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Abstract

Hierarchicalalgorithmssuchasmultigrid applicationdorm animportantcornerstondor scientificcomputing.in
this study we take afirst steptoward evaluatingparallellanguagesupportfor hierarchicalpplicationdy comparing
implementation®of the NAS MG benchmarkin several parallel programminglanguages:Co-Array Fortran, High
Performancéortran,SingleAssignmentC, andZPL. We evaluateeachlanguagen termsof its portability, its perfor
mance andits ability to expressthe algorithmclearly andconcisely Experimentaplatformsincludethe Cray T3E,
IBM SR SGI Origin, SunEnterpriseé5500,anda high-performancé.inux cluster Our findingsindicatethatwhile
it is possibleto achieze goodportability, performanceandexpressienessmostlanguagesurrentlyfall shortin at
leastone of theseareas.We find a strongcorrelationbetweenexpressienessanda languages supportfor a global
view of computationandwe identify key factorsfor achieving portableperformancen multigrid applications.

1 Intr oduction

Hierarchicalalgorithmssuchasthe multigrid methodlie at the core of mary large-scalescientificcomputationg5,
4, 14). Thesealgorithmsacceleratehe solutionof large discreteproblemsby solving a coarseapproximatiorof the
original problemandthenrefining that solutionuntil it forms a sufficiently preciseanswerto the original problem.
Our long-termgoal in this work is to identify importantabstractionsand optimizationsfor parallellanguageghat
wish to supporta wide variety of hierarchicaltechniquesijncluding adaptivemeshrefinemen{AMR) [25] andthe
fastmultipolemethod(FMM) [16]. This studyconstitutesa first steptoward thatgoal by evaluatingthe supportthat
currentparallelprogrammindanguagesndcompilersoffer for the NAS MG benchmark.

ThoughNAS MG containssimplificationsthatmaynotreflecttheassumptionsf morecomplex multigrid solvers,
its authorsexplainthatthey “choseit for its portability andsimplicity, andexpectthata supercomputewhich canrunit
effectively will alsobeableto runmorecomplex multigrid problems™[3]. In this work, we adopta similar philosophy
assuminghatin orderto supportcomplex adaptie hierarchicaklgorithms,a parallellanguagemustfirst demonstrate
successvith simpler moreregularexamples.

To this end,we soughtoutimplementation®f NAS MG written in variousparallelprogramminganguagesnd
studiedthem on a numberof diverseparallel architectures.The languagesepresentedh this study are Co-Array
Fortran [28], High Performanced-ortran [21], Single AssignmentC [31], andZPL [6]. Thoughnot technicallya
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parallellanguage we also considerFortran 90+MPI [26] sinceMPI is currentlythe de facto standardor scientific
parallelprogramming Our parallelplatformsincludethe Cray T3E, SunEnterprise5500,SGI Origin, IBM SR anda
high-performancé.inux cluster

Eachimplementatiorof NAS MG wasevaluatedn termsof its performanceportability, andexpressvenessThe
evaluationof performancas obvioussinceit is oftenconsideredhe bottomline in parallelprogramming.Portability
constitutesanotherimportantfactordueto the wide variety of parallelarchitecturesn usetodayaswell asthe rate
atwhich their characteristicgvolve. In this study “expressveness’describeghe degreeto which alanguageallows
scientificprogrammerso expresgheiralgorithmsin astraightforvardmanner Thoughoftenunderratedn theparallel
computersciencecommunity expressvenesss essentiaif scientistswho are not well-versedin the intricaciesof
parallelprogrammingareto enjoy its benefits.Note thatwe form our evaluationusinga specificsetof compilersand
NAS MG implementationsandthereforemay fail to capturethe maximumpotentialof eachlanguage.With thisin
mind, we have taken painsto make our studyconsidereachlanguageasfairly aspossibleusingcurrenttechnology

This paperconstituteshe first cross-languagesross-platformstudy of a parallelmultigrid algorithm. Previous
studieshave typically concentratean the performanceof a single languageon a single platform[18, 29, 32]. As
such, this work shouldbe of interestto the supercomputinggommunity as a whole, suneying the state-of-the-art
in compiling andrunninga multigrid applicationusinga variety of languagesandarchitecturesIn addition,devel-
opersof parallellanguagesand compilerscan useour resultsto identify key featuresfor producingexpressve and
portablemultigrid applicationghat performwell. This paperalsopresentghe first publishedperformanceesultsof
theNAS MG benchmarkor the CAF andZPL parallelprogramminganguages.

This paperis organizedasfollows: In thenext sectionwe give anoverview of thelanguage®eingcomparedem-
phasizingtheir supportfor hierarchicabpplicationsin Section3 we give anintroductionto the NAS MG benchmark
aswell asa summaryof eachlanguages implementatiorof it. Sections4 and5 containour evaluationof theimple-
mentations’expressvenessperformanceandportability. In Section6 we summarizeelatedwork, andin Section7
we offer someconclusions.

2 TheLanguages

In this section,we give a brief introductionto the languageshatform the basisof our study: Fortran90+MPI, High
Performancd-ortran, Co-Array Fortran, Single AssignmentC, and ZPL. Inclusionin the study was basedon the
following criteria: eachlanguagehadto (1) supportparallelhierarchicalprogrammingn a reasonabldéorm; (2) be
currentlyavailable,in use,andsupportedand(3) bereadilyavailableto the public.

We give a brief introductionto the philosophyof eachlanguageandgive a concretesenseof whatthe language
entailsby shaving a simple parallelcomputationwrittenin it. We alsodescribeesachlanguages supportfor hierar-
chical arrays thefundamentatatastructureof multigrid computationsHierarchicalarraysarecomposeaf multiple
levels,eachof whichtypically hashalf asmary elementgperdimensionasthe previous.

This sectionalsomakesanimportantdistinctionbetweenwhethera languagesupportsa local or global view of
parallelcomputation.Local-viev languagesrethosethatrequireprogrammerso write a perprocessoSPMD code,
explicitly managingletailsof communicatioranddatadistribution. In contrastglobal-viev languagesllow program-
mersto expresgheircomputationglobally, relyingonthecompilerto handlethedetailsof its parallelimplementation.
A brief summaryof thelanguageslescribedn this sectionis givenin Table1.



| Languaye || Programmerview | Datadistribution | Communication| Platforms |

F90+MPI local manual manual most
HPF global directive-based invisible most
CAF local manual manual++ CrayT3E
SAC global automatic invisible Linux/SolarisSMPs
ZPL global stipulated visible most

Table1l: A summaryof the parallelcharacteristic®f the languagesn this study Programmerview indicateswhetherthe pro-

grammercodesat the local perprocessotevel or with a global view. Data distribution indicateswhetherprogrammerspecify
andmanagedatadistribution manually provide the compilerwith suggestionsia directives,rely on thecompilerto automatically
managethe distribution, or stipulatea distribution for the runtimeto manage.Communicatiorindicateswhethercommunication
andsynchronizatiorareperformednanuallyby theprogrammepor, whenmanagedy thecompiler whetheiit is visible or invisible

to the programmeatthe sourceevel (“manual++”indicateghatthelanguageaidsthe programmesignificantly). Thelastcolumn

indicatesthe hardwareplatformson which eachlanguagés supported.

2.1 Fortran 90+MPI

Thoughnot strictly a language programmingin Fortran 90 (or C) using the MessagePassinginterface (MPI) li-
brary [26] mustbe mentionedas a viable approachto hierarchicalprogrammingdueto the factthat it remainsthe
mostprevalentapproacho parallelcomputing. MPI wasdesignedo be a completelyportablemessage-passirg
brary, supportingvarioustypesof blockingandnon-blockingsendsandreceves. It hasbeenwidely supportedacross
diverseparallelarchitecturesndhasa well-definedinterfacethatforms a solid foundationon which to build parallel
applications.

