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Abstract. As computersystemsgrow in size and compleity, tool supportis

neededo facilitate the efficient mappingof large-scaleapplicationsonto these
systemsTo help achieve this mapping performancenalysistools mustprovide
robust performanceobseration capabilitiesat all levels of the system,aswell

asmaplow-level behaior to high-level programconstructsinstrumentatiorand
measuremenstrat@ies, developedover the last several years,must evolve to-

getherwith performancanalysisinfrastructurego addresshe challenge®f new

scalableparallelsystems.

1 Intr oduction

Performancebsenationrequirementsor terascalesystemsaredeterminedy theper

formanceproblembeingaddressedndthe performancevaluationmethodologybeing
applied.Instrumentatiorof an applicationis necessaryo captureperformancedata.
Instrumentatiormay be insertedat variousstagesfrom sourcecodemodificationsto

compile-timeto link-time to modificationof executablecodeeitherstaticallyor dynam-
ically during programexecution.Theseinstrumentatiorpoints have differentmecha-
nismswhich vary in their easeof use,flexibility, level of detail, usercontrol of what
datacanbe collected andintrusiveness.

To provide insightinto programbehaior on large-scalesystemsandpoint the way
toward programtransformationghat will improve performanceyariousperformance
datamustbe collected.Profiling datashow the distribution of a metric acrosssource-
level constructssuchasroutines,loops,andbasicblocks.Most modernmicroproces-
sorsprovide a rich setof hardware countersthat capturecycle count,functionalunit,
memory andoperatingsystemevents.Profiling canbe basedneeithertime or various
hardware-basedhetrics,suchascachemissesfor example.Correlationshetweerpro-
files basedon differentevents,aswell asevent-basedatios,provide derivedinforma-
tion thatcanhelpto quickly identify and diagnoseperformanceproblems.n addition
to profiling data,capturingeventtracesof programevents,suchasmessageommuni-
cationevents,helpsportraythetemporaldynamicsof applicationperformance.



For terascalesystemsa wide rangeof performanceroblemsperformancevalua-
tion methodsandprogrammingervironmentsneedto be supportedA flexible andex-
tensibleperformancebsenationframavork canbestprovide the necessarfiexibility
in experimentdesign Researciproblemso beaddressedy theframeawvork includethe
following: theappropriatdevel andlocationin theframework for implementingdiffer-
entinstrumentatiorandmeasuremergtrategies,how to make the framewvork modular
andextensible,andthe appropriatecompromisebetweerthe level of detailandaccu-
ragy of the performancalatacollectedandtheinstrumentatiortost.

Theremaindetrof the paperis organizedasfollows. Section2 describeghe instru-
mentatiormechanismdesirablego supporin suchaframevork andSection3 describes
typesof measurement$ection4 explainshow the instrumentatiorand measurement
stratgiesare supportedn the PAPI cross-platformhardware counterinterfaceandin
the TAU performancebsenationframavork. Section5 present®ur conclusions.

2 Instrumentation

To obsenre applicationperformanceadditionalinstructionsor probesaretypically in-
sertedinto a program.This processs calledinstrumentationInstrumentatiorcanbe
insertedat variousstagesasdescribedelow.

2.1 SourceCodelnstrumentation

Instrumentatiomtthesourcecodelevel allowsthe programmeto communicatéigher
level domain-specifi@abstractionso the performancéool. A programmecancommu-
nicatesucheventsby annotatingthe sourcecodeat appropriatdocationswith instru-
mentationcalls. Oncethe programundegoesa seriesof transformationto generate
theexecutablecode,specifyingarbitrarypointsin the codefor instrumentatiorandun-
derstandingprrogramsemanticat thosepointsmaynotbe possible Anotheradvantage
of sourcecodeinstrumentations thatonceaninstrumentatiodibrary targetsonelan-
guagejt canprovide portability acrossnultiple compilersfor thatlanguageaswell as
acrosamultiple platforms.Drawbacksof sourcecodeinstrumentationncludepossible
changesn instructionanddatacachebehaior, interactionswith optimizingcompilers,
andruntimeoverheadf instrumentatiotibrary calls.
Sourcecodeannotationganbeinsertedmanuallyor automaticallyAdding instru-
mentationcallsin the sourcecodemanuallycanbe a tedioustaskthat introducesthe
possibility of instrumentatiorerrorsproducingerroneougperformancedata. Someof
thesedifficulties with manualsourcecodeinstrumentatiorcanbe overcomeby using
a source-to-sourcpreprocessato build anautomatidnstrumentatioriool. Tools such
as ProgramDatabaseToolkit (PDT) [10] for C++, C and Fortran90, can be usedto
automaticallyinstrumentsubroutinesgoderegions,andstatements.

