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Abstract. OpenMP hasemerged as the standardfor sharedmemoryparallel programming.
Unfortunately, it doesnot provide a standardizedperformancemonitoringinterface,suchthat
usersandtoolsbuilderscouldwrite portablelibrariesfor performancemeasurementof OpenMP

programs.In thispaperwepresentanimplementationof aperformancemonitoringinterfacefor
OpenMP, basedonthePOMP proposal,whichisbuilt ontopof DPCL, aninfrastructurefor binary
anddynamicinstrumentation.We alsopresentoverheadmeasurementsof our implementation
andshow examplesof utilization with two versionsof POMP compliantlibraries.

1 Intr oduction

OpenMP hasemergedasthestandardfor sharedmemoryparallelprogramming,allowing usersto
write applicationsthatareportableacrossmostsharedmemorymultiprocessors.However, applica-
tion developersstill facea largenumberof applicationperformanceproblems,whichmake it harder
to achievehighperformanceonthesesystems.Moreover, theseproblemsaredif�cult to detectwith-
out thehelpof performancetools.

Unlike MPI whichincludesastandardmonitoringinterface(PMPI), OpenMP doesnotprovideyet
astandardizedperformancemonitoringinterface.In orderto simplify thedesignandimplementation
of portableOpenMP performancetools,Mohr et.al. [10] proposedPOMP, aperformancemonitoring
interfacefor OpenMP. Thisproposalextendsexperiencesof previousimplementationsof monitoring
interfacesfor OpenMP [1, 8,12], andis underreview for standardizationby theOpenMP architecture
review board.

In thispaperwepresenta POMP implementationbasedondynamicprobes.This implementation
is built on topof DPCL [5], anobject-basedC++ classlibrary andrun-timeinfrastructure,developed
by IBM, whichis basedontheParadyn[9] dynamicinstrumentationtechnologyfrom theUniversity
of Wisconsin.To the bestof our knowledge,this is the �rst implementationof the currentPOMP

proposal,aswell as the �rst implementationbasedon binary modi�cation, insteadof a compiler
or pre-processorbasedone.It extendspreviousexperienceswith binaryinstrumentationof OpenMP

programsfrom OMPTrace[3] andCATCH [7].
The advantageof this approachlies in its ability to modify the binary with performancein-

strumentation,without requiringaccessto the sourcecodeor re-compilation,whenever a new set
of instrumentationis required.This is in contrastto the mostcommoninstrumentationapproach,
whichaugmentssourcecodestaticallywith callsto speci�c instrumentationlibraries(e.g.,TAU [11],
Pablo[13], SvPablo[6], andtheHPM Toolkit [4]). In addition,sinceit reliesonly on thebinary, this
POMP implementationis programming-languageindependent.Moreover, it will provideavalidation
infrastructurefor the POMP proposal,which hasasoneof its maingoalsthede�nition of a generic
andportablemonitoringinterfacefor OpenMP.



Theremainderof this article is organizedasfollows: In Section2 we brie�y describethemain
DPCL features,aswell asthe IBM compilerandrun-timelibrary issuesthatmake our dynamicin-
strumentationtool for POMP possible.In Section3 wedescribeourexperiencesin 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

Dynamicinstrumentationprovidesthe�e xibility for toolsto insertprobesinto thebinaryof applica-
tions,without requiringthatprogramsbere-compiledafterbeinginstrumented.TheDynamicProbe
ClassLibrary, developedat IBM, is an extensionof the dynamicinstrumentationapproach,pio-
neeredby theParadyngroupat theUniversityof Wisconsin[9]. DPCL is built on topof theDyninst
ApplicationProgramInterface(API) [2]. Using DPCL, a performancetool caninsertcodepatches
into theapplicationbinaryandstartor continueits execution.Accessto thesourcecodeof thetar-
get applicationis not requiredand the programbeingmodi�ed doesnot needto be re-compiled,
re-linked,or evenre-started.

DPCL providesa set of C++ classesthat allows tools to connect,examine,and instrumenta
spectrumof applications:singleprocessesto largeparallelapplications.With DPCL, programinstru-
mentationcanbedoneat functionentrypoints,exit points,andcall sites.We referto [5] for a more
detaileddescriptionof DPCL andits functionality.

