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Abstract. This paperproposesa performanceools interfacefor OpenMR similar in spirit to the MPI profiling

interfacein its intentto definea clearand portableAPI that makes OpenMPexecutioneventsvisible to runtime
performanceools. We presenbur designusinga source-lgel instrumentatiorapproactbasedon OpenMPdirec-
tiverewriting. Rulesto instrumenteachdirective andtheir combinationareappliedto generateallsto theinterface
consistentvith directive semanticeandto passcontet information(e.g.,sourcecodelocations)in a portableand
efficientway. Our proposeddpenMPperformancé\PI furtherallows userfunctionsandarbitrarycoderegionsto be

marked andperformanceneasuremertb be controlledusingnen OpenMPdirectives. To prototypethe proposed
OpenMPperformanceanterface,we have developedcompatibleperformancdibraries for the EXPERT automatic
eventtraceanalyzef17, 18] andtheTAu performancenalysiframevork [13]. Thedirectiveinstrumentatiotrans-
formationswe defineareimplementedn asource-to-sourcganslatiortool calledOPARI. Applicationexamplesare
presentedor both EXPERT and TAU to shav the OpenMPperformanceénterfaceand OPARI instrumentatiortool

in operation Whenusedtogethemwith the MPI profiling interface(asthe examplesalsodemonstratepur proposed
approactprovidesa portableandrobustsolutionto performancenalysisof OpenMPandmixed-modgOpenMP+

MPI) applications.

1 Intr oduction

With the adwentof ary proposedanguagesystenfor expressingparalleloperation(whetherasa true parallellan-
guage(e.g.,ZPL [6]), parallelextensiondo sequentialanguagde.g.,UPC[4]), or parallelcompilerdirectves(e.g.,
HPF[9])) questionsoonariseregardinghow performancénstrumentatiomndmeasurememill beconductedand
how performancelatawill beanalyzedandmappedo thelanguage-leel (high-level) parallelabstractionsSeveral
issuegnalke this aninterestingproblem. First, the languagesystemimplementsa modelfor parallelismwhoseex-
plicit paralleloperationis generallyhiddenfrom the programmerAs such,parallelperformanceventsmaynotbe
accessibld@irectly, requiringinsteadsupportfrom underlyingruntimesoftwareto obsene themin full. Whensuch
supportis unavailable,performancenustbeinferredfrom modelproperties Secondthe languagesystemtypically
transformghe programinto its parallelexecutabledorm, makingit necessaryo track codetransformationglosely
sothatperformancelatacanbe correctlymappedo the userlevel source.The morecomplex the transformations,
themoredifficult the performancenmappingwill be. Last, high-level languagesxpressiorof parallelismoftengoes
hand-in-handvith aninterestfor cross-platfornportability of the languagesystem.Userswill naturallydesirethe
programmingandperformanceoolsto be portableaswell.

For the performanceool developer theseissuescomplicatedecisionsregardingchoice of tool technologyand
implementatiorapproach. In this paper we considerthe problemof designinga performanceool interfacefor
OpenMPThreegoalsfor a performancéool interfacefor OpenMPareconsidered:

o ExposeOpenMPparallel executionto the performancesystem.
Herewe areconcernedboutwhat executioneventsandstatedataare obserablefor performanceneasure-
mentthroughtheinterface.

o Make theinterfaceportableacrossdifferentplatformsandfor differentperformanceools.



Portability in this regardrequiresthe definition of the interfacesemanticand how informationis to be ac-
cessed.

o Allow flexibility in howtheinterfaceis applied.
Since OpenMP compilersmay implementOpenMPdirectives differently, including variationsin runtime
library operationthe performancenterfaceshouldnot constrairhow it is used.

While our study focusesmainly on the instrumentatiorinterface,asthatis whereeventsare monitoredand the
operationalstateis queried,clearly the type of performanceneasurementvill determinethe scopeof analyses
possible.deally, theflexibility of theinterfacewill supportmultiple measuremerdapabilities.

EVENTS
Parallel Region Operation master slav

master starts serial execution X

-
l ,,,,,,,,,,,,, parallel region begins X

- Slaves started X
~ —-—— team begins parallel execution X X
P
/V L -« team threads hit barrier X X
3= -<——— slaves end; master exits barrier X X
SHUTDOWN |
|
S ¥Y____________ w < master resumes serial execution X

Figurel: OpenMP Parallel RegionOperation Shaving Statesand Events

2 A General PerformanceModel for OpenMP

OpenMPis a parallelprogramminganguagesystemusedto expresssharedmemoryparallelism. It is basedon

the modelof (nestedfork-join parallelismandthe notion of parallel regionswherecomputationatvork is shared
and spreadacrossmultiple threadsof execution(a threadtean); seeFigurel. The languageconstructgprovide

for threadsynchronizatior{explicitly andimplicitly) to enforceconsisteng in operation.OpenMPis implemented
usingcomment-styleompilerdirectives(in Fortran)andpragmagin C andC++).

A performancemodelfor OpenMPcanbe definedbasedon its executioneventsandstates.We adwocatemultiple
performanceviews basedn a hierarchyof executionstatesvhereeachlevel is morerefinedin focus:

e Levell: serialandparallelstateqwith nesting)
e Level 2: work sharingstategperteamthread)
e Level 3: synchronizatiorstategper/acrosseamthreads)

e Level4: runtimesystem(thread)states



In this way, performanceobsenation canbe targetedat the level(s) of interestusing eventsspecificto the level.

Eventsaredefinedto identify pointsof statetransitions(begin/end,enter/git), allowing OpenMPprogramsto be
thoughtof asmulti-threadedexecutiongraphswith statesasnodesandeventsasedges.A performancenstrumen-
tationinterfacewould allow monitoringof eventsandaccesgo stateinformation.

Figure 1 shavs a diagramof OpenMPparallelregion operation. Identified are serial (S) and parallel (P) states,
parallelstartup(STARTUB andshutdavn (SHUTDQVN) statesanddifferenteventsat differentlevelsfor master
and slave threads. Basedon this diagram,and given a workable performancenstrumentatiorinterface,we can
developmeasuremertbolsfor capturingserialandparallelperformance.

