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Abstract The ability of performancetechnologyto keep pacewith the growving com-
plexity of paralleland distributed systemswill dependon robust performance
framaworks that can at onceprovide system-specifiperformancecapabilities
and supporthigh-level performanceproblemsolving. The TAU systemis of-
feredasan exampleframavork thatmeetstheserequirements With aflexible,
modularinstrumentatiorand measuremensystem,and an open performance
dataandanalysiservironment,TAU cantargetarangeof comple performance
scenariosExamplesaregivenshawving thediversity of TAU application.
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1. INTRODUCTION

Modern parallel and distributed computingsystemspresentboth a com-
plex executionervironmentanda complex software ervironmentthat tamget
a broadset of applicationswith a rangeof requirementsand goals, includ-
ing high-performancescalability heterogeneousesourceaccessgcomponent
interoperability andresponsie interaction. The executionernvironmentcom-
plexity is beingfueledby adwancesin processotechnology sharedmemory
integration, clusteringarchitecturesand high-speedntermachinecommuni-
cation. At the sametime, sophisticatedoftware systemsarebeingdeveloped
to manageheexecutioncompleity in awaythatmakesavailablethepotential
power of parallelanddistributedplatformsto the differentapplicationneeds.

Fundamentatio the developmenianduseof parallelanddistributedsystems
is theability to obsere, analyze andunderstandheir performancetdifferent
levels of systemimplementationwith differentperformancedataand detail,
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for differentapplicationtypes,andacrossalternatve systemandsoftwareen-
vironments[5]. However, the groving complity of parallelanddistributed
systemschallengethe ability of performanceechnologistdo producetools
and methodsthat are at oncerobust and ubiquitous. On the one hand, the
sophisticationof the computingenvironmentdemandsa tight integration of
performancebseration (instrumentatiorandmeasurementechnologyopti-
mizedto capturetherequisiteinformationaboutthe systemunderperformance
accessaccurayg, and granularityconstraints. Differentsystemswill require
differentobseration capabilitiesand technologyimplementationspecificto
systemfeatures.Otherwiserestrictingtechnologyto only a few performance
obserationmodesseverelylimits performanceroblemsolvingin thesecom-
plex ervironments.On the otherhand,applicationdevelopmentervironments
preseniprogrammingabstractionghat hide the compleity of the underlying
computingsystem,and are mappedonto layered, hierarchicalruntime soft-
ware optimizedfor differentsystemplatforms. While providing application
portability, a programmingparadigmalsodefinesanimplicit modelof perfor
mancethatis madeexplicit in a particularsystemcontet. System-specific
performancedatamust be mappedto abstract,high-level views appropriate
to the performancemodel. The difficult problemis to provide sucha per
formanceabstractioruniformly acrosghe differentcomputingsystemsvhere
the programmingparadigmmay be applied. This requiresnot only arich set
of obsenration capabilitiesthat can provide consistentrelevant performance
information, but a high degreeof flexibility in how tools are configuredand
integratedto accesandanalyzehisinformation. Withoutthisability, common
performancegroblemsolving methodologiesndtools that supportthemwill
notbeavailable.

In this paper we proposean approacto performancaechnologydevelop-
mentfor complex parallelanddistributedsystemsasecn a generakcomple
systemxomputatiormodelanda modularperformancebsenationandanal-
ysis framavork. The computationmodel, discussedn Section2, definesa
hierarchicakxecutionarchitecturageflectingdominantfeaturesof modernsys-
temsandthe layersof software available. In Section3, we presenthe TAU
performancdramevork asanexampleof aflexible, configurableandextensi-
ble performanceaool systemfor instrumentationmeasuremengndanalysis.
TAU’ s ability to addresgomplex systemperformanceequirementss demon-
stratedin Section4 using examplesdravn from MPI, multi-threading,and
combinedtask/dataparallelismperformancestudies. We concludethe paper
with anoutlooktowardsopenperformanceechnologyasaplanfor developing
next-generatiorperformanceools.
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2. A GENERAL COMPUTATION MODEL

To addresghe dual goalsof performancdechnologyfor complex systems
— rohust performancecapabilitiesand widely available performanceproblem
solvingmethodologies- we needto contendwith problemsof systendiversity
while providing flexibility in tool composition configurationandintegration.
One approachto addresgheseissuesis to focus attentionon a sub-clasof
computatiommodelsandperformanceroblemsasaway to restrictthe perfor
mancetechnologyrequirementsTheolbviousconsequencef this approachs
limited tool coverage. Instead,our ideais to definean abstractcomputation
modelthat captureggeneralarchitectureand software executionfeaturesand
canbe mappedstraightforvardly to existing complex systemtypes. For this
model,we cantamgetperformanceapabilitiesandcreateatool frameawvork that
canadaptandbe optimizedfor particularcomple systemcases.