2.2 The IBM OpenMP Compiler and Run-time Library

Theutilization of DPCL asaninfrastructurefor a dynamicinstrumentationtool for the POMP inter-
faceis basedon thefactthattheIBM compilertranslatesOpenMP directivesinto functioncalls.Fig-
ure1 shows,asanexample,thecompilertransformationsfor anOpenMP parallelloop.TheOpenMP

directive is translatedinto a call to xlsmpParDoSetup , a functionfrom the OpenMP run-timeli-
brary, whichis responsiblefor threadmanagement,work distribution,andthreadsynchronization.In
addition,an“outlined” functioncontainingthebodyof the OpenMP parallelregion is created.This
outlinedfunction,(“A@OL1” in theexamplein Figure1), is calledby eachof theOpenMP threads.

SinceDPCL allows the installationof probesat function call entry andexit points,aswell as
beforeandaftera functioncall, POMP probescanbe insertedfor eachparallelregion in the target
application.As shown in Figure2 the �rst pair (DPCL probe(1)) canbe insertedbeforeandafter
thecall to the OpenMP runtimelibrary function(correspondingto the POMP parallelenterandexit
events),while the secondpair (DPCL probe(2))is insertedat the call entry and exit point of the
parallelregion (correspondingto thePOMP parallelbegin andendevents).Additionally, a third pair
of probes(DPCL probe(3a))canbeinsertedat thecall entryandexit pointsor beforeandafter the
call site (DPCL probe(3b))of eachfunctionof interest(i.e., representingPOMP functionbegin and
endevents).

3 Evaluation

In this section,we describeour experiencesimplementinga tool which allows instrumentationof
anOpenMP applicationwith callsto functionsof a monitoringlibrary which conformsto the POMP

API usingbinary instrumentationat runtime.Themainadvantagesof this approacharethatno spe-
cial preparationslike recompilingor relinking arenecessaryandthat it works independentof the



Fig.1. Compilertransformationsfor anOpenMP parallelloop.

Fig.2. DPCL probeson functionsthatcontainparallelregions.



programminglanguageusedfor the OpenMP program.The tool takesa POMP compliantmonitor-
ing library in the form of a sharedlibrary aswell asthe OpenMP executableasinput parameters.
After loadingtheprogram,thetool instrumentstheexecutablecodesothatat locationswhich repre-
sentseventsin the POMP executionmodelthecorrespondingPOMP monitoringroutinesarecalled.
From theuser's view point, theamountof instrumentationcanbe controlledthroughenvironment
variableswhich describethelevel of instrumentationfor eachgroupof OpenMP eventsasproposed
by the POMP speci�cation.Instrumentationis alsocontrolledby thesetof POMP routinesprovided
by thesharedlibrary, i.e., instrumentationis only appliedto thoseeventsthathave a corresponding
POMP routinein thesharedlibrary. Thismeansthattool buildersonly needto implementtheroutines
which arenecessaryfor their tool andthat instrumentationis minimal (i.e., no calls to unnecessary
dummyroutineswhich don't do anything).Onceinstrumentationis �nished, themodi�ed program
is executed.

3.1 Limitations of Dynamic Binary Instrumentation

Althoughtheadvantagesof dynamicbinaryinstrumentationaremanifold,therearesomelimitations
thatprecludeusfrom ful�lling all thefeaturesor requirementsof thePOMP proposal.As wehavehad
no experienceswith binary instrumentationsystemsotherthanDPCL, it is not clearwhetherthese
arelimitationsof dynamicinstrumentationin generalor limitationsof theDPCL instrumentation.

Events

Almostall of theeventsproposedby POMP canbeinstrumented.Theexceptionsare:

– Due to compileroptimization,the POMP eventsLoop iter begin , Loop iter end , and
Loop iter event arenot alwaysvisible at thebinary level. For example,thecompilercan
chooseto unroll (partsof) theparallelloopbody. As it is notclearyet,whetherthemonitoringof
theseeventsreally makessensefor OpenMP performanceanalysis,sincethey would introduce
excessiveoverhead,weconsiderit to beacceptablefor our tool not to handletheseevents.

– DPCL cannotinstrumentcodeinsidesharedlibrariesthatareloadedinto theexecutableat run-
time. This would only be a problemif the codeinsidesucha library usesOpenMP constructs
(e.g.,a mathematicalparallellibrary). Unfortunately, theIBM OpenMP run time systemis also
linkedasasharedlibrary. Hence,theinstrumentationof implicit barriersinsidework-sharecon-
structsis not feasible.Possiblework-aroundsareto usestatic linking, which canbe achieved
with compiler �ags, or to provide pre-instrumentedversionsof libraries,which useOpenMP.
Unfortunately, bothoptionswould requirere-linkingof theexecutable.

