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Abstract

In this studywe performthefirst cross-languageomparisorof supportfor parallelmultigrid applica-
tions. ThecandidatdanguageincludeHigh Performancéortran,Co-Array Fortran,SingleAssignment
C,andZPL. The NAS MG benchmarks usedasthe basisfor comparison Eachlanguages evaluated
not only in termsof its parallel performancebut alsofor its ability to expressthe computationclearly
andconcisely Our findings demonstratehat the decisionof whetherto supporta local perprocessor
view of computatioror a globalview affectsa languages expressienessandperformance— thelocal
view approachegendto achieve the bestperformanceavhile thosewith a globalview have the bestex-
pressvenessWe find thatZPL representa compellingtradeof betweerthesetwo extremesachiering
performancehatis competitve with a locally-basedapproachyet usingsyntaxthatis far moreconcise
andexpressie.

1 Introduction

Scientificprogrammer®ften make useof hierarchical arraysin orderto acceleratdarge-scalemultigrid
computationd4, 3, 11]. Thesearraystypically have a numberof levels eachof which containsroughly
half asmary elementgerdimensionasthe previouslevel. Computationgperformedat the coarsestevel
provide a roughapproximationto the overall solutionandcanquickly be computeddueto the relatively
small numberof array elements. The coarsesolution canthen be refinedat eachof the finer levels in
orderto producea moreprecisesolution. Hierarchicalcomputationgienerallytake significantlylesstime
thandirectly computinga solutionat the finestlevel, yet canoften be designedso thatthe accuray of the
solutionis only minimally affected.Scientificcomputationghatusehierarchicalrraysincludemultigrid-
styleapplicationsuchasadaptivemesirefinemenAMR) [19] andthefastmultipolemethod FMM) [12],
aswell as algorithmssuchas the Barnes-Hutalgorithm for n-body simulations[2] and wavelet-based
compression.

Although hierarchicalalgorithmsarefastcomparedo directmethodson thefinestgrid, parallelcom-
putationis oftenusedto furtheracceleratdierarchicacomputationsUntil recentyears parallellanguage
supportfor hierarchicacomputatiorwaslacking. In previouswork we have describedlesirableproperties
for parallellanguageshathopeto supporthierarchicacomputatiori8]. In thispapemwe continuethatwork



| Language || Programmerview | Datadistribution | Communication|

Platforms |

F90+MPI local manual manual most
HPF global undefined invisible most
CAF local manual manual++ CrayT3E!
SAC global defined invisible Linux/Solaris
ZPL global defined visible most

Figurel: A summanyof theparallelcharacteristicsf thelanguage#n this study Programmerview indicatesvhether
theprogrammercodesatthelocal perprocessotevel or ata globallevel. Data distribution indicateswhetherthe data
distributionis donemanuallyby the programmeris definedby thelanguageor is undefinecandleft upto thecompiler
Communicatiorindicateswhethercommunicatiorand synchronizatiorare donemanuallyby the programmer(“++”"
indicatesthat the languageaids the programmersignificantly), or are doneby the compilerin a mannervisible or
invisible to the programmeat the sourcedevel.

by evaluatingthe hierarchicakupportof four modernparallelprogramminganguagesHigh Performance
Fortran,Co-Array Fortran, Single AssignmeniC, andZPL. Thelanguagesrecomparedothin termsof
theirexpressvenesandtheir parallelperformanceThoughnottechnicallyalanguagehand-codedrortran
usingMPI is alsoevaluatedpeingthedefactostandardor mostscientificparallelcomputingtoday In this
studywe usethe NAS MG benchmarlkasthe basisfor comparisordueto its widespreadiseandconcise
expressiorof idiomsthatarefundamentafor hierarchicalscientificprogramming.This paperconstitutes
thefirst cross-languageomparisorof parallellanguagesupportfor hierarchicalarraycomputation.

Therestof thispapeiis laid outasfollows: In thenext sectionwe give anoverview of thelanguagebe-
ing comparedlooking attheir supportfor hierarchicabpplicationsandfor parallelcomputatiorin general.
In Section3 we giveanintroductionto theNAS MG benchmarlaswell asanevaluationof eachlanguages
implementatiorof it. Sectiond containsour experimentakesultsfor thebenchmarksin Sections we give
anoverview of relatedwork, andin Section6 we conclude.

