nSPP, and nOrigin. They selectmoderncomponentsizesand speeds

similar to thoseusedin Origin 2000(Table6.1). Thethreederivedsystems,unlike theOrigin 2000,

have4 processorspernodeandusecachelinesthatare64 bytes.

As in to theDASH node,thenDASH nodehasthememoryon thelocal busandits CCCinter-

faceswith thebus, thenetwork,andthe ICC thatparticipatesin the local buscoherenceprotocol.

nDASH usesanICC thathasasizeandspeedidenticalto theprocessorsecondarycache.nSPP uses

a 16-MB ICC that is a sectionof thenodememoryasin theSPP1000.However, nSPP nodehas

four processorsononesnoopybusthatis directlyconnectedwith theCCC,whichinterconnectsthe

nodebus,memory, andnetworkinterface.As in theSPP1600,nSPP allows cachinglocal datain

theexclusivecleanstate(MESI protocol).

In thefollowing five subsections,we presentanalysesof themissratio,processorrequestsand

returns,localandremotemisses,wheremisstimeis spent,andtraffic exchangedbetweenthesystem

components.
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6.6.1 Miss Ratio

Figure6.11ashows thedatamissratio of thethreesystems.With CG, thethreesystemsdo not

have noticeablemissdifferencesandmostof themissesareloadmisses.On theotherhand,with

SP, nSPP hasa slightly higher load missratio due to conflicts in the ICC. Whenan ICC line is

replaced,all thelocal copiesof this line areinvalidated;consequently, futureprocessoraccessesof

this line generatemisses.Thisbehavior is not presentin nDASH becauseits ICC doesnot maintain

the inclusionpropertywith respectto the locally cachedremotelines. nOrigin hasslightly fewer

store/Smissesthan the other two systemsbecauseits global coherenceprotocolallows caching

remotelinesin theexclusivecleanstate.
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Figure6.11: (a) The ratio of data missesto memory instructions. (b) Critical miss time
relative to the instruction executiontime.

Figure6.11bshowsthecritical timespentsatisfyingmissesrelativeto theinstructiontime. With

CG,althoughthethreesystemshavesimilar missratios,they spenddifferenttimessatisfyingthese

misses. nDASH managesto reduceload miss time by satisfyingmore missesthroughsnooping

from neighborprocessors.nSPP also satisfiessomemisseslocally from its ICCs; however, its

loadmisstime is longerthanthatof nDASH dueto its higherremotelatency (seeSubsection6.6.3).

Moreover, nDASH spendsrelatively lesstimein satisfyingstore/Smissesdueto its useof therelaxed

memoryconsistency model.Thesemissesareparticularlyexpensivein nSPP with CGbecausethey

invalidatecopiesin multiple nodes,which theSCIprotocoldoesserially.

6.6.2 ProcessorRequestsand Returns

Figure6.12providesacloserlook at theprocessor/businteractionby showing thepercentageof

thefour processorrequestsignalsdescribedin Subsection6.5.1,processorwrite-back(w/b) signals,

andsupplysignals.As indicatedby the smallnumberof fetchandw/b signals,the threesystems

have negligible codeandcapacitymisses;thesecondarycacheis largeenoughto containthedata
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Figure6.12: Processor/bus interactions; processorrequestsand returns.

andcodeworkingsets.However, asSPhasmorecomplex datastructuresthanCG, it hasmorew/b

signalsdueto conflict misses.

nDASH satisfiesmany missesfrom processorcachesthroughsupplysignals. With SP, which

hasproducer-consumercommunication,almostall nDASH’smissesaresatisfiedby supplysignals.

In nOrigin andnSPP, thedataproducedby aprocessor(visibleasstore/S)is communicatedto other

processorsthroughan equivalentnumberof supply signals. With CG, which haslarger sharing

degreethanSP, thereis a largerratio of loadto store/Smisses.

6.6.3 Local and RemoteCommunication

Figure6.13 shows the averagemiss time of the local andremotemisses. The averagelocal

misslatency in nDASH is the smallestbecauseits memoryis on the local bus, while in the other

two systemsthe latency of traversingtheCCCis addedto thememorylatency. Theaveragelocal

misslatency with SPis higher thanwith CG becauseSPhasa higherpercentageof misseswith

invalidation. This invalidationcost is moreobvious in nSPP andnOrigin becauseof their useof

strictermemoryconsistency models.

nOrigin’s aggressive useof protocol optimizationsand streamingof remoterequestsand re-

sponsespayoff in achieving the lowestremotemisstime. nDASH doesnot streamremotedatato

theprocessor;remotedatais first insertedin theICC, thentherequestingprocessorgetsit through

snoopingfrom theICC. nSPP hasthehighestremoteaccesslatency becauseit checksthelocal ICC

beforegeneratinga remoterequest,andits complicatedglobal coherenceprotocol requiresmore

networksignals,oftenin a serialpattern,to satisfyremotemisses.

In nSPP, the remotemisstime with CG is larger thanwith SPbecauseof CG’s high sharing

degree; the overheadof maintainingthe directory increaseswith more sharers. In nOrigin, the

remotemisstimewith SPis larger thanfor CG becauseSPhasa higherpercentageof remoteload
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Figure6.14: (a) Percentageof local vs. remotemisses.(b) Breakdownof misstime.

missesthataresatisfiedfrom remotecacheswhichis moreexpensivein nOrigin thansatisfyingthem

from remotememory.

Figure6.14ashows the percentageof local vs. remotemissesfor eachsystem. nDASH and

nSPP have fewer remotemissesthan nOrigin becausethey satisfy more misseslocally through

cache-to-cachetransfersor from the ICCs. Figure6.14bshows the percentageof time spentin

satisfyinglocal vs. remotemisses.Similar to the raw comparison,the high averageremotemiss

timevs. local timeheremakestheimpactof remotemissesexceedtheir ratio.

6.6.4 Where Time Is Spent

Figure6.15shows a breakdown of the time spentin satisfyingprocessorrequestsandreturns

in the varioussystemcomponentsfor CG andSP. The time spentin eachcomponenttype is split

into threeparts:critical time spentin local components,critical time spentin remotecomponents,

andnon-criticaltime spentin both local andremotecomponents.Thefigureshows sevencompo-
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Figure6.15: A breakdownof the time spent in satisfying processorrequestsand returns
in the various systemcomponents.

nenttypes:processor, bus,memory, cache-coherencecontroller, directory, interconnectcache,and

network.

Therearelargedifferencesbetweenthethreesystems.For example,in nDASH thememoryis

lessfrequentlyusedthantheothersystems.TheCCCin nDASH is alsolessinvolved,andwhenit is

involved,mostof thetimespentin it is notcritical (eitherbecauseof therelaxedconsistency model

or becauseits time is overlappedwith otherbusactivities).

Although mostof the time spentaccessingthedirectoryin nSPP is not critical, it is themost

involvedcomponenttype in the system.This behavior is dueto the SCI protocolwhich requires

severaldirectoryaccessesto maintainthedistributedsharinglinked-list. Whenwe takeinto con-

siderationthefact thatnSPP implementsboththedirectoryandtheICC in thememory, it becomes

clearthat it hasthemoststressedmemorysubsystem.

nOrigin hasa high networkutilization becauseof its high percentageof remotemisses.The

networkutilization in nSPP is alsohigh becausethe SCI protocolusesmorenetworksignalsto

satisfyonemiss.

The differencesbetweenCG andSP aredueto their differentcommunicationpatterns. The

producer-consumercommunicationin SPexposesahigherpercentageof thedirectorytimeascriti-

cal timedueto thefrequentneedto find thenodethatownsthemodifiedcopy. SPalsohasrelatively

higherCCCanddirectorytimesthanCG.

6.6.5 Data Transfer

Figure 6.16 shows the numberof bytestransferredfrom one componenttype to anotherfor

CG andSP. Whenreadingthis figure,rememberthata componentonly communicateswith those

componentsthataredirectlyconnectedwith it. CDAT differentiatesbetweentwo signaltypes:short
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Figure 6.16: The number of bytestransferred from onecomponenttype to another.

signalsthatdonotcarrydata,e.g.,processorrequest;andlongsignalsthatcarryonecacheline, e.g.

dataresponse.In the threesystems,the shortsignal is 16 bytesand the long signal is 80 bytes.

However, nSPP’sglobalcoherenceprotocolhasfour signaltypes(24,40,88,and104bytes;CDAT

doesalsomodelthesefour remotesignaltypes). TheshortestnSPP remotesignalis 24 bytes. A

signalbecomes16 byteslongerwhenit carriesa nodepointer, and64 byteslongerwhenit carries

data.

Relative to theothersystems,nDASH’s processorstransfermorebytesto thebusasa resultof

thefrequentlocal cache-to-cachetransfers,andits bussescarryhighertraffic asthey arethemedia

of communicationwith the memoryandthe ICC. nDASH alsotransfersthe leastamountof data

throughthenetworkdueto its low percentageof remotemisses.nSPP transfersmoredataover the

networkthanmight beexpectedfrom its remotemisspercentagedueto its protocolthatusesmore

networksignalspermissandlargerremotesignalsizesthantheotherprotocols.

With SP, thepercentageof bytestransferredtomemoryis largerthanCGduetomemoryupdates

whenprocessorssupplydirty data.

6.7 Chapter Conclusions

Thetwobenchmarksusedin thisstudyhavedifferentcommunicationpatterns.CGhasrepetitive

producer-consumerscommunicationwith a largesharingdegree,thusmostof its cachemissesare

loadmisses.Whereas,SPhasgenerallysingleconsumer, andits loadandstore/Smissesaremore

balanced.

Theraw comparisonshowsthattherearelargeperformancedifferencesamongthethreesystems

dueto theirdifferentcomponentsizesandspeeds.Theircachemissratiosaresignificantlydifferent,

andthey havedifferentNUMA factors(theaverageremotemisstimeto theaveragelocal time),with

theOrigin 2000at2.3,theDASH at3.7,andtheSPP1000at6.8.
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On the otherhand,the Origin 2000hasthe highestpercentageof remotemisses.This is due

to its highernumberof nodesandits lack of anICC. TheOrigin 2000’suseof thestrict sequential

consistency modelresultsin theleastability to hidemisslatency.

In the normalizedstudy, wherewe usesameprocessorcachefor the threesystems,thereare

only smalldifferencesin the cachemisses.Among the threenormalizedsystems,thenormalized

SPP1000,nSPP, hasslightlymorecachemissesduetoconflictsin its ICCs.ThenormalizednOrigin

hasslightly fewer store/Smissesdueto allowing theexclusivestatefor cachingremotelines.

nOrigin spendsthe longesttime satisfying its missesbecausethe majority of its missesare

satisfiedremotely. nDASH’s Illinois protocoland nSPP’s ICC reducethe percentageof remote

misses.However, nDASH haslessmisstime thannSPP becauseits averageremotetime is smaller

andits relaxedmemoryconsistency modelenablesit to hidemoreof themisstime. nSPP hasthe

highestaverageremoteaccesstimebecauseit usestheSCIcoherenceprotocolwhich requiresmore

signalsto satisfya missthantheprotocolsusedin theothertwo systems.Theaggressive protocol

optimizationsusedin nOrigin andits ability to streamremoterequestsandresponsesgiveit theleast

averageremoteaccesstime.

Furthermore,nDASH has the smallestaveragelocal time becausethe memory, unlike other

systems,is closerto the processor. nDASH memoryis lessinvolved in satisfyingmissesbecause

nDASH satisfiesmoremissesthroughcache-to-cachetransfers.