Event Context Inf ormation

Not all theoptional�elds from theCTC string,aswell astherun time context areobtainableat the
binarylevel. This is thecurrentstatus:

– CompileTimeContext (CTC).
� Available:region type,startSCL,endSCL,andfunctionname
� Notavailable:hasFirstPrivate,hasLastPrivate,hasNowait,hasCopyin, schedule,hasOrdered,

andhasCopypriv attributes.We would needadditionalcompilersupportto provide these
�elds.

� Available,but not implementedyet: functiongroup,andhasReduction.
– RunTimeContext (RTC)

� Available:thread ID , andnum threads
� Not available:if expr result
� Available,butnotimplementedyet:chunk size, init iter value, iter value ,

final iter value , andsection num.



Open Issuesin the POMP Speci�cation

Unfortunately, thePOMP speci�cation(asdescribedin[10]) is incomplete,i.e.,noteverythingneeded
for a working implementationis speci�ed.Hereis a list of issueswe cameacross:

– Wehadto de�ne aformatspeci�cationfor thelayoutof theCTCstringsdescribingthecompile-
timecontext of OpenMP events.
The string is a list of “attribute=value” pairs which are separatedby a star ("*" ) character
(which is very unlikely to appearin function and�le names).The string is prependedby the
lengthof thestring countingonly the numberof charactersbetweenthe �rst starandthe last,
inclusive, without countingthe C termination\0 or any blank �ll charactersin Fortran.The
stringis terminatedby anempty�eld, e.g.,adoublestar"**" . Thelengthis required,all other
�elds areoptional.Sotheshortestpossiblestringis "2**" .
We de�ned theattributes:

Attribute PossibleValues Meaning
rtype pregion,loop,section,share,single, Region type

critical,master,ebarrier,ibarrier,
�ush,atomic,ordered,func,user

sscl �lename[:line1[:lineN]] Startsourcecodelocation
escl [�lename][: line1[:lineN]] Endsourcecodelocation
name string Nameof a functionor name

of a ”named”critical region
group string For functions:Nameof class,

module,or namespace
schedule stat,dyn,guided,rt Schedulefor parallelloops
hasfpriv T,F Booleanattributesof
haslpriv T,F parallelregionsand
hasred T,F workshareconstructs:
hasnowait T,F absenceof theattribute
hascopyin T,F meansfalse
hasord T,F
hascopypriv T,F

– It is not clearto what extendshoulduser-de�ned functionsbe instrumented.We arecurrently
instrumentingthe begin andendof the main programandcalls to userfunctionsinsidemain
but only outsideof parallelregions.This seemsto bea reasonabledefault thatavoidsexcessive
overhead.

– Thereneedsto be an easyandcompactway for a userto specifythe extendof userfunction
instrumentation.

3.2 Limitations of Source-codeInstrumentation

For comparison,hereis a list of limitationswedeterminedwhenwetried to implementOPARI [12],
a POMP instrumentationtool whichworksasapreprocessor(i.e.,source-to-sourcetranslator).

– OPARI makesimplicit barriersexplicit. Unfortunately, thismethodcannotbeusedfor measuring
thebarrierwaitingtimeattheendof PARALLELdirectivesbecausethey donotallow aNOWAIT
clause.Therefore,OPARI addsanexplicit barrierwith correspondingperformanceinterfacecalls
here.For OPARI, thismeansthatactuallytwobarriersgetcalled.But thesecond(implicit) barrier
shouldexecuteandsucceedimmediatelybecausethe threadsof the OpenMP teamarealready
synchronizedby the�rst barrier.



– The OpenMP standard(unfortunately)allows compilersto ignoreNOWAITs,which meansthat
in thiscaseOPARI insertsanextrabarrierandthePOMP functionsgetinvokedonthisextra(and
not thereal)barrier.

– OPARI cannotinstrumenttheinternalsynchronizationinside!$OMP WORKSHAREasrequired
by theOpenMP standard.

– We weretold thatsomecompilersusedifferentimplementations(with differentcharacteristics)
for implicit andexplicit barriers.If OPARI changesimplicit to explicit barriers,we measurethe
wrongbehavior whenusingthesecompilers.

4 Examplesof POMP Monitoring Libraries

To testandevaluateourdynamicinstrumentationfor POMP, weimplementedthreeversionsof POMP

compliantmonitoring libraries:a dummylibrary for overheadmeasurements,a POMP monitoring
library for tracegeneration,anda POMP monitoringlibrary for collectionof pro�ling data.