2 ThelLanguages

In this section,we give a brief introductionto the languageghatwill form the basisof our study: For-
tran+MPI, High Performancd-ortran, Co-Array Fortran, Single AssignmentC, and ZPL. We selected
theselanguagedasedon thefollowing criteria: (1) eachmustsupportparallelhierarchicalprogramming
in somereasonabléorm; (2) eachmustbecurrentlyavailable,in use andsupported(3) eachmustberead-
ily availableto the public. For eachlanguageye give a brief introductionto its philosophyandapproach,
asampleparallelcomputationwrittenin it, anda summaryof the languages supportfor hierarchicakcom-
putation. We pay particularattentionto whethereachlanguagesupportsa local view of computationjn
which the programmemustmanagedetailsof communicatiorand datadistribution, or a global view, in
whichthe compilertakescareof thesetasks.Theresultsof this sectionaresummarizedn Figurel.

1In addition,a subselCAF to OpenMPtranslatoiis available.



2.1 Fortran+MPI

Thoughnot strictly a language programmingin Fortran 90 (or C) usingthe MessagePassinginterface
(MPI) Library [14] mustbementionedasaviableapproacho hierarchicaprogramminglueto thefactthat
it remainghemostprevalentapproacho parallelcomputing.MPI1 wasdesignedo beacompletelyportable
message-passifidprary, supportingvarioustypesof blockingandnon-blockingsendsandreceves. It has
beenwidely supportedacrossdiverseparallelarchitecturesandhasa well-definedinterfacethat forms a
solid foundationon whichto build parallelapplicationsThe chiefdisadantageo this approachs thatthe
programmemustexplicitly manageall the detailsof the parallelcomputatiorsincethey arewriting local
codethatwill berunon eachprocessarin spiteof this, MPI's availability, stability, and portability have
causedt to enjoy widespreadusedespitethe effort it requiresfrom programmers.Fortran+MPlcanbe
consideredhe “portableassemblylanguage’of parallelcomputing,sinceit providesa portablemeansfor
expressingparallelcomputationalbeitin anoftenpainstakinglow-level, errorpronemanner

As an exampleF90+MPI computation considerthe following code,designedo assigneachinterior
elementof a1000-elementectorb with thesumof its neighboringelementsn vectora:

call MPI_COMM_SIZEMPI_COMM_WORLDnprocs , ierr )
call 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_SENDOa(vals_per_proc -1), 1, MPI_REAL index +1, 1,
> MPI_COMM_WORLDerr )
end
if (index > 0) then
call MPI_SENHa(2), 1, MPI_REAL index -1, 2,
> MPI_COMM_WORLDerr )
end
if (index < nprocs -1) then
call MPI_RECV\a(1), 1, MPI_REAL index +1, 1,
> MPI_COMM_WORLDerr )
end
if (ndex > 0) 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 )

This codebeginsby queryingMPI to determinehe numberof processorbeingusedandthe uniqueindex
of this instantiationof the program. It thencomputeshe numberof valuesthatshouldbe storedon each
processaraddingtwo additionalelementso storeboundaryvaluesfrom neighboringprocessors.Next
it declarestwo vectorsof floating point values,eachwith the appropriatenumberof valuesfor a single
processarThe next four conditionalsperformthe appropriateMPI callsto make eachprocessoexchange



boundaryvalueswith its neighbors Finally the computatioritself canbe performedasa completelylocal
operation.Note that this codeassumeshatnprocs will divide 1000evenly andfails to checkthe MPI
callsfor errorcodes.Taking careof theseproblemswould resultin alarger, evenmoregenerakode.

The obsenationthatshouldbe madeis thatthis simpleparallelcomputationis brimming with details
thathandledatadistribution, boundarycasesandthe MPI interfaceitself. Managingthesedetailscorrectly
in alarger programis a hugedistractionfor scientificprogrammersvho areinterestedn developingand
expressingheir sciencglassuminghatthey have the expertiseto write a correctMPI programin the first
place). This is the primary motivation for developing higherlevel approacheso parallel programming
suchasthelanguage#n thefollowing sections.

2.2 High Performance Fortran

High Performancdortran (HPF) [16] is an extensionto Fortran 90 which was developedby the High-
Performancd-ortranForum, a coalition of academi@andindustrialexperts. HPF's approacthis to support
parallelcomputatiorthroughthe useof programmeiinsertedcompilerdirectives Thesedirectivesallow
usersto give hints for array distribution and alignment,loop scheduling,and other detailsrelevant to
parallelcomputation.The hopeis thatwith a minimal amountof effort, programmerganmaodify existing
Fortran codesby insertingdirectives that would allow HPF compilersto generatean efficient parallel
implementatiorof the program.HPF supportsa globalview of computatiorin the sourcecode,managing
parallelimplementatiordetailssuchasarraydistribution andinterprocessocommunicationin a manner
thatis invisible to the userwithout the useof compilerfeedbackor analysigools.