Theuseof thecomplex SCI protocolin nSPP resultsin a largeCCCinvolvementin satisfying

missesandin its frequentdirectoryaccesses.nSPP alsohasthe moststressedmemory. Convex

addressesthisproblemby having 4 CCCsin eachSPP1000nodewhereeachCCChasdirectaccess

to two memorybanks.Although the nOrigin’s large remotemisspercentageresultsin heavy net-

work utilization, thecomplex protocolin nSPP sometimesgeneratesmorenetworktraffic for fewer

remotemisses.

In summary, nDASH outperformsthe othernormalizedsystemsbecauseof its coherenceand

consistency protocols,but it usesa buscoherenceprotocolthat is notsupportedby modernproces-

sors. nSPP avoids someof its high remoteaccesstime by satisfyingsomemissesfrom its ICCs.

nOrigin, usingthesequentialconsistency model,tradesexposingmoremisstime for supportinga

broaderrangeof applications,andtradeslarge remotemisspercentagefor small averageremote

time. It mightberewardingto look for new approachesthatreducetheremotemisspercentageand

maintaina smallaverageremotetime. Onesuchapproachthatusesa snoopyinterconnectcacheis

investigatedin Chapter7.
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CHAPTER 7

REDUCING COMMUNICA TION COSTSOF FUTURE SYSTEMS
WITH CCAT EVALUATIONS

This chapterevaluatesthreetechniquesto reducethecommunicationcostin Origin 2000-like

systems.It evaluatesfour systemsderived from the Origin 2000architecture,andshows thatone

proposedtechnique,which usesa snoopycachefor remotedata,significantlyreducesthecommu-

nicationcost,andis mostbeneficialwhenthecommunicationcostis high.

7.1 Intr oduction

In Chapter6, we have shown thattheOrigin 2000is effective in achieving low remotelatency.

However, it hasa high ratio of remoteto local misses.Consequently, its averagelatency andin-

ternodetraffic arehigh. In this chapter, we will evaluatethreetechniquesthat attemptto reduce

theremotemissesdueto communicationwithoutadverselyaffectingthelocalandremotelatencies.

Themaincausesof theOrigin 2000’s frequentremotemissesare:

1. Eachnodecontainsonly two processors,thus the shareddatais often spreadover a large

numberof nodes.

2. Theprocessordoesnot snooptherequestsof theotherlocal processor, thusremotetraffic is

generatedevenwhenoneprocessorcansatisfyits neighbor’srequest.

3. No interconnectcacheis usedfor cachingremotedatathatis referencedby thelocal proces-

sor, thusremotetraffic is generatedwhenever a processorrequestsa remoteline, evenwhen

this line hasrecentlybeenrequestedby theotherlocal processor.

However, thereareno magicsolutionsfor theseweaknesses.Although increasingthenumber

of processorspernodewouldincreasethepossibilityof findingshareddatain thelocalmemory, the

local buswill bemoreheavily utilized andcontentionmayincreasethememorylatency; allowing

processorsto snoopthe requestsof other processorsdecreasesremotetraffic, but the snooping
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overheadmayaffect theprocessorperformance;andincorporatinganinterconnectcache,asin the

SPP1000,mayincreasetheremotelatency.

In this chapter, we evaluatefour Origin 2000-likesystemsthataddressthesedesigntrade-offs

usingCCAT simulationsof six applications.Section7.2 reviews thecommunicationcostin these

systems;Section7.3expandson thesedesigntrade-offs andintroducesthefour evaluatedsystems;

Section7.4describestheexperimentalsetupandtheapplicationsused;Section7.5providesa pre-

liminary evaluationto investigatethedesignspacesof cachesize,numberof processors,numberof

memorybanks,andprocessormodel;Section7.6evaluatestheexecutiontimeandtraffic of thefour

systems;andSection7.7presentstheconclusionsof this study.

7.2 Communication Cost

In thissection,wereview communicationpatternsin CC-NUMA systemsto identify theircosts

andexploreopportunitiesfor reducingthesecosts.This review discussestheseissuesin thecontext

of acoherenceprotocolsimilar to theoneusedin theOrigin 2000.Thelevel of detailof theprotocol

descriptionin thischapteris sufficient for ourpurposes;amoredetaileddescriptionof thisprotocol

is presentedin [CSG98].

In CC-NUMA systems,processorscommunicatethroughaccessingshareddata.Thecoherence

protocolensuresthatwhena processoraccessesa sharedmemorylocation,it will getthemostup-

to-datedatavalue. In orderto exploit spatiallocality, thecoherenceprotocolusuallytransfersone

completeline wheneveracachemissoccurs.Truecommunicationoccurswhenmultipleprocessors

accessa sharedlocation; falsecommunicationoccurswhen multiple processorsaccessdifferent

locationsthathappento bein oneline.

Communicationoccursin variouspatterns,andits costis usuallyhighwhenit is betweennodes.

Remotecommunicationis possiblefor lines that have local homeas well as thosewith remote

homes.

Themainremotecommunicationpatternswhenaccessinglocal linesare:

RAW: Loadmissfor a line thatis dirty in someremotenode.Thelocaldirectoryis checked,which

pointsto thedirty node.The local coherencecontrollerthengeneratesa recallsignalto the

dirty node.Thedirty nodethenreplieswith a dataresponseto therequestingprocessor. The

recallanddataresponsesignalsareremotesignals(thearcsin Figure7.1a).

WAR: Storemiss for a line that is sharedin oneor more remotenodes. The local directory is

checked,which pointsto the readernodes.The local coherencecontrollersendsa copy to

the requester(if therequesterdoesnot alreadyhave one),andgeneratesinvalidationsignals

to the readers.After receiving acknowledgmentsfor the invalidationsignals,the requester

performsthestore(Figure7.1b).
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Figure7.1: Main remotecommunicationpatterns.

WAW: Storemissfor a line that is dirty in a remotenode. This is similar to RAW, but the dirty

nodeinvalidatesits copyaftersupplyingthedataresponse.

Although thesepatternsareexpensive relative to the respective patternswhereall the proces-

sorsinvolved are in the samenode,theseremotesignalsareunavoidable. The bestapproachto

addresstheir costis to decreasethedirectoryaccessandremotelatencies.However, weakercon-

sistency modelsaddressWAR by allowing therequesterto performits storewithoutwaiting for the

acknowledgmentsignals[LLG  92].

Themainremotecommunicationpatternswith remotelinesare:

RAW: Loadmissfor a dirty line. The local coherencecontrollergeneratesa requestsignalto the

homenode.Thedirectoryin thehomenodeis thenchecked,which pointsto thedirty node.

The homenode’s coherencecontroller thengeneratesa recall signal to the dirty node,and

sendsa speculativedatareply to therequester. Thedirty nodethenrespondsto therequester

andupdatesthehomenode.Eacharc in Figure7.1cis shown asa remotesignal. However,

whentheprocessorthathasthedirty copy is in the local or homenode,the responseor the

recall and updatesignals,respectively, are local. The speculative datavalue is usedonly

whenthe dirty nodehasthe line in the exclusive cleanstate(modernprocessorsusuallydo

not supplycleanlines) andthe requesterreceivesa negative responsesignalfrom the dirty

node.An alternativeprotocolthatdoesnotusethisspeculativesignalhasahigherlatency; the

requesterreceivesthe line after four serialsignalsinsteadof three: request,recall, negative

responsefrom thedirty nodeto thehomenode,anddataresponsesignalfrom thehomenode

to therequester.
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WAR: Storemissfor a sharedline. Thelocalcoherencecontrollergeneratesarequestto thehome

node.Thedirectoryis thenchecked,which pointsto thereadernodes.Thehomenode’sco-

herencecontrollerthensendsthereaderscountto therequester(with thedataif therequester

doesnot have a copy), andgeneratesan invalidationsignal to eachreader. After receiving

an acknowledgmentfrom eachinvalidatednode,the requesterthenperformsthestore(Fig-

ure 7.1d). Whena readerprocessoris in the local or homenode,the acknowledgmentor

invalidationsignal,respectively, is local.

WAW: Storemissfor a dirty line. This is similar to RAW, but thedirty nodeinvalidatesits copy

aftersupplyingthedataresponse,andsendsacompletionsignal(ratherthananupdate)to the

homenode.

The communicationpatternswith remotelines generatemoresystemtraffic andusuallyhave

higher latenciesthancommunicationwith local lines. However, for communicationwith remote

lines,therearemany techniquesto avoid someof theseremotesignalsandconsequentlyreducethe

remotecommunicationcost.Thefollowing sectiondescribessomeof thesesolutiontechniques.

7.3 DesignIssuesand Solutions

In this section,wedescribea basesystemsimilar to theOrigin 2000,andthreederivedsystems

that incorporatepossibledesignsolutionsthatattemptto reduceremotecommunicationcost. The

following four subsectionsdescribethesefour systemsandqualitatively discusstheir strengthsand

weaknesses.

7.3.1 BaseSystemwith Dir ectory-BasedCoherence

The basesystemis the closestof thesesystemsto the Origin 2000 itself. It connectsdual-

processornodeswith aninterconnectthatis basedonasix-portrouter. As shown in Figure7.2,each

nodehasacachecoherencecontroller. TheCCChasmultipleinternalpathsto interconnectthepro-

cessorpair, four memorybanks(with attacheddirectory),the I/O devices,andtheinterconnection

network.Theprocessorsrun at 200MHz andsupporttheMESI cache-coherenceprotocol[SS86].

Eachprocessorhasa4-MB, 2-wayassociative,combinedsecondarycache.Thedatacacheline size

is 128bytes.

Thebasesystemis sequentiallyconsistent[Lam79],andmaintainscachecoherenceby usinga

directory-basedprotocol.Thedirectoryis implementedin thememoryandcontainsasharingvector

anda statusfield for each128-byteline. The directoryis accessedin parallelwith eachmemory

access.

As shown in Figure7.3,two nodesshareonerouter. Eachrouterhas6 bidirectionalports;two

portsinterfacewith thetwo nodes,andtheother4 portscanbeusedto interfacewith otherrouters.
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Figure 7.3: Eight routers are usedto interconnectsixteennodesin a cubeconfiguration.

Thefigureshowseightrouters—eachutilizing five of its ports—interconnecting16nodesin acube

configuration.

Theprocessorpair shareonesplit-transactionbusto communicatewith the restof thesystem.

This bus hastwo modesof operation,snoopyandpoint-to-point[R1097]. In the snoopymode,

eachprocessorobservesthebusrequestsof otherprocessorsandchecksits cacheto ensurecache

coherence.For example,when the processorsnoopsa load or storemiss requestgeneratedby

anotherprocessorfor a line thatis dirty in its cache,it suppliesacopyof this line; it alsoinvalidates

its copyof acachedline whenit snoopsastoremissrequestfor thisline. In thepoint-to-pointmode,

a processordoesnot snoopthebustransactionsof otherprocessors.Thus,thememorylatency can

bereducedby allowing theCCCto forwarda processorrequestto thememorywithout theneedto

wait for thesnoopresult.Additionally, theprocessorsdo not losesomeof their cachebandwidthto

checksnoopedrequests.

Thebasesystemusesthebusin thepoint-to-point modeandreliespurelyonthedirectory-based

protocolfor cachecoherence.We refer to this basesystemasD2; the D standsfor puredirectory

scheme,andthe2 standsfor thenumberof processorspernode.
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7.3.2 Intranode Snoopy-BasedCoherence

Thesecondsystem,calledS2, is identicalto D2, but usesthenodebusin thesnoopymode.S2

hasanadvantageover D2 in thefollowing communicationsituations:

� In RAW andWAW, whenthe processorthat hasthe dirty copy is in the samenodeasthe

requester, therequestis satisfiedlocally by asupplyfrom thelocalprocessorovertheirshared

bus.However, anupdatedatasignalis sentto thehomememoryin RAW.