4.1 Overheadof our POMP Library

ThedummyPOMP library implementsall functionalitynecessaryfor all compliantimplementations
of the POMP interfacewithout monitoringor measuringanything. Figure3 shows the implementa-
tion of thePOMPParallel begin() eventfunction.After checkingwhetherPOMP monitoring
is activatedat all andwhethermonitoringof theparallelbegin event is activated,eventcontext in-
formationis retrievedfrom thepassed-ineventhandle.This versionof the POMP library is usedto
measuretheminimal overheadintroducedby dynamicinstrumentationfor thePOMP API. Ourmea-
surementsonanIBM POWER4systemindicatethattheminimumoverheadfor theinstrumentation
of oneOpenMP or userfunctioncall is about3 microsecondsof 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 0;
�

Fig.3. Typical implementationof a POMP eventroutine.

4.2 KOJAK POMP Library

We implementeda POMP monitoring library which generatesEPILOG event traces.EPILOG is an
open-sourceevent traceformatusedby the KOJAK performanceanalysistool framework [14]. Be-
sidesde�ning OpenMP relatedevents,it providesa thread-safeimplementationof theeventreading,
writing, andprocessingroutines.In addition,it supportsstoringhardwarecounterandsourcecode
informationandusesa (machine,node,process,thread)tuple to describelocations.This makesit
especiallywell suitedfor monitoringOpenor mixedMPI/OpenMP applicationson today'sclustered
SMP architectures.



EPILOG eventtracescaneitherbeprocessedby KOJAK 'sautomaticeventtraceanalyzerEXPERT

or beconvertedto theVTF3 formatusedby theVampireventtracevisualizationtool.
Figure 4 shows a screen-dumpof the resultingdisplay of the EXPERT automaticevent trace

analyzer. Using thecolor scaleshown on the bottom,the severity of performanceproblemsfound
(left pane)andtheir distribution over theprogram's call tree(middle pane)andmachinelocations
(right pane)is displayed.By expandingor collapsingnodesin eachof the threetrees,theanalysis
canbe performedon different levels of granularity. We refer to [14] for a detaileddescriptionof
KOJAK andEXPERT.

Fig.4. Resultdisplayof EXPERT automatictraceanalyzer.

Figure5 shows (in theright half) a time line diagramof a smallexampleapplication(shown in
the sourcecodedisplay in the upperleft corner).The EPILOG-to-VTF3 conversionmapsOpenMP

constructsinto Vampirsymbolsandactivities, aswell asOpenMP barriersinto a Vampircollective
operation.This allows to seethedynamicbehavior of an OpenMP applicationusinga Vampir time-
line diagramaswell asto useVampir'spowerful �lter andselectioncapabilitiesto generateall kind
of executionstatisticsfor any phaseof theOpenMP application.In addition,all sourcecodeinforma-
tion containedin a traceis preservedduringconversion;allowing thedisplayof thecorresponding
sourcecodesimplyby clicking on thedesiredactivity.

4.3 POMP Pro�ler Library

The POMP Pro�ler library generatesa detailedpro�le of the time spentin eachparallelregion of
an applicationin the form of an XML �le and in a text �le. The XML �le canbe visualizedby a
graphicaluserinterface,asshown in Figure6. 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 aredisplayedfor eachof the tasksrunning in parallel.A detailed
timing informationof the threadsis displayedby selectingthe taskof interest.The visualizeralso
mapstheregionsof thesourcecodewith thetiming information.Thetiming informationis crucial



Fig.5. Vampirtime line diagramof exampleapplication.



in detectingloadimbalancesamongthreadsandcouldalsohelpapplicationdevelopersin choosing
appropriateschedulingmechanismfor parallelloops.

5 Conclusion

We presentedan implementationof a performancemonitoringinterfacefor OpenMP basedon the
POMP proposal.Our POMP implementationusesbinary instrumentationtechnologyto insertcalls
to a POMP compliantlibrary into the applicationbinary for instrumentationof OpenMP directives,
aswell asuserfunction calls. Our measurements,on an IBM POWER4 system,indicatethat the
instrumentationoverheadis in the orderof 3 microsecondsof cpu time per call. In addition,we
demonstratetheusabilityof ourPOMP interfacewith theinterfaceof two versionsof POMP compliant
monitoringlibraries:a library for tracegenerationanda library for collectionof pro�ling data.

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