The chief disadantageto programmingusingMPI is that programmersnustexplicitly manageall the detailsof
their parallelcomputationssincethey arewriting local-vien codethatwill berun on eachprocessarlin spiteof this
programmeieffort, MPI's availability, stability, and portability have causedt to enjoy widespreadise. MPI is often
consideredhe“portableassemblyanguage’of parallelcomputing,sinceit providesa portablemeansfor expressing
parallelcomputationalbeitin anoftenpainstakinglow-level, errorpronemanner

As a sampleFortran 90+MPI (F90+MPI) computation,considerthe following code, designedto replaceeach
interior elementof a 1000-elementectorb with the sumof its neighboringelementsn vectora:

call MPI_COMM_SIZEMPI_COMM_WORLDnprocs , ierr )
cal | MPI_COMM_RANKPI_COMM_WORLDindex , ierr )
vals_per_proc = (1000/ nprocs )+2

real a(vals_per _proc ), b(vals_per_proc )

if (index < nprocs -1) then

cal | MPI_SENLK a(vals_per_proc -1), 1, MPI_REAL index +1, 1, MPI_COMM_WORLDerr)
end
if (index > 0) then

call MPI_SENQa(2), 1, MPI_REAL index -1, 2, MPI_COMM_WORLDerr )
end
if (index > 0) then

call MPI_REC\Ya(l), 1, MPI_REAL index -1,
end
if (index < nprocs -1) then

cal | MPI_RECV\ a(vals_per_proc ), 1, MPI_REAL index +1, 2, MPI_COMM_WORLDerr )
end
b(2: vals_per_proc -1) = a(l:vals_per_proc -2) + a(3:vals_per_proc )

[EnY

, MPI_COMM_WORLDierr )



This codebegins by queryingMPI to determinethe numberof processordeingusedandthe uniqueindex of this

instantiationof the program.It thencomputeghe numberof valuesthat shouldbe storedon eachprocessaradding
two additionalelementgo storeboundarwaluesfrom neighboringorocessorsiNext it declaregwo vectorsof floating

pointvalues eachwith theappropriatenumberof valuesfor a singleprocessarThenext four conditionalgperformthe

appropriateMPI callsto make eachprocessoexchangeboundaryalueswith its neighbors.Finally the computation
itself canbe performedasa completelylocal operation.Note that this codeassumeshat nprocs  will divide 1000
evenly andfails to checkthe MPI callsfor error codes.Taking careof theseproblemswould resultin a larger, even

moregenerakode.

It shouldbe notedthat this simple parallel computationis brimming with detailsthat managedatadistribution,
boundarycasesandthe MPI interfaceitself. Handlingthesedetailscorrectlyin a larger programis a significant
distractionfor scientific programmersvho are primarily interestedin developing and expressingtheir algorithms
(assuminghey have the expertiseto write acorrectMPI programin thefirst place).Thisis the primarymotivationfor
developinghigherlevel approachet parallelprogrammingsuchasthelanguageslescribedn thefollowing sections.

While Fortran 90 hasno implicit supportfor hierarchicalarrays,the fact that programmersare writing at the
local-view allows themto createand manipulateparallel hierarchicalarraysmanually They simply musttake care
of managingall the relateddetails. In the F90+MPI versionof NAS MG, the implementorsaccomplishedhis by
allocatinga 1D arrayperhierarchicabrraywith enoughmemoryto storeall the elementsn the hierarchy A subrange
of thearraycanthenbe sentinto thekernelroutineswhichinterpretit asa 3D arrayof the appropriatesize.

2.2 High Performance Fortran

High Performancé-ortran(HPF)[21, 38] is anextensionto Fortran90 whichwasdevelopedby the High Performance
Fortran Forum, a coalition of academicand industrial experts. HPF's approachis to supportparallel computation
throughthe use of programmeiinsertedcompiler directives Thesedirectives allow usersto give hints for array
distribution and alignment,loop scheduling,and other detailsrelevant to parallel computation. The hopeis that
with a minimal amountof effort, programmerganmodify existing Fortrancodesby insertingdirectivesthatwould
allow HPF compilersto generatean efficient parallelimplementatiorof the program.HPF supportsa global view of
computatiorin thesourcecode managingarallelimplementatiordetailssuchasarraydistribution andinterprocessor
communicatiorin amannetthatis invisible to the userwithout the useof compilerfeedbackor analysistools.
As asampleparallelHPFcomputationconsiderthe programfrom the previous sectionwrittenin HPF:
REAL a(1000),  b(1000)

| HPF$ DI STRI BUTE a( BLOCK)
IHPF$ ALIGN b() W TH a()

b(2:999) = a(1:998) + a(3:1000)

This codestartsby declaringtwo 1000-elemenvectorsof floating point values. It then suggestghat vectora be
distributedacrosshe processorén a blockedfashionandthatvectorb be alignedwith a suchthatidenticalindices
areallocatedon the sameprocessarThe computationtself is thenspecifiedusinga traditional Fortran90 statement.
The compileris responsibldor taking careof thedetailsof distributinga andb aswell asinsertingtheinterprocessor
communicatiorrequiredto exchangeelementsf a at processoboundaries Although this senesasa very concise
representationf our parallelcomputationtheprimarydisadwantages thatthe HPF specificatiormakesno guarantees
asto how our directiveswill beinterpretedandimplemented.Although this exampleis simple enoughthatwe can



be reasonablyconfidentthat our intentionswill be carried out, more complicatedprogramscan suffer significant
performancelegradationfrom one compileror architectureto the next asa resultof their differing implementation
choicedq27].

HPF hasno specificsupportfor hierarchicalarraysapartfrom Fortran90’s arraylanguageconcepts.Oneconse-
guenceof thisis thatin orderto specifya hierarchicalrrayatthe globalview suchthatonemayiterateoverits levels
andparallelizeit effectively, anarrayof pointersto dynamicallyallocatedarraysmustbe used[18]. Althoughthisis
possiblein Fortran90, it is not currently supportedby all HPF compilers,forcing usersto resortto allocatinga 4D
arrayin which the additionaldimensionrepresentshe levels of the hierarchy[18]. This hasthe effect of allocatinga
numberof elementsat eachlevel equalto thatof thefinest— anextremelywastefulapproactat best.

2.3 Co-Array Fortran

Developedat Cray ResearchCo-Array Fortran (CAF) [28] is anotherextensionto Fortran 90 designedor parallel
computing. However, unlike HPF, CAF requiresusersto programat the local view, writing codethatwill execute
on eachprocessar To expresscooperatie parallelcomputation,CAF introducesthe notion of a co-array. This is

simply a variablewith a specialarraydimensionin which eachelementcorresponds$o a single processos copy of

thatvariable. Thus,indexing a variablein its co-arraydimensionspecifiesa referenceo dataon a remoteprocessar
This senesasa conciserepresentationf interprocessocommunicationwhich is simpleandelegant, yet extremely
powerful. CAF alsoprovidesa numberof synchronizatioroperationsvhich areusedto keepa consistenglobalview

of the problem. As with HPF, thereis somehopethat an existing sequentiaFortran code canbe corvertedinto a
parallel CAF codewith aminimal amountof work.

Our samplecomputationwould appeain CAF asfollows:

nprocs = num_images ()

index = this_image ()

vals_per_proc = (1000/ nprocs )+2

real : a(vals_per_proc )[nprocs ], b(vals_per_proc )[nprocs ]

call sync_all
if (index > 1) then
a(l) = a(vals_per_proc  -1)[ index-1]
end
if (index < nprocs ) then
a(vals_per_proc ) = a(2)[index +1]
end
b(2: vals_per_proc -1) = a(l:vals_per_proc -2) + a(3:vals_per_proc )
Thiscodeis similarto our F90+MPlexampledueto thefactthatbothareFortran-basetbcal views of thecomputation.
It begins by queryingthe numberof available processorsgueryingthe uniqueindex of this instantiation,and then
computingthe numberof valuesthat shouldbe storedon eachprocessar Next it declaresgwo co-arrayvectors,a
andb, eachof which hasthe appropriatenumberof valueson every processarNext we performasync _all  which
senesas a barrierto make surethat the subsequentommunicationstepsdo not begin until every processohas
finishedupdatinga (cheapersynchronizatiommight also be used,but is lessconcisefor an examplesuchasthis).
The subsequentonditionalscauseeachprocessoito updateits boundaryvalueswith the appropriatevaluesfrom

its neighboringprocessorsNote that unlike F90+MPI, this communicatioris one-sidedbeinginitiated only by the



remotedatareferenceFinally the computationtself canbe performedasa completelylocal operation.