2.2 Library LevelInstrumentation

Wrapperinterpositionlibrariesprovide a corvenientmechanisnior addinginstrumen-
tationcallsto libraries.For instancethe MPI Profiling Interface[1] allowsatool devel-
operto interfacewith MPI callsin a portablemannemwithout modifyingtheapplication



sourcecodeor having accesdo the proprietarysourcecodeof thelibrary implementa-
tion. Theadwantageof library instrumentatioris thatit is relatively easyto enableand
theeventsgeneratedrecloselyassociatedvith the semantic®f thelibrary routines.

2.3 Binary Instrumentation

Executableémagescanbe instrumentedisingbinary code-ravriting techniquespften
referredto asbinary editing tools or executableediting tools. Systemssuchas Pixie,
ATOM [5], EEL [9], andPAT [6] include an objectcodeinstrumentorthat parsesan
executableandrewritesit with addednstrumentatiomode. Theadvantageof binaryin-
strumentatiors thatthereis noneedo re-compileanapplicationprogramandrewriting
abinaryfile is mostlyindependentf the programmindanguageAlso, it is possibleto
spavn theinstrumentegbarallelprogramthesameway astheoriginal programwithout
ary speciaimodificationasarerequiredfor runtimeinstrumentatiorf12]. Furthermore,
sincean executableprogramis instrumentedgompileroptimizationsdo not changeor
invalidatethe performanceptimization.

2.4 Dynamic Instrumentation

Dynamicinstrumentatioris a mechanisnfor runtime code patchingthat modifiesa
programduringexecution DyninstAPI[3] providesanefficient,low-overheadnterface
that is suitablefor performancenstrumentationA tool that usesthis API is called
a mutator and can insert code snippetsinto a running program,which is called the
mutateewithoutre-compiling re-linking, or eventre-startingheprogram.Themutator
can either spavn an executableand instrumentit prior to its execution,or attachto
a running program.Dynamic instrumentatiorovercomessomelimitations of binary
instrumentatiorby allowing instrumentatiortodeto beaddedandremovedatruntime.
Also, the instrumentatiorcanbe doneon a running programinsteadof requiringthe
userto re-executethe application. Thedisadwantageof dynamicinstrumentatioris that
theinterfaceneeddo be awareof multiple objectfile formats,binaryinterfaceg32/64
bit), operatingsystemidiosyncrasiesaswell ascompilerspecificinformation(e.g.,to
supportemplatenamede-manglingn C++from multiple C++compilers) To maintain
crosslanguagecrossplatform, crossfile format, crosshinaryinterfaceportability is a
challengingtaskandrequiresa continuougporting effort asnewv computingplatforms
andmulti-threadegrogrammingervironmentsevolve.

3 Typesof Measurements

Decisionsaboutinstrumentatiorare concernedvith the numberand type of perfor
manceeventsone wantsto obsene during an applications execution.Measurement
decisionsaddresghe typesandamountof performancelataneededor performance
problemsolving. Often thesedecisionsnvolve tradeofs of the needfor performance
dataversusthe costof obtainingit (i.e.,themeasuremertverhead)Post-mortenper
formanceevaluationtools typically fall into two categories:profiling andtracing, al-
thoughsomeprovide both capabilities.More recently sometools provide real-time,
ratherthanpost-mortemperformancenonitoring.



