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Abstract. The paperpresentsthe designanddevelopmentof an online remote
tracemeasurementandanalysissystem.Thework combinesthestrengthsof the
TAU performancesystemwith thatof theVNG distributedparalleltraceanalyzer.
Issuesassociatedwith onlinetracingarediscussedandtheproblemsencountered
in systemimplementationareanalyzedin detail.Our approachshouldport well
to parallelplatforms.Futurework includestestingtheperformanceof thesystem
on large-scalemachines.
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1 Intr oduction

Theuseof clustersfor high-performancecomputinghasgrown in relevancein recent
years[5], both in termsof the numberof platformsavailableandthe domainsof ap-
plication.This is mainlydueto two factors:1) thecostattractivenessof clustersdevel-
opedfrom commercialoff-the-shelf(COTS) componentsand2) theability to achieve
goodperformancein many parallelcomputingproblems.While performanceis often
consideredfrom a hardwareperspective, wherethenumberof processors,their clock
rate, the network bandwidth,etc. determinesperformancepotential,maximizing the
price/performanceratioof clustersystemsmoreoftenrequiresdetailedanalysisof par-
allel softwareperformance.Indeed,experiencesshows that the designand tuning of
parallel software for performanceefficiency is at leastas importantas the hardware
componentsin deliveringhigh “bangfor thebuck.”

However, despitethe fact that the brain is humankind’s mostremarkableexample
of parallelprocessing,designingparallelsoftwarethat bestoptimizesavailablecom-
putingresourcesremainsanintellectualchallenge.Theiterativeprocessof verification,
analysis,andtuningof parallelcodesis, in mostcases,mandatory. Certainly, thegoal
of parallelperformanceresearchhasbeento provide applicationdeveloperswith the
necessarytools to do thesejobs well. For example,the ability of the visual cortex to
interpretcomplex informationthroughpatternrecognitionhasfoundhigh valuein the
useof traceanalysisandvisualizationfor detailedperformanceverification.Unfortu-
nately, thereis a major disadvantageof a trace-basedapproach– the amountof trace



datageneratedeven for small applicationrunson a few processorscanbecomequite
largequite fast.In general,we find thatbuilding tools to understandparallelprogram
performanceis non-trivial anditself involvesengineeringtradeoffs. Indeed,the dom-
inant tensionthat arisesin parallelperformanceresearchis that involving choicesof
the needfor performancedetail andthe insight it offers versusthe costof obtaining
performancedataandtheintrusionit mayincur.

Thus,performancetool researchersareconstantlypushingthe boundariesof how
measurement,analysis,and visualizationtechniquesare developedto solve perfor-
manceproblems.In thispaper, weconsidersuchacase– how to overcometheinherent
problemsof datasizein paralleltracingwhile providing onlineanalysisutility for pro-
gramswith long executiontimesandlargenumbersof processes.We proposeaninte-
gratedonlineperformanceanalysisframework for clustersthataddressesthefollowing
majorgoals:

– Allow onlineinsightinto a runningapplication.
– Keepperformancedataon theparallelplatform.
– Provide fastgraphicalremoteaccessfor applicationdevelopers.
– Discarduninterestingdatainteractively.

Ourapproachbringstogethertwo leadingperformancemeasurementandanalysistools:
the TAU performancesystem[4], developedat University of Oregon, and the VNG
prototypefor paralleltraceanalysis,developedatDresdenUniversityof Technologyin
Germany.

Thesectionsbelow presentour systemarchitecturedesignanddiscussin detailthe
implementationwe producedfor our in-house32-nodeLinux cluster. We first describe
theTAU performancesystemanddiscussissuesthataffect its ability to producetraces
for onlineanalysis.Thesectionfollowing introducesVNG anddescribesits functional
design.TheintegratedsystemcombiningTAU andVNG is thenpresented.Thepaper
concludeswith adiscussionof theportabilityandscalabilityof ouronlinetraceanalysis
framework aspartof aparallelperformancetoolkit.