Before After Before After
1 $OVP PARALLEL cal |l POWP_Paral | el _f ork(d) 1 $OWP DO cal | POVP_-Do_ent er (d)
structured bl ock ! $OVP PARALLEL do | oop ! $OW DO
1 $OVP END PARALLEL call POWP_Paral |l el _begi n(d) 1 $OMP END DO do | oop
structured bl ock 1 $OMP END DO NOWAI T
call POWBarrier_enter(d) call POWBarrier_enter(d)
! $OMP BARRI ER ! $OMP BARRI ER
call POWPBarrier_exit(d) call POWPBarrier_exit(d)
call POWP_Paral |l el _end(d) cal | POVP_-Do_exi t (d)
1 $OVP END PARALLEL
call POVP_Parall el j oi n(d)
Before After Before After
1 $OVP WORKSHARE cal | POVP_Wrkshare_enter (d) 1 $OVWP SECTI ONS call POWP_Sections_enter (d)
structured bl ock 1 $OVP WORKSHARE ! $OWP SECTI ON ! $OMP SECTI ONS
! $OMP END WORKSHARE structured bl ock structured bl ock ! $OWP SECTI ON
1 $OMP END WORKSHARE NOWAI T ! $OWP SECTI ON call POWP_Secti on_begi n(d)

call POVPBarrier_enter(d)
! $OMP BARRI ER

call POWP_Barrier_exit(d)
cal | POWP_Workshare_exit (d)

structured bl ock
1 $OVP END SECTI ONS

structured bl ock

call POWP_Sect i on_end(d)
! $OWP SECTI ON

cal | POWP_Secti on_begi n(d)

structured bl ock

call POWP_Secti on_end(d)
1$OVP END SECTI ONS NOWAI T
call POWP_Barrier_enter(d)

1 $OWP BARRI ER call POWP_Barrier_enter(d) 1 SOMP BARRI ER
! $IOIVP BARRI ER_ itd call POWBarrier_exit(d)
cal | POVPBarrier._exit(d) cal | POVP_Sect i ons_exit (d)
Before After Before After
1 $OMP CRI Tl CAL call POWCritical .enter(d) 1 $OMP SI NGLE call POWPSI ngl e_ent er (d)

structured bl ock
1 $OVWP END CRI Tl CAL

1 $OWP CRI TI CAL
call POWCritical _begin(d)
structured bl ock
call POWCritical _.end(d)

1 $OVWP END CRI Tl CAL

call POWPCritical _exit(d)

structured bl ock
1'$OWP END SI NGLE

1$OWP SI NGLE
cal |l POWP-Si ngl e_begi n(d)
structured bl ock
call POWP_Si ngl e_.end(d)
1$OWP END SI NGLE NOMAI T
call POWP_Barrier_enter(d)
! $OMP BARRI ER
call POWP_Barrier_exit(d)
call POW.SI ngl e_exit (d)

Before

After

Before

After

1 $OVP ATOM C
at om ¢ expression

call POVP_At omi c_ent er (d)
1$OW ATOM C

atomi c expression
call POWP_At om c_exit(d)

1 $OW MASTER
structured bl ock
1 $OWP END MASTER

1 $OWP MASTER
call POWP_Mast er _begi n(d)
structured bl ock
cal |l POVP_Mast er _end(d)

1 $OWP END MASTER

Tablel: ProposedOpenMP Dir ective Transformations.

3 ProposedOpenMP PerformanceTool Interface

How shoulda performancenterfacebe developedio meetthe goalsfor OpenMPAlthoughdifferentinterfacesare
possible(seg[5, 10)), thebasicideabehindour proposais to definea standardAPI to a performanceneasurement
library thatcanbe usedto instrumenta users OpenMPapplicationprogramfor monitoringOpenMPevents. This
instrumentatiorcould be doneby a source-to-sourc&anslationtool prior to the actualcompilationor within an
OpenMPcompilationsystem.Performanceool developerghenonly needto implementthe functionsof this inter-



faceto enabletheir tool to measureandanalyzeOpenMPprograms.Differentmeasuremennodes(e.g.,profiling
[2] andtracing[5, 7, 10]) caneasilybeaccommodateih thisway. Hence the proposegerformancénterfacedoes
not specifyhow measuremenisreperformedponly the form of thelibrary interface.

We call the OpenMPperformanceAPI the “Pomp API” andthe correspondingperformancdibrary the “Pomp
library,” takingafterthe useof “PMPI” in thedefinitionof the MPI profiling interface.In thefollowing, we present
variousaspectf our proposalfor a standardizegberformanceool interfaceusingdirective rewriting for its im-
plementation Fortran900penMP2.0 syntaxis usedin examplesandtables.Thetransformationgquallyapplyto
C/C++.

3.1 OpenMP Directive Instrumentation

The Pomp APl is definedwith respecto thesemantico®f OpenMPoperation.Thus,we specifytheinstrumentation
of OpenMPdirectivesin termsof directive transformationsdecausefirst, this allows a descriptionindependent
of the baseprogramminglanguage and second the specificationis tied directly to the programmingmodel the
applicationprogrammeunderstandsPleasenotethat this doesnot meanthatthe actualinstrumentatiorhasto be
basednthetechniqueof directive transformationsyve only useit for specificatiorpurposes.

Our transformatiorrulesinsertcallsto POVP_Nane_t ype(d) in a mannerappropriatefor eachOpenMPdirec-
tive, whereNane is replacedby the nameof the directive, t ype is eitherf or k, j oi n, ent er, exi t, begi n,
or end, andd is a contet descriptor(describedn Section3.5). f or k andj oi n markthe locationwherethe
executionmodelswitchedrom sequentiato parallelandvice versagent er andexi t flagtheenteringandexiting
of OpenMPconstructsand,finally, begi n andend markthe startandendof structuredblocksusedasbodiesfor
the OpenMPdirectives. Table1l shavs our proposedransformationsindperformancdibrary routines.To improve
readability optionalclausedo thedirectives,asallowed by the OpenMPstandardsarenot shown.

As canbe seen,the type and placemenbf PomMP calls is intendedto exposeOpenMPeventsto the underlying
performanceneasuremergystem.Iln somecasesit is necessaryo transformthe directive in sucha way thatthe
operationcan be explicitly captured. For instance,in orderto measurehe synchronizatiortime at the implicit
barrierattheendof DO, SECTI ONS, WORKSHARE, or SI NGLE directives,we usethefollowing method:

o If, asshovnin thetable theoriginalcorrespondin@gND directive doesnotincludeaNOMAI T clauseNOMI T
is addedandtheimplicit barrieris madeexplicit.

o If thereisaNOMI T clausen theoriginal END directive, thenthis stepis notnecessary

To distinguishthesebarriersfrom (userspecified)explicit barriers,the POMP_Bar ri er ###() functionsare
passedhe context descriptorof theenclosingconstruct(insteadof the descriptorof the explicit barrier).

Unfortunately this methodcannotbe usedfor measuringhe barrierwaiting time at the end of PARALLEL direc-
tivesbecausehey do not comewith a NOWMAI T clause. Therefore we addan explicit barrierwith corresponding
performanceanterfacecalls here. For source-to-sourcé&ranslationtools implementingthe proposedransforma-
tions, this meanghatactuallytwo barriersgetcalled. But the secondimplicit) barriershouldexecuteandsucceed
immediatelybecausehe threadsof the OpenMPteamare alreadysynchronizedy thefirst barrier Of course,a
OpenMPcompilercaninsertthe performancenterfacecalls directly aroundthe implicit barrier therebyavoiding
thisoverhead.