While CAF’s local view hasthe disadwantageof forcing the userto specify datatransfermanually the syntax
is conciseandclear saving muchof the headacheassociateavith MPI. Furthermoreco-arrayreferencesvithin the
codesene asvisualindicatorsof wherecommunicatioris required.Notethat,asin the F90+MPlexample,this code
assumeshat nprocs dividesthe global problemsize evenly. If this wasnot the case,the codewould have to be
written in a moregeneralstyle. As in F90+MPI, CAF’s local-view allows programmergo createand managetheir
parallelhierarchicalrraysmanually

2.4 SingleAssignmentC

Single AssignmentC (SAC) is a functionalvariationof ANSI C developedat the University of Kiel [31]. Its exten-
sionsto C provide multidimensionabrrays APL-lik e operatorgor dynamicallyqueryingarraypropertiesforall-style
statementshatconciselyexpresswhole-arrayoperationsandfunctionalsemanticsThe SAC compilerbenefitsfrom
thereduceddatadependencesherentin its functionalsemanticslt alsoaggressiely performsinlining andloop un-
rolling to minimizethe numberof temporaryarraysthatwould berequiredby a naiveimplementationSAC programs
supportaglobalview of arraycomputatiorandtendto beconciseandcleanalgorithmicspecificationsSAC currently
runsonly on shared-memorynachines so issuessuchas array distribution and interprocessocommunicatiorare
invisible to the programmemrndperhapsomeavhatlessof anissuethanthe otherlanguagesliscussedhere.
Our samplecomputationwould take thefollowing form in SAC:

a=wth (0] <= x <= [999])
genar r ay([1000], (float)(...);
b =with (1] <= x <= [998])

modarray(a, X, a[x -[1]] + a[x+[1]]);

Thefirst statemengenerates new arrayof floating pointvalueswith indices0—999whosevaluesareinitialized by an
arbitraryscalarexpressiorn(omittedhere).This new arrayof valuess assignedo a usingawith-loopthatiteratesover
indices0—999. Note that declarationsareautomatidn SAC — a’s sizeis inferredfrom the with-loop while its type
is inferredfrom the expressiorprovidedwith genarray . The secondstatementreatesa modifiedversionof vector
a in which eachelementin therangel1—-998is replacedbvy the sumof its neighboringvalues.This is againachieved
usingawith-loop, assigningheresultto b. The SAC compilerutilizesa numberof worker threadqspecifiedby the
useron thecommandine) to implementeachwith-loop, resultingin parallelexecution.

SAC'’s functional naturemalkesit naturalto expresshierarchicalapplicationsusing a recursve approach. This
allows programmerso implementeachlevel of a hierarchalarrayusinglocal arrayswhosedimensionsare eachhalf
asbig asthe incoming arrays. While this approachs naturalfor multigrid solverslike the NAS MG benchmark,
it shouldbe notedthatit is insufficient for techniquedike Adaptive Mesh Refinemenf{AMR) in which the coarse
approximatiorgrids oftenneedto be preseredfrom oneiterationto the next.

25 ZPL

ZPL is a parallel programminglanguagedevelopedat the University of Washington[6]. It wasdesignedrom first
principlesratherthanby extendingor modifying anexistinglanguagéasedntheassumptiorthattraditionalsequen-
tial applicationsandoperationcannoteffortlesslybe transformednto an efficient parallelform. ZPL's fundamental



conceptis theregion, a userdefinedindex setthatis usedto declareparallelarraysandto specifyconcurrenexecu-
tion of arrayoperationsZPL providesa globalview of computationyet hasa syntax-basegerformancenodelthat
indicateswhereinterprocessocommunications required,aswell asthetype of communicatiorthatis needed7].
In ZPL, our samplecomputatiorwould be expresseasfollows:
region R = [1..1000];

Int = [2..999];
var ABIR ] float;

nt ] B:= A@L + AQL;

Thefirst two linesdeclarea pair of regions— R, which formsthebaseproblemsizeof 1000indices,andInt , which
describegheinterior indices.In thenext line, Ris usedto declaretwo 1000-elementectorsof floating point values,
A andB. Thefinal statements prefixed by region Int , indicatingthatthe arrayassignmenandadditionshouldbe
performedover theindices2—999. The @-opeator is usedto shift thetwo reference$o A by —1 and1 respectiely,
therebyreferringto neighboringvalues.ZPL's performancenodeltells the userthattheseusesof the @ operatomwill
requirepoint-to-pointcommunicatiorto implementyetthe compilermanagesll of the detailson theusers behalf.

Hierarchicalrrayscanbeexpressedn ZPL usingits concepbf multi-regions Theseareregionswhoseindicescan
be parameterizetb yield a seriesof relatedindex sets.For example,thefollowing line declaresa setof increasingly
smallregions:

region MR{0.. k} = [1+{} .. 1000-{}];

Thisdeclaratiorcreatek+1 regions,eachof which hasits upperandlowerboundsadjustedy its index. In thisexam-
ple, MR 0} is equivalentto theregion Rabore, MR 1} is equivalentto Int , andMR 5} would represenf6..995]
ZPL programmersanusemulti-regionsto createhierarchicalarrayssimply by adjustinga region’s stride or upper
boundby powersof two. For example thefollowing declarationgreatetwo setsof hierarchicaregionsandarrays:
regi on HierRegl {0.. num_levels } = [1..1000] by [2°{(]; -- strides of 1, 2, 4, etc.
HierReg2 {0.. num_levels } = [1..1000/(2"{})]; -~ [1..1000], [1..500], etc.
var HierArrl {}:[ HierRegl {}] fl oat;
HierArr2 {}:[ HierReg2 {}] fl oat;
Althoughbothof theseapproachearelegalandeachresultsin a hierarchicabkrraywith thesamenumberof elements,
ZPLs performancemodelindicatesthatthefirst approachs likely to resultin betterload balancingandsignificantly
lesscommunicationmakingit preferable For furtherdetailson multi-regions,referto [9, 33].

3 The NAS MG Benchmark

Version2 of the NAS ParallelBenchmarkNPB) suite[1] wasdesignedo evaluatethe performanceof parallelcom-
putersusinghand-codedr90+MPlimplementationsf theversionl benchmarksEachbenchmarlcontainsa compu-
tationthatrepresentthekernelof arealisticscientificcomputation TheMG benchmarkusesamultigrid computation
to obtainan approximatesolutionto a scalarPoissonproblemon a discrete3D grid with periodicboundarycondi-
tions. Theprevalenceof theNAS MG benchmarknakesit anidealapplicationfor ourinitial studyof parallellanguage
supportfor hierarchicalapplications.

The bulk of thework in MG is donein four routines,eachof which is implementedusingone or more 27-point
stencils. Two of thesestencils— resid and psirnv — operateat a single level of the hierarchy whereasthe other



| Class || ProblemSize] Iterations |

A 2563 4
B 256° 20
C 5123 20

Table2: Characteristicef the threeproductiongradeclasseof the MG benchmark ProblemSizegivesthe numberof elements
atthefinestlevel of the hierarchy Iterationsindicatesthe numberof timesthatthe hierarchyis traversed.

two — interp andrprj3 — interpolateand project betweenadjacentlevels of the hierarchy respectiely. Parallel
implementation®f thesestencilsrequirepoint-to-pointcommunicatiorto updateevery processos boundaryvalues
for eachdimensiorthatis distributed. Notethatthis communicatiormay be with more*“distant” processorst coarser
levels of the hierarchy In addition,the benchmarkequiresperiodicboundaryconditionsto be maintained andfor
globalreductiongo be performedover thefinestgrid.

Therearefive classeof MG, eachof which is characterizedby the numberof elementdn its finestgrid andthe
numberof iterationsto be performed.Two of the classes— S andW — aredesignedor developinganddelugging
MG, andarethereforenot consideredn this study The otherthreeclasses— A, B, andC — areproductiongrade
problemsizesandtheir definingparameteraresummarizedn Table2. NotethatA andB usethe sameproblemsize,
but a differentnumberof iterations.

3.1 Finding Implementations

We requiredtwo thingswhile searchingor candidatamplementation®f NAS MG. The first was motivatedby the
emphasisn NPB version2 on portability ratherthan algorithmic clevernesg1]. In particulay we requiredeach
implementatiorto follow the spirit of the NAS implementatiorascloselyasthe sourcdanguageandcompilerwould
allow. For example, animplementatiorcouldnotusea sparserrayto storethetwentynonzerovaluesin then x n x n
inputarray asthiswould constitutearadicaldeparturdrom the original algorithm.However, it couldcertainlychange
loop nestiterationorders,strive to minimize communicationgtc. All of theimplementationsisedin this studymet
this requirementvithout modification.

Our secondrequirementasthat eachbenchmarks programmeibe familiar with the languageand compilerin
qguestion. Our goal was to ensurethat our own ignoranceof a languageor compiler would not adwersely affect
thatlanguages evaluation. This requirementvas easyto meetdueto the widespreadstudy of NAS MG: all of the
implementationsgn this studywerecodedby thelanguages developmenteamwith the exceptionof the HPFversion
whichwaswritten at NAS.

As in ary programmingcontext, thereis a potentialtensionbetweerexpressvenessandperformanceln general,
the implementorsstrove to optimize for performancewithout unduly compromisingexpressveness. For example,
the FO0+MPlimplementatiorof NAS MG oftenrelieson Fortran 77 loops andindexing ratherthanthe equivalent
(and arguably more expressve) Fortran 90 array statements.This decisionwas motivatedby the desireto ensure
that the crucial stencil codewould be implementedefficiently ratherthan relying on eachplatform’s compilerto
getit right [37, 1]. Our efforts to make the codemore expressve usingarray statementgrovedto adwerselyaffect
performanceasanticipatedby the codes authors.

