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Abstract The ability of performancetechnologyto keeppacewith the growing com-
plexity of parallelanddistributedsystemswill dependon robust performance
frameworks that canat onceprovide system-specificperformancecapabilities
andsupporthigh-level performanceproblemsolving. The TAU systemis of-
feredasanexampleframework thatmeetstheserequirements.With a flexible,
modular instrumentationand measurementsystem,and an openperformance
dataandanalysisenvironment,TAU cantargeta rangeof complex performance
scenarios.Examplesaregivenshowing thediversityof TAU application.
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1. INTR ODUCTION

Modern parallel and distributed computingsystemspresentboth a com-
plex executionenvironmentanda complex softwareenvironmentthat target
a broadset of applicationswith a rangeof requirementsand goals, includ-
ing high-performance,scalability, heterogeneousresourceaccess,component
interoperability, andresponsive interaction.Theexecutionenvironmentcom-
plexity is beingfueledby advancesin processortechnology, sharedmemory
integration,clusteringarchitectures,andhigh-speedinter-machinecommuni-
cation. At thesametime, sophisticatedsoftwaresystemsarebeingdeveloped
to managetheexecutioncomplexity in awaythatmakesavailablethepotential
powerof parallelanddistributedplatformsto thedifferentapplicationneeds.

Fundamentalto thedevelopmentanduseof parallelanddistributedsystems
is theability to observe,analyze,andunderstandtheirperformanceatdifferent
levels of systemimplementation,with differentperformancedataanddetail,
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for differentapplicationtypes,andacrossalternative systemandsoftwareen-
vironments[5]. However, thegrowing complexity of parallelanddistributed
systemschallengethe ability of performancetechnologiststo producetools
and methodsthat are at oncerobust and ubiquitous. On the one hand, the
sophisticationof the computingenvironmentdemandsa tight integration of
performanceobservation(instrumentationandmeasurement)technologyopti-
mizedto capturetherequisiteinformationaboutthesystemunderperformance
access,accuracy, andgranularityconstraints.Differentsystemswill require
differentobservation capabilitiesandtechnologyimplementationsspecificto
systemfeatures.Otherwiserestrictingtechnologyto only a few performance
observationmodesseverelylimits performanceproblemsolvingin thesecom-
plex environments.On theotherhand,applicationdevelopmentenvironments
presentprogrammingabstractionsthathide the complexity of theunderlying
computingsystem,and are mappedonto layered,hierarchicalruntime soft-
wareoptimizedfor different systemplatforms. While providing application
portability, a programmingparadigmalsodefinesanimplicit modelof perfor-
mancethat is madeexplicit in a particularsystemcontext. System-specific
performancedatamust be mappedto abstract,high-level views appropriate
to the performancemodel. The difficult problemis to provide sucha per-
formanceabstractionuniformly acrossthedifferentcomputingsystemswhere
theprogrammingparadigmmaybeapplied. This requiresnot only a rich set
of observation capabilitiesthat can provide consistentrelevant performance
information,but a high degreeof flexibility in how tools areconfiguredand
integratedtoaccessandanalyzethisinformation.Withoutthisability, common
performanceproblemsolvingmethodologiesandtools thatsupportthemwill
notbeavailable.

In this paper, we proposeanapproachto performancetechnologydevelop-
mentfor complex parallelanddistributedsystemsbasedonageneralcomplex
systemscomputationmodelandamodularperformanceobservationandanal-
ysis framework. The computationmodel, discussedin Section2, definesa
hierarchicalexecutionarchitecturereflectingdominantfeaturesof modernsys-
temsandthe layersof softwareavailable. In Section3, we presentthe TAU
performanceframework asanexampleof aflexible, configurable,andextensi-
ble performancetool systemfor instrumentation,measurement,andanalysis.
TAU’sability to addresscomplex systemperformancerequirementsis demon-
stratedin Section4 using examplesdrawn from MPI, multi-threading,and
combinedtask/dataparallelismperformancestudies. We concludethe paper
with anoutlooktowardsopenperformancetechnologyasaplanfor developing
next-generationperformancetools.
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2. A GENERAL COMPUTATION MODEL

To addressthedualgoalsof performancetechnologyfor complex systems
– robust performancecapabilitiesandwidely availableperformanceproblem
solvingmethodologies– weneedto contendwith problemsof systemdiversity
while providing flexibility in tool composition,configuration,andintegration.
Oneapproachto addresstheseissuesis to focusattentionon a sub-classof
computationmodelsandperformanceproblemsasawayto restricttheperfor-
mancetechnologyrequirements.Theobviousconsequenceof thisapproachis
limited tool coverage. Instead,our ideais to definean abstractcomputation
modelthat capturesgeneralarchitectureandsoftwareexecutionfeaturesand
canbe mappedstraightforwardly to existing complex systemtypes. For this
model,wecantargetperformancecapabilitiesandcreateatool framework that
canadaptandbeoptimizedfor particularcomplex systemcases.