Transformatiomulesfor thecombinedbarallelwork-sharingconstruct§PARALLEL DO, PARALLEL SECTI ONS,
and PARALLEL WORKSHARE) canbe definedaccordingly;seeTable 2. They arebasicallythe combinationof
transformation$or thecorrespondingingleOpenMPconstructafterunfoldingthecombinedconstructsTheonly
differenceis that clausesspecifiedfor the combinedconstructhave to be distributedto the single OpenMPcon-
structsin suchawaythatit complieswith theOpenMPstandarde.g.,SCHEDUL E, ORDERED, andLASTPRI VATE
clausesave to be specifiedwith theinnerDOdirective).



I $OVP END PARALLEL DO

Before After
! $OVP PARALLEL DO cl auses ... call POVP_Parall el fork(d)
do | oop 1 $OWP PARALLEL ot her-cl auses ...

cal |l POWP_Paral | el _begi n(d)
call POVWP_Do_enter (d)
1 $OWP DO schedul e-cl auses, ordered-cl auses,
| ast privat e-cl auses
do | oop
1 $OVP END DO NOMAI T
call POWPBarrier_enter(d)
1 $OWP BARRI ER
call POVWPBarrier_exit(d)
cal | POWP_Do_exit (d)
call POVP_Paral | el _end(d)
1 $OWP END PARALLEL
call POWP_Parall el join(d)

Before

After

1 $OWP SECTI ON
structured bl ock
1 $OVP END PARALLEL SECTI ONS

1 $OVP PARALLEL SECTI ONS cl auses ...

call POVP_Parall el fork(d)

1 $OWP PARALLEL ot her-cl auses ...
call POVP_Paral | el _begi n(d)
cal | POWP_Sections_enter(d)

1 $OVWP SECTI ONS | ast pri vat e- cl auses
1 $OWP SECTI ON
call POWP_Secti on_begi n(d)
structured bl ock
call POWP_Secti on_end(d)
1'$OVP END SECTI ONS NOMAI T
call POW_Barrier_enter(d)
1 $OVP BARRI ER
call POVWPBarrier_exit(d)
call POWP_Sections_exit(d)
call POVWP_Paral | el _end(d)
1 $OVP END PARALLEL
call POVP_Paral l el j oi n(d)

Before

After

structured bl ock
1 $OVP END PARALLEL WORKSHARE

I $OVP PARALLEL WORKSHARE cl auses . ..

call POWP_Paral | el fork(d)

1 $OWP PARALLEL cl auses ...
call POVP_Paral | el _begi n(d)
cal | POW_Workshar e_ent er (d)
1 $OWP WORKSHARE

structured bl ock

1 $OVP END WORKSHARE NOWAI T
call POW_Barrier_enter(d)
1 $OVWP BARRI ER
call POW_Barrier_exit(d)
cal | POW_Wrkshare_exit(d)
call POVWP_Paral | el _end(d)

1 $OVP END PARALLEL

call POVP_Paral l el j oi n(d)

Table2: ProposedOpenMP Combined Parallel Work-sharing Dir ective Transformations.

3.2 OpenMP Runtime Library Routine Instrumentation

To monitor OpenMPruntime library routine calls, the transformatiorprocessreplaceshesecalls by calls to the
performanceool interfacelibrary. For example,an OpenMPAPI call to onp_set | ock() is transformednto a
callto POVP_Set _| ock() . In theimplementatiorof the performanceénterfacefunction,the original correspond-
ing OpenMPruntimelibrary routinemustbe called. Performancelatacanbe obtainedbeforeandafter Currently
we think it is sufficient to usethis procedurefor the onp_###_l ock() andonp ###_nest | ock() routines

becaus¢hey aremostrelevantfor the obsenationof OpenMPperformancéehaior.




3.3 PerformanceMonitoring Library Control

In additionto the performancdibrary interface,we proposeto adda new directive to give the programmecontrol
overwhenthe performancesollectionis done:

I'$OMP INST [INNT | FINALIZE | ON | OFF]

For normalOpenMPcompilationthis directive is ignored. Otherwisejt is translatednto callsof POMP_I ni t (),

POVP_Fi nal i ze(), POVP_.On(), andPOVP_OF f () calls when performanceanstrumentationis requested.If

compatibilitywith existing OpenMPcompilersis essentialpew directiveswith thesentinell $POVP couldbeused.
Yet anotherapproachwhich doesnot extendthe setof OpenMPdirectives)would be to have the programmerdd
the performanceool interfacecalls directly, but this thenrequireseither stub routines,conditionalcompilation,
or theremoval of the instrumentatiorio be usedwhenperformancanonitoringis not desired.Our proposechew

directive approachs moreportable effective,andeasietto maintain.

PARALLEL MASTER SINGLE

POWP_Par al | el _fork(d)
POWP_Par al | el _begi n(d)
POVP_Par al | el _end(d)
POWP_Paral | el _j oi n(d)

POVP_Mast er _begi n(d)
POVP_Mast er _end(d)

POWP_Si ngl e_enter (d)
POVP_Si ngl e_begi n(d)
POVP_Si ngl e_end(d)
POVWP_Si ngl e_exit(d)

DO/FOR

POVWP_Do_ent er (d)
POWP_Do_exit (d)

POVWP_For _ent er (d)
POVP_For _exi t (d)

WORKSHARE

POVP_Wor kshar e_ent er (d)
POVP_Wor kshare_exit (d)

SECTION / SECTIONS

POVWP_Secti ons_enter (d)
POWP_Sect i on_begi n(d)
POWP_Secti on_end(d)
POVWP_Secti ons_exit(d)

BARRIER

POWP_Barrier_enter(d)
POWP_Barrier_exit(d)

CRITICAL

POW_Critical _enter(d)
POWP_Critical _begin(d)
POW_Critical _end(d)
POW_Critical _exit(d)

ATOMIC

POVWP_At oni c_enter (d)
POVP_At omi c_exit(d)

Runtime Library

POWP_Set _| ock()
POWP_Unset _I ock()
POVWP_Set _nest _| ock()
POWP_Unset _nest _| ock

Control

POVP_I ni t ()
POVP_Fi nal i ze()
POVP_On()
POVP_OF f ()

User Code

POVP_Begi n()
POMP_End()

Table3: POMP OpenMP PerformanceAPI.

3.4 UserCodelnstrumentation

For large applicationprogramsit is usually not sufficient to just collect OpenMPrelatedevents. The OpenMP
compilershouldalsoinsertappropriatePOMP_Begi n() andPOVP_End() callsatthebeaginningandendof each
userfunction. In this casethe context descriptordescribeghe userfunction. In addition,usersmay desireto mark
arbitrary(non-function)coderegions. This canbe donewith a directive mechanisnsimilar to thatdescribedn the
lastsubsectionsuchas

1'$OVP | NST BEG@ N ( <regi on_nanme> )
structured bl ock



1 $OVP | NST END ( <regi on_nanme> )

The directives are translatednto POVMP_Begi n() and POMP_End() calls. Again, techniqguescan be usedto
avoid definingnew directives,but with the samedisadwantagesasdescribedn the last section. Furthermorethe
transformatiortool / compiler cannotgeneratehe context descriptorfor this userdefinedregion in this case,so
another(lessefficient) mechanisnwould have to beusedhere.

