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Abstract. The paperpresentghe designand developmentof an online remote
tracemeasuremerandanalysissystem Thework combineghe strengthof the
TAU performanceystenwith thatof the VNG distributedparalleltraceanalyzer
Issuesassociatedvith onlinetracingarediscusse@ndtheproblemsencountered
in systemimplementatiorareanalyzedn detail. Our approactshouldport well
to parallelplatforms.Futurework includestestingthe performancef thesystem
onlarge-scalemachines.
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1 Intr oduction

The useof clustersfor high-performanceomputinghasgrown in relevancein recent
years[5], bothin termsof the numberof platformsavailable andthe domainsof ap-
plication. Thisis mainly dueto two factors:1) the costattractvenesf clustersdevel-

opedfrom commercialoff-the-shelf(COTS) componentand2) the ability to achieve

goodperformancen mary parallelcomputingproblems.While performances often
consideredrom a hardware perspectie, wherethe numberof processorstheir clock
rate, the network bandwidth,etc. determinegperformancepotential, maximizing the
price/performanceatio of clustersystemsnoreoftenrequiresdetailedanalysisof par

allel software performancelndeed,experienceshows that the designand tuning of

parallel software for performanceefficiencgy is at leastasimportantas the hardware
componentin deliveringhigh “bangfor thebuck?

However, despitethe factthatthe brainis humankinds mostremarkableaxample
of parallel processingdesigningparallel software that bestoptimizesavailable com-
putingresourcesemainsanintellectualchallengeTheiterative procesf verification,
analysis,andtuning of parallelcodesis, in mostcasesmandatoryCertainly the goal
of parallelperformancaesearcthasbeento provide applicationdeveloperswith the
necessaryoolsto do thesejobs well. For example,the ability of the visual cortex to
interpretcomplex informationthroughpatternrecognitionhasfound high valuein the
useof traceanalysisandvisualizationfor detailedperformanceverification.Unfortu-
nately thereis a major disadwantageof a trace-basedpproach- the amountof trace



datageneratedven for small applicationrunson a few processorganbecomequite
large quite fast.In generalwe find thatbuilding tools to understangarallel program
performances non-trivial anditself involvesengineeringradeofs. Indeed,the dom-
inanttensionthat arisesin parallel performanceesearctis that involving choicesof
the needfor performanceletail andthe insightit offers versusthe costof obtaining
performancelataandtheintrusionit mayincur.

Thus, performanceool researcherare constantlypushingthe boundarieof how
measurementanalysis,and visualizationtechniquesare developedto solve perfor
manceproblemsln this paperwe consideisucha case- how to overcometheinherent
problemsof datasizein paralleltracingwhile providing online analysisutility for pro-
gramswith long executiontimesandlarge numbersof processesiNe proposeaninte-
gratedonline performancenalysisframeavork for clusterghataddressethefollowing
majorgoals:

— Allow onlineinsightinto arunningapplication.

— Keepperformancelataon the parallelplatform.

— Provide fastgraphicalremoteaccesdgor applicationdevelopers.
— Discarduninterestinglatainteractvely.

Ourapproactbringstogethetwo leadingperformanceneasuremergndanalysigools:
the TAU performancesystem([4], developedat University of Oregon, andthe VNG
prototypefor paralleltraceanalysisdevelopedat DresderiJniversityof Technologyin
Germayy.

Thesectionsbelow presenbur systemarchitecturalesignanddiscusdn detailthe
implementatiorwe producedor ourin-house32-nodelLinux cluster We first describe
the TAU performancesystemanddiscussssueghataffectits ability to producetraces
for onlineanalysis The sectionfollowing introducesVNG anddescribests functional
design.TheintegratedsystemcombiningTAU andVNG is thenpresentedThe paper
concludesvith adiscussiorof the portabilityandscalabilityof ouronlinetraceanalysis
framework aspartof a parallelperformanceoolkit.

