To appear in the Proceedings of the 5th IEEE International Workshop on High-Level Parallel Program-
ming Models and Supportive Environments (HIPS), May 2000.

Pipelining Wavefront Computations:
Experiences and Performance*

E Christophelewis andLawrenceSryder

University of Washington
Departmenbf ComputerScienceandEngineering
Box 352350 Seattle WA 98195-2350JSA

{edris,snyde}@cs.washington.edu

Abstract. Wavefront computationsare commonin scientific applications.Al-
thoughit is well understoodow wavefrontsarepipelinedfor parallelexecution,
the questionremains:How arethey bestpresentedo the compilerfor the effec-
tive generatiorof pipelinedcode e addresshis questiorthrougha quantitatve
andqualitative study of threeapproaches$o expressingpipelining: programmer
implementediia messag@assingcompilerdiscoreredvia automatigoaralleliza-
tion, andprogrammedefinedvia explicit parallellanguageeaturesor pipelin-
ing. Thiswork is thefirstassessmeuf theefficacy of theseapproachem solving
wavefrontcomputationsandin the processwe reveal surprisingcharacteristics
of commercialcompilers We alsodemonstrat¢hata parallellanguage-teel so-
lution simplifiesdevelopmentandconsistentlyperformswell.

1 Introduction

Wavefront computationsare characterizedy a datadependenflow of computation
acrossa dataspaceasin Fig. 1. Wavefrontsare common,andthe scientific applica-
tionsin whichthey appeademandarallelexecution[9, 14]. Althoughthedependences
they containimply serialization,it is well known that wavefront computationsadmit
efficient, parallelimplementatiorvia pipelining [5, 15], i.e., processor®nly partially
computelocal databeforesendingdatato dependenheighborsThe questionof how
wavefrontcomputationsarebestpresentedo the compilerfor the effective generation
of pipelinedparallelcoderemainsopen.

In this paperwe addresshis questionin a studyof threeapproachefor expressing
wavefrontcomputationsprogrammerimplementedria messag@assingcompilerdis-
coveredvia automatigparallelizationandprogrammenrdefinedvia explicit parallellan-
guagefeaturedor pipelining. The generalparallelprogrammingmplicationsof these
approachesre well known, but not in the context of wavefront computationsThey
areall potentially efficient, but eachhasa downside.Messagepassingprogramming
requiresconsiderabléimeto develop,delug, andtune.Thebenefitsof automatigaral-
lelizationareonly realizedwhena programis written in termsthatthe compileris able
to parallelize.And high-level parallellanguage®nly benefitthosewho arewilling to
learnthem.We assesgheseissuedn thecontext of pipeliningwavefrontcomputations.
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doj =2, m doj =2, m

doi =2, n doi =2, n
a(i.j) = (a(i.j)+ a(i.j) = (a(i.j)+
a(i-1,j))/2.0 a(i,j-1))/2.0
enddo enddo
enddo enddo
(a) WF/1D/VERT (b) WF/1D/HOR
doj =2, m
doi =2, n
a(i,j) = (a(i.j)+
a(i-1,j))/2.0
enddo
doj =2, m enddo
doi =2, n doj =2 m
a(i,j) = (a(i,j)+ doi = 2,
a(i-1,j)+ a(i,j) = (a(i,j)+
a(i,j-1))/3.0 a(i,j-1))/2.0
enddo enddo
enddo enddo
(c) WF/2D (d) WF/1D/BOTH

Fig. 1. Wavefrontkernelcomputations.

We evaluatethe threeapproacheby developingeachof the four wavefrontkernels
in Fig. 1 ontwo dissimilarparallelmachinegIBM SP-2andCrayT3E). Thekernelsare
representatie of a large classof wavefronts(e.g., thosein SWEEP3D,SIMPLE, and
Tomcatv),andthey aresufficiently simplethatthey allow usto focuson thefirst order
implicationsof their parallelization We usethe MessagéPassinginterface(MPI) [12]
asanillustration of messaggassing High Performancerortran (HPF) [7]} of auto-
matic parallelization,andthe ZPL parallel programminglanguage{13] of language-
level representation.