2 Trace Instrumentation and Measurement(TAU)

An online traceanalysissystemfor parallel applicationsdependson two important
components:a parallelperformancemeasurementsystemanda paralleltraceanalysis
tool. TheTAU performancesystemis a toolkit for performanceinstrumentation,mea-
surementandanalysisof parallelprograms.It targetsa generalcomputationalmodel
consistingof shared-memorycomputenodeswheremultiplecontextsreside,eachpro-
viding a virtual addressspacesharedby multiple threadsof execution.TAU supportsa
flexible instrumentationmodelthatappliesat differentstagesof programcompilation
andexecution[3]. Theinstrumentationtargetsmultiple codepoints,providesfor map-
pingof low-level executioneventsto higher-level performanceabstractions,andworks
with multi-threadedandmessagepassingparallelcomputationmodels.Instrumentation
codemakescalls to theTAU measurementAPI. Themeasurementlibrary implements
performanceprofiling andtracingsupportfor performanceeventsoccurringatfunction,



method,basicblock, andstatementlevelsduringprogramexecution.Performanceex-
perimentscanbecomposedfrom differentmeasurementmodules(e.g.,hardwareper-
formancemonitors)andmeasurementscanbe collectedwith respectto user-defined
performancegroups.TheTAU dataanalysisandpresentationutilities offer text-based
andgraphicaltools to visualizetheperformancedataaswell asbridgesto third-party
software,suchasVampir[2] for sophisticatedtraceanalysisandvisualization.

2.1 TAU TraceMeasurement

TAU’s measurementlibrary treatsevents from different instrumentationlayers in a
uniform manner. TAU supportsmessagecommunicationevents,timer entry andexit
events,anduser-definedevents.Timer entry andexit eventscanapply to a groupof
statementsaswell asroutines.User-definedeventsarespecificto the applicationand
can measureentry/exit actionsas well as atomicactions.TAU can generateprofiles
by aggregatingperformancestatisticssuchas exclusive and inclusive timesspentin
routines,numberof calls,etc.Theseprofilesarewritten to files whenthe application
terminates.With the sameinstrumentation,TAU cangenerateevent traces,which are
time-orderedevent logs.Theselogscontainfixed-sizetracerecords.Eachtracerecord
is a tuple comprisingof an event identifier, a timestamp,locationinformation(node,
thread)andeventspecificparameters.Thetracerecordsareperiodicallyflushedto disk
whenprivatein-memorybuffers overflow, or whenthe applicationexecutesa call to
explicitly flushthebuffers.TAU alsowriteseventdescriptionfiles thatmapeventiden-
tifiers to eventproperties(suchaseventnames,groupnames,tags,andeventparameter
descriptions).

2.2 Dynamic Event Registration

For runtimetracereadingandanalysis,it is importantto understandwhat takesplace
whenTAU recordsperformanceeventsin traces.Thefirst time aneventtakesplacein
a process,it registersits propertieswith theTAU measurementlibrary. Eacheventhas
anidentifierassociatedwith it. Theseidentifiersaregenerateddynamicallyat runtime
astheapplicationexecutes,allowing TAU to trackonly thoseeventsthat take actually
occur. This is in contrastto staticschemesthatmustpredefineall possibleeventsthat
couldpossiblyoccur. Themain issuehereis how theevent identifiersaredetermined.
In a staticscheme,event IDs aredrawn from a pre-determinedglobal spaceof IDs,
which restrictsthescopeof performancemeasurementscenarios.In our moregeneral
anddynamicscheme,theevent identifiersaregeneratedon-the-fly, local to a context.
Dependingon the order in which eventsfirst occur, the IDs may be differentfor the
sameevent(i.e., eventswith thesamename)acrosscontexts.Wheneventstreamsare
latermerged,theselocaleventidentifiersaremappedto aglobalidentifierbasedonthe
eventname.TheTAU tracemergingoperationis discussedin section4.3.

3 RemoteTraceData Analysis (VNG)

Thedistributedparallelperformanceanalysisarchitectureappliedin thispaperhasbeen
recentlydesignedby researchersfrom theDresdenUniversityof Technologyin Dres-



den,Germany. Basedon the experiencegainedfrom the developmentof the perfor-
manceanalysistool Vampir [1], thenew architectureusesa distributedapproachcon-
sistingof a parallelanalysisserver runningon a segmentof a parallelproductionen-
vironment,anda visualizationclient runningon a remotegraphicsworkstation.Both
componentsinteractwith eachotheroverasocketbasednetwork connection.In thedis-
cussionthat follows, the parallelanalysisserver togetherwith the visualizationclient
will bereferredto asVNG. Themajorgoalsof thedistributedparallelapproachare:

1. Keepperformancedatacloseto thelocationwherethey werecreated.
2. Analyzeeventdatain parallelto achieve increasedscalability.
3. Provide fastandeasyremoteperformanceanalysisonend-userplatforms.