Our choiceof generalcomputationrmodel mustreflectreal computingen-
vironments.The computationamodelwe tagetwasinitially proposedy the
HPC++consortium[3]. In this model,a node is definedasa physicallydis-
tinct machinewith oneor moreprocessorsharinga physicalmemorysystem
(i.e., a sharedmemorymultiprocessor).A nodemay link to othernodesvia
a protocol-basedhterconnectrangingfrom proprietarynetworks, asfoundin
traditional MPPs, to local- or global-areanetworks. A context is a distinct
virtual addresspaceresidingwithin a node. Multiple contexts may exist on
asinglenode. Multiple threads of execution,bothuserandsystemlevel, may
exist within a contet; threadswithin a context sharethe samevirtual address
space.

3. TAU FRAMEW ORK

The computationmodel abore is generalenoughto apply to mary high-
performancarchitectursaswell asto different parmllel programmingparaligms.
Particularinstancesof the modelandhow it is programmediefinesrequire-
mentsfor performancetool technology For ary performanceproblem, a
performancdramavork to addresshe problemshouldincorporate:

= aninstrumentation model defininghow andwhenperformancenforma-
tion is madeavailable;

m aperformance measurement model definingwhatperformancenforma-
tion is capturedcandin whatform;

= anexecution model thatrelatesmeasuredaventswith eachother;
= adata analysis modd specifyinghow datais to be processed;
= apresentation model for performanceviewing; and

= anintegration model describinghow performanceaool componentsare
configuredandintegrated.
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Figure5.1 Architectureof TAU

We have developedthe TAU performancdramenvork asan integratedtoolkit
for performancenstrumentationgneasuremengndanalysisfor parallel,mul-
tithreadedorogramghatattemptdo targetthegeneracomplex systenmcompu-
tationmodelwhile allowing flexible customizatiorfor system-specifioeeds.
TheTAU performancéramevork[10]isshovnin Figure5.1. Itiscomposed
of instrumentation,measurementand visualizationphases. TAU supports
a flexible instrumentatiormodel that allows the userto insert performance
instrumentatiorncalling the TAU measuremenfPI at several levels of pro-
gram compilationand executionstages. The instrumentatioridentifiescode
segments, provides mappingabstractionsand supportsmulti-threadedand
messageassingparallel executionmodels. Instrumentatiorcan be inserted
manually or automaticallywith asource-to-sourceanslatiortool [13]. When
theinstrumentedapplicationis compiledandexecuted profilesor eventtraces
areproduced.TAU canusewrapperflibrariesto performinstrumentatiorwhen
sourcecodeis unavailable for instrumentation. Instrumentatiorcan also be
insertedat runtime,usingthe dynamicinstrumentatiorsystemDynInst([7], or
atthevirtual machindevel, usinglanguagesuppliednterfacessuchasthe Java
Virtual MachineProfilerinterface[11].
Theinstrumentatioomodelinterfaceswith the measuremennodel. TAU's
measuremenmnodelis sub-diided into a high-level performancemodelthat
determineshow eventsareprocesse@ndalow-level measuremenhodelthat
determinesvhat systemattributesare measured.The measurementaptures
datafor functions,methodsbasicblocks,and statemengxecution. Profiling
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andtracingarethetwo measuremerthoiceshat TAU provides. The API lets
measuremergroups bedefinedfor organizingandcontrollinginstrumentation.
The measuremenilibrary also supportsthe mappingof low-level execution
measurement® high-level executionentities(e.g., dataparallel statements)
sothatperformancealatacanbe properlyassigned.Performancexperiments
can be composedrom different measuremeninodules,including onesthat
canmeasurghe wall-clock time, the cpu time, or processospecificactvity
usingnon-intrusve hardwareperformancenonitorsavailableon mostmodern
processorsTAU canaccessoth PCL [9] and PAPI [14] portablehardware
counterinterfaces. Basedon the compositionof modules,an experiment
could easilybe configuredto measurehe profile thatshavs the inclusve and
exclusive countsof secondaryatacachemissesassociatedvith basicblocks
suchasroutinesor agroupof statementsBy providing aflexible measurement
infrastructureausercanexperimentwith differentattributesof thesystemand
iteratively refinethe performancef a parallelapplication.