Thefull proposeddpenMPperformanceé\Pl is shovn in Table3.

3.5 Context Descriptors

An importantaspecbf theperformancénstrumentatioris how the performanceool interfaceroutinesgetaccesso

contet information,in orderto relatethe collectedperformancénformationbackto the sourcecodeandOpenMP
constructs We proposethefollowing. For eachinstrumenteddpenMPconstructuserfunction,anduserspecified
region, theinstrumentogenerates contet descriptorin the globalstaticmemorysegmentof the compilationunit

containingthe constructor region. All monitoringfunction calls relatedto this constructor region arepasseadhe
addres®f thisdescriptor(calledd in Tablesl and2). Theproposediefinitionof thecontect descriptol(in C syntax)
is shavn below:

typedef struct onpregdescr {
char* name;
char* sub_nane;
int num secti ons;
char* file_nane;
int begi n_linel, begin_lineN
int end_linel, end_lineN;
voi d* dat a;
struct onpregdescr* next;
} OWPRegDescr;

Thefieldsof the contet descriptohave thefollowing meaning:name containshe nameof the OpenMPconstruct
or the string™ r egi on" for userfunctionsandregions. sub_nane storesthe nameof namedcritical regionsor

the nameof userfunctionsandregions. In caseof thesect i ons OpenMPdirectves,numsect i ons provides
thenumberof sectionsptherwisdt is setto 0. Thenext fivefields(f i | e_nanme, begi nl i nel, begi n_li neN,

end_l i nel, end_l i neN) describethe sourcecodelocationof the OpenMPconstructor userregion: the source
file name,andthefirst andlastline numberof the openingandof the correspondindgEND OpenMPdirective. The
fielddat a canbeusedby theperformancéool interfacefunctionsto storeperformancelatarelatecto thisconstruct
or region (e.g.,countersor timers).Finally, thenext componenallowsfor chainingcontext descriptorgogetherat
runtime,sothatat theendof the programthelist of descriptorsanbetraversedandthe collectedperformancelata
canbestoredaway andanalyzed.

This approacthasmary advantage®verothermethodge.g.,usinguniqueidentifiers):

1. Full context information,including sourcecodelocation,is availableto the performanceool interfacefunc-
tions.

2. Runtimeoverheador implementinghis approactis minimal. Only oneaddresss passedisanargument.

3. The contet datais kepttogetherwith the (instrumentedpxecutableso it avoids problemsof locating (the
right) separateontect descriptiorfile(s) atruntime.

4. Finally, it allows for separateompilation.Thisis importantfor today's large comple applicationcodes.

An alternatve approachwould be to definea PompP API function which getsthe contet informationpassedn as
separatgparameterandreturnsthe addresf aninternaldescriptor The instrumentatiorprocesswvould arrange
thatfor eachregionthis Pomp functionwould be calledexactly once. Thereturneddescriptomvould thenbepassed
in to theotherPomPp functionsasusual. This would have theadvantagethatthe layoutof a context descriptolis not
fixedanda PomPp library implementatiorcandefineit in anoptimalway, e.g.,addingfieldsto storelibrary specific
(performancepata. The disadwantageis thatinstrumentatiorbecomesnoredifficult becauset hasto be ensured



thatsuchafunctionis only calledexactly once,e.g.,usingadditionallocking andsynchronisatioralls, resultingin
moremeasuremerdverhead.

3.6 Conditional Compilation

We alsoproposéo supportusersourcecodelinesto becompiledconditionallyif Pomp instrumentatioris requested.
If the OpenMPcompileror Pomp transformatiortool supportsa macropreprocessote.g. cpp for C, C++, and
sometimed-ortran),it mustdefinethe symbol _POVP to be usedfor conditionalcompilation. Following OpenMP
standarctornventions this symbolis definedto have the decimalvalue YYYYMMwhereYYYY andMMarethe year
and monthdesignationof the versionof the Pomp API that the implementatiorsupports. This allows usersto
defineanduseapplication- user, or site-specifiextensiongo PoOMP by writing:

#i f def _POWP
arbitrary user code
#endi f

The! P$ sentinelcanbe usedfor conditionalcompilationin Fortrancompilationor transformatiorsystems.In
addition,CP$ and* P$ sentinelsareacceptednly wheninstrumentingortranfixed sourceform. During Pomp
instrumentationthesesentinelsarereplacedy threespacesandtherestof theline is treatedasa normalFortran
line. Thesesentinelsalsohave to complywith the specificationglefinedin the Sections2.1.3.1and2.1.3.20f the
OpenMPFortranApplication Programinterface,Version2.0, November2000.

3.7 Conditional / Selectve Transformations

Finally, to allow a userto (temporarily)disablethe PomP instrumentatiomprocesdor specificfiles or partsof files,
we proposeo provide thefollowing new directives:

' $OVP NO NSTRUMNENT
I $OVP | NSTRUMNENT

(or! $POWP . .., asnecessaryyvhich disableandre-enablePomP instrumentatior(similar to commonexisting
compilerdirectivesfor disablingoptimizations). PoMP instrumentatiordisabledby ! $OMP NO NSTRUMENT is
in effectuntil endof file or until thenext ! $OVP | NSTRUMENT whichever comedfirst.

3.8 C/C++ OpenMP PragmaInstrumentation

Thetransformationgor FortranOpenMPdirectvesdescribedn Tablesl and2 apply equallyto C/C++ OpenMP
pragmas.The maindifferenceis thatthe extentof C/C++OpenMPpragmasds determinedy the structuredblock
following it, andnot by an explicit END pragmaasin Fortran. This hasthe following consequence®r pragma
instrumentation:

¢ Instrumentatiorior the“closing” partof the pragmafollows the structuredolock.

e Addinganowai t clause(to allow the make implicit barriersexplicit) hasto be donefor the “opening” part
of thepragma.

e Thestructuedblock of a C/C++OpenMPpragma(#pr agna onp ###) will betransformedy wrapping
it with POVP_###_begi n(d) and POVP_###_end(d) callswhich in turn areenclosedn a block (i.e.,

using{...}).