� In WAR, whenthereis a local reader, the CCC doesnot sendan invalidationsignalto this

reader. In the casewhenthe only readeris local, the CCC directly givesthe requesterthe

ownershipwithoutany invalidationor acknowledgmentsignals.

Intuitively, weexpectS2to havebetterperformancethanD2 with applicationsthathaveenough

localcommunicationto overcometheaddedoverheadof snooping.

7.3.3 Allowing Cachesto Supply CleanData

TheIllinois buscachecoherenceprotocolis similar to theMESI protocolusedin D2, with one

main difference. Whereas,in the standardMESI protocol, a processoronly suppliesdatawhen

the requestedline is dirty in its cache,the Illinois protocolallows a processorto supply the line

whenever it hasa copy. Whenmultiple processorshave copies,theIllinois protocolsimply selects

oneof themasthesupplier.

Modernprocessorsdo not supporttheIllinois protocolfor two reasons:(i) Thereis no signifi-

cantlatency advantagefor satisfyinga missrequestfrom a processorcacheratherthanthememory

in modernsymmetricmultiprocessors.(ii) Modernsecondarycachesdo not have a port thatcom-

municatesdirectly with the bus; all cachetransactionsgo throughthe processorthat is situated

betweenthesecondarycacheandthebus(seeFigure7.2).Thus,thefrequentsuppliesin theIllinois

protocoldodeprive theprocessorof someof its cachebandwidth.

However, in aCC-NUMA system,therecouldstill beanadvantageto usingtheIllinois protocol

becauseit avoidssomeof theexpensiveremotecommunications.Thethird system,I2, is similar to

S2, but usestheIllinois protocolto maintaincachecoherenceamongtheprocessorswithin a node.

Directory-basedprotocolis still usedto maintaincoherenceamongnodes.In additionto thesnoopy

advantagesoutlined in Subsection7.3.2, I2 reducescommunicationcost further in the following

situations:

� In RAW, whentherearemultiple readersin thesamenodeandonereadergetsa copy, sub-

sequentreadersmaygettheline locally by a supplyfrom thefirst reader, without generating

remotetraffic.
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� In WAR, whenthereaderis local andhasan exclusive copy, the writer getsa copyandthe

ownershipof theline locally withoutgeneratingremotetraffic.

7.3.4 A SnoopyInter connectCachefor RemoteData

Cachingremotedatain localspecializedcachesis apopularapproachusedmainlyto reducethe

costof capacitymisses.Thefourthsystem, IC2, is similar to S2andusesoneSRAM interconnect

cache(IC) pernodeto reducethe costof remotecommunication(Figure7.4). In this chapter, we

evaluatetwo IC implementations:

(C) TheIC is implementedusingstandardSRAM modulessimilar to themodulesusedto imple-

menteachprocessor’s secondarycache.Therefore,the IC canbeaslargeastheprocessor’s

secondarycache.

(c) TheIC is implementedin theCCCchipandis limited in size.This implementationmaybethe

only feasibleimplementationif theCCCis pin limited.

We assumethatbothimplementationshave thesamespeed,andthattheonly differencein their

effect on systemperformanceis dueto their differencein size. In the following discussions,we

refer to both implementationsassystemIC . However, whenwe makea statementthat appliesto

only oneof thetwo implementations,weusereferencesC andc.

TheIC snoopsthebus,checksits cachedlines,andprovidesthesnoopcheckresultto theCCC

with a latency not longerthanthelatency of theprocessor’ssnoopresponse.Thus,it doesnotdelay

theCCCin forwardinga neededrequestto thememorywhenthereis anIC miss.We assumethat,

in caseof anIC hit, theIC suppliestheline aftera latency similar to thesupplylatency from oneof

thelocalprocessors.

Remotelines areinsertedin the IC in two cases:(i) whena remoteline arrivesat theCCCto

satisfya loadmiss,and(ii) whena local processorsuppliesa remoteline to satisfya loadmissof

anotherlocal processor. TheIC suppliesa line to satisfylocal requestswhenever it hasa copyand
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Implementation (C), SRAM modules. Implementation (c), on-chip.

Figure7.4: Two implementations of cache coherence controller supplementedwith a
snoopyinterconnectcachefor remotelines.
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no local processorhasa dirty copy. It alsosuppliesdirty linesin responseto externalrecallsignals

whenever no local processorhasa dirty copy. A line is markeddirty in the IC whenit is inserted

as the resultof a local supply; in this case,the IC becomesthe owner. The nodedoesnot lose

ownershipof this line, andconsequentlydoesnot updatethehomememory.

For remotelines, systemIC2, like I2, reducesRAW cost of multiple local readers,and re-

ducesWAR costwhena local processorhastheexclusivecopy. However, unlike I2, systemIC2 is

compatiblewith thecachecoherenceprotocolssupportedby modernprocessors.SystemIC2 also

reducesthesystemtraffic by eliminatingtheneedto updatethememoryin local RAW becausethe

suppliedcopyis savedin thelocal IC. Additionally, sincethenodedoesnot loseline ownershipin

RAW, thereis no needto generateremotetraffic if thereaderlaterstoresinto theline.

7.4 Experimental Setup

We useCCAT to evaluatetheperformanceof thesefour systemsusingsix applications.CCAT

keepstrackof thestateof thesecondarycache,interconnectcache,anddirectory, andfully imple-

mentsthecachecoherenceprotocolto satisfycachemisses.In orderto havearealisticexperimental

setup,themodelparametersusedin thisevaluation,unlessotherwisenoted,aresetto besimilar to

theOrigin 2000parameters.

As describedin Section2.6, CCAT is a system-level simulatorwith a processormodel that

capturessomemodernprocessorfeaturesthataffectsystemtraffic rates.Weusetwo settingsof this

processormodel:

Conservative Theprocessorexecutesoneinstructionpercycle (whennot stalled),hastwo buffer

entriesfor outstandingcacherequests(onefor trackingmissesandonefor write-backs),and

stallson cachemisses.Thissettingoperatesasif every instructionis dependenton its prede-

cessor, andthisprocessormodelthusgeneratesconservativetraffic rates.

AggressiveTheprocessorexecutestwo instructionspercycle (whennot stalled),hasfour entries

for outstandingcacherequests,a 48-entryinstructionreorder buffer (only 16 entriesof this

ROB canhold memoryinstructions),andtoleratesandoverlapsmissesthat arewithin the

window of its ROB size. The processorstalls on codemiss, outstandingmiss buffer full,

andROB full. Thissettingassumesno datadependenciesamongtheinstructionsin theROB

window, andthis processormodelthusgenerateshighertraffic rates.Theparametersusedin

this settingareidenticalto the parametersof the MIPS R10000processor, which is usedin

the Origin 2000. In Subsection7.5.4,we alsoexperimentwith moreaggressive parameters

(128-entryROB, 64-entrymemoryROB, and8-entryoutstandingmissbuffer).

Thenodebusis a multiplexed,split-transaction64-bit busthat runsat half theprocessorspeed
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with 800-MB/speakbandwidth.Thus,thebustakes32 processorcyclesto transfera128-byteline.

Unlike theOrigin 2000bus,whichallowsonly 8 outstandingrequests,thebusmodeluseddoesnot

limit thenumberof outstandingrequests.Thus,this numberis limited only by thenumberof out-

standingmissesthatthebusprocessorsallow (theaggressiveprocessormodelallows4 outstanding

missesperprocessor, hencewith two processorspernodethereis alsoamaximumof 8 outstanding

busrequests).

We do not modeltheprocessoroverheadwhenthebus is usedin thesnoopymode. However,

wethink thatthisoverheadis negligible becausetheR10000processorschedulescheckingits cache

for snoopingaroundits own cacheaccesses,andthis checkingis raredueto thehigh ratio of data

responsebusoccupancy to requestoccupancy (17 to 1). For systemI2, theprocessorperformance

is not reduced,asweassumethatthecachebandwidthis increasedto handletheextrasupplies.

Contentionon thebuses,memorybanks,andnetworklinks is modeledaccordingto theoccu-

panciesof thevarioussignaltypes(seeSubsection7.4.1). We assumethata signalarriving at any

of thesesharedresourcesoccupiesit directly whentheresourceis free. Whentheresourceis busy

servinganothersignal,thearriving signalis queuedin an unlimitedFIFO queue.This is different

from theOrigin 2000whichhaslimited queuingandusesnegativeacknowledgmentsandretriesin

queuefull situations.

An Origin 2000feature,not supportedin thesemodels,is pagemigration.1 In orderto reduce

remotecapacitymisses,theOrigin 2000monitorsthenumberof missespernodefor eachmemory

page,andmigratesthepageto thenodethatexceedssomethresholdnumberof misses.As described

in Section7.5,weevaluatethesesystemswith applicationsthathave few capacitymissesrelativeto

coherencemisses.

7.4.1 CCAT Models

In orderto understandthe natureof theperformanceof the four systems,we have carriedout

many simulationexperimentswith abroadrangeof designparameters.Table7.1showstheoptions

andthedefaultvaluesof theparametersusedin theseexperiments.In thefollowing sections,unless

otherwisespecified,thedefaultvaluesareused.For example,wehaveused2 (thedefault),4, and8

processorspernodeto characterizetheeffectof nodesizeon performance.

CCAT differentiatesbetweentwo signaltypes: a shortsignalthat doesnot carry data,e.g.,a

processorrequest;andalongsignalthatcarriesa128-bytedataline, e.g.,adataresponse.Table7.2

showsthetwo signaltypes’occupanciesof thesharedresourcesusedwith thefour systems.In the

interconnectionnetwork,apacketcarryingashortsignalis 16bytes,andonecarryinga longsignal

is 144bytes.

1AlthoughtheOrigin 2000hashardwaresupportfor pagemigration,thecurrentoperatingsystemdoesnot support
pagemigration.
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Feature Values Default
System D, S, I , IC D
Numberof processors 1, 2, 4, 8, 16,32 32
Processorclock 200MHz 200MHz �
Processorcachesize 64KB, 256KB, 1 MB, 4 MB 4 MB
Cacheline size 128bytes 128bytes
Numberof processorspernode 2, 4, 8

�
2

Numberof memorybankspernode 1, 2, 4, 8, 16,32 4
Memorypagesize 4 KB 4 KB �
Memoryallocationpolicy RoundRobin,First Touch First Touch�
Interconnectcachesize 0, 16KB (c), 4 MB (C) 0�

TheOrigin 2000runsat195MHz; 200MHz clockis moreconvenientbecauseit hasacyclewith aninteger
numberof nanoseconds.�

TheOrigin 2000bussupportsa maximumof 4 processors.�
TheOrigin 2000pageis 16 KB, 4 KB is selectedto matchthetracedsystem.�
Codeis replicatedin all nodes.

Table7.1: Experimental parameters.

Type Shortsignal Longsignal
Processorrequestbusoccupancy 10 170
Processorresponsebusoccupancy 0 170
CCCrecallbusoccupancy 10 NA
CCCresponsebusoccupancy 10 160
Memorybankaccessoccupancy 100 100
Interconnectionlink occupancy 20 180

Table7.2: Signal occupanciesof the shared resourcesin nanoseconds.