2 TraceInstrumentation and Measurement(TAU)

An online trace analysissystemfor parallel applicationsdependson two important
componentsa parallelperformancaneasuremergystemanda paralleltraceanalysis
tool. The TAU performancesystemis atoolkit for performancenstrumentationmea-
surementind analysisof parallelprogramslt targetsa generalcomputationamodel
consistingof shared-memorgomputenodeswheremultiple contexts reside gachpro-
viding avirtual addresspacesharedoy multiple threadsof execution.TAU supportsa
flexible instrumentatiormodelthat appliesat differentstagesof programcompilation
andexecution[3]. Theinstrumentatioargetsmultiple codepoints,providesfor map-
ping of low-level executioneventsto higherlevel performancebstractionsandworks
with multi-threadecdindmessagg@assingarallelcomputatiormodels Instrumentation
codemakescallsto the TAU measuremeriPI. The measuremeriibrary implements
performancerofiling andtracingsupportfor performanceventsoccurringatfunction,



method basicblock, andstatementevels during programexecution.Performancex-
perimentscanbe composedrom differentmeasuremennodules(e.g.,hardware per
formancemonitors)and measurementsan be collectedwith respectto userdefined
performancegroups.The TAU dataanalysisandpresentationutilities offer text-based
andgraphicaltools to visualizethe performancalataaswell asbridgesto third-party
software,suchasVampir[2] for sophisticatedraceanalysisandvisualization.

2.1 TAU Trace Measurement

TAU’s measuremenlibrary treatseventsfrom differentinstrumentatiorlayersin a
uniform manner TAU supportsmessageommunicationevents,timer entry and exit
events,and userdefinedevents. Timer entry and exit eventscan apply to a group of
statementaswell asroutines.Userdefinedeventsare specificto the applicationand
can measureentry/it actionsaswell as atomic actions.TAU can generateprofiles
by aggreyating performancestatisticssuchas exclusive andinclusive times spentin
routines,numberof calls, etc. Theseprofilesarewritten to files whenthe application
terminatesWith the sameinstrumentationTAU cangenerateaventtraceswhich are
time-orderedeventlogs. Theselogs containfixed-sizetracerecords Eachtracerecord
is a tuple comprisingof an eventidentifier, a timestampJocationinformation (node,
thread)andeventspecificparametersThetracerecordsareperiodicallyflushedto disk
when private in-memorybuffers overflow, or whenthe applicationexecutesa call to
explicitly flushthe buffers. TAU alsowriteseventdescriptiorfiles thatmapeventiden-
tifiers to eventpropertiegsuchaseventnamesgroupnamestags,andeventparameter
descriptions).

2.2 Dynamic Event Registration

For runtimetracereadingandanalysis,it is importantto understandvhattakesplace
whenTAU recordsperformanceventsin traces.Thefirst time aneventtakesplacein
aprocessit registersits propertieswith the TAU measuremeriibrary. Eacheventhas
anidentifier associatedvith it. Theseidentifiersaregeneratedlynamicallyat runtime
astheapplicationexecutesallowing TAU to track only thoseeventsthattake actually
occur Thisis in contrastto staticschemeshat mustpredefineall possibleeventsthat
could possiblyoccur The mainissuehereis how the eventidentifiersaredetermined.
In a staticschemegvent IDs are drawvn from a pre-determinedylobal spaceof IDs,
which restrictsthe scopeof performanceneasuremergcenariosin our moregeneral
anddynamicschemethe eventidentifiersare generatean-the-fly local to a context.
Dependingon the orderin which eventsfirst occur, the IDs may be differentfor the
sameevent(i.e., eventswith the samename)acrosscontexts. Whenevent streamsare
latermemged,thesdocal eventidentifiersaremappedo a globalidentifierbasednthe
eventname.The TAU tracemerging operations discussedh sectior4.3.

3 RemoteTrace Data Analysis (VNG)

Thedistributedparallelperformancenalysisarchitectureppliedin this papemhasbeen
recentlydesignedy researcherffom the DresdenUniversity of Technologyin Dres-



den, Germary. Basedon the experiencegainedfrom the developmentof the perfor
manceanalysistool Vampir[1], the new architectureusesa distributedapproactcon-
sistingof a parallelanalysissener runningon a segmentof a parallelproductionen-
vironment,anda visualizationclient runningon a remotegraphicsworkstation.Both
componentinteractwith eachotheroverasocletbasedetwork connectionin thedis-
cussionthatfollows, the parallelanalysissener togetherwith the visualizationclient
will bereferredto asVNG. The majorgoalsof thedistributedparallelapproactare:

1. Keepperformancealatacloseto thelocationwherethey werecreated.
2. Analyzeeventdatain parallelto achieve increasedcalability
3. Provide fastandeasyremoteperformancenalysison end-useplatforms.