All otherchangesresimpledifferencesn languagde.g.,nocal | keywordandusing#pr agnma onp insteadof
! $OWP). The new monitoringcontrolandusercodeinstrumentatiorwould appeaias:



#pragma onp inst [init | finalize | on | off]

#pragma onp inst begin ( <regi on_name> )
structured bl ock
#pragma onp inst end ( <regi on_nane> )

#pragma onp noi nstrumnent
#pragma onp i nstrunent

3.9 Implementation Issues

It is clearthataninterfacefor performanceneasurementsnustbevery efficientandmustminimizeits influenceon
thedynamicbehaior of theusercodeunderinvestigation We designedur POMP library interfacewith efficiengy
in mind from thevery beginning:

e We chooseo definea largersetof performancenonitoringAPI functionsaccordingo the pattern
POVP_Nane_t ype(descr)
insteadof usinganinterfacelike

POVP_Event (POVWP_Nane, POWP_type, filename, |inenunber, value, ...)

which would have beenmuch simplerto implement. But it would make it necessaryo usecostly | F or
SW TCH statementisidethe POVP_Event routine,resultingin run-timeoverhead.

e Argumentpassingoverheads minimized (while still supportingfull contet information)by using context
descriptorsThis wasalreadydiscussedh Section3.5.

o If furtheroptimizationis required,inlining of the Pomp interfacecalls throughthe useof macroswould be
possibleIn C/C++,thisis possiblewithoutany changego the proposabsoutlinedabove asthefunctioncall
andmacrocall syntaxis thesame FortranOpenMPinstrumentatioronly requireghegeneratiorof the CALL
keyword during OpenMPdirective transformatiorio be suppressed-owever, the structureof a singlePomp
callis sosimple(i.e.,afunctioncall with oneconstanargument)thatcurrentcompilertechnologyshouldbe
ableto inline the callswithout the “manual” useof macros.

e Thegranularityof OpenMPconstructcanbemuchfinerthan,for example MPI functions.Thisis especially
true for the ATOM C, CRI Tl CAL, MASTER, andSI NGLE OpenMPconstructsaswell asfor the OpenMP
API functionsfor locking. Implementerf the PomP interfacemusttake specialcarewhenimplementing
the correspondind®?oMP functions. In addition,we proposethatthe instrumentatiorof theseconstructxan
be selectvely disabledby specifyingthe following commandine optionto the OpenMPcompileror Pomp
transformatiortool:

- - ponp-di sabl e=construct[, construct ...]
whereconstrucis the nameof oneOpenMPconstructistedaboreor " sync" to disableall of them.Finally,

if theinstrumentatiorof these(or other) constructss critical only in specificpartsof the code,our ! $OVP
NO NSTRUMENT directive (seeSection3.7) canbe usedto disablethemselectvely.

3.10 Openlssues

While we think that the proposaloutlined so far is reasonablycomplete thereare additionalissueswhich need
furtherdiscussionHere,we try to briefly summarizeheissuesve areawareof:



Do we needinstrumentatiorfor the OpenMPORDERED and FL USH?

Do we needinstrumentatiorof singleiterationsof PARALLEL DO (paral | el f or) loops? This would
potentiallyallow theinfluenceof OpenMPloopiterationschedulingpoliciesto bemeasuretut mayintroduce
alargemeasuremerdverheadf iterationsarenot of a sufficientgranularity

Shouldthe context descriptoralso containadditionalinformation aboutparallelloops, e.g., the scheduling
policy, the chunksize,andwhetherthereis a reductiondefinedfor thisloop?

Do we needa way to allow usersto passadditionalinformationto the Pomp interface?BesidesusingPomp
conditionalcompilation(seeSection3.6), we might considerextendingthe! $OVP | NST BEG NandEND
directive (seeSection3.4)to optionallyallow to passheaddres®f auservariable:

I'$OVP | NST BEG N ( <region_name> [, <variable>] )
structured bl ock
I'$OVP | NST END ( <region_name> [, <variable>] )

The POVP_Begi n andPOVMP_ENnd routineswould have anadditionalvoi d* typedsecondparametewhich
would beNULL if theuserdid not specifyavariable. This way, the usercould passadditionalinformationto
the PompP API functions,which would be ignoredin generaimplementationsut could be utilized in (user
supplied)specialversions.lt is alsopossibleto allow passinguserinformationto the other(all) Pomp API
functions,but this requiredfurtherdirectives/ pragmas.

e Do we needadditionalOpenMPruntimelevel instrumentatioror is it enoughto obserne OpenMPbehaior
onthesourcecodelevel?

4 Prototype Implementation

To integrate performanceools with the proposedOpenMPperformancenterface,two issuesmustbe addressed.
First, the OpenMPprogrammustbe instrumentedvith the appropriatgperformancecalls. Seconda performance
library mustbe developedto implementthe OpenMPperformanceAPI for the particularperformanceool. The
following describefiow two performancéools, EXPERT andTAU have beenintegratedwith theproposedpenMP
performanceénterface. In eachcase both OpenMPapplicationsandhybrid (OpenMP+MPlapplicationsare sup-
ported. Thelatter demonstratethe ability to combinethe OpenMPperformancenterfacewith otherperformance
interfacemechanism# aseamlessanner

4.1 Automatic Instrumentation

As a proof of conceptanda meansfor experimentationwe implementedOPARI (OpenMPPragmaAnd Region
I nstrumentor).It is a source-to-sourctanslatorwhich performsthe OpenMPdirective and API call transforma-
tionsdescribedn this paper including the new proposedlirectvesand! $POVP | NST alternatve sentinel. The
currentprototypeimplementdull Fortran77andFortran900penMP2.0 andfull C/C++OpenMP1.0support.The
instrumentatiorof userfunctions(basedon PDT [12]) is underway. Thetool consistof about2000lines of C++
code.

4.1.1 Limitations dueto Fuzzy Parsing

Beingjust a source-to-sourcranslatorbasedon a (very) fuzzy parsey andnot a full compiler OPARI hasa few
smalllimitations:

Fortran

e The! $OVP END DOand! $OVP END PARALLEL DOdirectivesarerequired(notoptional,asdescribed
in the OpenMPstandard).
e Theatomicexpressioncontrolledby a! $OMP ATOM Cdirective hasto beonaline all by itself.



C/C++

¢ Structuedblocksdescribinghe extentof anOpenMPpragmaneedto beeithercompoundstatement§{...}),
or simplestatementsin addition,for loopsaresupportecnly afteronp for andonp paral l el for
pragmas.

e Comple statementtik e if-then-elseor do-whileneedto beenclosedn ablock ({...}).

We did not find theselimitations overly restrictive during our testsand experiments. They rarely apply for well-
written code. If they do, the original sourcecode caneasily be fixed. Of course,it is possibleto remove these
limitationsby enhancingdPARI’s parsingcapabilities.

Finally, if the performanceneasuremengnvironmentdoesnot supportthe automaticrecordingof userfunctions
entriesandexits, andthereforecannotautomaticallyinstrumentthe programs nai n function, the OPARI runtime
measuremenibrary hasto beinitializedby a! $OVP | NST | NI T directive/ pragmaprior to ary otherOpenMP
pragma.