Our choiceof generalcomputationmodelmustreflectreal computingen-
vironments.Thecomputationalmodelwe targetwasinitially proposedby the
HPC++consortium[3]. In this model,a node is definedasa physicallydis-
tinct machinewith oneor moreprocessorssharinga physicalmemorysystem
(i.e., a sharedmemorymultiprocessor).A nodemay link to othernodesvia
a protocol-basedinterconnect,rangingfrom proprietarynetworks,asfoundin
traditional MPPs,to local- or global-areanetworks. A context is a distinct
virtual addressspaceresidingwithin a node. Multiple contexts may exist on
a singlenode.Multiple threads of execution,bothuserandsystemlevel, may
exist within a context; threadswithin a context sharethesamevirtual address
space.

3. TAU FRAMEW ORK

The computationmodel above is generalenoughto apply to many high-
performancearchitecturesaswell astodifferent parallel programmingparadigms.
Particular instancesof the modelandhow it is programmeddefinesrequire-
mentsfor performancetool technology. For any performanceproblem, a
performanceframework to addresstheproblemshouldincorporate:

aninstrumentation model defininghow andwhenperformanceinforma-
tion is madeavailable;
aperformance measurement model definingwhatperformanceinforma-
tion is capturedandin whatform;
anexecution model thatrelatesmeasuredeventswith eachother;
a data analysis model specifyinghow datais to beprocessed;
a presentation model for performanceviewing; and
an integration model describinghow performancetool componentsare
configuredandintegrated.
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Figure 5.1 Architectureof TAU

We have developedtheTAU performanceframework asan integratedtoolkit
for performanceinstrumentation,measurement,andanalysisfor parallel,mul-
tithreadedprogramsthatattemptsto targetthegeneralcomplex systemcompu-
tationmodelwhile allowing flexible customizationfor system-specificneeds.

TheTAU performanceframework[10] isshownin Figure5.1. It iscomposed
of instrumentation,measurement,and visualizationphases. TAU supports
a flexible instrumentationmodel that allows the user to insert performance
instrumentationcalling the TAU measurementAPI at several levels of pro-
gramcompilationandexecutionstages.The instrumentationidentifiescode
segments,provides mappingabstractions,and supportsmulti-threadedand
messagepassingparallelexecutionmodels. Instrumentationcanbe inserted
manually, or automaticallywith asource-to-sourcetranslationtool [13]. When
theinstrumentedapplicationis compiledandexecuted,profilesor eventtraces
areproduced.TAU canusewrapperlibrariesto performinstrumentationwhen
sourcecodeis unavailable for instrumentation.Instrumentationcanalsobe
insertedat runtime,usingthedynamicinstrumentationsystemDynInst[7], or
atthevirtual machinelevel,usinglanguagesuppliedinterfacessuchastheJava
Virtual MachineProfilerinterface[11].

Theinstrumentationmodelinterfaceswith themeasurementmodel. TAU’s
measurementmodel is sub-divided into a high-level performancemodel that
determineshow eventsareprocessedanda low-level measurementmodelthat
determineswhat systemattributesaremeasured.The measurementcaptures
datafor functions,methods,basicblocks,andstatementexecution. Profiling
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andtracingarethetwo measurementchoicesthatTAU provides.TheAPI lets
measurementgroups bedefinedfor organizingandcontrollinginstrumentation.
The measurementlibrary also supportsthe mappingof low-level execution
measurementsto high-level executionentities(e.g.,dataparallelstatements)
sothatperformancedatacanbeproperlyassigned.Performanceexperiments
can be composedfrom different measurementmodules,including onesthat
canmeasurethe wall-clock time, the cpu time, or processorspecificactivity
usingnon-intrusive hardwareperformancemonitorsavailableonmostmodern
processors;TAU canaccessboth PCL [9] andPAPI [14] portablehardware
counter interfaces. Basedon the compositionof modules,an experiment
couldeasilybeconfiguredto measuretheprofile thatshows theinclusive and
exclusive countsof secondarydatacachemissesassociatedwith basicblocks
suchasroutines,oragroupof statements.By providingaflexiblemeasurement
infrastructure,ausercanexperimentwith differentattributesof thesystemand
iteratively refinetheperformanceof aparallelapplication.