As asampleparallelHPFcomputationconsiderthe sameexamplefrom above writtenin HPF:

REAL a(1000),  b(1000)
I HPF$ DI STRI BUTE a( BLOCK)
IHPF$ ALIGN b(:) WTH a()
Bk2:999) = a(1:998) + a(3:1000)

This codestartsby declaringthe two vectorsof floating point values. It then suggestghat vectora be
distributed acrossthe processoisetin a blocked fashionandthat vectorb be alignedwith a suchthat
identical indicesare allocatedon the sameprocessar The computationitself is then specifiedusing a
traditional Fortran 90 statement.The compileris responsibldor taking careof the detailsof distributing
a andb aswell asthe interprocessocommunicationrequiredto exchangeelementsof a at processor
boundariesAlthoughthis senesasavery conciserepresentatioof our parallelcomputationthe primary
disadwantagas thatthe HPF specificatiormakesno guaranteeasto how our directiveswill beinterpreted
andimplemented.Although this exampleis simple enoughthat we canbe reasonablyconfidentthat our
intentionswill becarriedout, morecomplicatedprogramscansuffer significantperformancealegradations
from onecompileror architectureo the next asa resultof their differing implementatiorchoiceg20].

HPF hasno specific supportfor hierarchicalprogrammingapartfrom the array languageconcepts



supportedby Fortran90. Oneconsequencef thisis thatin orderto specifya hierarchicalarrayin a way
thatonemay iterateover the levels, an array of pointersto dynamicallyallocatedarraysmustbe usedin

orderto allocatethedifferenthnumberof elementperlevel. Althoughthisis possiblein Fortran90, it is not
alwayssupportedyy currentHPF compilers forcing usersto resortto allocatinga 4D arrayin which each
level hasa numberof elementequalto that of the finestlevel [15] — an extremelywastefulapproachat
best.

2.3 Co-Array Fortran

Developedat Cray ResearchCo-Array Fortran (CAF) [21] is anotherextensionto Fortran 90 designed
for parallelcomputing. However, unlike HPF, CAF requiresusersto programat the local view, writing
codethatwill executeon eachprocessar To expresscooperatie parallelcomputation,CAF introduces
the notion of a co-array. Thisis simply avariablewith a specialarraydimensionin which eachelement
correspond# asingleprocessos copy of thatvariable. Thus,indexing avariablein its co-arraydimension
specifiesaareferencdo dataonaremoteprocessarThis senesasaconciserepresentationf interprocessor
communicationwhich is simple and elegant, yet extremely powerful. CAF also provides a numberof
synchronizatioroperationsvhich areusedto keepa consistenglobal view of the problem.As with HPF
thereis somehopethatan existing sequentiaFortrancodecanbe corvertedinto a parallel CAF codewith
aminimal amountof work.

Our simpleexamplecomputationwould 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 )Inprocs ]

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 )

This codeis similar to our Fortran+MPIcodedueto thefactthatbotharelocal views of the computation.
It begins by queryingthe numberof available processorsgueryingthe uniqueindex of this instantiation,
andthencomputingthe numberof valuesthat shouldbe storedon eachprocessar Next it declareswo
co-arrayvectors,a andb, eachof which hastheappropriateaumberof valueson every processarNext we
performasync _all which senesasa barrierto make surethatthe following communicatiorstepsdo
not begin until everyonehasfinishedupdatinga (cheapessynchronizatiommight alsobe used,but is less
concisefor an examplesuchasthis). The following two conditionalscauseeachprocessoto updateits



boundaryvalueswith the appropriatevaluesfrom its neighboringprocessorsNote thatunlike F90+MPI,
thiscommunications one-sidedbeinginitiatedonly by theremotedatareferenceFinally thecomputation
itself canbe performedasa completelylocal operation.

While CAF’s local view hasthe disadwantageof forcing the userto specify datatransfermanually
the syntaxis conciseandclear saving muchof the headachassociateavith MPI. Furthermoreco-array
referencesvithin the codesene asvisualindicatorsof wherecommunicatioris required.Notethat,asin
the F90+MPlexample this codeassumeshatnprocs dividestheglobalproblemsizeevenly. If thiswas
notthe casethe codewould have to bewrittenin amoregeneraktyle.

As with HPF, CAF doesnot have ary specificsupportfor hierarchicalprogramming.However, since
the programmethasmuchfiner control over the low-level programmingdetailsandrelies muchlesson
the compilerto supportdataallocationanddistribution, it is possiblefor the programmetto createand
manipulateparallelhierarchicalrraysmanually They simply musttake careof managingall the details.