4.1.2 Limitations dueto Source-to-source Translation

In addition,becausef somesubtletiesn the OpenMPstandardspecificationsthe transformationperformedby
OPARI onthesourcecodelevel candiffer from the sameinstrumentatiordoneby areal OpenMPcompiler Hereis
thelist of limitationswe currentlyknow about:

e OpPARI makesimplicit barriersexplicit. Unfortunately this methodcannotbe usedfor measuringhe barrier
waiting time at the end of PARALLEL directvesbecausehey do not allow a NOWAI T clause. Therefore,
we addan explicit barrierwith correspondingperformancenterfacecalls here. For OPARI, this meanghat
actuallytwo barriersget called. But the second(implicit) barriershouldexecuteand succeedmmediately
because¢hethreadf the OpenMPteamarealreadysynchronizedy thefirst barrier

e The OpenMPstandardunfortunately)allows compilersto ignore NOWAI Ts, which meanghatin this case
OPARI insertsanextrabarrierandthe Pomp functionsgetinvokedon this extra (andnot thereal) barrier

e OPARI cannotinstrumenthe (required)internalsynchronizatiorinside! $OvVP WORKSHARE.

e We weretold thatsomecompilersusedifferentimplementationgwith differentcharacteristicsfor implicit
andexplicit barriers. If OPARI changesmplicit to explicit barriers,we measureghe wrong behaior when
usingthesecompilers.

Of course,an OpenMPcompilercaninsertthe PomPp calls directly aroundthe implicit barriers,therebyavoiding
thedescribedverheadsinddiscrepancies.

4.2 Integration into EXPERT

The EXPERT tool ervironment[17, 18] is aimedat automaticallyuncoveringperformancegroblemsn eventtraces
of MPI, OpenMPR or hybrid applicationgunningon comple, large SMP clusters.Thework on EXPERT is carried
outwithin thekoJAK project[11] andis a partof the ESPRIT working groupAPART [1].

EXPERT analyzeghe performancéehaior alongthreedimensionsperformanceroblemcategory, dynamiccall

treeposition andcodelocation Eachof theanalyzedlimensionss organizedn ahierarchy Performanc@roblems
are organizedfrom more general(“ There is an MPI relatedprobleni) to very specificones(* Messges sentin

wrong order”). Thedynamiccall treeis a naturalhierarchyshaving call stackrelationships.Finally, the location
dimensionrepresentshe hierarchicahardwareand softwarearchitectureof SMP clustersconsistingof the levels
machinenode,processandthread.

Therangeof performanceroblemsknown to EXPERT arenot hard-codednto the tool but are provided asa col-
lection of performanceproperty specifications This makes EXPERT extensibleandvery flexible. A performance
propertyspecificatiorconsistsof

e acompounckvent(i.e.,aneventpatterndescribinghe natureof the performanceroblem),

e instructiongo calculateheso-calledseverity of the property determiningts influenceon the performancef
theanalyzedapplication,

e its parentperformanceroperty and



e instructionsonhow toinitialize thepropertyandhow to displaycollectedperformanceaataor propertyrelated
results.

Performanceropertyspecificationareabstractiondeyond simple performancenetrics,allowing EXPERT to ex-
plain performanceproblemsin termsof the underlyingprogrammingmodel(s). Specificationsare written in the
eventtraceanalysidanguageEARL [16], anextensionof the PythonscriptinglanguageEARL providesefficientac-
cesdo aneventtraceatthelevel of theabstractionsf the parallelprogrammingnodels(e.g.,region stackmessage
gueuepr collective operation)makingit easyto write performanceropertyspecifications.

EXPERT's analysisprocesgelieson eventtracesas performancealatasource. Eventtracespresere the temporal
and spatialrelationshipamongindividual events,andthey arenecessaryo prove certaininterestingperformance
propertiesEventtracesarerecordedn the newly designederiLOG formatthat,in contrasto traditionaltracedata
formats,is suitableto representhe executionsof MPI, OpenMR or hybrid parallelapplicationsbeingdistributed
acrosoneor more(possiblylarge)clustersof SMP nodes.It supportsstorageof all necessargourcecodeandcall
site information, hardware performancecountervalues,and marking of collectively executedoperationsfor both
MPI and OpenMP Theimplementatiorof EPILOG is threadsafe,a necessaryeaturenot alwayspresentn most
traditionaltools.

Tracescan be generatedor C, C++, and Fortran applicationgust by linking to the EPILOG tracinglibrary. To
interceptuserfunctioncallsandreturns we usetheinternalprofiling interfaceof the PGl compilersuite[15] being
installedon our LINUX SMP clustertestbed. For capturingOpenMPevents,we implementedhe PomP library
functionsin termsof EPILOG tracingcalls,andthenuse OPARI to instrumentthe userapplication. For example,
thePOVP_For _ent er () andPOVP_For _exi t () interfaceimplementatiorfor instrumentatiorof the#pr agma
onp parallel for directivefor C/C++wouldlook likethefollowingin EPILOG:

voi d POW_For _ent er (OWRegDescr* r) {
struct El gRegi on* e;
if (! (e = (struct ElgRegion*)(r->data[0])))
e = ElgRegion_lnit(r);
elg_enter(e->rid);

}

voi d POWP_For _exit(OWRegDescr* r) {
el g _onp_collexit();
}

Whatis importantto noticeis how the region descriptoris utilized to collect performancelataper OpenMPcon-
struct.For hybrid applicationsisingOpenMPandMPI, MPI-specificeventscanalsobegeneratedhy anappropriate
wrapperfunctionlibrary utilizing the MPI standardrofiling interface.

4.3 Integration into TAU

The TAau performancesysten|13] providesrobusttechnologyfor performancénstrumentationmeasuremengnd
analysisfor complex parallelsystems.It targetsa generalcomputationrmodelconsistingof shared-memornodes
wherecontetsreside eachproviding avirtual addresspacesharedoy multiple threadsof execution.Themodelis
generaknoughto applyto mary high-performancecalablgarallelsystemsindprogrammingraradigmsBecause
TAU enablesperformancenformationto be capturedat the node/contet/threadlevels, this information can be
mappedo the particularparallelsoftwareandsystemexecutionplatformunderconsideration.

Tau supportsa flexible instrumentatiormodelthat allows accesgo a measuremerAPI at several stagesof pro-
gramcompilationandexecution. The instrumentationdentifiescodesegments providesfor mappingof low-level
executioneventsto high-level computationentities,and works with multi-threadedand messaggassingparallel
executionmodels.It interfaceswith the TAu measuremennodelthatcancapturedatafor function, method basic
block, and statemenexecution. Profiling andtracingform the two measurementhoicesthat TAU provides. Per
formanceexperimentanbe composedrom differentmeasuremenhodulesjncludingonesthatacces$iardware
performancemonitors. The TAU dataanalysisand presentatiorutilities offer text-basedandgraphicaltoolsto vi-
sualizethe performancealataaswell asbridgesto third-partysoftware,suchasVampir[14] for sophisticatedrace
analysisandvisualization.