The TAU dataanalysisandpresentationmodelsareopen. Although TAU
comeswith both text-basedandgraphicaltools to visualizethe performance
datacollectedin the previous stage,it provides bridgesto other third-party
toolssuchasVampir[8] for moresophisticatedanalysisandvisualization.The
performancedataformatis documentedandTAU providestoolsthatillustrate
how thisdatacanbeconvertedto otherformats.

An importantcomponentof the performancemodelpresentedin a tool is
how its integrationmodelprovidescompositionandintegrationof its different
components.Themodulesmustprovide well definedinterfacesthatareeasy
to extend.Thenatureandextentof co-operationbetweenmodulesthatmaybe
vertically andhorizontallyintegratedin the distinct layersdefinesthe degree
of flexibility of themeasurementsystem.

4. SELECTED SCENARIOS

Our premiseis that TAU canprovide a robust andwidely applicableper-
formancetechnologyframework for complex parallelanddistributedsystems.
Thissectionpresentsbriefselectedperformancescenariosthatdemonstratethat
TAU canoffer effective technologyacrosscomplex systemstypes. We begin
with an MPI exampleshowing how communicationeventsare instrumented
and performancemeasuredand visualizedwith respectto other application
events. We then discussmulti-threadedapplicationsand the techniqueswe
have developedfor Java. Themainpoint to highlight is TAU’s ability to sup-
portdifferenthigh-level performanceproblemsolvingrequirementsvia system
specificinstrumentation,measurement,andanalysis.
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4.1 Distrib uted Systemsand MPI

A commonapproachto enablinginstrumentationin librariesis to definea
wrapperlibrary that encapsulatesthe functionality of the underlyinglibrary
by insertinginstrumentationcallsbeforeandaftercalls to thenative routines.
TheMPI Profiling Interface[6] is a goodexampleof this approach.This in-
terfaceallows a tool developerto interfacewith MPI callswithout modifying
theapplicationsourcecode,andin a portablemannerthatdoesnot requirea
vendorto supplytheproprietarysourcecodeof thelibrary implementation.A
performancetool canprovideaninterpositionlibrary layerthatinterceptscalls
to the native MPI library by defining routineswith the samename(suchas
MPI Send). Theseroutinescanthencall thename-shiftednative library rou-
tinesprovidedby theMPI profiling interface(suchasPMPI Send). Wrapped
aroundthecall is performanceinstrumentation.Theexposureof routineargu-
mentsallowsthetool developerto trackthesizeof messages,identify message
tagsor invokeothernativelibrary routines,for example,to trackthesenderand
thesizeof a receivedmessage,within awild-cardreceive call.

Requiringthatsuchprofiling hooksbeprovided in thestandardizedlibrary
beforean implementationis considered"compliant", forms the basisof an
excellent model for developing portableperformanceprofiling tools for the
library. TAU and several other tools (e.g., Upshot[1] and Vampir [8]) use
theMPI profiling interfacefor tracing. However, TAU canalsoutilize a rich
set of measurementmodulesthat allow profiles to be capturedwith various
typesof performancedata,includingsystemandhardwaredata. In addition,
TAU’s performancegroupingcapabilitiesallows MPI event to be presented
with respectto high-level categoriessuchassendandreceive types.