3.1 Profiling

Profilingcharacterizethebehaior of anapplicationin termsof aggreyateperformance
metrics.Profilesare typically represente@sa list of variousmetrics(suchasinclu-
sive/exclusive wall-clock time) that areassociatedvith program-leel semanticsenti-
ties (suchasroutines,basicblocks,or statement@ the program).Time is a common
metric,but any monotonicallyincreasingesourcdunctioncanbeused suchascounts
from hardware performancecounters.Profiling can be implementedby samplingor
instrumentatiorbasedapproaches.

3.2 Tracing

While profiling is usedto get aggreyatesummarief metricsin a compactform, it
cannothighlight the time varying aspectof the execution.To studythe post-mortem
spatialandtemporalaspect®of performancealata,eventtracing,thatis, the actiity of
capturingeventsor actionsthattake placeduring programexecution,is moreappropri-
ate.Eventtracingusuallyresultsin alog of the eventsthat characterize¢he execution.
Eacheventin thelog is an orderedtuple typically containinga time stamp,a location
(e.g.,node thread)anidentifierthatspecifieghetype of event(e.g.,routinetransition,
userdefinedevent,messageommunicationetc.)andevent-specifiégnformation.For a
parallelexecution traceinformationgeneratean differentprocessorsnay be memged
to produceasingletracefile. Thememingis usuallybasedn thetimestampwhich can
reflectlogical time or physicaltime.

3.3 Real-timePerformanceMonitoring

Post-mortemanalysisof profiling dataor tracefiles hasthe disadwantagethat anal-
ysis cannotbegin until after programexecutionhasfinished.Real-timeperformance
monitoringallows usersto evaluateprogramperformanceluring execution.Real-time
performancemonitoringis sometimegoupledwith applicationperformancesteering.

4 PAPI and TAU Instrumentation and MeasurementStrategies

Understandinghe performanceof parallel systemss a complicatedtask becauseof
the differentperformancdevelsinvolved andthe needto associatg@erformancenfor-
mationto the programmingand problemabstractionsisedby applicationdevelopers.
Terascalesystemsdo not make this taskary easier We needto develop performance
analysisstratgyiesandtechniquethataresuccessfubothin their accessibilityto users
andin their robustapplication.In this section,we describeour efforts in evolving the
PAPI andTAU technologieso terscaleuse.

4.1 PAPI

Most modernmicroprocessorprovide hardware supportfor collectinghardware per
formancecounterdata[2]. Performancenonitoringhardwareusuallyconsistsof a set
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Fig. 1. Layeredarchitectureof the PAPI implementation

of registersthatrecorddataaboutthe processos function. Theseregistersrangefrom

simple eventcountersto more sophisticatedhardwarefor recordingdatasuchasdata
and instructionaddressegor an event, and pipeline or memorylatenciesfor an in-

struction.Monitoring hardware eventsfacilitatescorrelationbetweenthe structureof

anapplicationssource/objeatodeandtheefficiency of themappingof thatcodeto the
underlyingarchitecture.

Becaus@f thewide rangeof performancenonitoringhardwareavailableon differ-
entprocessorandthe differentplatform-dependerihterfacesfor accessinghis hard-
ware,the PAPI projectwasstartedwith thegoalof providing a standardtross-platform
interfacefor accessindnardware performancecounterg?2]. PAPI proposes standard
setof library routinesfor accessinghe countersaswell asa standardetof eventsto be
measuredThelibrary interfaceconsistsof a high-level anda low-level interface.The
high-level interfaceprovidesa simplesetof routinesfor starting,reading,andstopping
the counterdfor a specifiedlist of events.The fully programmabldow-level interface
providesadditionalfeaturesandoptionsandis intendedor tool or applicationdevelop-
erswith moresophisticatecheeds.