As with EXPERT, TAU implementgshe OpenMPperformancé\PI in alibrary thatcaptureshe OpenMPeventsand
usesTAU'’s performanceneasuremerfacility to recordperformancelata.For example,the Pomp implementation
of thesamefunctionsasin Sectiond.2wouldlook lik e thefollowing in TAU:

TAU GLOBAL_TI MER(tfor, ‘for enter/exit’’', ‘‘[QpenMP]’’, OpenhP);

voi d POWP_For _enter (OWRegDescr* r) {
#i f def TAU_AGGREGATE_OPENVP_TI M NGS
TAU_GLOBAL_TI MER_START(tfor);
#endi f
#i f def TAU_OPENVP_REG ON_VI EW
TauSt art OpenMPRegi onTi mer (r);
#endi f

}

voi d POWP_For _exit(OWRegDescr* r) {
#i f def TAU_AGGREGATE_OPENVP_TI M NGS
TAU_GLOBAL_TI MER_STOR() ;
#endi f
#i f def TAU_OPENVP_REG ON_VI EW
TauSt opOpenMPRegi onTi rer (r) ;
#endi f

}

TAuU supportsconstruct-basedswell asregion-basederformanceneasurementConstruct-basetheasurement
usesglobally accessibldimersto aggrayateconstruct-specifiperformancecostover all regions. In the caseof
region-basedneasurementhe region descriptoris usedto selectthe specificperformancedatafor that context.
Following thisinstrumentatiormapproachall of TAu’s functionalityis accessibléo the user includingthe ability to
selectprofiling or tracing,enablehardwareperformancenonitoring,andaddMPI instrumentatiorfor performance
measuremerdf hybrid applications.

5 Example Applications

To demonstratéheviability androbustnes®f the proposednterfaceandinstrumentatiorioolswe have developed,
the OPARI tool andthe PomP librariesfor EXPERT andTAU areappliedto examplemixed-modgOpenMP+ MPI)

applications.Thesetypesof applicationpresentananalysischallenggor performanceools becausef the needto

captureandpresenperformancalatafor differentparallelmodesandtheirinteraction.

5.1 WeatherForecasting

The REMO weatherforecastapplicationfrom the DKRZ (DeutscheKlima Rechenzentrunizermary) is an ex-
cellenttestcasdor the performanceAPI. The codeis instrumentedising OrARI for OpenMPeventsandthe MPI
profiling library for MPI events. The measuremerdystemusesthe EPILOG tracingfacility, with the Pomp library
calling EPILOG traceroutines asdescribedbore. The EXPERT systenthenprocessetheeventstracesanddisplays
theperformancenalysisresults.

In EXPERT, the presentatiorof the resultsis alsobasedon threedimensions:performanceproblem, call graph,
location. Eachdimensionis displayedusingweightedtrees A weightedtreeis a tree browserthat labelseach
nodewith a weight. EXPERT usesthe performancepropertys severity asthis weight. The weightis displayed
simultaneouslysingboth a numericalvalueaswell asa color codedicon. The color allows to identify nodesof
interesteasilyevenin a largetree. By expandingor collapsingary of the threetreesit is possibleto analyzethe
performancéehaior of a parallelapplicationon differentlevelsof granularity

We seesomeof this interactie analysisin Figure2 and3. Thethreetreeviews areshovn. Thefirst view lists the
differentperformanceroperties.The numbersat the nodesshow the percentagef CPU allocationtime spenton
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Figure2: EXPERT Performance Analysis of OpenMP/MPI Weather ForecastingApplication Instrumented
with OPARI

thatpropertyor lostasaresultof thatproperty Whenthenodeis collapsedtheinclusive valueis shavn, whenit is
expandednly its exclusive value. Colorsrepresenthe numericvaluegraphically

Figure2 shavs that 50% of CPU allocationtime waslost asa resultof sequentiabxecutionor was“usedby idle
slave threads. Althoughidle threadslo not executeary code theidle time is mappedo themiddle (call tree)view
(i.e.,theidle slave threadsareconsideredo be executingthe samecodeasthe correspondingnasterthreads).This
allowstheuserto find coderegionsthatspenta very long time on sequentiaéxecution. Thenumbersn themiddle
view referto the selectionin theleft view, so73.5%o0f the 50.0%arespentin / r enro/ ed4or g/ pr ogec4.

Theright view shavs the distribution of idle timesacrosghedifferentthreadsHereall valuesreferto the selection
in the left neighbor sothe sumof all valuescorrespondo the 73.9%from the middle view. Of course,only the
slave threadshave idle times,the masterthreadshows always0.0%.

Figure 3 refersto the property“OpenMP Barrier” The call tree shows that nearlyall barriertime is spenton an
implicit barrier(! $onp i barri er) belongingto aparalleldo (! $onp do). Thedistribution of overheadacross
thedifferentthreadds shown in theright view.

5.2 OceanCirculation

To demonstrat¢he useof the OpenMPperformanceool interfacewith Tau, we appliedit to a two-dimensional
Stommelocearcurrentapplicationfrom the SanDiego Supercomputing€enter Theapplicationcodemodelswind-
driven circulationin a homogeneousectangulaceanunderthe influenceof surfacewinds, linearizedbottom
friction, flat bottom,andCoriolis force. A 5-pointstencilis usedto solve partial differentialequationon a grid of
points. Table4 shaws the sourcecodefor a morecompute-intensie f or block, beforeandafterinstrumentation
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Figure3: Barrier PerformanceAnalysis of REMO

with OPARI. By linking with the TAu-specificPomP library anda userconfiguredTAu measuremergackagethe
performancelatafor OpenMPandMPI eventscanbe capturecanddisplayed.

Figure4 presentgrofiling datafor the Stommelapplication. Shown is a region-basederformanceview where
individual parallel loops are distinguished. The f or block shavn in Table 4 is highlightedin the “n,c,t 0,0,0
profile” display(representingnode0, context 0, andthread0) andis seento take a significantpercentagef time to
execute.Theexecutiontime for this block acrossall threadds shavn in the“for

OpenM Plocation : file.stommel.c < 252,260 >

profile” display Clearly, thereis awork imbalancebetweerthetwo threadswithin eachprocessbut thedistribution
is consistenaicrossnodes(i.e., processes)Notice how the MPI performancelatais integratedwith the OpenMP
datain thedisplay It is alsopossiblefor TAU to beusedto obtainconstruct-baseperformancelata.

By linking the Stommelapplicationwith a trace-configuregherformancdibrary, OpenMPandMPI eventscanbe
displayedusing the Vampir [14] visualizationtool. Figure5 displaysan eventtimeline shaving the overlapsof
OpenMPandMPI events.