VNG consistsof two major componentsan analysissener (vhgd) and visualiza-
tion client (vng). Eachis supposedo run on a differentplatform. Figure 1 shovs a
high-level view of the VNG architectureBoxesrepresenmodulesof the components
whereasrrovsindicatetheinterfacesbetweerthe differentmodules The thicknessof
thearrowns givesaroughmeasuref the datavolumeto betransferredveraninterface,
whereaghelengthof anarrow representthe expectedateng for thatparticularlink.
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Fig. 1. VNG Architecture

Ontheleft handsideof Figurel we canseethe analysissener, whichis intended
to executeon adedicatedsegmentof aparallelmachineThereasorfor thisis two-fold.
First, it allows the analysissener to have closeraccesgo the tracedatageneratedy
anapplicationbeingtraced.Secondijt allows the senerto executein parallel.Indeed,
the seneris a heterogeneougarallelprogram,implementedisingMPI andpthreads,
which consistof workerandbossprocessesl heworkersareresponsibldor tracedata
storageandanalysis Eachof themholdsa partof the overalltracedatato beanalyzed.
The bossesareresponsibldor the communicatiorto the remoteclients. They decide



how to distribute analysisrequest@amongthe workers.Oncethe analysisrequestsare
completedthe bossealsomeigetheresultsinto a singlepackagedesponsehatis to
besentto theclient.

Theright handsideof Figurel depictsthevisualizationclient(s)runningon alocal
desktopgraphicswvorkstation.Theideais thattheclientis not supposedo do ary time
consumingcalculationslt is a straightforvard sequentialGUI implementatiorwith a
look-and-feelery similarto performanceanalysigoolslike VampirandJumpshof6].
For visualizationpurposesit communicatesvith the analysissener accordingto the
users preferenceandinputs.Multiple clientscanconnecto the analysissener atthe
sametime, allowing simultaneouslistributedviewing of traceresults.

4 Enabling Online Trace Analysis

Up to now, TAU andVNG couldonly provide post-mortentraceanalysisTheinherent
scalability limitations of this approachdueto tracesize motivatedus to evaluatethe
extensionandmodificationseededo enableonlineaccesso tracedata.Thefollowing

discusseshetechnicaldetailsof our proposednlinetracingsolution.

Application Display Client

Unified Synchronized

— Trace

Trace Thread N

Fig. 2. Online AnalysisArchitecture

4.1 Overview

Figure 2 depictsthe overall architectureof our online traceanalysisframeavork. On

the far left we seea running applicationinstrumentedoy TAU. The insertedprobes
call the TAU measuremeritbrary which is responsibldor the traceeventgeneration.
Periodically dependingon externalor internalconditions(seesection4.2 for details),
eachapplicationcontect will dumpits eventtracedata.ln our presenimplementation,



thisis doneto disk via NFS on adedicatedhigh-speedhetwork separatérom the MPI
messag@assingnfrastructure An independentracewriting network is a nicefeature
of our clusterthatreducegracingintrusionon theapplication.

Concurrentlyan independenTAU processunson a dedicatechodeand memges
the paralleltracesstreamslts responsibilityis to producea singleglobally-consistent
tracewith synchronizedimestampsThis streamis thenpassedo the VNG analysis
senerwhichis intendedo runonasmallsubsebf dedicatectlustemodesFromthere,
pre-calculategperformanceprofiles and event timelinesare sentto the visualization
clientrunningon the users local computer This multi-layer approactallows to event
datato be processeanline andin parallel,closeto its point of origin on the cluster
Furthermorethe interactve accesgo the data,coupledwith runtimeinstrumentation
andmeasuremerdontrol,allows the detailedanalysisof long productionruns.

4.2 Triggers for Trace Dumping

The interactive characteof online traceanalysisrequiresa stratgy for triggeringthe
TAU runtimesystento dumptracedata.We consideredhe four differentoptions:

1. Buffer sizedriven: The tracinglibrary itself makes the decisionwhento store
tracedata.Oneapproachs to dumpdatawheneertheinternalmemorybuffersare
full. It is easyto implementanddoesnotrequireary externalinteractionwith the
measuremeribrary. Unfortunatelyit mayproducdargeamountof datawhennot
combinedwith ary filtering techniquesAlso, thedifferentcontets(i.e., processes)
will producethetracedataat differenttimes,dependingon whentheir buffersfill
up.