The architectureof PAPI is showvn in Figurel. The goal of the PAPI projectis to
provide afirm foundationthatsupportgheinstrumentatiomndmeasuremerstratgies
describedn the precedingsectionsandthat supportsdevelopmentof end-useperfor
manceanalysistools for the full rangeof high-performancearchitecturesand parallel
programmingnodels.For manualandpreprocessasourcecodeinstrumentationPAPI
providesthe high-level andlow-level routinesdescribechbore. The PAPI flops  call
is aneasy-to-useoutinethatprovidestiming dataandthefloatingpointoperatiorcount
for the bracletedcode.Thelow-level routinestargetthe moredetailedinformationand
full rangeof optionsneededy tool developersFor examplethe PAPI profil  call
implementsSVR4-compatiblecode profiling basedon ary hardware countermetric.
Again, the codeto be profiled needonly be bracletedby calls to the PAPI _profil
routine. This routinecanbe usedby end-usetools suchasVProf 3 to collectprofiling
datawhich canthenbe correlatedvith applicationsourcecode.

Referencemplementation®f PAP| areavailablefor a numberof platforms(e.g.,
Cray T3E, SGI IRIX, IBM AIX Pawer, SunUltrasparcSolaris,Linux/x86, Linux/IA-
64,HP/Compacplpha Tru64 Unix). Theimplementatiorfor a givenplatformattempts
to map as mary of the standardPAPI eventsas possibleto the available platform-

% http:/aros.ca.sandia.gov/ Cljanss/perfivp rof/



specificevents. The implementatioralso attemptsto useavailable hardware and op-
eratingsystemsupport- e.g.,for countermultiplexing, interrupton counteroverflow,
andstatisticalprofiling.

Using PAPI on large-scaleapplicationcodes,suchas the EVH1 hydrodynamics
code,hasraisedissuesof scalabilityof theinstrumentationPAPI initially focusedon
obtainingaggreatecountsof hardwareevents.However, the overheadof library calls
to readthe hardware counterscan be excessie if the routinesare called frequently
— for example,on entry and exit of a small subroutineor basicblock within a tight
loop. Unacceptabl@verheadhascausedsometool developersto reducethe number
of callsthroughstatisticalsamplingtechniquesOn mostplatforms,the currentPAPI
codeimplementsstatisticalprofiling overaggreyatecountingby generatin@ninterrupt
on counteroverflow of athresholdandsamplingthe programcounter On out-of-order
processorthe programcountemmayyield anaddresshatis severalinstructionsor even
basicblocksremovedfrom the true addresof theinstructionthatcausedhe overflow
event. The PAPI projectis investigatinchardwaresupportfor sampling sothattool de-
veloperscanbe relieved of this burdenand maximumaccurag canbe achieved with
minimal overheadWith hardwaresampling,anin-flight instructionis selectedat ran-
domandinformationaboultits stateis recorded- for example,the type of instruction,
its addresswhetherit hasincurreda cacheor TLB miss,variouspipelineand/ormem-
ory latenciesincurred.The samplingresultsprovide a histogramof the profiling data
which correlatesventfrequenciesvith programlocations.

In addition,aggreyateeventcountscanbeestimatedrom samplingdatawith lower
overheadhandirectcounting For example thenew PAPI substratéor theHP/Compagq
AlphaTru64UNIX platformis built ontop of aprogrammingnterfaceto DCPI called
DADD (DynamicAccessto DCPI Data). DCPI identifiesthe exact addresf anin-
struction,thusresultingin accuratetext addresse$or profiling data[4]. Testruns of
the PAPI calibrate utility on the substraténave shavn thateventcountscorverge
to theexpectedvalue,givenalong enoughruntime to obtainsufficient sampleswhile
incurring only oneto two percentoverheadascomparedo up to 30 percenton other
substrateshat usedirect counting.A similar capabilityexists on the Itanium and Ita-
nium 2 platforms,where Event AddressRegisters(EARS) accuratelyidentify the in-
structionand dataaddressefor someevents.Futureversionsof PAPI will malke use
of suchhardwareassistegrofiling andwill provide anoptionfor estimatingaggreyate
countsfrom samplingdata.