Sincetheresultsin Sections4 and5 evaluatespecificimplementation®f NAS MG on a specificsetof compilers,
they may not necessarilyeflectthe maximumpotentialof eachcompileror language(in truth, onewould be hard-
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Figurel: A 2D illustrationof the stenciloptimizationhand-codedn the Fortranversionsof NAS MG. (a) Adjacentapplications
of the stencil. Note thatthe sumof the rightmosttop andbottomvaluesin thefirst applicationarere-usedn the secondandthird.
(b) To take adwantageof this, a vectorof sumsis pre-computed(c) To computethe stencil,the sumvaluesareweightedandadded
to theweightedvaluesfrom the middlerow. Notethatthe benefitsfor 3D stencilsareevengreater

pressedo designan experimentthat would). However, our methodologystrives to ensurethat while one might
conceve of a fasteror more expressve implementationpur implementationgepresenteasonablexamplesof how
aknowledgeableperformance-mindedrogrammemightimplementa specificmultigrid algorithmin eachlanguage
usingcurrentcompilertechnology

3.2 The NAS MG Implementations

In this section,we give a brief descriptionof eachimplementationemphasizingvaysin which it differs from the
original NAS version.

F90+MPI The FOO+MPI codethat we useis the NAS implementationyersion2.3. It senesasthe baselinefor
this study It shouldbe mentionedhatthisimplementatiorutilizesa clever hand-optimizatiorin eachof the 27-point
stencils. The optimizationcomputessubexpressionghat are reusedn adjacentapplicationsof a stencilandcaches
themto minimize redundant~LOPs(Figure 1). This significantly improves performanceat the costof obscuring
the sourcecodes intent (andit was a wise decision: we found that currentFortran compilersdo not performthis
transformationwhenthe stencilsarewritten in a naive manney causinga performancedegradationof up to 17%or
more).

HPF The HPF implementationis obtainedfrom NASA Ames[18] and stemsfrom an effort to implementall of
the NAS benchmarkdn HPFE PGl identifiesthis implementationas the best-knevn publicly-available version of
NAS MG for theircompiler[30], which senesasthe HPF compilerin our experiments. Thisimplementatiorfollows
the F90+MPlimplementatiorof MG very closelywith one major exception: asalludedto in Section2, the authors
hadto representheir hierarchicalarraysusing4D arraysin orderto achieve a concise flexible parallelimplementa-
tion[18, 19]. Thisrequiresextensive useof HPF's HOMHlirectivein orderto alignthearraysin a distributedandload

1We regretthat otherHPF compilersarenot representeh this study We hada difficult time obtainingversionsof otherHPF compilersmuch
lessonesthatsupportedanimplementatiorof NAS MG. We welcomeary implementationshatthe reademightbring to our attention.



# Processos | ProblemSize Data ContainsStencil
Languae Author unbound? unbound? | Distribution Optimization
F90+MPI NAS no (2%) no (2%) 3D blocked yes
HPF NAS yes no 1D blocked? yes
CAF || CAFgroup no (2%) no (2%) 3D blocked yes
SAC || SAC group yes yes (2%) 1D blocked no
ZPL || ZPL group yes yes 3D blocked no

Table3: Summaryof the MG implementationsisedin this study Author indicatesthe origin of the code. The next two columns
indicatewhetherthe numberof processorand/orproblemsize canbe specifiedat runtime ratherthanfixed at compile-time. If
theimplementatioralsoconstrainghe numberof processorsr problemsizeto be a power of two, thisis indicatedin parenthesis.
Data distributionindicatestheway in which arraysaredistributedacrossprocessorsThe lastcolumnindicateswhetheror notthe
implementatiorincludesthe hand-codedtenciloptimizationdescribedn Section3.2

balancednanner Otherthanthis issue theimplementatioris extremelytrueto the F90+MPIversionandincludesits
hand-codedtenciloptimizations.Futurework shouldconsidethow these4D arraysmight be avoidedin otherHPF
compilerg[20, 2] or usingHPF extensiondor sparseor irregularproblemg22, 35].

CAF The CAF implementationwaswritten usingthe FO0+MPIlimplementatiorasa startingpoint. Sinceboth of
theselanguagesuse a local perprocessowiew and Fortran 90 as their baselanguage the implementationsimply
involved removing the MPI calls andreplacingthemwith the equivalentco-arraysyntax. Although solutionsmore
tailoredto CAF could be imagined,this implementationis astrue to the original F90+MPIlimplementatiorasone
couldimagineandwasa fairly trivial portfor its authors.

SAC The SAC implementatiorof MG comesas part of the SAC distribution [36] andforms the mostradicalde-
parturefrom the NAS F90+MPIlimplementation.This is primarily dueto the decisionto userecursionto express
hierarchiesasdiscussedn the previous section. This differs from the NAS implementatiors iterative approachn
which the hierarchicalarraysare allocatedat the outsetof the programandreusedhereafter In spite of this differ-
ence,we usedthe official SAC implementatiorof MG ratherthanimplementingan iterative solutionfor fearthata
shift in paradigmwould neitherbe in the spirit of SAC nor in its bestinterestgperformance-wiseThe NAS stencil
optimizationcould not be cleanlyhand-codedn SAC without disablingotheressentiabptimizations,soall stencils
areexpressedn their directbut redundantorm.

ZPL TheZPL implementatiorof MG waswritten by mimicking the F90+MPlimplementatiorascarefully aspos-
sible. The hierarchicalarrays,proceduralorganization,and computationsall follow the original scheme.The main
differences thatthe stenciloptimizationcould not easilybe hand-codedn ZPL without wastinga significantamount
of memory Thereforethe moredirectbut redundanmeansf expressinghe stencilswasused.

Table 3 summarizeghe versionsof the benchmarkthat we usedfor our experiments. Includedin this tableis
information aboutwhethereachimplementatiorfixes or constrainsthe problemsize and/ornumberof processors
at compile-time. While a completelydynamically-specifiedMG could be written in eachlanguagedoing so could
adwerselyaffectexpressvenesand/omperformancdy makingthecodemoregenerabndproviding lessinformationto

2Theimplementordoundthatdistributing morethanonedimensiorhurt performancén HPF, sochoseto distribute just one[18].
3Thoughthe problemsizemay be specifieddynamically the codeis written suchthatonly a few problemsizesarepossible.
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MG Line Counts

1200

1000 Ocommunication |—
W declarations
800 +—| 669 Ocomputation |
587

600 +—

200 +—
H 39 ﬂ

0

F90+MPI CAF HPF SAC ZPL

Language

Productive Lines of Code

Figure 2: An indication of the numberof useful lines of codein eachimplementationof MG. Communicatiorindicatesthe
numberof lines devotedto communicatiorandsynchronization Declarationsindicatescodeusedto declarevariablesconstants,
andidentifiers.Computatiorindicateshe numberof linesusedto expresshecomputatioritself. Notethatthelocal-vien languages
require2—8timesasmary linesof code,dueprimarily to thefactthatprogrammersnustexplicitly managecommunication.

thecompiler For example the F90+MPlimplementatiorusedts knowledgeof thenumberof processorandproblem
sizeto allocateits hierarchicalrraysstatically Similarly, by constraininghe problemsizesin SAC, inlining andloop
unrolling optimizationsareenabled The point hereis notto arguewhetheror not suchconstraintsarereasonablejut
ratherto highlight thatthe more dynamicimplementationstartwith a slight disadwantage.The tablealsoindicates
the datadistribution usedby eachimplementationThe currentdistribution of SAC alwaysusesa 1D decomposition.
For all otherlanguagesthe distribution wasspecifiedby the programmer

4 Evaluation of Expressveness

To evaluatethe expressvenesof the MG implementationswe performboth quantitatve andqualitatve analysis.In
the quantitatve stage,we classify the lines of eachbenchmarkas one of four types: declamtions communication
non-essentialand computation Declarationsncludeall lines of codethat are usedfor the declarationof variables,
constantsandotheridentifiers.Communicatiodinesarethosethatareusedfor synchronizatioror interprocessodata
transfer Coderelatedto commentsjnitialization, timings, andl/O are considerechon-essentiaand excludedfrom
theanalysis.The remaininglines of codeform thetimed, computationakernelof the benchmarkandareconsidered
computation. Becausdinecountswill vary somevhat dueto a programmers style, we usethesefiguresonly asa
coarsendicatorof expressveness.