24 Single Assignment C

Single AssignmentC (SAC) is afunctionalvariationof ANSI C developedat the University of Kiel [24].
Its extensiongto C provide multidimensionalarrays,APL-like operatordor dynamicallyqueryingarray
propertiesforall-style statementshatconciselyexpresswhole-arrayoperationsandfunctionalsemantics.
The SAC compilerbenefitsfrom the reduceddatadependencemherentin its functional semanticsaand
aggressiely performsinlining andloop unrolling to minimize the numberof temporaryarraysthatwould
berequiredby anaiveimplementationSAC programssupportaglobalview of arraycomputatiorandtend
to be conciseandcleanalgorithmicspecificationsSAC currentlyrunsonly on shared-memorynachines,
soissuessuchasarraydistribution andinterprocessocommunicatiorareinvisible to the programmeand
somavhatlessof anissuethanthe otherlanguagesliscussedhere.
Our samplecomputationwould take thefollowing form in SAC:

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

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

The first statemengenerates new array of floating point valueswith indices0-999whosevaluesare
initialized by anarbitraryscalarexpressionomittedhere). This new arrayof valuesis assignedo a using
a with-loop that iteratesover indices0-999. Note that declarationsare automaticin SAC — a’s sizeis
inferred from the with loop while its type is inferred from the expressionusedin genarray The second
statementreatesa modified versionof vectora in which eachelementin the range1-998is replaced
by the sumof its neighboringvalues. This is againachiezed usinga with-loop, assigningthe resultto b.
The SAC compiler utilizes a numberof worker threads(specifiedby the useron the commandline) to
implementeachof thesewith loops,resultingin parallelexecution.

While SAC doesnotsupportierarchicabrraysasaprimitivetype,its functionalnaturemakesit natural



to expressmultigrid codesby writing the solver recursvely anddeclaringeachlevel of the hierarchyasa
local arrayin the recursionwhereeachdimensionis half asbig asthoseof theincomingarrays. While
this approachis naturalfor multigrid solverslike the NAS MG benchmark,it should be notedthat it
is insufficient for techniquedik e Adaptive Mesh Refinemen{AMR) in which the coarseapproximation
gridsmayneedto be preseredfrom oneiterationto the next.

25 ZPL

ZPL is a parallelprogrammindanguagedevelopedat the University of Washington[5]. It wasdesigned
from first principlesratherthanasan extensionor modificationto an existing languageunderthe assump-
tion that it is dangerougo assumethat applicationsand operationsdesignedfor sequentialcomputing
caneffortlessly be transformednto an efficient parallelform. ZPL's fundamentaktonceptis the region,
a userdefinedindex setthatis usedto declareparallelarraysandto specify concurrentexecutionof ar
ray operations.ZPL providesa global view of computation,yet hasa syntactically-basegerformance
modelthatindicateswhereinterprocessocommunicatioris requiredandthe type of communicatiorthat
is needed6].

In ZPL, our samplecomputationwould be expresseasfollows:

regi on R = [1..1000];

Int = [2..999];

var ABIR ] float;

[Int ] B := A@[-1] + A@i];
Thefirst two lines declarea pair of regions, R, which forms the baseproblemsize of 1000indices,and
Int which describegheinterior indices. In the next line, Ris usedto declaretwo 1000-elemenvectors
of floating point values,A andB. Thefinal statements prefixedby region Int , indicatingthatthe array
assignmenand addition shouldbe performedover the indices2-999. The @ operator is usedto shift
the two referencedo A by —1 and 1 respectiely, therebyreferringto neighboringvalues. ZPL's perfor
mancemodeltells the userthattheseusesof the @ operatomwill requirepoint-to-pointcommunicatiorto
implement,yetthe compilermanagesill of thedetailsonthe users behalf.

ZPL providesdirect supportfor hierarchicalprogrammingin the form of multi-regions. Theseare
regionswhosedefiningcharacteristiceanbe parameterizegielding a seriesof similarindex sets. Thus,
to declarea hierarchicalarray one could parameterizéhe definingregion’s strideanduseit to definea
multiarrayasfollows:

regi on MR{0.. num_levels } = [1..1000] by [2°{}];
var A}[MR {}] float;

Thefirstline is atraditionalregion declaratiorthatis modifiedto take a parameterange(O-numlevels )
andto bestridedasafunctionof this parametereferencediia theemptybraces Thisresultsin a seriesof
index sets,eachof whichis stridedby twice thatof the previous. Thesecondine createsa seriesof arrays



| Class || ProblemSize| Iterations |

A 2563 4
B 2563 20
C 5123 20

Figure2: Characteristicef the threeproductiongradeclassesf the MG benchmark ProblemSizetells the size of
thefinestgradein the hierarchy Iterationsindicatesthe numberof timesthatthe hierarchyis iteratedover.

overtheseindex setssuchthateachwill containhalf the dataof the previous. Note thatthis “pyramid” of
regionscouldalsobedeclaredsuchthateachwasdensebut half asbig asthe previousasfollows:

regi on MR{0.. num_levels } = [1..(1000/2°{})];

Thoughthis is legal andcreatesndex setswith the samenumbersof elementsZPL’s performancenodel
indicateghatthefirst approachwill resultin acomputatiorwith significantlylesscommunicatioroverhead
andbetterload balancing.For moredetailson multiregionsandmultiarrays referto [8, 26].