VNG consistsof two major components:an analysisserver (vngd) and visualiza-
tion client (vng). Eachis supposedto run on a differentplatform.Figure1 shows a
high-level view of theVNG architecture.Boxesrepresentmodulesof thecomponents
whereasarrowsindicatetheinterfacesbetweenthedifferentmodules.Thethicknessof
thearrowsgivesaroughmeasureof thedatavolumeto betransferredoveraninterface,
whereasthelengthof anarrow representstheexpectedlatency for thatparticularlink.
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Fig.1. VNG Architecture

On theleft handsideof Figure1 we canseetheanalysisserver, which is intended
to executeonadedicatedsegmentof aparallelmachine.Thereasonfor this is two-fold.
First, it allows theanalysisserver to have closeraccessto the tracedatageneratedby
anapplicationbeingtraced.Second,it allows theserver to executein parallel.Indeed,
theserver is a heterogeneousparallelprogram,implementedusingMPI andpthreads,
whichconsistsof workerandbossprocesses.Theworkersareresponsiblefor tracedata
storageandanalysis.Eachof themholdsa partof theoverall tracedatato beanalyzed.
The bossesareresponsiblefor the communicationto the remoteclients.They decide



how to distributeanalysisrequestsamongtheworkers.Oncetheanalysisrequestsare
completed,thebossesalsomergetheresultsinto a singlepackagedresponsethat is to
besentto theclient.

Theright handsideof Figure1 depictsthevisualizationclient(s)runningona local
desktopgraphicsworkstation.Theideais thattheclient is notsupposedto doany time
consumingcalculations.It is a straightforwardsequentialGUI implementationwith a
look-and-feelverysimilar to performanceanalysistoolslikeVampirandJumpshot[6].
For visualizationpurposes,it communicateswith the analysisserver accordingto the
user’s preferencesandinputs.Multiple clientscanconnectto theanalysisserver at the
sametime,allowing simultaneousdistributedviewing of traceresults.

4 Enabling Online TraceAnalysis

Up to now, TAU andVNG couldonly providepost-mortemtraceanalysis.Theinherent
scalability limitations of this approachdueto tracesizemotivatedus to evaluatethe
extensionsandmodificationsneededtoenableonlineaccessto tracedata.Thefollowing
discussesthetechnicaldetailsof ourproposedonlinetracingsolution.

} ~ � � � � � � � � � � �
� � � � � � � � � � � � �

� � � � � � � � �   ¡ ¢ £ ¤

¥ ¦ § ¨ © ª « ¬  ® ¯ ° ±² ³ ´ µ ¶ · ¸ ¹ º » ¼

½ ¾ ¿ À Á Â Ã Ä Å Æ Ç ÈÉ Ê Ë Ì Í Î Ï Ð Ñ Ò Ó ÔÕ Ö × Ø Ù Ú Û Ü Ý Þ ß à
á â ã ä å æ ç è é ê ë ì í î ï ð ñ ò óô õ ö ÷ ø

Fig.2. OnlineAnalysisArchitecture

4.1 Overview

Figure2 depictsthe overall architectureof our online traceanalysisframework. On
the far left we seea runningapplicationinstrumentedby TAU. The insertedprobes
call theTAU measurementlibrary which is responsiblefor the traceeventgeneration.
Periodically, dependingon externalor internalconditions(seesection4.2 for details),
eachapplicationcontext will dumpits eventtracedata.In ourpresentimplementation,



this is doneto disk via NFSonadedicated,high-speednetwork separatefrom theMPI
messagepassinginfrastructure.An independenttracewriting network is a nicefeature
of ourclusterthatreducestracingintrusionon theapplication.

Concurrently, an independentTAU processrunson a dedicatednodeandmerges
theparalleltracesstreams.Its responsibilityis to producea singleglobally-consistent
tracewith synchronizedtimestamps.This streamis thenpassedto the VNG analysis
serverwhichis intendedto runonasmallsubsetof dedicatedclusternodes.Fromthere,
pre-calculatedperformanceprofiles and event timelinesare sentto the visualization
client runningon theuser’s local computer. This multi-layerapproachallows to event
datato be processedonline andin parallel,closeto its point of origin on the cluster.
Furthermore,the interactive accessto the data,coupledwith runtimeinstrumentation
andmeasurementcontrol,allowsthedetailedanalysisof longproductionruns.

4.2 Triggers for TraceDumping

The interactive characterof online traceanalysisrequiresa strategy for triggeringthe
TAU runtimesystemto dumptracedata.We consideredthefour differentoptions:

1. Buffer size dri ven: The tracing library itself makes the decisionwhen to store
tracedata.Oneapproachis to dumpdatawhenevertheinternalmemorybuffersare
full. It is easyto implementanddoesnot requireany externalinteractionwith the
measurementlibrary. Unfortunately, it mayproducelargeamountsof datawhennot
combinedwith any filtering techniques.Also, thedifferentcontexts(i.e.,processes)
will producethe tracedataat differenttimes,dependingon whentheir buffersfill
up.