Table7.3shows themainlatency parametersusedwith thefour systems.AppendixA lists the

CCAT configurationfile of systemD2, which specifiesall the usedsystemparameters,occupan-

cies,andlatencies.Theusedlatency andoccupancy valuesarebasedon thetypical processorand

busvaluesfrom theR10000user’s manual[R1097],andanOrigin 2000microbenchmarkevalua-

tion [HLK97].

Aspect Latency
Processorrequest� 90
Processorsnoopresponse 80
Processordataresponse 190
CCC 50
Memory 100
Router 40
Networklink 10�

latency betweendetectingthemissandrequestingthebus.

Table7.3: Valuesof the main latenciesin nanoseconds.

Whenthereis nocontention,it takes460nsecto satisfyaprocessormissfrom thelocalmemory,
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and690nsecfrom a remotememorythroughonerouter.

7.4.2 Applications

We usedsix applicationsto evaluatethe four systems:Radix, FFT, LU, andCholesky from

SPLASH-2[WOT  95], andCGandSPfrom NPB[B  94]. Theinherentcharacteristicsof theseap-

plicationsarepresentedin Chapter3. Table7.4showsthetwo problemsizesusedin thisevaluation.

Theseapplicationsarecompiledon anSPP1600andinstrumentedusingSMAIT. Theinstrumented

applicationspipedetailedtracesto CCAT in anexecution-drivensimulationsetup,asdescribedin

Chapter2. Theevaluationpresentedin thischapteris basedontheperformanceof themainparallel

phase.

Application ProblemSizeI ProblemSizeII
Radix 256K integers 2M integers
FFT 64K points 1M points
LU ������������� � �!�"�#� �$�
Cholesky tk15.O file tk29.O file
CG ��%'&)(�( /15 �*&+%,(�(�( /15
SP �!�.- /100 �.&�- /400

Table7.4: Sizesof the two setsof problemsanalyzed. The two numbers specifying the
problemsizeof CG and SPrefer to the problemsizeand the number of itera-
tions, respectively.

TheSPLASH-2applicationsareexecutedusingthedefaultcommandline options,howeverFFT

andCholesky executionsincludedadviceaboutthecacheparametersaccordingto Table7.1.

7.5 Preliminary Evaluation

In this section,we investigatethedesignspaceto selectasuitabledesigndomainfor evaluating

thefour systems.Our mainobjective hereis to setsomeof thesystemvariablesto fixedvaluesto

enableus to performan evaluationof the four systemsthat is realistic,andrelevant for assessing

theirworthinessin reducingcommunicationcost.

7.5.1 CacheSize

As presentedin CIAT’s working setanalysis(Section3.4.2),theworking setof eachof thesix

benchmarksis smallerthan4 MB. Hence,theOrigin 2000cachesizeis big enoughto avoid most

of thecapacitymisses.This is confirmedby theCCAT resultsshown in Figure7.5 thatshows the

percentageof cachemissesrelative to the total numberof instructions.Theseresultsareobtained

usingthe defaultparameters(except for cachesize): systemD2 with the conservative processor
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Figure7.5: The percentageof cachemissesto instructions using four cachesizesfor the
two problem sizes.All cachesare two-way associativeand 128byteswide.

model,32 processors,and4 memorybankspernode,with four differentcachesizes.

Note thatFigure7.5 shows threemisstypes: codemiss,load miss,andstoremiss. Thestore

missesincludestoringto a sharedline, aswell asstoringto an uncachedline. Whenstoringto a

sharedline, theprocessormustrequestandgettheexclusiveownershipbeforeperformingthestore.

Only SPwith problemsizeII hasanoticeablecodemissratiowith big caches;SPhascomplex data

structuresthat result in someconflict missesin the combinedsecondarycache. In five of the six

applications,theratioof loadmissesis higherthantheratioof storemisses.Thisobservationagrees

with theCIAT analysispresentedin Section3.4.4,which shows moreRAW thanWAR andWAW.

Radix is different; it hasmorestoremissesthan load missesbecauseit hashigh WAW accesses

anda lot of falsesharing.For RadixandCG with problemsizeII, thelargeimportantworking sets

generatevery highmissratioswith smallcaches.

For the two problemsizes,thereis not a large reductionin the missratio ascachesizeis in-

creasedfrom a 1-MB cacheto a 4-MB cache.This stabilization(evengiventhemodestcontinuing

reductionsin RadixandFFT, andevenSP, for problemsizeII) suggeststhat theremainingmisses

areprimarily coherencemisses,which in fact confirmedin the next subsection.In the following

evaluationof the four systems,we fix the cachesize at 4 MB. Thus, minimizing the effects of

capacitymissesandfocusingon coherencemissesastheprimarycauseof remotecommunication.

7.5.2 Number of Processors

Figure 7.6 shows the execution time as a function of the numberof processorsinvolved in

solving the problem. Thefive executiontime componentsshown aretakenfrom theprocessoron

the critical path. In serial phases,Processor0 determinesthe critical path; and in eachparallel

phase,the processorthat reachesthe phase-endingsynchronizationbarrier last is on the critical
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Figure7.6: Execution time (normalized to singleprocessorexecutiontime) asa function
of the number of processors,using 4-MB cache. The componentsof the ex-
ecution time are found from the critical path. Speedupis the inverseof this
time.

path;thusthereis nobarrierwait time. Here,wealsousethedefaultparameters(exceptfor number

of processors),with theconservativeprocessormodel.

Thefivecomponentsare:busytimeexecutinginstructions(at1 instructionperclock),lock wait

time,andstall timedueto code,load,andstoremisses.Thefigureshowsthattheseapplicationsare

potentiallyscalableup to 32 processors,astheinstructiontime dropswith moreprocessors.Some

othernotableobservationsare:

� For problemsizeI with oneprocessor, thereis negligible stall dueto cachemiss,indicating

that the working set sizesfit in the 4-MB cache. However, the contribution of miss time

increasesastheprocessorsincrease,which confirmsthatmostof themisseswith 32 proces-

sorsarecoherencemisses.This increaseagreeswith CIAT’s analysisthat communication

increaseswith moreprocessors.

� With 32 processors,problemsizeII haslessnormalizedcachemissstall thansizeI. Conse-

quently, theexecutiontimewith sizeII scalesbetterthansizeI.

� For sizeI, theexecutiontimesof LU, Cholesky, andSPdecreaseastheprocessorsincrease,

becauseof their low communicationrates.

� Radixscalabilityis limited by storemissesdueto WAW andfalsesharing.

� Although FFT hasslightly lesscommunicationthan SP, it spendsmore time satisfyingits

missesbecauseof the bursty natureof its remotecommunication(aspredictedby CIAT’s

time distributionanalysisin Section3.4.5).

109



0 

2 

4 

6 

8 

10 

12 

14 

A
gg

re
ga

te
 ti

m
e

1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32

Number of processors

Store

Load

Code

Lock

Imbal

Instr

Radix     FFT      LU     Cholesky    CG       SP

Size I

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

A
gg

re
ga

te
 ti

m
e

1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32

Number of processors

Store

Load

Code

Lock

Imbal

Instr

Size II

Radix     FFT      LU     Cholesky    CG       SP

Figure7.7: Aggregatetime as a function of the number of processors. The aggregate
time is the execution time componentsof each processorsummed over all
processorsand normalized to the 1-processortime. Speedupis the ratio of
the number of processorsto this time. Note the changeof scalefor problem
sizeII.

� CG alsohasa burstybehavior thatis reflected,with sizeI, in its highstoremisstime relative

to its storemissratio.

� For sizeII with few processors,theworking setsof Radix,FFT, andCG arelarger thanthe

cachesize,resultingin asignificantcapacitymisscontributionto theexecutiontime.

Figure7.7 shows theaggregatetime of all processors,not just thoseon thecritical path. This

datais from thesamesimulationsusedto get thedatapresentedin Figure7.6. Here,we seea new

component,namelyload imbalance,which reflectsthe wait time at the synchronizationbarriers.

In applicationswith idealspeedup,theaggregatetime remainsconstantastheprocessorsincrease.

However, for varietyof reasons,theaggregatetimesof theseapplicationsincreaseasmoreproces-

sorsareadded.

Generally, problemsizeII hasbetterscalabilitythansizeI (notechangeof scalein Figure7.7).

CG even shows a superlinearspeedupat 2, 4, and 8 processorswith size II; when the problem

is partitionedamongmoreprocessors,theworking setof eachprocessorgraduallybecomessmall

enoughto fit in theprocessor’scacheandeliminatemostcapacitymisses—thegainsfrom thiseffect

exceedthelossesdueto increasingcoherencemissesin thetransitionsfrom 1 to 2 andfrom 2 to 4

processors.

Theaggregatetimeof Cholesky increaseswith moreprocessors,mainlydueto theaddedbusy-

wait instructionsat flag-basedlocks. However, theaggregatetimesof otherapplicationsincrease

mainly dueto load imbalanceandmissstall. As theprocessorsincrease,thecommunicationtime

(missstall) contribution to the executiontime becomessignificant,especiallyin Radix,FFT, and
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CG.

We decidedto evaluatethe four systemsusing 32 processors,becausewith this numberof

processorsthereis enoughcommunicationto evaluatetheeffectivenessof thesesystemsin handling

communication.

7.5.3 Number of Memory Banks

Successive cachelinesareinterleavedamongthememorybanksof theOrigin 2000;eachOri-

gin 2000nodehas4 to 32 memorybanks.Figure7.8showstheexecutiontime asa functionof the

numberof memorybankspernodenormalizedto thetime obtainedwhenonly onebankpernode

is provided.

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

N
or

m
al

iz
ed

 e
xe

cu
tio

n 
tim

e

1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32

Number of memory banks

Store

Load

Code

Lock

Instr

Radix     FFT      LU     Cholesky    CG       SP

Size I

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

N
or

m
al

iz
ed

 e
xe

cu
tio

n 
tim

e

1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32 1
2

4
8
16

32

Number of memory banks

Store

Load

Code

Lock

Instr

Radix     FFT      LU     Cholesky    CG       SP

Size II

Figure7.8: Normalized executiontime asfunction of the number of memory banks per
node,using 32 processors.

Thechangein theexecutiontimewith morebanksissmall,andnotalwaysin thesamedirection.

Eachexecutiontime comesfrom oneexecution-drivensimulationexperiment. In eachexecution,

the operatingsystemgivesthe applicationa set of virtual addresses.The differentsetsgenerate

differentaddressconflicts,whichslightly affectsthetotalmisstime,andconsequentlytheexecution

time.

This datashows that the executiontime is not very sensitive to thenumberof memorybanks

(CG doessuffer from memorycontentionwith onebank),andthatnearmaximumperformanceis

achievedwith only a few banks.In following systemevaluation,we usefour bankspernode.

7.5.4 Latency Overlapping

In this section,we evaluatethreeprocessormodelsusingthe defaultparameters.Figure7.9

showstheexecutiontimesusingtheconservativeandtwo aggressiveprocessormodelsnormalized

to the time of the conservative model. The executiontime components,summedover all phases
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Figure7.9: Normalized executiontimes using threeprocessormodels: (1) conservative:
1-IPC with 1-entry ROB; (2) aggressive: 2-IPC, 48-entry ROB, 16-entry
MROB, and4-entry missbuffer; (3) moreaggressive:2-IPC, 128-entryROB,
64-entry MROB, and 8-entry missbuffer.