2. Application driven: Thetracinglibrary couldprovide theapplicationwith anAPI
to explicitly dumpthe currenttracebuffers. (Suchan APl is alreadyavailablein
TAU.) The advantageof this approachis that the amountand frequeny of trace
dumpingis entirely underthe control of the application.We expectthis approach
to bedesiredn mary scenarios.

3. Timer driven: To maketriggeringmoreperiodic,atimercouldbeusedtio generate
aninterruptin eachcontet thatcauseghe tracebuffersto be dumpedregardless
of thecurrentamountof tracedatathey hold. In theory thisis simpleto implement.
Unfortunatelythereis no generalwidely portablesolutionto interrupthandlingon
parallelplatforms.

4. Userdriven: Heretheuserdecidesnteractizely whento triggerthedumpprocess.
Assumingthe useris sitting in front of a remotevisualizationclient (e.g.,vng),
the trigger information needsto be transportedo the clusterandto the running
application(i.e., the trace measuremensystem).Again, this requiressomesort
of inter-processsignaling.From the optionswe discussedso far, we regard this
approacho bethe mostchallenging put alsothemostdesirable.

For thework presentedhere we implementedhebuffer sizeandapplicationdriven
triggeringmechanismsTheseare generallytermed‘push” models,sincethey usein-
ternaldecisionstrategiesto pushtracedataout to the memging andanalysisprocesses.
In contrastthe “pull” modelsbasedon timer or userdriven approachesequiresome



form of interprocesssignallingsupport.Our planwasto first usethe simplerpushap-
proachedgo validatethefull onlinetracingsystembeforeimplementingadditionalpull
mechanisms.

4.3 Background Merging and Preparation

Previously, TAU wrote the eventdescriptionfiles to disk whenthe applicationtermi-

nated.While this schemewas sufficient for post-mortemmerging and corversionof

eventtraces,it could not be directly appliedfor online analysisof eventtraces.This

wasdueto theabsencef eventnameshatareneededor localto globaleventidentifier
conversion.To overcomethis limitation, we have re-designedur tracememging tool,

TAUmer ge, soit executesconcurrentlywith the executingapplicationgeneratinghe
tracefiles. Fromeachprocesstracefile, TAUmer ge readsventrecordsandexamines
theirglobally synchronizedimestampso determinevhich eventis to berecordechext

in the orderedoutputtracefile. Whenit encounters local eventidentifier thatit has
not seenbefore,it readsthe eventdefinitionfile associatedvith the givenprocessand
updatedts internaltablesto mapthatlocal eventidentifierto a global eventidentifier
usingits eventnameasakey. Thetracegeneratiorlibrary ensureshateventtablesare
written to disk beforewriting tracerecordghatcontainoneor morenew events.A new

eventis definedasan eventwhosepropertiesarenot recordedn the eventdescription
file writtenpreviously by theapplication.This schemeof writing eventdefinitionsprior

to tracerecordsjs alsousedby the TAUmer ge tool while writing a mergedstreamof

eventsandeventdefinitions.It ensureghatthe traceanalysistools down the line that
readthe memgedtracesalsoreadthe global eventdefinitionsandrefreshtheir internal
tableswhenthey encounteaneventfor which eventdefinitionsarenotknown.

4.4 TraceReaderLibrary

To malke the tracedataavailablefor runtimeanalysiswe implementedhe TAU trace
readetibrary. It canparsebinarymemgedor unmegedtracegandtheirrespectre event
definitionfiles) andprovidesthis informationto ananalysistool usinga traceanalysis
API. ThisAPI employsacallbackmechanismvherethetool registerscallbackhandlers
for differentevents.Thelibrary parseshetraceandeventdescriptiorfiles andnotifies
thetool of eventsthatit is interestedn, by invokingtheappropriaténandlerswith event
specificparametersiVe currentlysupportcallbacksfor finding thefollowing:

— Clock periodusedin thetrace

— Messagesendor receve events

— Mappingeventidentifiersto their stateor eventproperties
— Definingagroupidentifierandassociatedroupname

— Enteringandleaving a state

Eachof thesecallbackroutineshave event specificparameterskFor instancea send
event handlerhassourceand destinationprocessdentifiers,the messagdength,and
its tag asits parametersBesidesreadinga group of recordsfrom the tracefile, our
API supportdile managememoutinesfor opening.closinga tracefile, for navigating



thetracefile by moving thelocationof the currentfile pointerto anabsoluteor relative
eventposition.It supportdothpositive andnegative eventoffsets.Thisallowstheanal-
ysistool to read,for instancethe last 10000eventsfrom thetail of the eventstream.
The tracereaderlibrary is usedby VNG to analyzethe memged binary event stream
generatedy anapplicationinstrumentedvith TAU.