2. Application dri ven: Thetracinglibrary couldprovidetheapplicationwith anAPI
to explicitly dumpthe currenttracebuffers. (Suchan API is alreadyavailablein
TAU.) The advantageof this approachis that the amountandfrequency of trace
dumpingis entirelyunderthecontrolof theapplication.We expectthis approach
to bedesiredin many scenarios.

3. Timer dri ven: To maketriggeringmoreperiodic,atimercouldbeusedto generate
an interruptin eachcontext thatcausesthe tracebuffers to bedumped,regardless
of thecurrentamountof tracedatathey hold.In theory, this is simpleto implement.
Unfortunately, thereis nogeneral,widely portablesolutionto interrupthandlingon
parallelplatforms.

4. Userdri ven: Heretheuserdecidesinteractively whento triggerthedumpprocess.
Assumingthe useris sitting in front of a remotevisualizationclient (e.g.,vng),
the trigger informationneedsto be transportedto the clusterand to the running
application(i.e., the tracemeasurementsystem).Again, this requiressomesort
of inter-processsignaling.From the optionswe discussedso far, we regard this
approachto bethemostchallenging,but alsothemostdesirable.

For thework presentedhere,weimplementedthebuffer sizeandapplicationdriven
triggeringmechanisms.Thesearegenerallytermed“push” models,sincethey usein-
ternaldecisionstrategiesto pushtracedataout to themerging andanalysisprocesses.
In contrast,the “pull” modelsbasedon timer or userdrivenapproachesrequiresome



form of inter-processsignallingsupport.Our planwasto first usethesimplerpushap-
proachesto validatethefull onlinetracingsystembeforeimplementingadditionalpull
mechanisms.

4.3 Background Merging and Preparation

Previously, TAU wrote the eventdescriptionfiles to disk whenthe applicationtermi-
nated.While this schemewassufficient for post-mortemmerging andconversionof
event traces,it could not be directly appliedfor online analysisof event traces.This
wasdueto theabsenceof eventnamesthatareneededfor localto globaleventidentifier
conversion.To overcomethis limitation, we have re-designedour tracemerging tool,
TAUmerge, so it executesconcurrentlywith theexecutingapplicationgeneratingthe
tracefiles.Fromeachprocess’stracefile, TAUmerge readseventrecordsandexamines
theirgloballysynchronizedtimestampsto determinewhicheventis to berecordednext
in the orderedoutputtracefile. Whenit encountersa local event identifier that it has
not seenbefore,it readstheeventdefinitionfile associatedwith thegivenprocessand
updatesits internaltablesto mapthat local event identifier to a globalevent identifier
usingits eventnameasa key. Thetracegenerationlibrary ensuresthateventtablesare
writtento diskbeforewriting tracerecordsthatcontainoneor morenew events.A new
event is definedasaneventwhosepropertiesarenot recordedin theeventdescription
file writtenpreviouslyby theapplication.Thisscheme,of writing eventdefinitionsprior
to tracerecords,is alsousedby theTAUmerge tool while writing a mergedstreamof
eventsandeventdefinitions.It ensuresthat the traceanalysistoolsdown the line that
readthemergedtracesalsoreadtheglobaleventdefinitionsandrefreshtheir internal
tableswhenthey encounteraneventfor whicheventdefinitionsarenotknown.

4.4 TraceReaderLibrary

To make the tracedataavailablefor runtimeanalysis,we implementedtheTAU trace
readerlibrary. It canparsebinarymergedor unmergedtraces(andtheirrespectiveevent
definitionfiles) andprovidesthis informationto ananalysistool usinga traceanalysis
API. ThisAPI employsacallbackmechanismwherethetool registerscallbackhandlers
for differentevents.Thelibrary parsesthetraceandeventdescriptionfiles andnotifies
thetool of eventsthatit is interestedin, by invokingtheappropriatehandlerswith event
specificparameters.We currentlysupportcallbacksfor finding thefollowing:

– Clockperiodusedin thetrace
– Messagesendor receiveevents
– Mappingeventidentifiersto their stateor eventproperties
– Definingagroupidentifierandassociatedgroupname
– Enteringandleaving a state

Eachof thesecallbackroutineshave event specificparameters.For instance,a send
event handlerhassourceanddestinationprocessidentifiers,the messagelength,and
its tag as its parameters.Besidesreadinga groupof recordsfrom the tracefile, our
API supportsfile managementroutinesfor opening,closinga tracefile, for navigating



thetracefile by moving thelocationof thecurrentfile pointerto anabsoluteor relative
eventposition.It supportsbothpositiveandnegativeeventoffsets.Thisallowstheanal-
ysis tool to read,for instance,the last10000eventsfrom the tail of theeventstream.
The tracereaderlibrary is usedby VNG to analyzethe mergedbinary event stream
generatedby anapplicationinstrumentedwith TAU.