(usingthe critical pathprocessorin eachphase),are: instruction,lock wait, codemissstall, full

ROB stall, full memoryROB stall, full outstandingmissbuffer stall,andsynchronizationstall. The

synchronizationcomponentis the stall time at the synchronizationpointswhile waiting to finish

outstandingmisses.With theaggressivemodels,Cholesky andCGhavenoticeablesynchronization

timesdueto Cholesky’s many locks andCG’s many barriers.Synchronizationtime is not visible

whenusingthe conservative modelbecausethereareno outstandingmisseswhena synchroniza-

tion point is reached,andin theseexperimentsonly negligible synchronizationtime resultsfrom

outstandingwrite-backs.Figure7.10is the samecomparison,but presentsthe ROB, MROB, and

buffer stall timesaccordingto thetypeof theoldestunsatisfiedmisswhenthestall occurs.

Theexecutiontimeusingeitherof thetwo aggressivemodelsis alwayslessthanthetimeof the

conservativemodel,primarilydueto theinstructiontimereductionbyaboutfifty percent.Moreover,

the aggressive modelsslightly reduceexecutiontime further in Radix, CG, andSPby tolerating

someof the miss latency. While the moreaggressive model (3) reducesthe processorstall time

morethantheaggressive model(2) with Radix,LU, Cholesky, andSP, its stall time with FFT and

CG is larger thanthatof theaggressivemodel. Themoreaggressivemodelis successfulwith four

applicationswhereit overlapsmoremissesandtolerateshigherpercentagesof the misstime, and

is lesssuccessfulwith the two applicationsthat have bursty communicationasoverlappingmore

missesincreasesthesystemcongestionandincreasesthelatency of individualmisses.

Thereductionin themissstall time of theaggressivemodelis not asimpressive asit might be

becauseof the limited ROB size(and,in CG, theoutstandingmissbuffer sizeaswell). Although

theaggressivemodelassumesthatinstructionsareindependentandtheprocessordoesnotstall due

to datadependencies,theROB is not largeenoughto maskthelong communicationlatency, nor to
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Figure7.10: Normalized execution times of the conservativeand aggressiveprocessor
modelsshowingthe misstype of the instruction blamed for processorstall.

frequentlycapturemultiple missesin onewindow so that their missescanbe overlapped.This is

alsotrue with the moreaggressive model. However, asthe fractionof ROB entriesdedicatedfor

memoryinstructionsgrows from 1/3 in theaggressivemodelto 1/2 in themoreaggressive model,

thefull MROB stall is oftenreplacedby full ROB stall.

Thestall time of Cholesky is actuallyslightly higherwhenusingtheaggressive modelsdueto

contentioneffects.Theaggressivemodelsreducetheinstructiontime andconsequentlythemisses

becomelessspreadover time, which increasesthecontentionon sharedresourcesandin this case

this increaseexceedsthebenefitsof increasedlatency tolerance.

In thefollowingsection,wepresentanevaluationof thefour systemsusingtheaggressivemodel

becausewe believe that its traffic morerealisticallyrepresentsthetraffic generatedby theR10000

processor. However, whenevaluatingthesesystemsusingtheconservativemodelwe get thesame

qualitativeresults,andthemainconclusionsdrawn aboutthefour systemsin thenext sectionusing

theaggressivemodelalsoholdwith theconservativemodel.

7.6 SystemEvaluation

Thissectionevaluatestheperformanceof thefour systems(D, S, I , andIC ) usingtheaggressive

processormodelwith 32 processors,4-MB caches,and4 memorybankspernode.Eachsystemis

evaluatedwith 2,4, and8 processorspernode.WeevaluatesystemIC usingtwo interconnectcache

sizes:4 MB (C), and16 KB (c).

Figure7.11shows thepercentageof missesthataresatisfiedfrom a remotememoryor remote

cache.Sincetheseremotemissesaremoreexpensivethanlocalmisses,asmallpercentageis better.

In all cases,asthe numberof processorsper nodeincreases,the percentageof remotemisses

decreases.Thisisexpectedasmorememorylocationsandmoreprocessorsbecomelocalwith fewer
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Figure7.11: Percentageof missessatisfiedfrom a remotenodeor cachefor the four sys-
tems: (D) pure dir ectory-based,(S) snoopywithin the node,(I) cachessup-
ply cleanlines,(C) with a 4-MB snoopyIC, and (c) with a 16-KB snoopyIC.
Evaluationsshownfor 2, 4, and 8 processorsper node.
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nodes.In general,the threesnoopysystems,S, I , and IC , have smallerremotemisspercentages

thansystemD. SystemsI andIC havesmallerremotemisspercentagesthantheothertwo systems

with LU, Cholesky, andCG. SystemC, which is the bestoverall in reducingremotelatency, has

smallerremotemisspercentagesthantheothersystemswith SP.

Systemc reducesremotemiss aswell as systemC when the communicationworking set is

smallenoughto fit in the16-KB IC. This is not thecasewith Cholesky andwith CG whensolving

problemsizeII, andC showsanimprovementover c for them.

Figure7.11 demonstratesthat the threesnoopysystemsaresuccessfulto varying degreesin

achieving their intendedpurposeof reducingthe remotemissesrelative to the basesystem. The

following subsectionsevaluatethesesystemsin more detail by analyzingtheir execution times,

traffic, andmisslatency.

7.6.1 Execution Time

Figures7.12,and7.13show theexecutiontimeof thesix applicationsfor thetwo problemsizes.

In eachof thefollowing paragraphs,wediscusstherelativeperformanceof eachapplicationon the

four systems.

Radix hasa lot of WAW communicationandfalsesharing,consequentlyit spendsa lot of time

satisfyingstoremisses.Thesnoopysystemsgainsomeadvantageover systemD by allowing

bus snooping.This gain is larger whenmoreprocessorspernodeareused;however, since

executiontimeactuallyincreaseswith moreprocessorspernode,this is amootpoint. Snoop-

ing reducesstoremisstime primarily by locally satisfyingstoremissesto linesthataredirty

in someother local processor. Satisfyingsomemisseslocally hasa positive impacton the

wholesystembecauseof reducedsystemtraffic andcontention.ProblemsizeII benefitsless

thansizeI from theseadvantagesbecauseit hasa lower missrateandlesscontention.For

bothproblemsizes,thesmallerIC is nearlyasefficient asthe larger IC becausemostof the

performanceadvantagescomefrom snooping.

FFT is dominatedby communicationanddoesnot benefitmuchfrom thesetechniques.However,

systemC doesoffer thebestperformance.

LU haslow communicationrate and low stall time percentage,therefore,the threetechniques

cannotsignificantlyreducetheexecutiontime.

Cholesky hassignificantRAW communicationwith anaveragesharingdegreeof sevenprocessors.

Consequently, systemsI andC reducetheloadmisstimeby satisfyingmultiple local readers

with oneremoterequest.Systemc hashighermisstime thanthat of systemC becauseits

IC is not large enoughto capturethe communicationworking set,andthusmany lines are
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Figure7.12: Execution times of the four systems(problemsizeI).
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Figure7.13: Execution times of the four systems(problem sizeII).
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replacedbeforetheir presencein theIC is fully exploited.

CG hasmoreRAW communicationandhighersharingdegreethanCholesky, andtherefore,system

C reducestheloadmisstimeevenfurther. TheIC sizein systemc capturesthecommunica-

tion working setin problemsizeI, but not in sizeII.

SP hassignificantlocal producer-consumercommunication.SystemC providesthe bestperfor-

mancebecauseit satisfiesrepetitive RAW andWAR locally. Problemsize II hasa lower

communicationto computationratio thansizeI, andthe memoryallocationpolicy is more

successfulin localizingsharedpageswith sizeII. Therefore,sizeII benefitslessfrom these

techniques.

In general,systemIC performanceis asgoodassystemI , andbetterthan I when the IC is

largeenoughto capturethecommunicationworking set. SystemIC performsthebestwhenthere

is significantlocal producer-consumercommunicationon remotelines.

For all theseapplications,C2 out-performsD2. However, D2 doesperformbetterthanthethree

snoopysystemsin thoseserial regions wherethereis little or no communicationand the cache

missesaresatisfiedwithin the local node.For example,CG hasa serialinitialization phasewhere

only Processor0 is active. For problemsizeI, C2’s executiontime is 2.5%higherthanthatof D2

in this phasedueto theoverheadof snoopingwhich increasesthemisslatency by 15%.

Whentheprocessorspernodeincreases,thenumberof nodesdecreasesandtheremotelatency

decreases.This effect reducesthe executiontime of systemD with FFT, LU, Cholesky, andCG.

However, with more processorsper node,the bus contentionincreases,which in Radix and SP

dominatesover the increasingbenefitscitedabove. Consequently, 2-processornodesproducethe

highestperformancefor Radixand4-processornodesarebestfor SP. Theperformanceof thethree

snoopysystemsrelative to systemD consistentlyincreasesasprocessorspernodegrows.

7.6.2 Traffic

Figures7.14,and7.15show theaveragenumberof activesignalspercycle in thenetworklinks,

memorybanks,andbusesover the entiresystemfor the two problemsizes. Thesefiguresrepre-

senttheaveragetraffic rategeneratedin thesesystemsandtherelative contentionfor theavailable

resourcesof eachtype. Active signalsareeithersignalsutilizing thesesharedresourcesor waiting

(queueddueto contention)to usetheseresources.Notethatoneremoteaccessmayresultin many

signals.To provide anotherperspectiveon thesignificanceof thesenumbers,notethatthenetwork

canserveamaximumof 56,24,or 10signalsin onecycle for systemswith 2, 4,or 8 processorsper

node,respectively; similarly, thememoriescanserve 64, 32, or 16, andthebusescanserve 16, 8,

or 4.
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Figure7.14: Averageactivesignalsper cycle(problemsizeI). Net is signalsutilizing net-
work links, Net cont is signalswaiting to utilize links, Mem is signalsac-
cessingmemory banks,Mem cont is signalswaiting to accessbanks,Bus is
signalsutilizing buses,and Bus cont is signalswaiting to utilize buses.
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Figure 7.15: Averageactivesignalsper cycle(problem sizeII).
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ProblemsizeII generallyhaslower traffic rateandcontentionthansizeI in five of theseap-

plicationsdueto lower miss ratios; CG is the exceptionbecauseits miss ratio with sizeII is not

muchlessthanwith sizeI, andits load balancewith sizeII is betterthansizeI. Notealsothat in

all casesasprocessorspernodeincreases,thenetworkutilizationandcontentiondecreasewhile the

busutilization andcontentionincrease.

With problemsize I, Radix hashigh network andbus contentionand utilization. The three

snoopysystemsreducethis behavior by 10%to 20%. Thetwo figuresexposeFFT’s burstyremote

communicationasthey show thatmostof theactivesignalsareeithertravelingor waitingfor service

on thenetworklinks. As LU andCholesky have low missratios,they have low traffic rates.

CGwith systemD hasnoticeablememorycontention(particularlyfor problemsizeI) in addition

to itshighnetworkcontention(for bothproblemsizes,butmoresofor problemsizeII), whichoccurs

dueto its burstybehavior whenupdatingthepartialsums.Thesnoopysystemsreducethismemory

contentionby notallowingmorethanonesimultaneouslyoutstandingrequestfor aparticularlineon

eachbus. Moreover, systemsI andIC reducethenetworktraffic, particularlyfor 4 or 8 processors

per node. With CG andproblemsizeII, systemsI2 andC2 have morenetworkcontentionthan

systemD2 becausetheirexecutiontimesaresignificantlylower thanthatof systemD2.

SPhasanaveragenumberof signalsutilizing thenetworklinks that is larger thanthatof FFT

or CG.However, SPhaslessnetworkcontentionthanFFTor CGbecauseits communicationis less

bursty.