Figure 2 givesa summaryof the quantitatie classification,shaving the numberof essentialines of codeand
how they breakdown into our taxonomy The mostimmediateobsenation is that languagewith a local view of
computatiorrequire2 to 8 timesasmary linesof codeasthoseproviding aglobalview, andthatthe majority of these
lines implementcommunication.Inspectionof this communicatiorrevealsthatit is not only lengthy but alsoquite
intricate in orderto handlethe exceptionalcaseshat are requiredto maintaina processos local boundaryvalues
in threedimensionsat all levels of the hierarchy The differencein communicationcountsbetweenF90+MPIand
CAF stemsfrom MPI’s built-in supportfor collective communicatiorroutinessuchasbroadcastsieductionsgtc. In
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1 extrinsic (HPF) subroutine rpri3 (r,mlkm2k ,m3k,s,
1 subroutine rpri3 ( rmilk ,m2k,m3k,s, miljm2jm3j k ) 2 > mljm2j, m3jk)
2 inmplicit none 3
3 i ncl ude 'mpinpb .h’ 4 inplicit none
4 i ncl ude ’'globals .h' 5 i ncl ude ' globals.h’
5 6 incl ude ' rprj3.h’
6 integer milk, m2k, m3k, mij, m2j, m3jk 7 integer j3, j2, j1, i3, i2, i1, d1, d2, d3, j
7 doubl e precision r(mlk, m2km3k), s(miljm2jm3j ) 8 doubl e precision x1(m), yl(m), x2y2
8 integer j3, j2, j1, i3, i2, i1, di, d2, d3, j 9 doubl e precision wo00(m1j,m2j, m3j), w100(mlj,m2jm3j ),
9 doubl e precision x1(m), yl(m), x2, y2 10 > w010(mij,m2j, m3j), w110(mij,m2jm3j ),
10 11 > w001(mij,m2j, m3j), w101(mij,m2jm3j ),
11 i f(mlk.eq.3) then 12 > wO01ll(mij,m2j, m3j), w1ll(mljm2jm3j )
12 di =2 13
13 el se 14 thpf$  align  wo000(i1,i2, i3) with r(2* i1,2*2,2* i3)
14 d1 =1 15  thpf$ align w100(il,i2, i3) with r(2* i1-12%2 ,2*3)
15 endi f 16 'hpf$ align w010(ili2, i3) with r(2* i1,2%2-1,2¢  i3)
16 17 thpf$ align w110(il,i2, i3) with r(2* i1-1,2%2  -1,2%3)
17 C TWOCONDITIONALS OF SIMILAR FORMDELETED TO SAVE SPACE 18 I'hpf$ align  w001(i1,i2, i3) with r(2* i1,2%2,2* i3-1)
18 19 thpf$ align w101(il,i2, i3) with r(2* i1-12%2 2%3-1)
19 do j3=2,m3j-1 20 'hpf$ align wOll(ili2, i3) with r(2* i1,2%2-1,2¢  i3-1)
20 i3 = 23- d3 21 thpf$ align wlll(ili2, i3) with r2* i1-1,2%2  -1,2%3-1)
21 do j2=2,m2j -1 22
22 i2 = 2*j2-d2 23 i f(mlk.eq .3) then
23 24 d1 =2
24 do j1=2, mij 25 el se
25 i1 = 2%1-d1 26 di =1
26 X101 -1) = r(il -1,i2-1,i3 )+ ri1-1,  i2+1,i3 y 27 endi f
27 > + (il -1i2, i3-1) 4 r(il-1, 2, i3+1) 28
28 yil(l -1) = r(il -1,i2-1,i3-1) + r(i1-1,  i2-1,i3+1) 29 C TWOCONDITIONALS OF A SIMILAR FORMDELETED TO SAVE SPACE
29 > + (il -1,i2+1,i3-1) + r(i1-1,  i2+1,i3+1) 30
30 enddo 31 ''hpf $ i ndependent, on home(w000(i1,i2 ,i3))
31 32 do i3 =1,m3j-1
32 do j1=2, milj-1 33 ' hpf $ i ndependent
33 il = 2%1-d1 34 do i2=1,m2j-1
34 y2 = 1(i, i2-1, i3-1) 4 r(l,  i2-1, i3+1) 35 do i1=1m1j -1
35 > + 1(i, 241, i3-1) 4 r(il,  i2+1, i3+1) 36 wo00(i1, i2i3) = r(2* i1,2%i2,2*  i3)
36 X2 = 1(il, 241, i3 ) +r(l, i2+1, i3 ) 37 > +1(2% i1,2%242,2¢  i3)
37 > + r(i1, 2, i31) 4@l 2 i3+1) 38 > +or(2r 142,242 2%i3)
38 s(l, j2j3) = 39 > +1(2% 142,242 +2,2%3)
39 > 0.5D0 * r(i1 ,i2,i3) 40 end do
40 > + 0.25 DO * ( r(i1-1,i2,i3 ) + r(il+1, i2,i3) + x2) 41 end do
41 > + 0.125 DO * ( x1(i1-1) + x1(i1+1)  + y2) 42 end do
42 > + 00625 DO * ( yl(il-1)  + yl(il+1) ) 43
43 enddo 44 C 7 LOOPSOF A SIMILAR FORMDELETED TO SAVE SPACE
44 45
45 enddo 46 s(2:mlj -1,2:m2j-1,2: m3j-1) =
46 enddo 47 > 0.5 DO* wil11(2: -1,2:m3j-1)
47 48 > + 0.25D0 * ( wO11(l: -1,2:m3j-1)
48 j = k1 49 > + wO011(2: -1,2:m3j-1)
49 call comm3(s, m1j,m2jm3j j) 50 > +  w101(2:mij - m3j-1)
50 51 > +  w101(2:mlj -1,2:m2j-1,2: m3j-1)
51 return 52 > + w110(2: mi1j-1,22m2j -1,1:m3j-2)
52 end 53 > + w110(2: mi1j-1,2:m2j -1,2:m3j-1) )
54 > + 0.125D0 * -2,2:m3j-1)
. 55 > + j  -2,2:m3j-1)
() F90+MPI/CAF version % > : R r
57 > + m3j-1)
58 > + -2,1:m3j-2)
. . 59 > + -2,2:2m3j-1) )
; #define P gen_weights ( [ 1d/2d , 1d/4d , 1d/8d , 1d/16d]) 60 S + 0.0625D0 * 2.1:m3j-2)
3 inline doublel] gen_weights ( double[] wp) g; > + wo00(Lmlj -2,1:m2j-2,2: m3i1) )
4 ..
5 res =with( . <=iv <= . ) { o - s
6 off = with( O*shape(iv) <= ix < shape(iv)) { 65 = ¢ )
7 if( ivlix] 1= 1) g .
8 dist = 1; 66 = st.m2j -1))
67 ) = s(.1,2)
9 el se 68 = sCamd 1)
10 dist = 0; 69
11 } fold( + dist ); 70 return
12 } genarray( SHP, wp[[ off]]);
71 end
13 return( res);
14} .
15 (b) HPF version
17 inline double weighted_sum ( double[] u, int[] x doublel] w)
18
19 res = with( 0*shape(w) <= dx < shape(w) ) 1 procedure rprji3 (var S,R: [,] doubl e);
20 fold( + wu[x+dx-1] * wdx]); 2 begi n
21 return(res); 3 S = 05000 * R+
22 4 02500 * (R@'dirl00 {} + R@dir010 {} + R@dir00L}  +
23 5 R@7dirNOO {} + R@'dirONO {} + R@Iir0OON{)  +
24 6 01250 * (R@'dirll0 {} + R@dirlol {y + R@dir01l}  +
25 doubl e[] fine2coarse ( double[] 1) 7 R@"dirINO {} + R@"dirlON {} + R@dirOIN{} +
2% 8 R@'dirN10 {} + R@dirNO1 {} + R@JirON1{}  +
27 m = wth( 0*shape(r)+1 <= x<= shape(r) / 2 -1) 9 R@"dirNNO{} + R@7dirNON{} + R@dirONN{}) +
28 genarray( shape(r) / 2 + 1, weighted_sum ( r, 2*, P)); 10 0.0625 * (R@7dirlll {} + R@"dirlIN { +
29 m = setup_periodic_border (my; 11 R@"dirIN1 {} + R@7dirINN{} +
30 return(r); 12 R@"dirN11 {} + R@7diIrNIN{} +
31} 13 R@'dIrNN1{} + R@"dirNNN{});
14 end;
(c) SAC version

(d) ZPL version

Figure 3: The rprj3 stencilas expressedn eachimplementation. Note that to sase space repeateddioms are condenseds
commentsn the Fortranversionsandthatcommunicatiorfor the F90+MPI/CAFversionis omittedcompletely
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| Machine | Location | Processos | Speed | Memory | MemoryModel |

Linux clustef LANL 128dualP-llls | 500MHz | 0.938GB DistributedMemory
IBM SP MHPCC 96 222MHz | 0.5GB DistributedMemory
CrayT3E ARSC 256 450MHz | 0.256GB | Dist. Glb. AddressSpace
SunEnterprise5500 || UT Austin 14 400MHz | 0.143GB | Sharedviem. Multiproc.
SGIOrigin LANL 2048(16 x 128) | 250MHz | 0.25GB | SharedMem. Multiproc.