Thiswork is thefirst quantitatve andqualitatve assessmertf developingparallel
wavefrontcomputationdy the threeapproached-urthermorewe comparethe devel-
opmentexperienceandperformancef theseapproachesia acommonsetof kernels.
The evidencewe gatherboth confirmswidely held beliefsabouttheserepresentations
and challengescorventionalwisdom. We find that a language-leel representatioris
bothsimpleto developandconsistenthefficient. In addition,our studyrevealssurpris-
ing characteristicef commerciaHPFcompilers.

This paperis organizedasfollows. The next sectiondescribeghe representations
thatwe consider Sect.3 relatesour experiencegparallelizingwavefrontcomputations,
andSect.4 presentperformancealatafor eachrepresentationThe final sectiongives
conclusions.

1 HPFis notstrictly anautomaticallyparallelizedanguagebut it lacksintrinsic or annotational
supportfor pipelining,relegatingpipeliningto anautomatigparallelization/optimizatiomask.



2 Representations: MPI, HPF, and ZPL

This sectionsummarizeshe threerepresentationse consider MPl andHPFarewell
known, sowe only addres<PL in ary detail.

Althoughoftenefficient, messaggassing—irthis caseMPl—programsarelabori-
ousto develop, for the programmemustmanageevery detail of parallelimplementa-
tion. Thisis illustratedby the 626 line kernelof the ASClI SWEEP3Dbenchmark1],
only 179 lines of which are fundamentato the computation.The remaindemanage
the complexities of implementingpipeliningvia messag@assing Furthermoreby ob-
scuringthetruelogic of a program,compleity hindersmaintenancandmodification.
Conceptuallysmallchangesnayresultin substantiallydifferentimplementations.

An HPFprogramis a sequentiaFortran77/90programannotatedy the program-
merto guidedatadistribution (via DI STRI BUTE) andparallelization(via | NDEPEN-
DENT) decisiong7]. The HPF standarddoesnot includeannotationdo identify com-
putationghatmaybe pipelined,but Guptaet al. indicatethatthe IBM xIHPF compiler
for the IBM SP-2automaticallyrecognizesand optimizesthem [6]. Someforms of
task-level pipeliningaresupportecoy HPF2,but no commerciakcompilerssupportthe
new standardFurthermorearepresentatioof this form would look morelike anMPI
code thussacrificingthe benefitsof HPF

ZPL is a data-parallearray programminganguagg13].? It supportsall the usual
scalardatatypes(e.g., i nt eger andf | oat ), operatorqe.g., mathandlogical), and
controlstructurege.g., i f andwhi | e). As anarraylanguageit alsooffersarraydata
typesandoperatorsZPL is distinguishedrom otherarraylanguagesy its useof re-
gions[3]. A region representsan index setand may precedea statementspecifying
theextentof the arrayreferencesvithin its dynamicscope For example thefollowing
Fortran90 (slice-basedandZPL (region-basedarraystatementareequivalent.

F90: a(n/2:n,n/2:n) = b(n/2:n,n/2:n) + c(n/2:n,n/2:n)
ZPL:[n/2..n,n/2..n] a =b + c;

Whenall arrayreferencesn a statementlo not referto exactly the samesetof in-
dices,arrayoperatorsaareappliedto individual referencesselectingelementfrom the
operandsaccordingto somefunction of the enclosingregion’s indices.ZPL provides
a numberof array operators(e.g., shifts, reductions,parallel prefix, broadcastsand
permutations)but this discussiorrequiresonly the shift operatoyrepresentetdy the @
symbol.lt shiftstheindicesof theenclosingegion by someoffsetvector, calledadirec-
tion, to determingheindicesof its algumentarraythatareinvolvedin thecomputation.
For example,the following ZPL statemenperformsa four point stencilcomputation.
Letthedirectionsnort h, sout h, west , andeast representheprogrammedefined
vectors(—1,0), (1,0), (0,—1), and(0,1), respectiely.

