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Abstract. OpermP hasemeped as the standardfor sharedmemory parallel programming.
Unfortunately it doesnot provide a standardizegberformancemonitoringinterface,suchthat
usersandtoolsbuilderscouldwrite portablelibrariesfor performanceneasuremerdf opermp
programsin this papemwe presenainimplementatiorof a performancenonitoringinterfacefor
opermP, basednthePoMP proposalwhichis built ontop of bpCL, aninfrastructurefor binary
anddynamicinstrumentationWe alsopresentoverheadmeasurementsf our implementation
andshav examplesof utilization with two versionsof Pomp compliantlibraries.

1 Intr oduction

Opemvp hasemegedasthe standardor sharedmemoryparallelprogrammingallowing usersto
write applicationghatareportableacrossmostsharednemorymultiprocessorg-owever, applica-
tion developersstill facealargenumberof applicationperformanceroblemswhich make it harder
to achieve high performancen thesesystemsMoreover, theseproblemsaredif cult to detectwith-
outthehelpof performanceools.

Unlike MmPI whichincludesastandardnonitoringinterface(PMPI), opervP doesnot provide yet
astandardizegerformancenonitoringinterface In orderto simplify thedesignandimplementation
of portableopermp performanceools,Mohr et. al. [10] proposedoMP, a performancemonitoring
interfacefor opervP. This proposakxtendsexperience®f previousimplementationsf monitoring
interfacedfor opermp [1, 8,12], andis underreview for standardizatioby the opermp architecture
review board.

In this papemwe present POMP implementatiorbasedn dynamicprobesThisimplementation
is built ontop of DPCL [5], anobject-base++ classlibrary andrun-timeinfrastructuredeveloped
by IBM, whichis basedntheParadyn9] dynamicinstrumentatioiechnologyfrom the University
of Wisconsin.To the bestof our knowledge,this is the rst implementatiorof the currentpomp
proposal,aswell asthe rst implementatiorbasedon binary modi cation, insteadof a compiler
or pre-processdnasedne.lIt extendspreviousexperiencesvith binaryinstrumentatiorof opermp
programdrom ompPTrace[3] andCATCH [7].

The adwantageof this approachlies in its ability to modify the binary with performancen-
strumentationyvithout requiringaccesso the sourcecodeor re-compilation,whene/er a new set
of instrumentatioris required.This is in contrastto the mostcommoninstrumentatiorapproach,
whichaugmentsourcecodestaticallywith callsto speci ¢ instrumentatiodibraries(e.g.,TAu [11],
Pablo[13], Swrablo[6], andthe HPMm Toolkit [4]). In addition,sinceit reliesonly onthebinary; this
POMP implementatiors programming-languagindependentMoreover, it will provideavalidation
infrastructurefor the PoMP proposalwhich hasasoneof its main goalsthe de nition of a generic
andportablemonitoringinterfacefor opermp.



Theremainderof this articleis organizedasfollows: In Section2 we brie y describethe main
ppPcL featuresaswell asthe IBM compilerandrun-timelibrary issueghat make our dynamicin-
strumentatiorniool for POMP possibleln Section3 we describeour experiencesn implementingour
tool. In Section4 we presentexamplesof utilization of our POMP monitoringlibrary implementa-
tions.

2 A Dynamic Instrumentation Tool for POMP

2.1 The Dynamic ProbeClassLibrary

Dynamicinstrumentatiomprovidesthe e xibility for toolsto insertprobesnto thebinaryof applica-
tions,withoutrequiringthatprogramsere-compiledafterbeinginstrumentedI he DynamicProbe
ClassLibrary, developedat IBM, is an extensionof the dynamicinstrumentatiorapproach pio-
neeredy the Paradyngroupat the University of Wisconsin[9]. DpcL is built ontop of the Dyninst
Application Programinterface(API) [2]. Using DpCL, a performanceool caninsertcodepatches
into the applicationbinary andstartor continueits execution.Accessto the sourcecodeof thetar
get applicationis not requiredand the programbeing modi ed doesnot needto be re-compiled,
re-linked,or evenre-started.

DpcL providesa setof C++ classeghat allows tools to connect,examine,and instrumenta
spectrunof applicationssingleprocesseto largeparallelapplicationsWith bpcL, programinstru-
mentationcanbedoneat functionentry points,exit points,andcall sites.We referto [5] for amore
detaileddescriptionof bpcL andits functionality.