The TAU dataanalysisand presentatioomodelsare open. Although TAU
comeswith both text-basedand graphicaltools to visualizethe performance
datacollectedin the previous stage,it provides bridgesto other third-party
toolssuchasVampir[8] for moresophisticatednalysisandvisualization.The
performancalataformatis documente@ndTAU providestoolsthatillustrate
how this datacanbe corvertedto otherformats.

An importantcomponenbf the performancenodel presentedn atool is
how its integrationmodelprovidescompositionandintegrationof its different
components.The modulesmustprovide well definedinterfacesthatareeasy
to extend. The natureandextentof co-operatiorbetweermmoduleghatmaybe
vertically and horizontallyintegratedin the distinct layersdefinesthe degree
of flexibility of themeasuremergystem.

4. SELECTED SCENARIOS

Our premiseis that TAU can provide a robust andwidely applicableper
formancetechnologyframework for complex parallelanddistributedsystems.
Thissectiorpresentdrief selectegerformancecenarioshatdemonstratéhat
TAU canoffer effective technologyacrosscomplex systemsypes. We begin
with an MPI exampleshaving how communicationeventsare instrumented
and performancemeasuredand visualizedwith respectto other application
events. We then discussmulti-threadedapplicationsand the techniquesve
have developedfor Java. The mainpointto highlightis TAU’s ability to sup-
portdifferenthigh-level performanceroblemsolvingrequirementsia system
specificinstrumentationgneasuremengndanalysis.
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4.1 Distrib uted Systemsand MPI

A commonapproacho enablinginstrumentatiorin librariesis to definea
wrapperlibrary that encapsulatethe functionality of the underlyinglibrary
by insertinginstrumentatiorcalls beforeandafter callsto the native routines.
The MPI Profiling Interface[6] is a goodexampleof this approach.This in-
terfaceallows atool developerto interfacewith MPI calls without modifying
the applicationsourcecode,andin a portablemannerthat doesnot requirea
vendorto supplythe proprietarysourcecodeof thelibrary implementation A
performanceool canprovide aninterpositionlibrary layerthatinterceptsalls
to the natve MPI library by defining routineswith the samename(suchas
MPI_Send). Theseroutinescanthencall the name-shiftechative library rou-
tinesprovided by the MPI profiling interface (suchasPMPI_Send). Wrapped
aroundthe call is performancenstrumentation.The exposureof routineargu-
mentsallows thetool developerto trackthesizeof messagesdentify message
tagsor invoke othernative library routines for example to trackthesendeland
thesizeof areceved messagewithin awild-cardreceve call.

Requiringthat suchprofiling hooksbe provided in the standardizedibrary
before an implementationis considered'compliant”, forms the basisof an
excellent model for developing portableperformanceprofiling tools for the
library. TAU and several othertools (e.g., Upshot[1] and Vampir [8]) use
the MPI profiling interfacefor tracing. However, TAU canalsoutilize a rich
setof measurementodulesthat allow profilesto be capturedwith various
typesof performancedata,including systemandhardware data. In addition,
TAU’s performancegrouping capabilitiesallows MPI event to be presented
with respecto high-lesel cateyoriessuchassendandreceve types.