The dynaprof tool that is part of the mostrecentPAPI releaseusesdynamic
instrumentatiorto allow the userto eitherload an executableor attachto a running
executableand then dynamically insert instrumentatiorprobes[11]. Dynaprof uses
Dyninst API [3] on Linux/IA-32, SGI IRIX, and Sun Solarisplatforms,and DPCL
4 onIBM AIX. Theusercanlist the internalstructureof the applicationin orderto
selectinstrumentatiorpoints. Dynaprofinsertsinstrumentatiorin the form of probes
Dynaprofprovidesa PAPI probefor collectinghardware counterdataanda wallclock
probefor measuringelapsedime, both on a perthreadbasis.Usersmay optionally
write their own probes.A probemay usewhatever outputformatis appropriate for
examplea real-timedatafeedto a visualizationtool or a static datafile dumpedto

4 http://oss.software.ibm.com/developerwor ks/op ensour ce/dpc I/
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Fig. 2. Real-timeperformanceanalysisusingPerfometer

disk at the endof the run. Futureplansareto develop additionalprobes for example
for VProf and TAU, andto improve supportfor instrumentatiorandcontrol of parallel
message-passimpgograms.

PAPI hasbeenincorporatednto a numberof profiling tools, including SvPablo®,
TAU andVProf. In supportof tracing,PAPI is alsobeingincorporatednto version3 of
the Vampir MPI analysistool 8. CollectingPAPI datafor variouseventsover intervals
of time anddisplayingthis dataalongsidehe Vampirtimelineview enableorrelation
of eventfrequenciesvith messag@assingoehaior.

Real-timeperformancemonitoringis supportedy the perfometettool thatis dis-
tributedwith PAPI. By connectinghegraphicaldisplayto thebaclkendprocesgor pro-
cessesjunninganapplicationcodethathasbeenlinkedwith the perfometeand PAPI
libraries,thetool providesa runtimetraceof a userselectedPAPI metric,asshavnin
Figure 2 for floating point operationgper second(FLOPS).The usermay changethe
performanceventbeingmeasuredby clicking on the SelectMetric button. The intent
of perfometeiis to provide a fastcoarse-grainegasyway for a developerto find out
wherea bottleneckexistsin a program.n additionto real-timeanalysis the perfome-
ter library cansave a tracefile for lateroff-line analysis.The dynaproftool described
above includesa perfometeiprobethatcanautomaticallyinsertcallsto the perfometer
setupandcolor selectionroutinessothata runningapplicationcanbe attachedo and
monitoredin real-timewithout requiringarny sourcecodechange®r recompilationor
evenrestartingheapplication.

5 http:/iwww-pablo.cs.uiuc.edu/Project/SVP ablo/ SvPabl oOverv iew.ht m
5 http://www.pallas.com/e/products/vampir/ index .htm



Fig. 3. ScalablesSAMRAI Profile Display

4.2 TAU PerformanceSystem

TheTAU (TuningandAnalysisUtilities) performanceystems aportableprofilingand
tracingtoolkit for parallelthreaded&ndor message-passimpgogramswrittenin Fortran,
C, C++,0r Java, or acombinatiorof FortranandC. The TAU architecturénasthreedis-
tinct parts:instrumentationmeasurementnd analysis.The programcan undego a
seriesof transformationshatinsertinstrumentatiorbeforeit executesinstrumentation
canbe addedat variousstagesfrom compile-timeto link-time to run-time,with each
stageimposingdifferentconstraintsandopportunitiedor extractingprograminforma-
tion. Moving from sourcecodeto binary instrumentatiortechniquesshifts the focus
from alanguagespecificto a moreplatformspecificapproachTAU canbe configured
to do eitherprofiling or tracingor to do bothsimultaneously

Sourcecodecan be instrumentedby manuallyinsertingcalls to the TAU instru-
mentationAPI, or by usingPDT [10] to insertinstrumentatiorautomatically PDT is
a codeanalysisframavork for developingsource-basetbols. It includescommercial
gradefront end parserdor Fortran77/90,C, andC++, aswell asa portableinterme-
diatelanguageanalyzey databasdormat, andaccessAPl. The TAU projecthasused
PDT to implementa source-to-sourcmstrumentoi(tau _instrumentor ) thatsup-
portsautomatianstrumentatiorof C, C++, andFortran77/90programsTAU canalso
useDyninstAPI[3] to constructcallsto the TAU measuremeribrary andtheninsert
thesecallsinto the executablecode.In both casesa selectve instrumentationist that
specifiesa list of routinesto beincludedor excludedfrom instrumentatiorcanbe pro-
vided. TAU usesPAPI to generateperformanceprofiles with hardware counterdata.
It alsousesthe MPI profiling interfaceto generateprofile and/ortracedatafor MPI
operations.