3 TheNASMG Benchmark

3.1 Overview

Version2 of theNAS ParallelBenchmarkNPB) suitewasdesignedo evaluatetheperformancef parallel
computersusing portableF90+MPIlimplementation®f the version1 benchmarkgl]. Eachbenchmark
containsa computatiorthatrepresentshe kernelof arealisticscientificcomputationThe MG benchmark
usesa multigrid computatiorto obtainan approximatesolutionto a scalarPoissonproblemon a discrete
3D grid with periodicboundaryconditions.Dueto thewidespreadlistribution of the NPB suite,we chose
this benchmarlasanideal candidatdor comparingthe hierarchicasupportof modernparallellanguages.

MG hasfive main operationsand one constraintwhich posechallengego parallelimplementation.
Four of the operationsarestencilcomputationsn which a 27-pointstencilis usedto computevaluesatan
arbitrarylevel of the grid. Two of thesestencils— residandpsinv — operateat a singlelevel of thegrid.
Theothertwo — interpandrprj3 — interpolatefrom acoarsegrid to afine grid andrestrictfrom afine grid
to a coarsegrid, respectiely. In a parallelimplementationgachof thesestencilsrequirespoint-to-point
communicatiorio updatea processos boundaryalues.Notethatthiscommunicatiormaynotbenearest-
neighborat coarsdevelsof the hierarchy Thefifth operations norm2u3which computesapproximate.2
and uniform normsfor the finestgrid. In a parallelimplementation this requiresa reductionover the
processoset. In addition,animplementatiorof MG mustmaintainperiodicboundaryconditions,which
requiresadditionalpoint-to-pointcommunications.

Therearefive classef MG, eachof which is characterizedy the numberof elementsn the finest
grid andthe numberof iterationsto be performed.Threeof the classes— A, B, andC — areproduction
gradeproblemsizesandtheir definingparametersresummarizedn Figure2. The othertwo classes— S



# Processos | Problemsize Data
Language Author Known? known? Distribution
F90+MPI NAS yes yes 3D blocked
HPF NAS no yes 1D blocked
CAF || CAFgroup yes yes 3D blocked
SAC || SAC group no’® yed 1D blocked
ZPL || ZPL group no no 2D blocked

Figure3: Summaryof theimplementation®f MG usedin this study Author indicatesthe origin of the code. The
next two columnsindicatewhetherthe numberof processor&nd problemsize are staticallyknown to the compiler
Datadistribution indicatestheway in which arraysaredistributedacrossprocessors.

andW — aredesignedor developinganddehuggingMG, andthereforearenot consideredn this study

3.2 MG Implementations

In the spirit of NPB version2’s decisionto measureportability ratherthan algorithmic clevernesswe
attemptedo useversionsof the MG benchmarkwhich areastrue to the original NAS implementatioras
thesourcdanguageindcompilerswouldallow. Thus,thebenchmarkstatalayout,procedurabreakdaevn,
and operationsare as closeto the NAS Fortran+MPIimplementationas possible. We summarizethe
differencesbetweeneachimplementationand the original NAS codebelov. Within this constraint,we
soughtto useversionsof the benchmarkhat madereasonabl@iseof eachlanguages featuressothatour
inexperiencewith alanguagewouldn'’t factorinto the experiments.For all the language®therthanHPF
thebenchmarksverewritten by memberof thelanguages design/implementatioteam.TheHPFversion
waswritten by memberf NAS who expendedtonsiderableffort to make it asefficientaspossible[15].