4.5 RemoteSteeringand Visualization

Online traceanalysisdoesnot necessarilyrequireusercontrol if one looks at it asa
uni-directionalinformationstreamthatcanbecontinuouslydeliveredto anapplication
developer. However, the high rateat which informationis likely to be generatedin a
native tracingapproachsuggeststhe needfor advancedusercontrol. Ideally, the user
shouldbeableto retrievenew tracedatawheneverhethinksit is necessary. At theVNG
displayclient, thiscouldbeaccomplishedby addinga “retrieve” optionthatallowsthe
userto specifyhow many recenteventsareto be loadedandanalyzedby the analy-
sis server. Sucha requestcould translateall the way to tracegeneration.Even more
sophisticatedonlinecontrolof theruntimesystemby theapplicationdeveloperwould
include:

– Enablinganddisablingof certainprocesses
– Filteringof unwantedevents
– Switchingbetweena profileonly modeanda detailedtracemode

While our infrastructurewasdesignedto provide thenecessarycommunicationmeth-
odsfor thosecontrolrequests,ourpresentimplementationallowsfor thetraceanalyzer
to only work with whatever tracedatais presentlyavailablefrom theTAU tracereader
interface.This is not a limitation for our currentpurposesof validatingthesystemim-
plementation.

4.6 SystemPartitioning

Figure3 depictshow our clustersystemmight bepartitionedfor onlinetraceanalysis.
Togetherwith the masternode,we dedicatedfour additionalprocessors(29-32) for
the purposeof tracedataprocessing.Parallel applicationsare run on the restof the
machine(processors01 to 28). The clusternodesare interconnectedby a redundant
gigabitEthernetnetwork eachwith its own network switch.Thetwo networksallow us
to keepmessagepassingcommunicationindependentfrom NFS traffic, althoughour
approachdoesnot requirethisexplicitly.

Duringanapplicationrun,everyworkerprocessis equippedwith aninstanceof the
TAU runtimelibrary. This library is responsiblefor collectingtracedataandwriting it
to a temporaryfile, oneperworker process.TheTAU mergerprocesson processor32
constantlycollectsandmergesthe independentstreamsfrom the temporaryfiles to a
unifiedrepresentationof thetracedata.At thispoint,theanalysisprocessof VNG takes
over. Wheneveraremoteuserclientconnectsto theserveronthemasternode,theVNG
worker processescomeinto actionon theprocessors29 to 31 in orderto updatetheir
dataor performnew analysisrequests.Duringtheentireprocess,tracedatastaysput in
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Fig.3. SystemPartitioning

theclusterfile system.Thishastremendousbenefitsin GUI responsivenessattheclient.
Furthermore,theVNG analyzercommunicateswith the remotevisualizationclient in
a highly optimizedfashion,guaranteeingfastresponsetimeevenwhenrunovera long
distanceconnectionwith low bandwidthandhigh latencies(seeResults).

5 Conclusion

Thereis growing interestin monitoringparallelapplicationsandinteractingwith the
runningprogramasthecomputationproceeds.Someefforts arefocussedon computa-
tional steeringandsupportthecreationof sensorsto observe executiondynamicsand
actuatorsto changeprogrambehavior. Consistentwith thesedirections,ourattentionis
towardsonlineperformanceevaluationusingtracingasa measurementapproach.The
purposeis to offer the userthe samerich functionality asoff-line traceanalysis,but
without thepenaltiesof largetracedatamanagement.

However, thedevelopmentof a general-purposeonlinetraceanalysissystemis dif-
ficult, especiallyif it is to beportableandscalable.Thework presentedhereis a first
steptowardthis goal.Combiningthestrengthsof theTAU andVNG tools,wedemon-
strateda full-path, working systemthat allows interactive tracegeneration,merging,
analysis,andvisualization.In its presentform, thework is quiteportableacrossparal-
lel platforms,asit is basedon alreadyportableexisting tools andthe file systemand
inter-processcommunicationinterfacesusedarestandard.

Ournext stepin this researchis to conductscalabilityperformancetests.Weexpect
thefile system-basedtracemergingapproachwill suffer at somepoint.To addressthis
problemat higherlevelsof parallelism,we areconsideringtheuseof therecentwork



onMRNet,amulti-castreductionnetwork infrastructurefor tools,to implementa tree-
basedparallelversionof theTAU merger.
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