4.5 RemoteSteeringand Visualization

Online traceanalysisdoesnot necessarilyequireusercontrol if onelooks atit asa
uni-directionalinformationstreanthatcanbe continuouslydeliveredto anapplication
developer However, the high rate at which informationis likely to be generatedn a
native tracingapproactsuggestshe needfor advancedusercontrol. Ideally, the user
shouldbeableto retrieve new tracedatawheneerhethinksit is necessaryAt the VNG

displayclient, this couldbe accomplishedby addinga “retrieve” optionthatallowsthe
userto specifyhow mary recenteventsareto be loadedand analyzedby the analy-
sis sener. Sucha requestcould translateall the way to tracegenerationEven more
sophisticatednline control of the runtimesystemby the applicationdeveloperwould
include:

— Enablinganddisablingof certainprocesses
— Filtering of unwantedevents
— Switchingbetweera profile only modeanda detailedtracemode

While our infrastructurewasdesignedo provide the necessargommunicatiormeth-
odsfor thosecontrolrequestsour presentmplementatiorallows for thetraceanalyzer
to only work with whatever tracedatais presentlyavailablefrom the TAU tracereader
interface.Thisis nota limitation for our currentpurpose®f validatingthe systemim-
plementation.

4.6 SystemPartitioning

Figure3 depictshow our clustersystemmight be partitionedfor onlinetraceanalysis.
Togetherwith the masternode, we dedicatedfour additional processorg29-32) for
the purposeof tracedataprocessingParallel applicationsare run on the restof the
machine(processor®1 to 28). The clusternodesare interconnectedy a redundant
gigabitEthernenetwork eachwith its own network switch. Thetwo networksallow us
to keepmessageassingcommunicatiorindependentrom NFS traffic, althoughour
approachdoesnotrequirethis explicitly.

Duringanapplicationrun, everyworker processs equippedvith aninstanceof the
TAU runtimelibrary. Thislibrary is responsibldor collectingtracedataandwriting it
to atemporaryfile, oneperworker processThe TAU mergerproceson processoB2
constantlycollectsand memgesthe independenstreamsrom the temporaryfiles to a
unifiedrepresentationf thetracedata.At this point,theanalysisproces®of VNG takes
over. When&eraremoteuserclientconnectgo theseneronthemastemode the VNG
worker processesomeinto actionon the processor29to 31 in orderto updatetheir
dataor performnew analysigequestsDuring theentireprocesstracedatastaysputin
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Fig. 3. SystemPartitioning

theclusterfile systemThis hastremendousenefitdin GUI responsienesattheclient.
Furthermorethe VNG analyzercommunicatesvith the remotevisualizationclientin
ahighly optimizedfashionguaranteeinfastrespons¢ime evenwhenrun overalong
distanceconnectiorwith low bandwidthandhigh latencieqseeResults).

5 Conclusion

Thereis growing interestin monitoring parallelapplicationsand interactingwith the
runningprogramasthe computatiorproceedsSomeefforts arefocussedn computa-
tional steeringand supportthe creationof sensorgo obsere executiondynamicsand
actuatorgo changeprogrambehaior. Consistentvith thesedirections,our attentionis
towardsonline performancevaluationusingtracingasa measuremerdapproachThe
purposeis to offer the userthe samerich functionality as off-line traceanalysis,but
withoutthe penaltief largetracedatamanagement.

However, the developmeniof a general-purposenlinetraceanalysissystemis dif-
ficult, especiallyif it is to be portableandscalable The work presentedereis a first
steptowardthis goal. Combiningthe strengthof the TAU andVNG tools,we demon-
strateda full-path, working systemthat allows interactive trace generationmeiging,
analysisandvisualization.In its presenform, the work is quite portableacrosgaral-
lel platforms,asit is basedon alreadyportableexisting tools andthe file systemand
inter-procescommunicationnterfacesusedarestandard.

Ournext stepin this researclis to conductscalabilityperformanceests We expect
thefile system-basettacemerging approactwill suffer at somepoint. To addresshis
problemat higherlevels of parallelism,we are consideringhe useof the recentwork



on MRNet, amulti-castreductionnetwork infrastructureor tools,to implementa tree-
basedparallelversionof the TAU merger.
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