Recently the TAU projecthasfocussecn how to measurendanalyzelarg-scale
applicationperformancelata.All of theinstrumentatiorandmeasuremertechniques
discussedhbove apply. In the caseof parallelprofiles, TAU suffers no limitations in



Fig. 4. Performancérofile Visualizationof 500 Uintah Threads

the ability to make low-overeheagerformancaneasurementiowever, a significant
amountof performancealatacanbe generatedor large processoruns.The TAU Para-
Prof tool provide the userwith meansto navigatethroughthe profile datasetFor ex-

ample,we appliedParaProfto TAU dataobtainedduring the profiling of a SAMRAI

[8] applicationrun on 512 processonodes.Figure 3 shawvs a view of exclusive wall-

clocktime for all events.Thedisplayis fully interactve,andcanbe“zoomed”in or out
to shaw local detail. Evenso,someperformancecharacteristicsanstill be difficult to

comprehendvhenpresenteavith somuchvisualdata.

We have also beenexperimentingwith three-dimensionadisplaysof large-scale
performancelata.For instanceFigure4 7 shavs two visualizationsof parallelprofile
samplesfrom a Uintah [7] application.The left visualizationis for a 500 processor
run and shows the entire parallel profile measuremeniThe performancesvents(i.e.,
functions)arealongthe x-axis, the threadsare alongthe y-axis, andthe performance
metric (in this case the exclusive executiontime) is alongthe z-axis. This full perfor
manceview enableghe userto quickly identify major performancecontritutors.The
MPI_Recv() functionis highlighted.Theright displayis of the samedatasetput in
this caseeachthreadis showvn asa sphereat a coordinatepoint determinedy therela-
tive exclusive executiontime of threesignificantevents.Thevisualizationgivesa way
to seeclusteringrelationships.

5 Conclusions

Terascalesystemgequirea performancebsenation framewvork that supportsa wide
rangeof instrumentatiorandmeasuremerdtratgies. The PAPI and TAU projectsare
addressingmportantresearctproblemsrelatedto constructionof sucha framework.
Thewidespreacdoptionof PAPI by third-partytool developersdemonstratethevalue
of implementindow-level accesso architecture-specifigerformancenonitoringhard-
wareunderneatta portableinterface.Now tool developerscanprogramto a singlein-

" Visualizationscourtesyof Kai Li, Universityof Oregon



terface,allowing themto focustheir efforts on high-level tool design.Similarly, the
TAU frameawork providesportablemechanismgor instrumentatiorand measurement
of parallelsoftwareandsystems.

Terascalesystemgequirescalabldow-overheadneansof collectingrelevant per

formancedata.Statisticalsamplingmethods suchasusedin the new PAPI substrates
for the AlphaTru64UNIX andLinux/Itanium/ItaniumZplatformsyield sufficiently ac-

curateresultswhile incurringvery little overheadFiltering andfeedbackschemesuch

asthoseuseby TAU lower overheadwhile focusinginstrumentatiorwhereit is most

neededBoth PAPI andTAU projectsaredevelopingonlinemonitoringcapabilitieghat

canbe usedto control instrumentationmeasuremengnd runtime performancelata

analysis.This will be importantfor effective performancesteeringin highly parallel

ervironments.

Togetherthe PAPI 8 and TAU ° projectshave begunthe constructiorof a portable

performanceool infrastructurgor terascalesystemslesignedor interoperabilityflex-
ibility, andextensibility.
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