F90+MPI  The F90+MPIcodethatwe usedwasthe NAS implementationyersion2.3. It senedasthe
baselindor this study

HPF TheHPFimplementatiorwasobtainedirom NASA Ames[15] andstemsfrom a projectto imple-
mentthe NAS benchmarkén HPE Thisimplementatiorwasidentifiedby PGl asthebestknown publicly-
availableimplementatiorof MG for their compiler(which senesasour experimentaHPFcompiler)[27].
It follows the F90+MPlimplementatiorof MG very closely makinga few changeghatallow the codeto
be moreamenabldo HPF's semanticandanalysis. Unfortunately the authorshadto make somerather
drasticconcessionsn orderto implementit in a mannerthat was conciseand independenbf problem
size. Chief amongthesewasthe factthat they hadto allocatearraysof the finestgrid at every level in
thehierarchy— atremendousvasteof memorythatwill alsohave consequencesn spatiallocality. This

2Additionally, the numberof processorsnustbea power of two.
3Althoughthe maximurmumberof threadsmustbe specifiedon the compile-timecommandine.
4Thoughthe problemsizemay be specifieddynamically the codeis written suchthatonly afew problemsizesarepossible.



requiredthe useof the HOME directive in orderto align the arraysin a mannerthatwould obtainthe de-
sireddistribution andloadbalancing.Otherthanthisissue whichis fundamentato achieszing areasonable
implementatiorof MG, theimplementatioris extremelytrueto NAS MG.

CAF TheCAF implementatiorwaswritten usingthe F90+MPlimplementatiorasa startingpoint. Since
bothof thesdanguagesisealocal perprocessoview andFortranastheir basdanguagetheimplementa-
tion simply involvedremoving the MPI callsandreplacinghemwith the equivalentco-arraysyntax.Thus,
thoughsolutionsmoretailoredto CAF could be imagined,this implementations extremelytrue to the
NAS version.

SAC The SAC implementationwas part of the SAC distribution [23] andformsthe mostdrasticvaria-
tion from the NAS implementation.This is primarily dueto the factthat SAC’s supportfor hierarchical
programmings mosteasilyandefficiently expressedisinga recursve approachn which the coarsegrids
arelocal arrayvariableswithin the recursve functions. In contrastthe NAS implementatiorusesaniter-

ative approachn which the hierarchicalarraysareallocatedonceat the outsetof programexecutionand
reusedhereafter In spiteof this difference we usedthe official SAC implementatiorof MG ratherthan
implementinganiterative solutionfor fearthata changen paradigmmaynot bein the spirit of SAC orin

its bestinterestyperformance-wise.

ZPL TheZPL implementatiorof MG waswritten by mimicking the NAS implementatiorascarefullyas
possible.The hierarchicalarrays functionalbreakdevn, andcomputationsll follow the original scheme.
The main sourceof differenceis that the Fortranimplementationoptimizesthe stencil computationsy
precomputingcommonsubexpressiongndstoringthemfor re-useby anadjacenstencil. This usesa neg-
ligible amountof memoryto storethe precomputedalues but resultsin far fewerfloating pointadditions.
This optimizationis not easilyhand-codedh ZPL without wastingmemaory andthereforethe moredirect,
but redundanmeansof expressinghe stencilswasused.

The tablein Figure 3 summarizeghe versionsof the benchmarkhat we usedfor our experiments.
Includedin thistableis informationaboutwhetherthe benchmarKixesthe problemsizeand/ornumberof
processorsit compile-timeor whetherthey may be setat runtime. Specifyingeitherpieceof information
at compile-timegivesthe compilerthe ability to generatecodethat may be more highly optimized. For
example,a codethat knows both the problemsize andnumberof processorstaticallycanallocatestatic
arraysand generatdoopswith fixed bounds. In contrast,if eitherof thesefactorsare unknown, arrays
mustbe dynamicallyallocatedandloop boundswill remainunknavn. Note thatthesearecharacteristics
of theimplementationshemselesandthateachlanguagecould supporta versionof MG in which neither
parametewasknown at compile-time. Note that the ZPL benchmarks the mostgeneral,with neither
parametesuppliedto thecompiler Thetablealsogivesthedatadistribution usedby eachimplementation.
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MG Line Counts

1200
o 1000 Ocommunication
§ B declarations
5 800 669 O computation
2 587
c
= 600 4+
(0]
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S 400
e
o

200 |+

|—| 39 ﬂ
0
SAC

FO0+MPI HPF CAF ZPL

Language

Figure4: Anindicationof thenumberof usefullinesof codein eachmplementatiorof MG. Communicationndicates
the numberof lines devoted to communicationand synchronization. Declarations indicatescode usedto declare
functions variables.andconstantsComputatiorindicateshe numberof linesusedto expressthe computatioritself.

For F90+MPI,CAF, andHPF thiswaschoserby theimplementorswhereasSAC andZPL arebothlimited
by their compilerimplementations.