Table4: A summaryof themachinesisedin ourexperiments Locationindicategheinstitutionthatownsthemachineanddonated
the computertime. Processos indicatesthe total numberof processorsvailableto a singleuser Speedgivesthe clock speedof
the processorsMemorytells the amountof memoryavailableper processorMemoryModelindicatesthe organizationof memory
ontheplatform.

the CAF version,suchoperationsvere manuallyimplementedas functions,addingto both its communicatiorand
declaratiorcounts.

Thenext thing to noteis thatof the global-view languagestHPFis considerablyengthierthaneitherSAC or ZPL.
Thisis anunfortunateconsequencef theextra codeanddirectivesrequiredto implementts 4D hierarchicalrraysas
describedn Section3.2. Examplesof suchcodecanbe seenin lines 14—-21and31-44of Figure3. Thoughthe SAC
andZPL linecountsaresimilar to oneanother SAC takesa 30-line computatiorhit by explicitly replicatingtop-level
functioncallsfor eachproblemsizeto enableinlining andunrolling. Onthe otherhand,it requires48 fewer linesfor
declarationglueto its supportfor implicit variabledeclarations.

In termsof computationpone obsenesthatthe F90+MPIland CAF implementationdiave 2 to 3 timesthe num-
ber of lines asthe SAC andZPL benchmarks.This canlargely be attributedto the looping andindexing overhead
associateavith hand-codinghe stencil optimization. Although cornverting the stencilsin theseimplementationgo
an unoptimizedslice-notationbringsthe computationline countcloserto that of SAC and ZPL, we found that this
causedhe performanceo degradesignificantly (Section3.2), andthat communicatiorcontinuesto vastly dominate
theoverallline countsandcomplexity for thesecodes.

Our qualitative evaluationconsistf readingthroughthe codeby handandlooking to seeif theline countsseem
inverselyrelatedto the clarity with which eachimplementatiorexpresseshe algorithm. Our conclusionis thatthey
are. Looking at Figure3 asan example,andnoting that muchof the Fortrancodehasbeenomittedfor brevity, one
findsthat SAC andZPL arenot only concise but alsoclearrepresentationsf the projectionstencilusingfunctional
and imperatie styles,respectiely. The clarity of eachcan be attributedto its global view, its supportfor whole-
array operationsand language-leel index sets,andits lack of hand-codedptimizations. In contrast,the Fortran-
baseccodesareobscuredy looping structuresgcomputationselatedto managemernf datadistribution, hand-coded
optimizationsandcommunicatiorspecification.The experimentf the next sectionindicatewhetherthis additional
codingpaysoff in termsof performance.

5 PerformanceEvaluation

5.1 Methodology

To evaluateperformancewe ranthe MG implementation®n five hardwareplatforms:aLinux cluster a Cray T3E, a
SunEnterprise5500,anIBM SR andanSGI Origin. The machinegepresenthe diversity of parallelarchitecturesn
usetoday Relevantdetailsaresummarizedn Table4.

4TheLinux clusteris linked by Myrinet aswell as100MbethernetBoth networks arerepresenteéh our experiments.
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| [ F90+MPI | CAF | HPF | SAC | ZPL |

Linux cluster . X . X .
IBM SP ° X ° X °
CrayT3E . . . X .
SunEnterprise5500 . X e . .
SGI Origin . X . X .

Table5: A summaryof thelanguage/hardare combinationsstudiedin theseexperiments x” indicatesthatthe languages not
currentlysupportedbnthemachine.“e” indicatesthatit is supportedandincludedin ourresults.“©” indicatesthatit is supported,
but thatwe do not have accesdo a compilerfor it.

Currently no singleplatformsupportsall of the languagesn our studysinceCAF only runsonthe Cray T3E and
SAC only runsonthe SunEnterprise Table5 summarizeshe hardware/languageombinationghatwe studied.

Appendix A summarizesnformation aboutthe compilersand command-lineflags that we usedto collect our
results. In mostcasesve usedthe highestlevel of single-flagoptimizationsavailable. For the HPF benchmarkwe
usedthe flags suggestedy its implementors. Both the SAC and ZPL compilersuse ANSI C as an intermediate
languagesowe alsoprovide informationaboutthe C compilersandflagsusedby their backends.

5.2 PerformanceResults

Thegraphsn Figures4 and5 give speedupesultsfor eachmachine. Timingswereobtainedby runningeachconfig-

uration(language x madine x numberof processos) a handfulof timesover the courseof severaldaysandtaking

thebesttime for each.AppendixB containghis data.Note thatmostof the machineglid not have suficientmemory
to runthe productiongradeclassesn smallnumbersof processorsThus,speedumumbersfor eachgrapharecom-

putedrelative to thefastesimplementatioron the smallesinumberof processorsClasse® andC areshown for each
machineexceptthe SunEnterprisewhich hadinsufficient memoryto run a classC problem.We begin our discussion
of the performanceesultsby focusingon thelanguageshatare supportecdon multiple platforms.

HPF The moststriking obsenationis thatthe HPFimplementatiorperformspoorly ascomparedo all otherlan-
guages.This is dueto the overheadsassociatedvith its 4D hierarchicalarrayimplementationasanticipatedn Sec-
tion 3.2. Theamountof storagerequiredby thesearrayspreventsmary of the HPFconfigurationgrom runningdueto
memorylimitations. Notableexceptionsarethe Linux cluster which hasthelargestamountof memorypernode,and
theSGIOrigin, whosesharednemoryarchitecturellows smallprocessoconfigurationgo utilize memoryfrom other
processor®n the machinethatarenot involvedin the computation.The only classC HPF resultswere obtainedon
the SGI Origin using8—16processorsRunningon fewer nodescausegachprocessoto exceedthe system-specified
limit for hov muchmemoryit canuse.Runningon moreprocessorgxhaustghe globalamountof memoryavailable
to the groupof 128. Note thatwhile the Linux clusterhasa greateramountof memoryper processarits distributed
memoryarchitecturgreventsit from runninga classC problemusingary numberof processors.

Whenthe HPFimplementatiordoeshave sufficientmemoryto run, the4D arraysimpactoverall performancelue
to theirlarge memoryfootprintsandthe extra computatiorrequiredfor their correctdistribution andalignment.Note
thatthe HPFimplementationsre in factscaling,just not at a ratethat makesthemcompetitve with the otherimple-
mentations.At this point, it is beyond our ability to judgewhethertheseresultsarea symptomof the youth of HPF
compilersor whetherthe languagetself posessignificantobstacledo efficient compilationof multigrid applications.

14



MG Class B -- Linux cluster (ethernet) MG Class C -- Linux cluster (ethernet)
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Figure4: Speeduguresfor classes8 andC of MG on the Linux clusterusingboth etherneandmyrinet,andon the IBM SP
Note thatthereis not enoughmemoryto run theseproblemsizeson small processosets. Thus, we computespeedupgor each
graphusingthe fastestexecutiontime on the smallestnumberof processorgindicatedin the y-axis label). Due to its excessie
memoryallocation,the HPF versionis unableto run on mostconfigurations.Note that the F90+MPI versioncannotrun on 96
processorsinceit is nota power of two.
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MG Class B -- Cray T3E MG Class C -- Cray T3E
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Figure 5: Speedupgraphsfor MG classesB and C on the Cray T3E and SGI Origin, and for classesA and B on the Sun
Enterprise5500. As in the previousfigure, speedupgor eachgrapharecomputedusingthefastesiexecutiontime on the smallest
numberof processorsThe superlineaspeedumn the Origin is dueto the memorytraffic requiredto run a classC problemon 2
processorsWe wereunableto obtainreasonabléimingson morethan128 Origin processorslueto the network traffic involvedin
crossingbetweermachinesSeeAppendixB for details.

16



F90+MPI & ZPL By way of comparisonthe F90+MPIlandZPL implementationgperformreasonablywell. As
the processosset size increasesF90+MPI tendsto outpaceZPL dueto communicationoverhead. Recallthat the
F90+MPlimplementationis hand-codedt a local-view, allowing the programmeto explicitly andpreciselyindicate
when and where communicationis required. In contrast,ZPL's datatransfersare compilergenerated. Although
the compiler performsseveral communicationoptimizationsincluding vectorization,redundang elimination, and
pipelining [12, 11], inspectionshows thatit fails to insertthe minimal amountof communicationrequiredby the
benchmarkZPL's communicatioroverheadsreapparentn thefactthatthe gapbetweerF90+MPlandZPL tendsto
be greateifor classB problemsthanclassC.