7.6.3 AverageMiss Latency

Figure7.16shows the latency of anaveragemiss. For RadixandSP, theaveragemisslatency

increasesasthenumberof processorspernodeincreasesdueto buscontention.This trendis also

presentin CGwith systemsI andC whenthenumberof processorspernodeincreasesfrom 4 to 8.

However, for theothercases,thelatency decreasesasthenumberof processorspernodeincreases

dueto thereductionsin networktimeandremotemisspercentage.

Thisaveragelatency is muchhigherthanthememorylatenciescalculatedfrom thesignallaten-

cieswith no contention(seeSubsection7.4.1)dueto thefollowing reasons:

1. As mostof themissesaredueto communication,eachis oftensatisfiedaftera seriesof hops

thatinvolvemultiple processors,which is moreexpensive thansatisfyingthemdirectly from

memory.

2. Whenmultiple processorsareactiveandeachcanhave multiple outstandingmisses,thereis

contentionfor utilizing sharedresources.Thus,themisslatency becomeshigherasthesignal

wait time for busyresourcesis encountered.

3. The Origin 2000has“memory-less”cachecoherencecontrol, i.e. it usesNACK-and-retry
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Figure7.16: Averagemisslatency in microseconds.
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Figure7.17: Normalized execution time using systemC2 with two memory allocation
policies: first touch (1T), and round robin (RR).

whenthe memorycannotimmediatelysatisfya request.Whenthe CCC receivesa request

from aprocessorfor a line in abusystate(thedirectorytagassociatedwith theline is marked

busywhile theCCCis recallingtheexclusivecopyof this line for anotherprocessor),it does

not buffer thenew request,but replieswith a negative acknowledgment.Thus,therequester

retriesuntil it succeeds,which increasesthesystemcontentionandmisslatency further.

4. Someapplications,particularlyFFT andCG, have burstycommunicationthat resultin high

contention. Additionally, CG hashigh invalidationdegree,and thereforeeachWAR miss

generatesmany invalidationandacknowledgmentsignals.

5. As theseapplicationshavealot of producer-consumercommunications,thespeculativemem-

ory operationsareoftenuselessastheproducerhasa dirty copy. Therefore,thesignalsthat

carryspeculativedataincreasethesystemtraffic, contention,andmisslatency.

6. For someapplications,the first touchmemoryallocationpolicy often allocatesmostof the

memorypagesin Node0 whenThread0 initializestheshareddatastructuresin theserialini-

tializationphase.Consequently, thesystemtraffic becomesunevenly distributedandNode0

is thebottleneck.

Figure7.17shows theexecutiontimesusingsystemC2 with first touchandroundrobin mem-

ory allocationpolicies,normalizedto the time with first touch. FFT, LU, Cholesky, andCG have

significantlylower misstime with roundrobin thanwith first touchdueto the reducedcontention

on the networklinks that connectNode0. However, first touchwith Radix andSPwhensolving

problemsizeII haslessmisstime thanroundrobin asthey initialize mostof their shareddatain

parallelphasesandfirst touchis thusmoresuccessfulin localizingdata.
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7.7 Chapter Conclusions

In this chapter, we have studiedthecommunicationcostin CC-NUMA systemsandevaluated

sometechniquesthat have the potential for reducingit. SystemD, which relies purely on the

directory for ensuringcachecoherence,favors sequentialprogramsin multiprogrammedparallel

environmentsover shared-memoryapplicationswith high communicationpercentages.For our six

applications,thethreesnoopysystemshandlecommunicationbetterthansystemD. SystemI , which

allows processorsto supplycleancachedlines, andsystemIC , which usesan interconnectcache

for reducingthecommunicationcostof remoteline accesses,bothhave superiorperformance.

SystemIC handleslocal producer-consumercommunicationbetterthansystemI . Moreover,

unlike systemI , systemIC is compatiblewith the cachecoherenceprotocolssupportedby mod-

ernprocessors.Thesetwo systems,however, do have increasedsystemcost: systemI becauseit

requireshigherprocessorcachebandwidth,andsystemIC becauseit requiresthe additionof an

interconnectcachein eachnode.

AlthoughsystemIC increasesthecostof thenode,it haslesstraffic andcontentionthansystem

D andpermitsmoreprocessorspernode. Whenthenodebecomeslarger, the overall systemcost

decreasesasfewer networklinks, routers,andcoherencecontrollersareneeded.Thecostreduction

with largernodesmayexceedtheIC cost.

The IC canbe implementedin 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.Consequently, the IC cancontinueto

participatein the bus coherenceprotocolwithout causingmoredelayingthana typical processor

cache.As we assumethat theIC supplieslineswith a 190nanosecondslatency, gettinganIC data

line from thelocal memorywouldnot takemuchmoretime.

Finally, we have noticedthat theeffectivenessof systemIC is bestwith applicationsthathave

highcommunicationcosts.Furthermore,it reducestheexecutiontimeof all six casestudyapplica-

tionswhichhavebeencarefullydesignedto achievelow communicationrates.Thus,weexpectthat

otherless-tunedshared-memoryapplicationswouldhave at leastthismuchbenefit.This technique

reducesthecommunicationcostandconsequentlylowerstheNUMA factorof DSM systemswhich

is a stepto enableCC-NUMA systemsto efficiently supportmoreapplicationswith lesstuning

efforts.
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CHAPTER 8

CONCLUSIONS

Here,wepresentourmainconclusionsaboutthisdissertation’smethodologyandtools,thecase-

studyapplications,theexistingsystemsandapproachesthathavebeenassessedin thisresearch,and

thetechniquesthatwehave introducedto reducethecommunicationcostin DSM systems.

8.1 Putting It All Together

In this dissertation,wehave demonstrateda methodologyandtoolsfor analyzingsharedmem-

ory applicationsto supportdesigningscalableshared-memorysystems.The demonstrationwent

throughfour designstages:characterizinga wide rangeof targetapplicationsto geta basicunder-

standingof applicationpropertiesandperformance,measuringthe performanceof someexisting

systemsto prepareaccurateconfigurationfiles for them,evaluatingcurrentapproachesto identify

strengthsandweaknesses,andevaluatingandproposingsolutionsfor someof theidentifiedweak-

nesses.

Characterizingthe inherentapplicationpropertiesgave us bettercommandin later stagesto

selectappropriateexperimentalsetup,andto explain andrationalizetheachieved applicationper-

formanceon specificsystemconfigurations.For example,CIAT’scharacterizationof working sets

gave us the insight to selectcachesizesthat have a small ratio of capacitymisses.CIAT’s char-

acterizationof thecommunicationpatternsandtheir variationover time alsoplayeda vital role in

explaining the applicationperformanceon the systemsevaluatedin Chapters6 and7. Moreover,

as CIAT revealedthat the case-studyscientific applicationshave a lot of WAR and RAW com-

munication,we weremotivatedto experimentwith the techniquesthat reducedthe costof these

communicationpatterns,aspresentedin Chapter7.

CDAT’s simplicity andflexibility enabledus to evaluatea wide rangeof currentCC-NUMA

systemapproachesandidentify onepromisingapproachfor furtherinvestigationandimprovement.

Similarly, systemdesignerscanuseCDAT to investigatemuchlargerdesignspacein theearlyde-

signstagesof their projects.However, in orderto evaluateoptimizationtechniquesfor theselected
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systemapproach,weusedthemoredetailedsimulator, CCAT which is targetedto CC-NUMA sys-

temswith memory-basedcoherence.The CCAT analysispresentedin Chapter7 shows that the

performanceof the case-studyapplicationsis heavily affectedby contentionon sharedresources;

evaluatingthesetechniqueswith CDAT would be inconclusive as it doesnot model contention.

Systemdesignersdo needdetailedsimulatorslike CCAT at later designstagesto fine tunetheir

designs.

8.2 Methodology and Tools

This researchhasdevelopeda suiteof tools thatmechanicallyanalyzesDSM applicationsand

providesapplicationcharacterizationsin aform thatisdirectlyusefultoprogrammersanddesigners.

This suiteis increasinglygainingacceptanceanduse. Graduatestudentsin the parallelarchi-

tecturecoursein theUniversityof Michiganhave usedit to characterizeandtuneshared-memory

applications. Several researchersin the Hewlett-PackardLaboratoriesuseit to characterizeap-

plications,parameterizeworkloadgenerators,andevaluatealternative designoptionsfor the next

generationof DSM systems.Moreover, wehaveusedit to characterizeseveralimportantaspectsof

avarietyof scientificandcommercialshared-memoryapplications[AD98c], calibrateandevaluate

theperformanceof two generationsof theConvex Exemplar[AD98b, AD98d], andevaluatethree

CC-NUMA approaches[AD98a].

Ourmethodologyreliesoninstrumentingshared-memoryapplicationsto tracethedataandcode

streams.Thetraceis analyzedusinga combinationof configurationindependentandconfiguration

dependenttechniques.

SMAIT is oneof few tools thatenablecollectingtracesof multi-threadedshared-memoryap-

plications. Its supportof execution-drivenanalysisenablesanalyzinga wide rangeof applications

including large anddynamicapplications.However, it requiressourcecodeavailability anddoes

not tracethe operatingsystem.Thesetwo limitations did not, however, adverselyaffect our case

studiesof scientificapplicationssincetheir sourcecodeis availableandthey do not spendsignifi-

canttime in theoperatingsystem.Althoughwe did encountertheseproblemswith thecommercial

applications,our analysistoolscanbeusedto analyzeapplicationtracescollectedby othertracing

tools.

Splitting the applicationanalysisinto configurationindependentandconfigurationdependent

analysisprovidesa cleanandefficient characterizationof applicationperformance.Configuration

independentanalysisgivesa basicunderstandingof theinherentpropertiesof anapplication,while

configurationdependentanalysisenablesevaluatingthe applicationperformanceon a particular

systemconfiguration.

The algorithmsthat weredevelopedandincorporatedin CIAT, the configurationindependent
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analysistool, provide fastandinformative characterizationsof severalaspectsof theapplication’s

inherentpropertiesincluding generalcharacteristics,working sets,concurrency, communication

patterns,communicationvariationover time, communicationslack,communicationlocality, and

sharingbehavior. Thesecharacterizationsaid theprogrammersin understandingandtuningDSM

applications,andprovide theDSM designerswith abasicunderstandingof their targetapplications’

properties.

CDAT andCCAT weredevelopedto evaluateanapplication’sperformanceon a particularsys-

temconfiguration.They offer two levelsof detailandcoverageof DSM systemapproaches.CDAT

simulatesa wider rangeof DSM approachesthanCCAT; CCAT simulatestheapplicationon more

detailedmodelsof the processor, bus, memory, and interconnectionnetworkthan CDAT. CDAT

is fasterthanCCAT, but is lessaccurate.CDAT is useful for performinghigh level comparisons

amonga wide rangeof alternativesat the earlydesignstages,andCCAT is usefulfor performing

accurateevaluationsof alternativedesignoptimizationsat laterdesignstages.

CCAT incorporatesa moredetailedprocessormodelthanCDAT, andcapturessomeproperties

in modernsequentiallyconsistentprocessorsthataffectsystemtraffic. However, CCAT’sprocessor

modeldoesnot track datadependencies,nor the stateof the processor’s registersandfunctional

units.1 A modelthattrackstheseaspectswouldgenerateamoreaccuratememoryaccessstreamthan

CCAT’s processormodel,but would bemuchslower. We have decidedto keepCCAT’s processor

model simple and fast in order to be able to simulatelarge applicationson systemswith large

numberof processorsin a reasonabletime. Standardprocessorsimulatorsdo exist andcanbeused

for thispurposewhenneeded,but wehave foundthatthesystemlevel designissuestargetedin this

researcharenot very sensitive to the detail of the processormodel. Specifically, the conclusions

aboutthefour systemsevaluatedin Chapter7 hold for theconservativeprocessormodelaswell as

theaggressiveprocessormodel.