[1..n,1..n] a := (b@orth + b@outh + b@est + b@ast) / 4.0;

In a scalarlanguage wavefront computationsare implementedby loop neststhat
containnon-lexically forwardloop carriedtrue datadependencedraditionalarraylan-
guagesemanticslo notallow the programmeto expresssuchadependencatthearray

2 This ZPL summaryis suficient for this discussionDetailsappeain theliterature[13,4].



[2..m2..n] a := (ata’ @orth)/2.0; [2..m2..n] a:

(a+a’ @west)/2.0;

(@) (b)

(a+a’ @orth)/2.0;
(a+a’ @west)/2.0;

© (d)

[2..m2..n] a := (at+ta @est [2..m2..n] a:
+a’ @orth)/3.0; [2..m2..n] a:

Fig. 2. ZPL wavefrontkernelscorrespondingo thosein Fig. 1.

level,soZPL providestheprimeoperatoffor this purposePrimedarrayreferencesefer
to valueswritten in previousiterationsof the loop nestthatimplementst.® For exam-
ple,theZPL statementin Fig. 2 aresemanticallyequivalentto the correspondindoop
nestsin Fig 1. The prime operatorpermitsthe array-lesel representatiomf arbitrary
loop-carriedflow datadependencesut herewe only describéts usein wavefronts.
ZPL may further be distinguishedrom other parallellanguagesy its what-you-
see-is-what-you-ggWY SIWYG) performancemodel[2]. The languageshieldspro-
grammersfrom mostof the tediousdetailsof parallel programming,yet the parallel
implications of a code are readily apparentin the sourcetext. Naturally, the prime
operator—indicatingthatpipelinedparallelismis available—supportshis model[4].

3 Paralldization Experiences. MPI, HPF, and ZPL

In this sectionwe describeour experiencesvriting andtuningwavefrontcomputations.

31 MPI

A messagassingmplementatiorof pipeliningis conceptuallysimple,but it is sur
prisingly complex in practice.As an illustration, the WF/2D kernelis 40 lines long,
whichis largewhencomparedo the singleloop nestthatis representsn addition,its
development,dehugging,and performanceuning consumedhreehours,a long time
for suchatrivial computationNaturally, with messag@assingevenmoderatecompu-
tationswill beslow to developandlengthy

Furthermoredespitethe conceptuakimilarity betweenthe four kernels,the four
MPI implementationdiffer in significantways, suchas location of communication,
allocationof ghostcells,andindexing. The structureof eachcodeis closelytied to the
distribution of dataandthe dependencethatdefinethewavefront,sothereis little code
reusebetweenthe four implementationsin addition, we are facedwith the problem
of finding the besttile size (i.e., the granularity of the pipeline).In orderto contain
developmentime, we forgo a dynamicschemg10] in favor of directexperimentation
for eachkerneloneachmachine Naturally, theresultswill notextendto othermachines
anddifferentproblemsizes.

3 This discussiorexcludesthe mechanisnfor enlaging the scopeof the primedreference.



3.2 HPF

HPF programmersieednot manageper processodetailsandexplicit communication.
Neverthelessthey directthe compiler’s parallelizationvia annotationsHPF lacksan-
notationsto identify wavefrontcomputationssothe compileris solely responsibldor
recognizingandoptimizingthemfrom their scalamrepresentationf8, 11]. We consider
thePortlandGroup,Inc. PGHPFandIBM xIHPF compilersseparatelybelow.

PGHPF. The HPF compiler from PortlandGroup, Inc. (PGHPF)doesnot perform
pipelining. We determinethis by examiningthe intermediatamessagg@assing-ortran
codeproducedy the- M t n compilerflag. The performancealatawill confirmthis.

PGHPFstrictly obeys the | NDEPENDENT annotationsyedistrituting arraysbe-
fore and after loop nestsso that all the annotationspecifiedparallelismis exploited.
An implication of this is that parallel loops exploit parallelism—atthe costof data
redistribution—evenwhenthe userspecifieddatadistribution precludegarallelism.n
this way PGHPFextractssomeparallelismfrom two of the kernels—asve will seein
thenext section—Iuit it is not competitive with a pipelinedimplementation.