6 RelatedWork

Giventheinterestin OpenMPin the lastfew years,severalresearchefforts have addressegerformanceneasure-
mentand analysisof OpenMPexecution,but noneof theseefforts have considereca commonperformanceool
interfacein the mannerproposedn this paper The OVALTINE tool [2] helpsdeterminerelevant overheaddor a
parallelOpenMPprogramcomparedo a serialimplementationlt usesthePolarisFortran77 parsetto build abasic



Original codeblock

#pragma onp for schedul e(static) reduction(+: diff) private(j)
firstprivate (al, a2, a3, a4, a5)
for(i=il;i<=i2;i++) {
for(j=j1;j<52;j++){
new psi[i][j]l=al*psi[i+1][j] + a2*psi[i-1][j] + a3*psi[i][j+1] + ad*psi[i][]j-1]
- ab*the_for[i][j];
diff=diff+fabs(new psi[i][j]-psi[i][i]);
}
}

Codeblock afterOpPARI instrumenation

POVP_For _enter (&onp_rd_2);
#line 252 "stomel.c"
#pragma onp for schedul e(static) reduction(+: diff) private(j)
firstprivate (al, a2, a3, a4, a5) nowait
for(i=il;i<=i2;i++) {
for(j=j1;j<5j2;j++){
new psi[i][j]l=al*psi[i+1][j] + a2*psi[i-1][j] + a3*psi[i][j+1] + ad*psi[i][]j-1]
- ab*the_for[i][j];
di ff=diff+fabs(new psi[i]l[j]-psi[i]l[i]);
}
}
POVP_Barrier_enter(&np_rd_2);
#pragma onp barrier
POWP_Barrier_exit(&mnp_rd_2);
POVP_For _exit (&onp_rd_2);

Table4: Dir ective Instrumentation for StommelCode.

abstracsyntaxtreewhichit theninstrumentsith countersandtimersto determineoverheadgor variousOpenMP
constructsandcodesggments.The natureof the OVALTINE performanceneasurementsuggestshatour OpenMP
performanceAPI could be applieddirectly to generatehe OpenMPeventsof interest,allowing to usea greater
rangeof performanceoolsfor theoverheadanalysis.

OMPtrace[5] is a dynamicinstrumentatiorpackageusedto traceOpenMPexecutionon SGl andIBM platforms.
It providesfor automaticcaptureof OpenMPruntimesystem(RTS) eventsby interceptingcallsto the RTS library.

Userfunctionscanalsobe instrumentedo generatdraceevents. The mainadvantageof OMPtraceis thatthereis
no needto re-compilethe OpenMPprogramfor performancanalysis.In essenceQMPtraceuseshe RTS interface
asthe performanceool interface,relying on interceptionat dynamiclink time for instrumentationUnfortunately
this approactrelieson OpenMPcompilertransformationshatturn OpenMPconstructsnto functioncalls,andon
dynamicsharedibrary operation.To bypassheseestrictionsthe OpenMPperformancénterfacewe proposecould
provide a suitabletargetfor the performanceracingpartof OMPtrace.A compatiblePomp library would needto
be developedto generateequivalentOMPtraceeventsand hardware counterdata. In this manney the Paraver [7]

tool for analysisandvisualizationof OMPtracedatacould be usedwithout modification.

The VGV tool combineghe OpenMPcompilertools (Guide,GuideMew) from KAI with the Vampir/Vampirtrace
tracingtoolsfrom Pallasfor OpenMPperformanceanalysisandvisualization.OpenMPinstrumentations provided

by the Guide compilerfor both profiling andtracing, and the Guide runtime systemhandlesrecordingof thread
events.Beingcompilerbasedthe monitoringof OpenMPperformanceanbe quite detailedandtightly integrated
in the executionervironment.However, thelack of anexternal AP preventsotherperformanceoolsfor observing
OpenMPexecutionevents. The performancenterfacewe proposedcould be appliedin the VGV contet in the

samemannerasabose. The PoMp callscould beimplementedn alibrary for VGV, mappingthe OpenMPactions
to Vampirstatetransitioncallsatappropriatgooints. Anotherapproachmightbeto havetheGuidecompilergenerate
the POMP instrumentationallowing otherPomMP-compatibleperformanceénterfacelibrariesto be used.

Lastly, the JOMP [3] systemis a source-to-sourceompiler that transformsOpenMP-lile directives for Java to
multi-threadJava statementshatimplementthe equivalentOpenMPparalleloperations.It hassimilaritiesto our
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Figure4: TAU Performance Profile of an OpenMP/MPI 2D Stommel Model of Ocean Cir culation Instru-
mentedwith OPARI

work in thatit supportgperformancenstrumentatiomspartof its directive transformatiorj8]. Thisinstrumentation
generatesventsfor analysisby Paraver[7]. In asimilar manneythe JOMPcompilercouldbe modifiedto generate
PomPp calls. In this case,sinceJOMP managests own threadsto implementparallelism,it may be necessaryo
implementruntimesupportfor POMP librariesto accesshreadinformation.

7 Conclusionand Future Work

This paperproposes portableperformancénterfacefor OpenMPto aidin theintegrationof performancéoolsinto
OpenMPprogrammingervironments. Definedasa library API, the interfaceexposesOpenMPexecutionevents
of interest(e.g.,sequentialparallel,andsynchronizatiorevents)for performancebsenation,andpasse©penMP
contet descriptordo inform the performancenterfacelibrary of region-specificinformation. BecauseOpenMP
usescompilerdirectives (pragmas)o expresssharedmemoryparallelism,our definition of the performanceool
API mustbe consistenwith the operationalsemanticf the directives. To shov how this is accomplishedwe
describehow the API is usedin rewriting OpenMPdirectivesin functionally equivalent,but source-instrumented
forms. The OPARI tool canperformthis OpenMPdirective rewriting automatically insertingPomp performance
callswhereappropriate.

The benefitsof the proposedperformancenterfaceare manifold. First, it providesa performanceAPI targetfor
source-to-sourcmstrumentatiortools (e.g., OPARI), allowing for instrumentedOpenMPcodesthat are portable
acrosompilersandmachineplatforms.Secondthe performancdibrary interfaceprovidesatargetfor tool devel-
opersto port performancaneasuremergystems.This enablesanultiple performanceoolsto be usedin OpenMP
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Figure5: TAU Performance Trace of StommelApplication

performancenalysis.We shov how this is accomplishedor EXPERT and TAU by implementingthe POMP calls.
Third, the API also offers a tamget for OpenMPcompilersto generatePoMP calls that can both accessnternal,
compilerspecificperformancdibraries and external performancepackages.Finally, if the OpenMPcommunity
couldadoptanOpenMPperformanceénterfacesuchastheonewe proposedit would significantlyimprovetheinte-
grationandcompatibility betweercompilersandperformanceools,and,perhapsnoreimportantly the portability
of performanceanalysigechniques.

In the future, we hopeto work with the OpenMPARB to promotethe definition for a performanceool API,
offeringour proposaherefor considerationWewill enhancéhe OPARI source-to-sourcestrumentatiompproach
with supportfor userfunction instrumentatiorusing PDT [12]. Other opportunitiesare also possiblewith the
integrationof the APl in OpenMPcompilersandthe useof otherperformanceaechnologiegor instrumentatiorand
measuremeniVe hopeto work with KAl andPallasto investigateheuseof our proposegerformanceool interface
in the KAP/Pro Guidecompilerwith Vampirtraceasthe basisfor the Pomp performancéibrary implementation.
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