8.3 Case-StudyApplications

In thisresearch,wehaveusedacollectionof applicationsdrawn fromthescientific,engineering,

andcommercialdomains.We have givenspecialattentionto characterizingtheseapplicationsin

orderto understandtheir inherentproperties.Theapplicationknowledgegainedby analyzingthese

applicationswasof materialbenefitin conductingthelaterstagesof this research.

Theseapplicationsarewell tunedfor DSM machinesandcangenerallyexploit moreprocessors.

However, they do exhibit frequentcommunicationaccessesthat often increasewith moreproces-

sors.On systemsthathave highcommunicationcosts,thecoherencemissesdueto communication

limit thescalabilityof someapplications,particularlyRadixandCG.

1Notethatthis is nota problemfor CDAT dueto its serialexecutionmodel.
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The importantworking setsof theseapplications,with theproblemsizesanalyzedhere,do fit

within the largecachesof modernprocessors.However, theworking setsof Radix,FFT, CG, and

SPgetlargerwith largerproblemsizes,which wouldgeneratea lot of capacitymisses.Additional

stepswould thenhave to betakento reducethecachemisscostdueto limited capacity, aswell as

coherencetraffic.

We have noticedsignificantdifferencesbetweenthescientificapplicationsandthecommercial

applicationsthatwereanalyzedin this research.While thescientificapplicationsaccessword and

double-wordmemoryobjectsin largeloopswith infrequentbranching,thecommercialapplications

accessbyte,half-word,andwordobjectswith largercodesizesthatcontainfrequentbranching.

8.4 CC-NUMA Systems

We have evaluatedfour CC-NUMA systemsusing microbenchmarkingandsimulation. The

Convex ExemplarSPP1000andSPP2000wereevaluatedusingmicrobenchmarking;andtheCon-

vex SPP1000,theStanfordDASH,andtheSGIOrigin 2000wereevaluatedusingCDAT simulation.

Thepresentgenerationof theExemplarsystems,theSPP2000,utilizesarchitecturalandtech-

nological advancesto achieve higher memorybandwidththan the SPP1000,and to overlap the

latenciesof multiple outstandingmisses.However, local memorylatency is not improving in pro-

portion to increasesin the processorclock rate. The SPP2000alsousesa richer interconnection

networkthat transfersits smallerpacketsfasterthantheSPP1000.Consequently, thegapbetween

the local and remotelatenciesin the SPP2000is smallerthan that in the SPP1000,which gives

betterprogrammability.

The SPP1000andSPP2000usecustom-designedcrossbarsandcontrollersto supportseveral

processorspernode,whichgreatlyhelpsmedium-scaleparallelprograms.Theadditionof thisglue

logic, however, raisesthelocalmemorylatency, whichpenalizessequentialandsmall-scaleparallel

programs.The SCI protocolthat is usedin both systemsto maintainglobal cachecoherencehas

someinefficienciesthatlimit theremoteaggregatebandwidthandlengthentheremotelatency.

TheCDAT evaluationof theCC-NUMA systemsshowsthatwhenthethreesystemsareputon

the sametechnologicallevel, they have analogousperformance.The Origin 2000hasthe lowest

memorylatency, but theDASH hasthebestperformancebecauseit usestherelaxedmemorycon-

sistency model(which hidessomeof themisstime) andusestheIllinois protocol(which resultsin

fewer remotemissesthantheOrigin 2000).TheSPP1000hasthehighestremotelatency dueto its

complicatedSCIprotocolthatmanagesa distributedlinked-listdirectory.

128



8.5 ReducingCommunication Costs

Previousresearchhasfocusedonreducingtheremotecommunicationcostby decreasingremote

capacitymisses. In this researchwe focusedon reducingthis latency by decreasingthe cost of

remotecoherencemisses.

Wehaveshownthatthereareopportunitiesfor reducingremotecommunicationcostthatarenot

takenadvantageof by the coherenceprotocolssupportedby modernprocessors.Theseprotocols

favor small-scalemultiprogrammedsystemsoverscalableDSM systems.Wehaveshownthatwhen

the processorcachecoherenceprotocol is changedto allow cachesto supply cleandata,better

performanceis achievedfor parallelshared-memoryapplications.

We have alsoshown thatmodernsystemsthat focuson reducinglatency canincorporatetech-

niquesfor reducingthe remotemisseswithout significantlatency increase.By supplementingthe

nodewith an interconnectcachethat participatesin the local bus coherenceprotocol for remote

data,theresultingsystemachievessuperiorperformance.Usingthis cache,thecase-studyapplica-

tionsbenefitfrom reducedremotecommunicationcostin spiteof a slight latency increase;overall

communicationcostis reducedby up to 63%in somecases.

8.6 Futur eWork

In this dissertation,we have developedconfigurationindependentanalysistechniquesfor char-

acterizingseveralaspectsof shared-memoryapplications.However, thereareotheraspectsthatare

now only characterizedusingconfigurationdependentanalysis.For example,falsesharingis char-

acterizedby simulatingtheapplicationon a multiprocessorconfigurationwith cachesof someline

length.Measuringthenumberof cachemissesof linesinvalidatedby otherprocessorsdueto access-

ing differentmemorylocationsthathappento beallocatedin thesameline, is a characterizationof

thefalsesharing.Sincethis characterizationdependson theline length,configurationindependent

analysis,if an appropriatealgorithmcanbe found, might give a moregeneralcharacterizationof

falsesharing.Otheraspectsthatarenow only characterizedusingconfigurationdependentanalysis

arespatiallocality andconflict misses.

In ourevaluationof thethreetechniquesfor reducingthecommunicationcostin Chapter7, we

deliberatelyminimizedcapacitymissesandfocusedoncoherencemisses.However, communication

in DSM systemsis dueto bothcapacityandcoherencemisses.Althoughour suspicionis that the

techniquesusingthe Illinois protocolandthe interconnectcachealsoreducethe costof capacity

misses,it is importantto evaluatethesetechniqueswith applicationsthat exhibit more capacity

missesthanwereexhibitedin ourevaluation.

In Chapter7, wehaveobservedthattheaveragemisslatency is muchhigherthanthelatency of

asimplemissthatis satisfiedfrom thememorywithoutany contention.Althoughtheaveragemiss
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latency is thishighmainly dueto high ratesof burstycommunicationandinefficienciesin memory

allocation,thecoherenceprotocolthatwasusedmaybe blamedfor a portionof this latency. For

example,the coherenceprotocolusesspeculative memoryoperationswhich increasesthe system

traffic andmay causecontention,particularlywhenthe speculative datais not used. Anotherex-

ampleis the“memory-less”coherencecontrolthatmayincreasethesystemtraffic andmisslatency

whenbusy lines arefrequentlyrequested.We think that it is importantto evaluatethe effective-

nessof theseprotocolfeaturesandinvestigatebetterapproacheswhenthey adverselyaffectsystem

performance.

Many researchersareinvestigatingapproachesto exploit the increasingtransistorbudgetsof a

singlechip. Someresearchersareadvocatingusingthis budgetto build a single-chipmultiproces-

sor [HNO97]. Currentresearchevaluatessingle-chipmultiprocessordesignsin a systemthathas

only oneprocessorchip. We think that this approachwill get moremomentumin the nearfuture

andthatwe shouldseriouslyconsiderhow to incorporatemultiple single-chipmultiprocessorsin a

system.We think that thereis now an opportunityto affect thedesignof suchmultiprocessorsso

thatthey canbeefficiently interconnectedin a scalablesystem.
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APPENDIX A

SYSTEM CONFIGURATION FILES

SectionsA.1, A.2, andA.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 model the base
system(D2) in Chapter7.

A.1 DASH
number of nodes 4
processors per node 4
buses per node 1
bus interconnection na
mem banks per node 1
mem line size 16 (bytes)
page size 4 (Kbytes)
memory on bus yes
snoopy icc yes
data cache:
used yes
size 256 (Kbytes)
lsize 16 (bytes)
assoc 1
instruction cache:
used yes
size 64 (Kbytes)
lsize 16 (bytes)
assoc 1
interconnect cache:
used yes
size 128 (Kbytes)
lsize 16 (bytes)
assoc 1
number of threads 16
thread mapping:
thread 0 node 0 proc 0
thread 1 node 0 proc 1
thread 2 node 0 proc 2
thread 3 node 0 proc 3
thread 4 node 1 proc 0
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 0
thread 9 node 2 proc 1
thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc 0
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache coherence protocol 1 (memory-based directory)
allow exclusive remote 0
allow update tag 0
allow cache to cache 1
shared local load 0
inv on supply 0
local collects acks 1
remote updates home 1
speculative mem ops 0
ack wb 1
illinois 1
memory allocation policy 6 (First touch with code replication)
generate miss trace 0
generate transaction trace 0
clock in MHz 33
IPC 1
FROM TO TYPE TX(ns) RX(ns) BYTES
==============================================
NET CCC SHORT 0 125 12
NET CCC LONG 0 250 28
PRO BUS SHORT 250 125 8
PRO BUS LONG 188 125 16
MEM BUS LONG 188 125 16
BUS PRO SHORT 0 0 8
BUS PRO LONG 0 188 16
BUS MEM SHORT 0 0 8
BUS MEM LONG 0 188 16
BUS CCC SHORT 0 250 8
BUS CCC LONG 0 250 16
BUS ICC SHORT 0 0 8
BUS ICC LONG 0 188 16
CCC NET SHORT 0 375 12
CCC NET LONG 0 375 28
CCC BUS SHORT 0 125 8
CCC BUS LONG 188 188 16
CCC DIR SHORT 125 188 8
CCC ICC LONG 0 188 16
ICC BUS LONG 0 250 16

A.2 SPP
number of nodes 2
processors per node 8
buses per node 4
bus interconnection crossbar
mem banks per node 4
mem line size 64
page size 4
memory on bus no
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snoopy icc no
data cache:
used yes
size 1024
lsize 32
assoc 1
instruction cache:
used yes
size 1024
lsize 32
assoc 1
interconnect cache:
used yes
size 16384
lsize 64
assoc 1
number of threads 16
thread mapping:
thread 0 node 0 proc 0
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 0
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 coherence protocol 2 (cache-based directory)
allow exclusive remote 0
allow update tag 0
allow cache to cache 1
shared local load 1
inv on supply 0
local collects acks 1
remote updates home 1
speculative mem ops 0
ack wb 0
illinois 0
memory allocation policy 6
generate miss trace 0
generate transaction trace 0
clock in MHz 100
IPC 1
FROM TO TYPE TX RX BYTES
==============================================
NET CCC SHORT 1400 32 24
NET CCC LONG 1400 32 88
NET CCC MED 1400 32 40
NET CCC ELONG 1400 32 104
PRO BUS SHORT 40 30 8
PRO BUS LONG 40 80 32
MEM CCC LONG 140 32 32
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BUS PRO SHORT 0 40 8
BUS PRO LONG 0 40 32
BUS XBR SHORT 0 32 8
BUS XBR LONG 0 128 32
CCC NET SHORT 32 27 24
CCC NET LONG 32 133 88
CCC NET MED 32 53 40
CCC NET ELONG 32 160 104
CCC MEM SHORT 0 0 4
CCC MEM LONG 0 140 32
CCC XBR SHORT 0 32 8
CCC XBR LONG 0 128 32
CCC DIR SHORT 32 140 8
CCC ICC SHORT 0 0 4
CCC ICC LONG 0 140 32
ICC CCC LONG 140 32 32
XBR BUS SHORT 0 30 8
XBR BUS LONG 0 90 32
XBR CCC SHORT 0 32 8
XBR CCC LONG 0 128 32