2.2 ThelBM OpenMP Compiler and Run-time Library

The utilization of bPcL asaninfrastructurefor a dynamicinstrumentatioriool for the POMP inter-
faceis basednthefactthattheIBM compilertranslatesopervp directivesinto functioncalls.Fig-
urel shows,asanexamplethecompilertransformationgor anopermp parallelloop. The opermvp
directiveis translatednto a call to xlsmpParDoSetup , afunctionfrom the openvp run-timeli-
brary, whichis responsibldéor threadmanagementyork distribution,andthreadsynchronizationln
addition,an “outlined’ function containingthe body of the opervip parallelregionis createdThis
outlinedfunction,(*A@OL1in theexamplein Figurel), is calledby eachof the opermp threads.

SinceDbpPcL allows the installationof probesat function call entry and exit points,aswell as
beforeandaftera function call, POMP probescanbe insertedfor eachparallelregion in the target
application.As shown in Figure 2 the rst pair (DPCL probe(1)) canbe insertedbeforeand after
the call to the openvip runtimelibrary function (correspondingo the pomp parallelenterand exit
events),while the secondpair (DPcL probe(2))is insertedat the call entry and exit point of the
parallelregion (correspondingo the POoMP parallelbegin andendevents).Additionally, a third pair
of probes(DpcL probe(3a)) canbeinsertedat the call entry andexit pointsor beforeandafterthe
call site (DPcL probe(3b))of eachfunction of interest(i.e., representingpomP function begin and
endevents).

3 Evaluation

In this section,we describeour experiencesmplementinga tool which allows instrumentatiorof
anopemv P applicationwith callsto functionsof a monitoringlibrary which conformsto the PomP
API usingbinaryinstrumentatiorat runtime. The mainadvantage®f this approactarethatno spe-
cial preparationdik e recompilingor relinking are necessargndthatit works independenbf the
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programminganguageusedfor the opermp program.The tool takesa PoMP compliantmonitor
ing library in the form of a sharedibrary aswell asthe opermp executableasinput parameters.
After loadingtheprogram thetool instrumentghe executablecodesothatatlocationswhich repre-
sentseventsin the POMP executionmodelthe correspondingtomMP monitoringroutinesarecalled.
From the users view point, the amountof instrumentatiorcanbe controlledthroughenvironment
variableswhich describethe level of instrumentatiorfor eachgroupof opervip eventsasproposed
by the POMP speci cation. Instrumentations alsocontrolledby the setof POMP routinesprovided
by the sharedibrary, i.e., instrumentations only appliedto thoseeventsthathave a corresponding
POMP routinein thesharedibrary. This meanghattool buildersonly needto implementtheroutines
which arenecessaryor their tool andthatinstrumentationis minimal (i.e., no callsto unnecessary
dummyroutineswhich don't do anything). Onceinstrumentations nished, themodi ed program
is executed.

3.1 Limitations of Dynamic Binary Instrumentation

Althoughtheadvantage®f dynamicbinaryinstrumentatiormremanifold, therearesomelimitations
thatprecludeusfromful lling all thefeaturesor requirementsf thePomPp proposalAs we have had
no experienceswith binary instrumentatiorsystemstherthanbppct, it is not clearwhetherthese
arelimitationsof dynamicinstrumentatiorin generalbr limitationsof the DPCL instrumentation.

Events
Almostall of the eventsproposedy pPoMmP canbeinstrumentedTheexceptionsare:

— Dueto compileroptimization,the PomP eventsLoop _iter _begin , Loop -iter _end, and
Loop _.iter _event arenotalwaysvisible at the binary level. For example,the compilercan
choosdo unroll (partsof) theparallelloopbody. As it is notclearyet, whetherthemonitoringof
theseeventsreally makessensdor opermP performancenalysis sincethey would introduce
excessie overheadye considerit to beacceptabldor ourtool notto handletheseevents.

— DpcL cannotinstrumentcodeinsidesharedibrariesthatareloadedinto the executableat run-
time. This would only be a problemif the codeinside sucha library usesopermp constructs
(e.g.,amathematicaparallellibrary). Unfortunatelythe IBM opermP run time systemis also
linkedasasharedibrary. Hence theinstrumentatiorof implicit barriersinsidework-sharecon-
structsis not feasible.Possiblework-aroundsareto usestaticlinking, which canbe achieved
with compiler ags, or to provide pre-instrumentedersionsof libraries, which useopermp.
Unfortunately bothoptionswould requirere-linking of the executable.