Anotherimplication of strictly respectingannotationss thatthey mustbe placed
very carefully If an | NDEPENDENT annotationis placed on the inner loop in
WF/1D/HOR thecompilerwill redistritutethearrayinsidethej loop,resultingin per
formancethreeordersof magnitudeworsethanthatof theloop nestin WF/1D/VERT.
The programmemay interchangehe two loops, makingthe outerloop | NDEPEN-
DENT, but theresultingarraytraversalwill have poorcacheperformance.

While the loop nestsin WF/1D/VERT, HOR, andBOTH canuseredistrikution to
exploit parallelism,thatin WF/2D cannot, for it containsdependenceé both dimen-
sions.Only pipeliningwill extractparallelismfrom this code We foundthatbecausé¢he
loop containsno | NDEPENDENT annotationsevery arrayelementreadis potentially
transmittedn theinnerloop. It appearshatonly the sourceanddestinatiorprocessors
of eachscalarcommunicatiorblock while the communicatiortakes place,thusother
processorarepermittedto computeahead|imited only by datadependenceghis re-
alizesa crudeform of fine grain pipeliningwhenarrayshapperto be traversedin the
right way. Despitethis, the inner loop communicationprevent this code from being
competitve with atrue pipelinedimplementation.

XLHPF. A publishedreportindicatesthat IBM xIHPF performspipelining [6]. The
compilerdoesnotprovide anoptionfor viewing theintermediateanessag@assingcode
andthe parallelizationsummaryexcludesthis information,so we experimentallycon-
firm thatthe compilerdoesindeedperformpipelining. Specifically we obsene thatan
HPFwavefrontcomputatiorhassinglenodeperformanceomparabldo theequivalent
Fortran77 programandthatit achievesspeedugpeyondthis for multiple processors.

Unlike PGHPE xIHPF only exploits parallelismon | NDEPENDENT loopsthatit-
erateover a distributed dimension.This fact andthe pipelining optimizationresultin
goodparallelperformancéor all of thekernels Despitethis, we find thatthe pipelining
optimizationfails on even modestlymorecomplex wavefront. For example,loopsthat
iteratefrom high to low indicesor containnon-perfectlynestedoopsarenot pipelined.
Certainly they could be.But thelessonis thatwhenoptimizing arbitrarycode,certain
case®ridiomsmayeasilybeoverlooked.Corversely alanguage-leel solutionmakes
explicit boththe semantiandperformancemplicationsof a computation.



33 ZPL

The ZPL representationsef the kernelsaretrivial to express(Fig. 2). It is apparento
boththeprogrammeandthe compilerhow parallelismmaybederivedfrom them,and
tuningwasunnecessary

4 Performance

We gatherperformancealataon two parallelmachinesa 272 processoCray T3E-900
(450MHz DEC Alpha 21164nodes)and 192 processoiBM SP-2(160MHz Power2
SuperChipnodes)We useanumberof compilersin thisevaluation:onthe T3E,we use
theCrayCF90Version3.2.0.1andPortlandGroup,Inc. PGHPFv2.4-4;ontheSP-2 we
uselBM xIf Fortranv4.1.0.6,BM xIHPFv1.4,IBM xlc v3.1.4.0andPGHPFv2.1.0n
both machinesve usethe University of Washingtonzc v1.15ZPL compiler[16]. All
compilersareusedwith the highestoptimizationlevel thatguaranteethe preseration
of semantics.

We studyfour differentrepresentations<C+MPI, ZPL, xIHPF, PGHPEThe C+MPI
codeis awell tunedpipelinedmessage-passimogram It representshe bestthatcan
beachiezedonthesemachineaisingthe C programmindanguageBecausehexIHPF
compileris only availableon the SP-2,we do not have resultsfor it onthe T3E.

For all theexperimentsthe a arrayis distributedacrossa dimensionthatgivesrise
to aloop carrieddependencée.g., thefirst dimensionn WF/1D/VERT) soasto isolate
theimpactof pipelining. Althoughit appearghatWF/1D/VERT andWF/1D/HORdo
not require pipelining (i.e., there exists a distribution that permits completeparallel
execution) thesekernelsmayappealin a contet thatrequiresa differentdistribution.