A.3 Origin

number of nodes 8
processors per node 2
buses per node 1
bus interconnection na
mem banks per node 4
mem line size 128
page size 16
memory on bus no
snoopy icc no
data cache:
used yes
size 4096
lsize 128
assoc 2
instruction cache:
used no
size 1024
lsize 64
assoc 1
interconnect cache:
used no
size 128
lsize 64
assoc 1
number of threads 16
thread mapping:
thread 0 node 0 proc 0
thread 1 node 0 proc 1
thread 2 node 1 proc 0
thread 3 node 1 proc 1
thread 4 node 2 proc 0
thread 5 node 2 proc 1
thread 6 node 3 proc 0
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thread 7 node 3 proc 1
thread 8 node 4 proc 0
thread 9 node 4 proc 1
thread 10 node 5 proc 0
thread 11 node 5 proc 1
thread 12 node 6 proc 0
thread 13 node 6 proc 1
thread 14 node 7 proc 0
thread 15 node 7 proc 1
cache coherence protocol 1
allow exclusive remote 1
allow update tag 0
allow cache to cache 1
shared local load 0
inv on supply 0
local collects acks 1
remote updates home 1
speculative mem ops 1
ack wb 1
illinois 0
memory allocation policy 6
generate miss trace 0
generate transaction trace 0
clock in MHz 195
IPC 1
FROM TO TYPE TX RX BYTES
==============================================
NET CCC SHORT 0 10 16
NET CCC LONG 0 10 144
PRO BUS SHORT 50 50 16
PRO BUS LONG 50 50 144
MEM CCC LONG 70 10 144
BUS PRO SHORT 0 20 16
BUS PRO LONG 0 50 144
BUS CCC SHORT 10 10 16
BUS CCC LONG 10 10 144
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 DIR SHORT 20 70 16

A.4 nDASH
number of nodes 4
processors per node 4
buses per node 1
bus interconnection na
mem banks per node 4
mem line size 64
page size 4
memory on bus yes
snoopy icc yes
data cache:
used yes
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size 4096
lsize 64
assoc 2
instruction cache:
used no
size 1024
lsize 64
assoc 1
interconnect cache:
used yes
size 4096
lsize 64
assoc 2
number of threads 16
thread mapping:
thread 0 node 0 proc 0
thread 1 node 0 proc 1
thread 2 node 0 proc 2
thread 3 node 0 proc 3
thread 4 node 1 proc 0
thread 5 node 1 proc 1
thread 6 node 1 proc 2
thread 7 node 1 proc 3
thread 8 node 2 proc 0
thread 9 node 2 proc 1
thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc 0
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache coherence protocol 1
allow exclusive remote 0
allow update tag 0
allow cache to cache 1
shared local load 0
inv on supply 0
local collects acks 1
remote updates home 1
speculative mem ops 0
ack wb 0
illinois 1
memory allocation policy 6
generate miss trace 0
generate transaction trace 0
clock in MHz 200
IPC 1
FROM TO TYPE TX RX BYTES
==============================================
NET CCC SHORT 0 10 16
NET CCC LONG 0 10 80
PRO BUS SHORT 50 50 16
PRO BUS LONG 50 50 80
MEM BUS LONG 70 10 80
BUS PRO SHORT 0 20 16
BUS PRO LONG 0 50 80
BUS MEM SHORT 0 0 16
BUS MEM LONG 0 70 80
BUS CCC SHORT 10 10 16

137



BUS CCC LONG 10 10 80
BUS ICC SHORT 0 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 DIR SHORT 20 70 16
CCC ICC LONG 10 70 80
ICC BUS LONG 50 50 80

A.5 nSPP
number of nodes 4
processors per node 4
buses per node 1
bus interconnection na
mem banks per node 4
mem line size 64
page size 4
memory on bus no
snoopy icc no
data cache:
used yes
size 4096
lsize 64
assoc 2
instruction cache:
used no
size 1024
lsize 64
assoc 1
interconnect cache:
used yes
size 16384
lsize 64
assoc 1
number of threads 16
thread mapping:
thread 0 node 0 proc 0
thread 1 node 0 proc 1
thread 2 node 0 proc 2
thread 3 node 0 proc 3
thread 4 node 1 proc 0
thread 5 node 1 proc 1
thread 6 node 1 proc 2
thread 7 node 1 proc 3
thread 8 node 2 proc 0
thread 9 node 2 proc 1
thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc 0
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache coherence protocol 2
allow exclusive remote 0
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allow update tag 0
allow cache to cache 1
shared local load 0
inv on supply 0
local collects acks 1
remote updates home 1
speculative mem ops 0
ack wb 0
illinois 0
memory allocation policy 6
generate miss trace 0
generate transaction trace 0
clock in MHz 200
IPC 1
FROM TO TYPE TX RX BYTES
==============================================
NET CCC SHORT 0 10 24
NET CCC LONG 0 10 88
NET CCC MED 0 20 40
NET CCC ELONG 0 20 104
PRO BUS SHORT 50 50 16
PRO BUS LONG 50 50 80
MEM CCC LONG 70 10 80
BUS PRO SHORT 0 20 16
BUS PRO LONG 0 50 80
BUS CCC SHORT 10 10 16
BUS CCC LONG 10 10 80
CCC NET SHORT 10 140 24
CCC NET LONG 10 140 88
CCC NET MED 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 DIR SHORT 20 70 16
CCC ICC SHORT 10 10 16
CCC ICC LONG 10 70 80
ICC CCC LONG 70 10 80

A.6 nOrigin

number of nodes 4
processors per node 4
buses per node 1
bus interconnection na
mem banks per node 4
mem line size 64
page size 4
memory on bus no
snoopy icc no
data cache:
used yes
size 4096
lsize 64
assoc 2
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instruction cache:
used no
size 1024
lsize 64
assoc 1
interconnect cache:
used no
size 4096
lsize 64
assoc 2
number of threads 16
thread mapping:
thread 0 node 0 proc 0
thread 1 node 0 proc 1
thread 2 node 0 proc 2
thread 3 node 0 proc 3
thread 4 node 1 proc 0
thread 5 node 1 proc 1
thread 6 node 1 proc 2
thread 7 node 1 proc 3
thread 8 node 2 proc 0
thread 9 node 2 proc 1
thread 10 node 2 proc 2
thread 11 node 2 proc 3
thread 12 node 3 proc 0
thread 13 node 3 proc 1
thread 14 node 3 proc 2
thread 15 node 3 proc 3
cache coherence protocol 1
allow exclusive remote 1
allow update tag 0
allow cache to cache 1
shared local load 0
inv on supply 0
local collects acks 1
remote updates home 1
speculative mem ops 1
ack wb 1
illinois 0
memory allocation policy 6
generate miss trace 0
generate transaction trace 0
clock in MHz 200
IPC 1
FROM TO TYPE TX RX BYTES
==============================================
NET CCC SHORT 0 10 16
NET CCC LONG 0 10 80
PRO BUS SHORT 50 50 16
PRO BUS LONG 50 50 80
MEM CCC LONG 70 10 80
BUS PRO SHORT 0 20 16
BUS PRO LONG 0 50 80
BUS CCC SHORT 10 10 16
BUS CCC LONG 10 10 80
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 10 16
CCC BUS LONG 10 10 80
CCC DIR SHORT 20 70 16

A.7 D2
number of nodes 16
processors per node 2
buses per node 1
bus interconnection na
mem banks per node 4
mem line size 128
page size 4
memory on bus no
snoopy icc no
data cache:
used yes
size 4096
lsize 128
assoc 2
instruction cache:
used no
size 1024
lsize 128
assoc 2
interconnect cache:
used no
size 4096
lsize 128
assoc 2
number of threads 32
thread mapping:
thread 0 node 0 proc 0
thread 1 node 0 proc 1
thread 2 node 1 proc 0
thread 3 node 1 proc 1
thread 4 node 2 proc 0
thread 5 node 2 proc 1
thread 6 node 3 proc 0
thread 7 node 3 proc 1
thread 8 node 4 proc 0
thread 9 node 4 proc 1
thread 10 node 5 proc 0
thread 11 node 5 proc 1
thread 12 node 6 proc 0
thread 13 node 6 proc 1
thread 14 node 7 proc 0
thread 15 node 7 proc 1
thread 16 node 8 proc 0
thread 17 node 8 proc 1
thread 18 node 9 proc 0
thread 19 node 9 proc 1
thread 20 node 10 proc 0
thread 21 node 10 proc 1
thread 22 node 11 proc 0
thread 23 node 11 proc 1
thread 24 node 12 proc 0
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thread 25 node 12 proc 1
thread 26 node 13 proc 0
thread 27 node 13 proc 1
thread 28 node 14 proc 0
thread 29 node 14 proc 1
thread 30 node 15 proc 0
thread 31 node 15 proc 1
cache coherence protocol 1
local cache coherence protocol 2 (Directory)
allow exclusive remote 1
allow update tag 0
allow cache to cache 1
exclusive state supported 1
upgrade signal supported 1
inv on supply 0
local collects acks 1
remote updates home 1
speculative mem ops 1
ack wb 1
illinois 0
memory allocation policy 6
generate miss trace 0
generate transaction trace 0
clock in MHz 200
IPC 2
ROB 48
MEM ROB 16
OUTSTANDING MISSES 4
FROM TO TYPE TX RX Occupancy BYTES

(cycles) (cycles) (cycles)
===========================================================
PRO BUS S REQ 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 S REQ 0 0 0 16
CCC MEM S REQ 5 0 20 16
CCC MEM L REQ 5 0 20 144
CCC MEM S RES 5 0 20 16
CCC MEM L RES 5 0 20 144
BUS CCC S REQ 0 5 0 16
BUS CCC L REQ 0 5 0 144
BUS CCC S RES 0 5 0 16
BUS CCC L RES 0 5 0 144
CCC BUS S REQ 5 0 2 16
CCC BUS L REQ 5 0 34 144
CCC BUS S RES 5 0 2 16
CCC BUS L RES 5 0 32 144
CCC DIR S REQ 1 1 0 16
CCC NET S REQ 6 2 4 16
CCC NET L REQ 6 2 36 144
CCC NET S RES 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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NET CCC L REQ 8 7 0 144
NET CCC S RES 8 7 0 16
NET CCC L RES 8 7 0 144
NET NET S REQ 8 2 4 16
NET NET L REQ 8 2 36 144
NET NET S RES 8 2 4 16
NET NET L RES 8 2 36 144
END
number of routers 8
Routing matrix:
To
from 0 1 2 3 4 5 6 7
==========================================
0 0 0 0 2 0 4 4 6
1 1 1 3 1 5 1 7 5
2 2 0 2 2 6 4 2 6
3 1 3 3 3 5 7 7 3
4 4 0 0 2 4 4 4 6
5 1 5 3 1 5 5 7 5
6 2 0 6 2 6 4 6 6
7 1 3 3 7 5 7 7 7
END
Router of each node:
node router
===============
0 0
1 0
2 1
3 1
4 2
5 2
6 3
7 3
8 4
9 4
10 5
11 5
12 6
13 6
14 7
15 7
END
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