Event Context Inf ormation

Not all the optional elds from the CTC string,aswell astheruntime contect areobtainableat the
binarylevel. Thisis thecurrentstatus:

— CompileTime Contet (CTC).
Available:regiontype,startSCL, endSCL,andfunctionname
Notavailable:hasFirstPrate hasLastPriate hasNavait,hasCopin, schedulehasOrdered,
and hasCoppriv attributes.We would needadditionalcompiler supportto provide these
elds.
Available,but notimplementedset: functiongroup,andhasReduction.

— RunTime Context (RTC)
Available:thread _ID, andnumthreads
Not available:if _expr _result
Available butnotimplemented/et:chunk _size, init _iter _value, iter _value ,
final _iter _value ,andsection _num.



Openlssuesin the POMP Speci cation

UnfortunatelythePoMP speci cation(asdescribedn[10]) isincompletej.e.,noteverythingneeded
for aworkingimplementatioris speci ed. Hereis alist of issuesve cameacross:

— We hadto de ne aformatspeci cationfor thelayoutof the CTC stringsdescribinghe compile-
time context of opervP events.
The string is a list of “attribute=value” pairs which are separatedy a star ("*" ) character
(which is very unlikely to appearin functionand le names).The string is prependedy the
lengthof the string countingonly the numberof characterbetweenthe rst starandthe last,
inclusive, without countingthe C termination\O or ary blank Il charactersn Fortran.The
stringis terminatecby anempty eld, e.g.,adoublestar"**" . Thelengthis requiredall other
elds areoptional.Sotheshortespossiblestringis "2**"
We de nedtheattributes:

Attribute  |Possiblevalues |Meaning
rtype pregion,Ioop,section,sha,rséngle|Region type
critical,mastegebarriejibarrier,
ush,atomic,ordered,funcser
sscl lename[:linel[:lineN]] Startsourcecodelocation
escl [ lename][:linel:lineN]] Endsourcecodelocation
name string Nameof afunctionor name
of a”’named”critical region
group string For functions:Nameof class
module,or namespace
schedule |stat,dyn,guided,rt Scheduldor parallelloops
hasfpri/ T,F Booleanattributesof
haslprv T,F parallelregionsand
hasred TF workshareconstructs:
hasnevait |T,F absencef theattribute
hascopin |T,F meandalse
hasord T,F
hascoppriv|T,F

— It is not clearto what extendshoulduserde ned functionsbe instrumentedWe are currently
instrumentingthe begin and end of the main programand calls to userfunctionsinside main
but only outsideof parallelregions.This seemdo be areasonableefaultthatavoids excessie
overhead.

— Thereneedsto be an easyand compactway for a userto specifythe extend of userfunction
instrumentation.

3.2 Limitations of Source-codelnstrumentation

For comparisonhereis alist of limitationswe determinedvhenwe tried to implementOPaRI [12],
a POMP instrumentatioriool which worksasa preprocessafi.e., source-to-sourcganslator).

— OpPARI makesimplicit barriersexplicit. Unfortunatelythis methodcannoteusedfor measuring
thebarrierwaitingtime attheendof PARALLELdirectvesbecaus¢éhey donotallow aNOWAIT
clauseTherefore OPARI addsanexplicit barrierwith correspondingerformanceénterfacecalls
here For OPARI, thismeanghatactuallytwo barriersggetcalled.Butthesecondimplicit) barrier
shouldexecuteand succeedmmediatelybecausehe threadsof the opervip teamarealready
synchronizedy the rst barriet



— The opernvp standardunfortunately)allows compilersto ignore NOWAIE, which meanghat
in this caseOPARI insertsanextrabarrierandthe Pomp functionsgetinvokedonthis extra(and
notthereal)barrier

— OPARI cannotinstrumentheinternalsynchronizationnside!$OMP WORKSHARdSrequired
by the opermp standard.

— We weretold thatsomecompilersusedifferentimplementationgwith differentcharacteristics)
for implicit andexplicit barriers.If OPaRI changesmplicit to explicit barrierswe measurehe
wrongbehaior whenusingthesecompilers.

4 Examplesof POMP Monitoring Libraries

To testandevaluateour dynamicinstrumentatiorfior POM P, weimplementedhreeversionsof POMP
compliantmonitoringlibraries: a dummylibrary for overheadmeasurements POMP monitoring
library for tracegenerationanda PoMP monitoringlibrary for collectionof pro ling data.