In addition,thefactthatZPL doesnotfix or constrainthe numberof processorgsndproblemsizeat compile-time
resultsin a certainamountof runtime overheado determinewhich dataelementsnustbe sentandrecevedfor each
communication However, this flexibility paysoff on machinesuchastheIBM SPandSunEnterprisewhich do not
have a power-of-two processoset. On thesemachinesthe ZPL implementatiorcanrun usingall of the processors
while the F90+MPIlimplementatiormuststick to powersof two. If theamountof computationis greatenough(asfor
classC onthelBM SP),this canresultin performanceainobtainabléy the FO0+MPIversion.

On smallernumbersof processorshe two implementationsre fairly comparable. This may comeasa surprise
sincethe F90+MPI code containshand-codedstencil optimizationsthat were not efficiently expressiblein the ZPL
source.However, the ZPL compilerautomaticallyoptimizesthesestencils giving the usersimilar performancéene-
fits withoutthehassleof hand-codingheoptimization[15]. TheZPL optimizationdiffersfrom thehand-codedersion
by computingits subexpression®n an as-needethasisand cachingthe resultsin a small setof scalartemporaries.
Thisresultsin improvedtemporalandspatiallocality. It alsounrollstheinnerloop by the stencils width to minimize
shifts betweenthesetemporaries Thesetweaksrepresenbptimizationsthata programmemay not be willing to do
by hand,yetwhich have a measurabl@ositve impacton performance.

Notethatthe Cray T3E resultsare exceptionaldueto the factthatthe ZPL implementatiorsignificantly outper
forms FO0+MPI. This is a resultof the factthat ZPL's IRONMAN communicatiorinterfaceallows it to mapto the
SHMEM interfaceon the T3E ratherthanMPI [8]. Previouswork hasshavn thatthe messag@assingparadigmis a
poor matchfor architectureshatsupportone-sideccommunicationdueto extraneoushuffering andsynchronization
overhead$34, 8]. By usingtheone-sidedSHMEM interface ZPL canavoid theseoverheadsnduseacommunication
stylethatmorecloselymatcheghetargetarchitecture Presumablya shared-memorportof IRONMAN couldresultin
similarimprovementon the SGI Origin andSunEnterprisebut atthis time only tentatve stepsin thatdirectionhave
beentaken[11]. It shouldbe notedthatwhile the HPFimplementatiorwasalsocompiledto the SHMEM interface,it
failedto hoistsynchronizatiorout of the stencils’innerloops,negatingits benefits.

CAF The CAF implementatioralsobenefitsfrom one-sideccommunicatioron the Cray T3E. The CAF compiler
directly generatesissemblyinstructionsto performthe remoteputsandgetsrequiredby the benchmark.The result
is performanceahatis unmatchedy the otherimplementations For configurationghat are not computatiorbound,
ZPL fallsaway from CAF muchasit did from F90+MPIlon otherplatformsdueonceagainto the overheadof flexible
compilergeneratedommunicatiorascomparedo preciseprogrammeispecifiedccommunication.

It shouldbe notedthatwhile it would certainlybe possibleto supportCAF on ary platform, its co-arraysyntax
predispose#t towardsone-sideccommunicatiorstyles. This presentsan interestingchallengefor efficiently imple-
menting CAF on distributed memorymachineswvhereone-sidedcommunicationis not inherentlysupportedoy the
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architectureThis paradigmnmismatchcould causeperformancealegradationssimilar to thoseseenwhenrunningMPI
ontheT3E.

SAC Looking at the SunEnterprise we seethat SAC scalessimilarly to ZPL and F90+MPI, but lags slightly in

performanceThereasorfor thisis thelack of thestenciloptimization eitherhand-codedr by thecompiler Detection
andoptimizationof stencilsin SAC shouldbe no moredifficult thanin ZPL, andwouldlik ely beaworthwhileaddition
tothe SAC compiler This optimizationcombinedwith its implicit supportfor shared-memorghouldallow it to easily
outperformboththe F90+MPlimplementatiorandan MPI-basedZPL implementation.

6 RelatedWork

For eachof the languageén this paper work hasbeendoneon expressingandoptimizing hierarchicalcomputations
in thatlanguagd1, 18, 29, 32, 9]. However, eachof thesepapersstudiesthelanguagendependentlyandtypically on
asingleplatform. Our studyis uniquein its cross-languagandcross-platfornrcomparison.

Anotherapproacho parallelhierarchicalprogrammings to uselibrariesthat supportefficient routinesfor array
creationand manipulationin placeof a programminglanguage.Most notableamongtheseprojectsis KeLP [17],
a C++ classlibrary that not only supportsdensemultigrid computationsuchas MG, but alsoadaptve hierarchical
applicationswhereonly a subseff cells arerefinedat eachlevel. Futurework shouldconsiderthe impactof using
a library ratherthana languagefor hierarchicalapplicationsnot only in termsof performancegxpressvenessand
portability, but alsoopportunityfor optimization.

POOMA (ParallelObject-OrientedMethodsandApplications)[24] is atemplate-base@++ clasdibrary for large-
scalescientificcomputing.AlthoughPOOMA doesnotdirectly supportmultigrid computationsits domainabstraction
canbeusedto specifyoperationn stridedsubset®of densearrayswhich cantheninteractwith (smaller)arraysthat
conformwith thedomain.

OpenMP[13] is a standardAPI that supportsdevelopmentof portablesharedmemoryparallelprogramsandis
rapidly gainingacceptanc theparallelcomputingcommunity In recentwork, OpenMPhasbeenusedtio implement
irregularcoded23], andfuture studiesshouldevaluateits suitability for hierarchicalmultigrid-styleproblems.

7 Conclusions

In thiswork, we have usedthe NAS MG benchmarko studyparallellanguagesupportfor multigrid applications Our
studyusedavarietyof parallellanguagesandarchitectureshatrepresenthecurrentdiversityin parallelcomputing.In
doingso,we madea besteffort to find NAS MG implementationghataccuratelyrepresenhow a sasvy programmer
wouldimplementaparticulammultigrid algorithmin eachlanguageWe evaluateceachimplementatiors performance,
expressvenessandportability, andsummarizehesefindingshere.

Scalarperformancevasseento be primarily affectedby two factors: Thefirst is that hierarchicalarraysshould
usethe minimal requiredamountof memory The FO0+MPI,CAF, SAC, andZPL implementationsll usethe same
amountof memory— SAC allocatesit recursvely while the othersallocateit explicitly at the programs start. In
contrast,the HPF implementationusedan excessive amountof memoryand sufferedas a result, both in termsof
performanceandits ability to run large problemsizeson smallprocessosets.
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The secondfactorin scalarperformances the ability to optimize stencils,whetherit is doneexplicitly by the
programmeror automaticallyby the compiler While this doesnot affect performanceasmuchasa poor memory
allocation,we foundthatit could causesignificantdifferencesn executiontime, especiallyfor problemsizesthatare
computation-bound.

In termsof parallel performancethe mostimportantfactoris to usea communicationparadigmthat matches
that of the architecture as shovn by ZPL and CAF on the Cray T3E. Apart from that, traditional communication
optimizationsthat minimize lateng/, numbersof communicationsgatatransferredandruntime overheadall proved
to bevaluable.

In termsof expressvenesswe found that supportinga global view of computationallows for a hugebenefitin
termsof acodessizeandclarity. While explicit specificatiorof communicatioranddatadistribution provedto benefit
performancen this study eachprogrammemustdecidewhetherthe effort requiredto developandmaintaina local-
view parallelcode,aswell asthe distractionthatit causegrom the algorithmat hand,is worth the potentialbenefitin
performanceZPL andSAC indicatethatgoodto exceptionalparallelperformanceanbeobtainedwithout sacrificing
the globalview. Otherfactorsthatinfluencedexpressvenesdnclude high-level arrayoperationssource-lgel index
setrepresentationgndcompilersupportfor stenciloptimizations.

Portabilityin theselanguagess achieved primarily via the widespreadsupportfor MPI. MPI not only allows the
F90+MPlimplementatiorto run on every platform, but it alsoprovidesa usefulmechanisnfor portablecompilation
of languagesasseenwith HPFandZPL. The ZPL compiler’s IRONMAN library demonstratethatcompilersupport
for non-message-passiegmmunicatiorstylescanresultin portableperformancehatcannotbe achiezedby strictly
usingMPI. CAF presentsimilar challengedo portableperformancealueto its relianceon one-sideccommunication,
which typically underperformsnessag@assingon distributedmemaoryarchitecturesThoughSAC is currentlysup-
portedon only two architecturesthe similarity betweents with-loopsandZPL's regionsgivesreasorto hopethatit
couldbe compiledportablyusingruntimesupportsimilar to thatof ZPL.