3.3 Evaluation of Expressiveness

To evaluatethe expressienesf eachcode,we performedboth quantitatve andqualitative analysis.For
the quantitatve stage,eachbenchmarkhadits lines of codeclassifiedasbeingoneof four types: decla-
rations communicationnon-essentialsand computation Declarationgncludeall lines of codethatare
usedfor the declaration®f functions,variablesconstantsandotheridentifiers. Communicatiorlines are
thosethatareusedfor synchronizatioror to transferdatabetweerprocessorsCoderelatedto comments,
initialization, performingtimings,andgeneratingutputareconsiderechon-essentialTheremaininglines
of codeform thetimed,computationakernelof thebenchmarlandareconsideredomputation.

Figure4 givesa summaryof this classificationshaving all non-essentiatodeandhow it breaksdown
into our cateyories.Thefirst obsenationthatshouldbe madeis thatcommunications responsibldor over
half thelines of codein F90+MPland CAF wherethe usermustcodeusinga local view. This putstheir
line countsat 5 to 6 timesthatof SAC or ZPL. Inspectionof this coderevealsthatit is not only lengthy
but alsoquiteintricatein orderto handlethe exceptionalcaseghatarerequiredto maintaina processos
local boundaryvaluesin threedimensions.The differencein lines of communicatiorbetweenCAF and
F90+MPlaredueto MPI's supportof higherlevel communicatiorcalls for broadcasts,eductionsetc. In
the CAF version suchoperationsvereencapsulatedsfunctions,addingsererallinesto its communication
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subroutine

rpri3( rmikm2k,m3k ,s,mljm2j m3jk ) extrinsic (HPF) subroutine PH3XXXXXXXX XXX XX XXX
implicit none > XXXXXXXXXXXXXX
include  'mpinpb.h’ XXXXXXXXXXXX
include  ’globals.h
XXXXXXX XXXXXXXXXXX
integer mlk, m2k, m3k, mlj, m2j, m3jk HXXXXXXX XXXXXX XXX
doubl e precision r(mik,m2k,m3k ), s(milj, m2j,m3j) XXXXXXX XXX XXX XXX XXX XXX XXX XXX XXX XXX X
integer  j3, j2, j1, i3, i2, i1, di, d2, d3, j XXXXXX XXXXXXXXXXXKXKKK XXXXXX XXXXX
doubl e precision x1(m), yi(m), x2y2 XXXXXX XXXXXXXXXXKKKKKKKXXXXXXXXKXKXXXXXXXKKXXXXXXXX
> ROV V00000000000 00000000 0000000004
if(mik. eq.3) then > POV V00000000000 00000000 0000000004
dl =2 > PO OO0 0000000000 0000000000 0000004
el se
di =1 thpf$ D000 0 Q0000000000000 0000 000.0000.0.0,000000,04
endif 'hpf$ P OGO O Q0000000000000 00000000 000.0.0.00000.0.0004
Ihpf$ P OGO O Q0000000000000 0000 0000000.0.0.00000.0.0008
C TWOCONDITIONALS OF SIMILAR FORMDELETED TO SAVE SPACE 'hpf$ ROG OO Q0000000000000 00000000 000.00.00000.0.0.00008
thpf$ XXXXX XXXXXKXKXXXXXXREXXX XXXXXX XXX XXXXXXXXXK
do j3=2, m3j-1 thpf$ XXXXXXXXXXKXKXXXXXXXREXXX XXKXKKKXXXXXXXXXXKKKKXX
i3 = 2%3-d3 thpf$ XXXXXXXXXXXKXKXXXXXRERXX XKXKXKKKXXXXXXXXXXKKKXX
do j2=2,m2j-1 thpf$ XXXXXXXXXXXXXXXXXXREXXX XXKXKKKXXXXXXXXXXKXKKKKXX
2 = 2%2-d2
XXXXXXXXXXXXXXXX
do j1=2,mij XX X X
i1 = 2%1- d1 XXXX
x1(i1-1) = r(i1-1,i2-1, i3 ) + r(il-1i2+1, i3 ) XX X X
> + 1(i1-1,i2, i3-1)  + r(i1-1,i2, i3+1) XXXXX
yi(i1-1) = r(i1-1,i2-1, i3-1)  + r(i1-1,i2-1, i3+1) C TWOBLOCKSLIKE THE ABOVE DELETED TO SAVE SPACE
> + r(i1-1,i2+1, i3-1)  + r(il-1i2+1, i3+1)
enddo thpfg  XXXXXXXXXXXIKX XXXXXXXXXXXXXXXXXXXX
XX XXXXXXXXXX
do j1=2mij -1 Thpf$  XXXXXXXXXXX
il = 2%1- d1 XX XXXXXXXXXX
y2 = x(1, i2-1,i3-1) + 1(i1, i2-1,i3+1) XX XXXXXXXXXX
> + (i1, i2+1,i3-1) + (i1, i2+1,i3+1) D000 0000000000, GP000 0000000000000
x2 = r(i1, i2-1,i3 )+ (i1, i2+1,i3 ) > X XXXXXXXXXXXXXXXXXXX
> + (i1, i2, i3-1)  + r(i1, i2, i3+1) > X XXXXXXXXXXXXXXXXXXX
s(1,j2,j3 ) = > X XXXXXXXXXXKKXXXKKXXXXXK
> 05D0 * r(iLi2 ,i3) XXX XX
> + 0.25 D0 * ( r(i1 -1,i2,i3) + r(i1+1i2  i3)  + x2) XXX XX
> 40125 DO * ( xI(il-1) + x1(i1+#1) + y2) XXX XX
> + 00625 DO * ( yl(i1-1) + yl(i1+l) )
enddo thpfg  XXXXXXXXXXXIKK XXXXXXXXXXXXXXXXXXXX
XX XXXXXXXXXX
enddo thpf$  XXXXXXXXXXX
enddo XX XXXXXXXXXX
XX XXXXXXXXXX
j = k1 P OG0 0000000000, GP000000.0,0.0,000.0.0.0.0004
call comm3smiljm2j ,m3j;j) > X XXXXXXXRXXXXXXXX KX XXX
XXX XX
return XXX XX
end XXX XX
(a) FO0+M PI/CAF version C 2 BLOCKSLIKE THE ABOVEDELETED TO SAVE SPACE
thpfg  XXXXXXXXXXXXXX XXXXXXXXXXXXXXXXXXXX
#define P gen_weights ( [ 1d/2d 1d/4d , 1d/8 d 1d/16d 1) XX XXXXXXXXXX