4.1 Overheadof our POMP Library

ThedummypPomp library implementsall functionalitynecessaryor all compliantimplementations
of the POMP interfacewithout monitoringor measuringarnything. Figure 3 shavs the implementa-
tion of thePOMPParallel  _begin() eventfunction.After checkingwhetherromP monitoring
is activatedat all andwhethermonitoringof the parallelbegin eventis activated,eventcontext in-
formationis retrieved from the passed-ireventhandle.This versionof the pomPp library is usedto
measurahe minimal overheadntroducedby dynamicinstrumentatiorfor the PoMP API. Our mea-
surement®n anIBM PONVERA4 systemindicatethatthe minimumoverheador theinstrumentation
of oneopervp or userfunctioncall is about3 microsecondsf cputime.

int32 POMP_Parallel_begin(POMP_Handle_t handle, int32 thread_id)
if ( pomp_active && is_activated[MYPOMP_PAR_BEGIN] )
mypompdescr* d = (mypompdescr*)  handle;
[* -- perform  monitoring for parallel begin event here -- */

return  0O;

Fig. 3. Typicalimplementatiorof a POMP eventroutine.

4.2 KOJAK POMP Library

We implementeda POMP monitoring library which generate€pPILOG eventtraces.EPILOG is an
open-sourceventtraceformatusedby the KoJak performancenalysistool framework [14]. Be-
sidesde ning openvip relatedevents,it providesathread-safémplementatiorof the eventreading,
writing, andprocessingoutines.In addition,it supportsstoringhardwarecounterandsourcecode
informationand usesa (machine,node,processthread)tuple to describelocations.This makesit

especiallywell suitedfor monitoringopenor mixed M Pl/opemvp applicationson today's clustered
SMP architectures.



EPILOG eventtracescaneitherbeprocessethy KOJAK's automaticeventtraceanalyzeex PERT
or be corvertedto the VTF3 formatusedby the Vampireventtracevisualizationtool.

Figure 4 shows a screen-dumpf the resultingdisplay of the EXPERT automaticevent trace
analyzerUsing the color scaleshovn on the bottom, the severity of performanceproblemsfound
(left pane)andtheir distribution over the programs call tree (middle pane)and machinelocations
(right pane)is displayed.By expandingor collapsingnodesin eachof the threetrees the analysis
canbe performedon differentlevels of granularity We referto [14] for a detaileddescriptionof
KOJAK andEXPERT.

Fig. 4. Resultdisplayof EXPERT automatidraceanalyzer

Figure5 shaws (in theright half) atime line diagramof a smallexampleapplication(shavn in
the sourcecodedisplayin the upperleft corner).The EPILOG-t0-VTF3 cornversionmapsoperMpP
constructsnto Vampir symbolsandactiities, aswell asopermvP barriersinto a Vampir collective
operation.This allows to seethe dynamicbehaior of an openvip applicationusinga Vampirtime-
line diagramaswell asto useVampir's powerful Iter andselectioncapabilitiesto generatell kind
of executionstatisticsfor any phaseof the opermp applicationIn addition,all sourcecodeinforma-
tion containedn atraceis preseredduring corversion;allowing the displayof the corresponding
sourcecodesimply by clicking onthe desiredactivity.

4.3 POMP Pro ler Library

The pomP Pro ler library generates detailedpro le of the time spentin eachparallelregion of
an applicationin the form of anxmML le andin atext le. ThexmL le canbe visualizedby a
graphicaluserinterface,asshovn in Figure 6. Total time taken by the masterthreadin a parallel
event, the averagetime incurredby all work-sharingthreads andthe deviation of the time spend
by eachfrom the averagetime are displayedfor eachof the tasksrunningin parallel. A detailed
timing informationof the threadss displayedby selectingthe taskof interest.The visualizeralso
mapsthe regionsof the sourcecodewith the timing information. Thetiming informationis crucial



Fig. 5. Vampirtime line diagramof exampleapplication.



in detectingoadimbalancesamongthreadsandcould alsohelpapplicationdevelopersn choosing
appropriateschedulingnechanisnfor parallelloops.

5 Conclusion

We presentecin implementatiorof a performancenonitoringinterfacefor opervp basedon the
POMP proposal.Our POMP implementatiorusesbinary instrumentatiortechnologyto insertcalls
to a poMP compliantlibrary into the applicationbinary for instrumentatiorof opermp directives,
aswell asuserfunction calls. Our measurement®n an IBM PONER4 system,indicatethat the
instrumentatioroverheadis in the order of 3 microsecond®f cputime per call. In addition, we
demonstratéheusabilityof our PomP interfacewith theinterfaceof two versionof POMP compliant
monitoringlibraries:alibrary for tracegeneratiorandalibrary for collectionof pro ling data.

Fig. 6. Visualizationof datageneratedby Pro ler POMPLibrary for anexampleapplication.
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