4.2 Multi-Thr eadedSystemsand Java

Multi-threadedsystemsandapplicationspresenta morecomplex environ-
mentfor performancetoolsdueto thedifferentformsandlevelsof threading
and the greaterneedfor efficient instrumentation.How to determinethread
identity, how tostoreper-threadperformancedata,andhow toprovidesynchro-
nizedandconsistentupdateandaccessto the dataaresomeof the questions
that must be addressed.TAU provides modulesthat interfacewith system-
specificthreadlibrariesandprovide memberfunctionsfor threadregistration,
threadidentification,andmutualexclusionfor locking andunlockingtheper-
formancedata. This allows the measurementsystemto work with different
threadpackagessuchaspthreads,Windows threads,Java threads,aswell as
special-purposethreadlibraries suchas SMARTS [15] andTulip [2], while
maintaininga commonmeasurementmodel. BecauseTAU targetsa general
threadingmodel,it canextendits commonthreadlayerto providewell-defined
corefunctionalityfor eachnew threadsystem.
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We chosethe Java languageto demonstrateTAU’s applicationin multi-
threadsystemssinceit utilizes both user-level andsystem-level threadsand
involves the additionalcomplexity of virtual machineexecution. The Java 2
virtual machineprovideseventcallbackhooksin theform of theJava Virtual
MachineProfiler Interface(JVMPI) [11]. TAU usesJVMPI for performance
instrumentationandmeasurement.TheTAU measurementlibrary is compiled
into adynamicsharedobjectwhichis loadedin theaddressspaceof thevirtual
machine. An initialization routinespecifiesa mappingof eventsthat areof
interestto the performancesystemand registersa TAU interface that will
be calledwhenthe eventsoccur. Whenan event is triggered,event specific
informationis passedto theTAU interfaceroutineby thevirtual machine.TAU
identifiesthe threadin which the event takesplaceandusesthe Java thread
interfaceto maintainper-threadperformancedata. TAU classifiesall method
namesandtheirsignaturesinto higherlevel profilegroupnames.In Figure5.2
we seethe profile of per-threadexecutionfor differentmethodsandgroups.
Noticethatsomeof thethreads(0-3) areperformingsystemfunctionsfor the
JVM while others(4, 5, and9) areperformingusertasks.Profile (asshown)
andtracingperformancemeasurementscanbemadeandreported.

4.3 Hybrid Parallel Systems

Increasingly, scalableparallel systemsare being designedas clustersof
sharedmemorymulti-processors(SMPs),with MPI orsomeotherinter-process
communicationparadigmusedfor messagepassingbetweenSMPnodes,and
thread-basedsharedmemoryprogrammingusedwithin theSMP. Runtimesys-
temsare built to hide the intricaciesof efficient communication,presenting
a compilerbackendor an applicationprogrammerwith a setof well-defined,
portableinterfaces. Performancemeasurementandanalysistools must em-
bed the hierarchical,hybrid executionmodel of the applicationwithin their
performancemodel. BecauseTAU supportsa generalparallel computation
model, it canconfigurethe measurementsystemto captureboth threadand
communicationperformanceinformation. However, this informationmustbe
mappedto the programmingmodel. We have usedTAU to investigatetask
anddataparallelexecutionin the Opus/HPFprogrammingsystem[4]. Fig-
ure5.3 shows a Vampirdisplayof TAU tracesgeneratedfrom anapplication
writtenusingHPFfor dataparallelismandOpusfor taskparallelism.TheHPF
compilerproducesFortran90dataparallelmoduleswhichexecuteonmultiple
processes.TheprocessesinteroperateusingtheOpusruntimesystembuilt on
MPI andpthreads.In systemsof this type,it is importantto beableto seethe
influenceof differentsoftwarelevels. TAU is ableto captureperformancedata
atdifferentpartsof theOpus/HPFsystemexposingthebottleneckswithin and
betweenlevels.
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Figure 5.2 TAU profilesa multi-threadedJava visualizationapplicationusingJVMPI

5. CONCLUSIONS

To be at oncerobust andubiquitous,TAU attemptsto solve performance
technologyproblemsat levels whereperformanceanalysissystemsolutions
canbeconfiguredandintegratedto targetspecificperformanceproblemsolv-
ing needs.TAU hasbeendevelopedbasedon theprinciple thatperformance
technologyshouldbeopen,easyto extend,andableto leverageexternalfunc-
tionality. Thecomplex systemcasestudiespresentedhereis but asmallsample
of therangeof TAU’spotentialapplication[12].

In rapidly evolving parallelanddistributedsystems,performancetechnol-
ogy canill-afford to standstill. A performancetechnologistalwaysoperates
undera setof constraintsaswell asundera setof expectations.While perfor-
manceevaluationof asystemisdirectlyaffectedbywhatconstraintsthesystem
imposesonperformanceinstrumentationandmeasurementcapabilities,thede-
sirefor performanceproblemsolvingtoolsthatarecommonandportable,now
andinto thefuture,suggeststhatperformancetoolshardenedandcustomized
for a particularsystemplatformwill beshort-lived,with limited utility. Sim-
ilarly, performancetools designedfor constrainedparallelexecutionmodels
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Figure 5.3 Vampirdisplaysfor TAU tracesof anOpus/HPFapplicationusingMPI andpthread

will likely have little useto moregeneralparallelanddistributedcomputing
paradigms.Unlessperformancetechnologyevolveswith systemtechnology,
a chasmwill remainbetweenthe usersexpectationsandthe capabilitiesthat
performancetoolsprovide. Thechallengefor theTAU systemin thefutureis to
maintainahighly configurabletool architecturewhile notarbitrarilyenforcing
constrainingtechnologyboundaries.
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