To concludewe useour experiencesvith the NAS MG benchmarko classifywhetheror not eachlanguageused
in this studyis expressve, hasreasonableerformanceandis portable.Looking at Table5 andthegraphsn Figures2,
4, and5, we find thatthe languagesrenaturallybimodalin eachcategory. At presentF90+MPI,HPFE, andZPL are
farmoreportablethanCAF andSAC. Local-view languagesireseento befarlessexpressive thanthosesupportinga
globalview. And all languagestherthanHPFcurrentlyobtainreasonableerformancdor thisbenchmarkTheresult
is the Venndiagramin Figure6, which summarizeour findingsfor the currentstate-of-the-arin parallellanguage
supportfor densemultigrid computations.

In future work, we planto continueour study of languagesupportfor hierarchicalapplicationsJooking toward
more complec applicationssuchasAMR andFMM [25, 16]. Theseapplicationsdiffer from MG in that different
areasof the hierarchicalproblemspacearerefinedto differing degrees.Our approactin this work will be basedon
mixing traditionalZPL multi-regionswith AdvancedZPL's supportfor spaiseregions[10] in anattemptto presere
the expressvenessperformanceandportability demonstrateh this first experiment.
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Performs Well

Expressive Portable

Figure6: A Venndiagramthatsummarizeshe resultsof our paper Comparingthe languageso oneanotherusingthe NAS MG
benchmarlandcurrentcompilerswe find thatthey fall into distinctgroupsin termsof expressienessportability, andperformance.
For eachcharacteristicywve malke a simplebinarydecisionasto whetheror noteachlanguagéhasthe propertyin question.It should
be emphasizedhat this diagramwill certainly vary when using differentbenchmarksand as the compiler technologyfor each
languagematures.
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A Compiler Specifications

Thefollowing is a summaryof the compilationprocessisedin theseexperiments The compiler, versionnumberand
command-lineargumentausedaregivenfor eachlanguageandplatform. In addition,the communicatiormechanism
usedat runtimeis noted.

| Language | Compiler | Version | Command-lin@rguments | Comm.Mechanism|
Linux clustercompilers
F90+MPI || GNU g77 0.5.25 -03 MPI (MPICH 1.2)
HPF || PGIpghpf 3.1-2 —0O3-Mautopar-Moverlap=size::-Mmpi | MPI (MPICH 1.2)
ZPL || U.Wash.zc 1.16a MPI (MPICH 1.2)
GNU gcc 2.95.2 -03
IBM SPcompilers
F90+MPI || IBM mpxIf 2.4 -03 MPI (IBM)
HPF || PGIpghpf 2.4-4 —0O3-Mautopar-Moverlap=size::-Mmpi | MPI (IBM)
ZPL || U.Wash.zc 1.16a MPI (IBM)
IBM mpcc 2.4 -03
Cray T3E compilers
F90+MPI || Crayf90 3.3.0.0 -03 MPI (Cray)
CAF || Crayfo0 3.3.0.0 —03-X 1-Z nprocs E-registers
HPF || PGIpghpf 3.0-1 —0O3-MautoparMoverlap=size:x-Msmp | SHMEM
ZPL || U.Wash.zc 1.16a SHMEM
Craycc 6.3.0.0 -03
SunEnterprises500compilers
F90+MPI || WorkShopfo0 | 5.0 —fast MPI (Sun)
SAC || U.Kiel sac2c | 0.90alpha| —O3—v1—-noLIR-noTSI-maxlur3 —-mt sharednemory
SUNWcc 5.0 —fast
ZPL || U.Wash.zc 1.16a MPI (Sun)
SUNW cc 5.0 —fast
SGI Origin compilers
F90+MPI || MIPSpro7f90 | 7.3.1.1m | —-O3 MPI (SGI)
HPF || PGl pghpf 2.4-4 —O3-MautoparMoverlap=size:EMmpi® | MPI (SGI)
ZPL || U.Wash.zc 1.16a MPI (SGI)
MIPSprocc 7.3.1.1m | -O3

B Experimental Timings

The following tablescontainthe bestobsenedtimesfor eachconfigurationandwere usedto computethe speedup
graphsof Section5.

Linux cluster(ethernet)}— ClassB

[ processos || 1 2 4 8 16 32 64 128 |
F90+MPI || 362.60 | 194.51 | 11041 52.51 30.39 1755 8.29 6.21
ZPL 309.43 | 175.12 97.83 55.14 35.24 2130 11.73 11.88
HPF —.— | 896.02 | 96465 | 618.68 | 362.18 | 22362 | 146.13 | 115.47

Linux cluster(ethernet}— ClassC

[ processos || 1 2 4 8 16 32 64 128 |
F90+MPI || —— | —— | 82818 | 390.26 | 215.02 | 12104 | 56.51 | 34.66
ZPL || —— | —— | 72529 | 384.99 | 214.52 | 11745 | 62.82 | 44.49

HPF | — | — | —— | — | — | — | —— | ——=

5Although—Msmpwould be moreappropriatdor the Origin, it wasnot supportedvith our installation.

22



Linux cluster(myrinet)— ClassB

| processos || 1 2 4 8 16 32 64 128 |
F90+MPI || 359.33 | 18184 99.13 44.02 23.59 13.21 5.82 3.34
ZPL || 308.51| 17692 | 108.82 42.57 21.96 11.05 6.10 3.35
HPF —.— | 61638 | 516.15 | 314.54 | 177.57 | 10410 | 62.95| 47.15
Linux cluster(myrinet)— ClassC
[ processos || 1 2 4 8 16 32 64 128 |
F90+MPI || —— | —— | 77583 | 356.45| 189.27 | 10495 | 45.93 | 24.99
ZPL —— | —— | 82756 | 338.99 | 172.15 8687 | 44.53 | 23.27
HPF || —— | —— —_— —_— —_— —_ | —— | ——
IBM SP—ClassB
[ processas | 1 2 4 8 16 32 64 9% |
F90+MPI || —— | 83.48 | 48.86 | 23.19 | 12.55 7.83 380 | ——
ZPL —— | 82.27 | 45.12 | 28.75 | 14.41 7.71 4.94 3.98
HPF| ¥ —| — | —— | —— | —— | —— | 42,17 | 31.10
IBM SP—ClassC
| processos || 1 2 4 8 16 32 64 9% |
FoO+mPI || —— | —— | —— | —— 96.35 | 54.65| 2540 | ——
ZPL | —— | —— | —— | —— | 10401 | 52.08 | 29.96 | 21.95
HPF | —— | —— | —— | —— —_ | —— | —— | ——
Cray T3E—ClassB
[ processos [ 1 2 4 8 16 32 64 128 256 |
CAF —.— | 117.38 | 58.86 | 28.98 | 14.98 7.87 4.22 2.31 1.15
FOO+MPI || —— | 127.22 | 68.94 | 31.47 | 17.52 | 10.49 4.77 2.92 1.96
ZPL —.— | 127.79| 59.08 | 30.39 | 15.55 7.88 4.51 2.63 163
HPF || —— - - -—| —— | —— | 80.16 | —— | 56.35
Cray T3E—ClassC
| processos [ 1 2 4 8 16 32 64 128 256 |
CAF | —— | —— | —— | —— | 118.42| 59.89 | 30.23 | 15.91 791
F9O+MPI || —— | —— | —— | —— | 128,59 | 70.89 | 32.14 | 18.12 | 10.92
ZPL _—— | —— | —— | —— | 112.63| 57.85| 31.24 | 15.30 824
HPF | —— | —— | —— | —— —_ | —— | | —— | ——
SGIOrigin —ClassB
[ processos || 1 2 4 8 16 32 64 128 256 |
F90+MPI 202.13 | 13004 61.88 32.84 | 16.93 8.46 398 265 | 264.17
ZPL 244.88 | 14727 72.37 39.06 | 19.37 9.66 546 3.10 | 310.15
HPF || 556.13 | 48893 | 341.50 | 183.94 | 94.67 | 52.80 | 29.33 | 24.96 —_
SGIOrigin — ClassC
[ processos | 1 2 4 8 16 32 64 128 256
FOO+MPI || —— | 1534.95| 85355| 380.58| 13518 | 64.36 | 33.62 | 22.51 | 340.35
ZPL —— | 2004.99 | 102691 441.74 16035 | 75.09 | 41.31 | 26.47 | 445.16
HPF || —— —_—— —.— | 1949.62| 100618 | —— | —— | —— —_—
SunEnterprise— ClassA
| processos || 1 2 4 8 14 |
FOO+MPI || 73.49 | 39.36 | 19.87 | 11.34 | ——
ZPL || 61.29 | 35.37 | 17.59 | 12.60 | 12.15
SAC 92.56 | 49.27 | 27.07 | 17.27 | 15.18
SunEnterprise— ClassB
[ processos [ 1 2 4 8 14 ]
FOO+MPI || 341.77 | 17233 | 103.78 | 59.13 | ——
ZPL || 27753 | 16200 | 80.02 | 57.87 | 55.83
SAC 434.02 | 23080 | 126.08 | 79.49 | 68.76
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