We find thatthe singleprocessoexecutiontimesfor C+MPI andZPL—whichgen-
eratesC code—arecomparabléo thatof a sequentiaC program.Similarly, onasingle
processagixIHPF andPGHPFmatchsequentiaFortran.Onthe T3E, sequentialC code
typically executesin twice the time of comparable-ortran codes,while on the SP-2
this ratio varieswith characterof the kernel. SuchdisparitiesbetweenC and Fortran
implementation®f the samecomputatiorarecommon.ln ary casethatsingleproces-
sorexecutiontimesmatchsequentialanguagegwithin eachlanguagelomain)indicate
obsenedscalingbehavior is relative to anefficientbaseline.

All the performancealatais summarizedy the graphsin Fig. 3. Thesegraphsde-
pict performancdi.e., inverseexecutiontime), so higherbarsindicatefasterexecution.
Furthermorethe performances scaledrelative to C+MPI. First, obsene thatthe ZPL
performance&eepspacewith thatof C+MPI. This indicatesthat ZPL is both perform-
ing aswell andscalingaswell asthehandcodedprogram At timestheZPL codeeven
surpasse€+MPI, becauseét performslow level optimizationsfor moreefficientarray
accessConsidethePGHPFperformancelt is competitve onasingleprocessofor the
WF/1D/VERT andWF/1D/BOTH kernels putit quickly trails off asthenumberof pro-
cessorsncreasesThisis becausePGHPFredistributesthe datato achieve parallelism,
whichdoesnotscale The SP-2exaggeratethis effect, becausés high communication
costsoutweighthebenefitof redistribution. Furthermorefor WF/1D/HORandWF/2D
significantcommunicatiorappearsn theinnerloop, resultingin abysmalperformance
(thebarsarenot evenvisible!).
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Fig. 3. Performancesummary Kernel namesare from Fig. 1. Note that all PGHPFbarsare
presentbut they arevery smallfor WF/1D/HORandWF/2D.

XIHPF is competitive with the C+MPI and ZPL, becausét performspipelining.
The singleprocessobarshighlight disparitiesin local computatiorperformanceZPL
performsconsiderablbetterthanary of the othersfor WF/1D/VERT. We hypothesize
thatthe dependencei this kernelthwart properarray accessoptimizationby the xl
optimizer (usedby both the Fortranand C compilers).The ZPL codedoesnot suffer
from this, becauséts compilergenerateslirect pointerreferencesatherthanusingC
arrays.Whenthe C+MPI codeis modifiedin this way, its performancematchesZPL.
Conversely ZPL is worsefor WF/1D/HOR.Again, we believe this is an optimization
issue WhentheZPL codeis modifiedto useC arraysratherthanpointermanipulation,
it matchedHPFE Thesummaryis thatwhenwe ignorethedifferenceghatarisefrom us-
ing C versugrortran,the C+MPI, xIHPF, andZPL kernelperformancerecomparable.
Neverthelessasstatedin the previous section,we found a numberof wavefrontsthat
eventhexlHPF compilerfailedto optimize.

5 Conclusion

We have evaluatedthe experienceand performanceof expressingwavefront compu-
tationshy threedifferentapproachesprogrammeimplementedvia messaggassing,
compilerdiscoveredvia automatigparallelizationandprogrammenrdefinedvia explicit
parallellanguagefeaturesfor pipelining. Our study revealsthat in developingwave-
fronts, eachapproachcan producean efficient solution, but at a cost. The message
passingodegook considerablyongerto developanddelugthantheotherapproaches.
TheHPFcodedid notreliably performwell. Althoughonecompilerproduceckfficient
code,the otherwasthreeordersof magnitudeworse.Even the bettercompilerfailed
to pipeline somevery simple casesWe find thatthe language-leel approactembod-



ied in ZPL simplifies programdevelopmentand resultsin good performancethat is
consistentlyachieved.
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