4.2 Multi-Thr eadedSystemsand Java

Multi-threadedsystemsand applicationspresenta more comple erviron-
mentfor performanceools dueto the differentforms andlevels of threading
andthe greaterneedfor efficient instrumentation.How to determinethread
identity, how to storeperthreadperformancelata,andhow to provide synchro-
nized and consistenupdateand accesdo the dataare someof the questions
that mustbe addressed. TAU provides modulesthat interface with system-
specificthreadlibrariesand provide memberfunctionsfor threadregistration,
threadidentification,andmutualexclusionfor locking andunlockingthe per
formancedata. This allows the measuremengystemto work with different
threadpackagesuchas pthreadsWindows threads Java threads aswell as
special-purpos¢hreadlibraries suchas SMARTS [15] and Tulip [2], while
maintaininga commonmeasuremeninodel. BecauseTAU tametsa general
threadingmodel,it canextendits commonthreadayerto provide well-defined
corefunctionalityfor eachnew threadsystem.
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We chosethe Java languageto demonstratéTAU’s applicationin multi-
threadsystemssinceit utilizes both userlevel and system-lgel threadsand
involvesthe additionalcompleity of virtual machineexecution. The Jara 2
virtual machineprovidesevent callbackhooksin the form of the Java Virtual
MachineProfiler Interface (JVMPI) [11]. TAU usesJVMPI for performance
instrumentatiorandmeasuremen{rhe TAU measuremeribrary is compiled
into adynamicsharedbjectwhichis loadedin theaddresspaceof thevirtual
machine. An initialization routine specifiesa mappingof eventsthat are of
interestto the performancesystemand registersa TAU interface that will
be calledwhenthe eventsoccur Whenan eventis triggered,event specific
informationis passedo the TAU interfaceroutineby thevirtual machine. TAU
identifiesthe threadin which the event takes placeand usesthe Java thread
interfaceto maintainperthreadperformancedata. TAU classifiesall method
namesandtheir signaturesnto higherlevel profile groupnames.In Figure5.2
we seethe profile of perthreadexecutionfor differentmethodsand groups.
Notice thatsomeof the threadg0-3) areperformingsystemfunctionsfor the
JVM while others(4, 5, and9) are performingusertasks. Profile (asshawvn)
andtracingperformanceneasurementsanbe madeandreported.

4.3 Hybrid Parallel Systems

Increasingly scalableparallel systemsare being designedas clustersof
sharednemorymulti-processor§SMPs) with MPI or someotherinterprocess
communicatiorparadigmusedfor messag@assingoetweenSMP nodesand
thread-basedharednemoryprogrammingisedwithin the SMP. Runtimesys-
temsare built to hide the intricaciesof efficient communication presenting
a compilerbaclendor an applicationprogrammemith a setof well-defined,
portableinterfaces. Performancaneasuremenénd analysistools mustem-
bed the hierarchical,hybrid executionmodel of the applicationwithin their
performancemodel. BecauseTAU supportsa generalparallel computation
model, it canconfigurethe measuremensystemto captureboth threadand
communicatiorperformancenformation. However, this informationmustbe
mappedto the programmingmodel. We have usedTAU to investigatetask
and dataparallel executionin the Opus/HPFprogrammingsystem[4]. Fig-
ure 5.3 shawvs a Vampir display of TAU tracesgeneratedrom anapplication
writtenusingHPFfor dataparallelismandOpusfor taskparallelism. TheHPF
compilerproduces-ortran90 dataparallelmoduleswhich executeon multiple
processesThe processesiteroperataisingthe Opusruntimesystembuilt on
MPI1 andpthreads.In systemsof this type, it is importantto be ableto seethe
influenceof differentsoftwarelevels. TAU is ableto captureperformancelata
atdifferentpartsof the Opus/HPFsystemexposingthe bottleneckswithin and
betweerievels.
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Figure5.2 TAU profilesamulti-threadedlava visualizationapplicationusingJVMPI

5. CONCLUSIONS

To be at oncerobust and ubiquitous, TAU attemptsto solve performance
technologyproblemsat levels where performanceanalysissystemsolutions
canbe configuredandintegratedto target specificperformanceroblemsolv-
ing needs. TAU hasbeendevelopedbasedon the principle that performance
technologyshouldbe open,easyto extend,andableto leverageexternalfunc-
tionality. Thecomplex systencasestudiegresentedhereis butasmallsample
of therangeof TAU’s potentialapplication[12].

In rapidly evolving parallelanddistributed systems performancdechnol-
ogy canill-afford to standstill. A performanceechnologisialwaysoperates
undera setof constraintaaswell asundera setof expectations While perfor
manceevaluationof asystemis directly affectedby whatconstraintshesystem
imposenperformancénstrumentatiomndmeasuremertgapabilitiesthede-
sirefor performancegroblemsolvingtoolsthatarecommonandportable how
andinto thefuture, suggestshat performanceools hardenedaind customized
for a particularsystemplatformwill be short-lived, with limited utility. Sim-
ilarly, performancetools designedor constrainedoarallel executionmodels
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Figure5.3 Vampirdisplaysfor TAU tracesof anOpus/HPFapplicationusingMPI andpthread

will likely have little useto more generalparallelanddistributed computing
paradigms.Unlessperformancdechnologyevolveswith systemtechnology
a chasmwill remainbetweenthe usersexpectationsandthe capabilitiesthat
performanceoolsprovide. Thechallengdor the TAU systemn thefutureis to
maintaina highly configurablgool architecturevhile notarbitrarily enforcing
constrainingechnologyboundaries.
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