thpf$  XXXXXXXXXXX

inline doubl e[] gen_weights ( doubl e[] wp) XX XXXXXXXXXX
{ ) . XX XXXXXXXXXX
res = with( <= v <= . XXXXXXXXKKKKXBK XXKXKXKXXXXXXXXXXXXXXX
off = with(  0*shape(iv) <= ix < shape (iv)) { XXX XX
if(ivix = 1) XXX XX
dist = 1; XXX XX
el se
dist = 0 C 3 BLOCKSLIKE THE ABOVEDELETEDTO SAVE SPACE
} fold(  +, dist);

} genarray( SHP, wp[[off]));
return( res);

C DELETED 23 ADDITIONAL LINES HERE TO SAVE SPACE

return
end
inline  doubl e weighted_sum ( double[] wu, int[] x, doublel] w) (b) HPF VerSion
res = with( O*shape(w) <= dx < shape (w) )
fold(  +, u[x+dx-1] * widx]); procedure  rprj3( var S,R: [.] doubl e; IVl :integer);
return(res); begin
S := 05000 * R
+ 02500 * (R@dirl00 {} + R@dir010{} + R@dir001{}
+ R@dIrNOO{} + R@dIrONO{} + R@dir0ON{})
doubl e[] fine2coarse ( double[] 1) + 0.1250 * (R@dirl10 {} + R@dirINO{} + R@dirN10{} + R@dirNNO{}
{ + R@dirl01{} + R@dIrlON{} + R@dirNO1{} + R@dirNON{}
rm = with( O*shape(r)+1 <= x<= shape(r) / 2 -1) + R@dir011 {} + R@dir0OIN{} + R@dirON1{} + R@dirONN{})
genarray( shape(r ) / 2 + 1, weighted_sum ( r, 2*, P)); + 0.0625 * (R@dirlll {} + R@dirlIN{} + R@diriIN1{} + R@dirINN{}

rn = setup_periodic_border
return(m);

(mn);

(c) SAC version

+

R@dirN11{} + R@dIrNING + R@dirNN1{} + R@dirNNN{});
wrap_boundary (S,ivl );
end;

(d) ZPL version

Figure 5: The rprj3 operationsfrom eachbenchmarkexcluding communicationfor the F90+MPI/CAF version.
Note thatthe HPF implementatioris editeddown for size andblocked out for the time beingdueto an outstanding
nondisclosuragreement.
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| Machine | Location | Processos | Speed | Memory | MemoryModel |

CrayT3E ARSC 256 450MHz | 65.5GB | Dist. Glob. AddressSpace
SunEnterprise5500 || UT Austin 14 400MHz 2GB SharedMem. Multiproc.

Figure 6: A summaryof the machinesusedin theseexperiments. Location indicatesthe institution that donated
the computertime. Processos indicatesthe total numberof usableprocessorso a singleuser Speedells the clock
speedof the processorsMemorygivesthetotal amountof memoryavailableacrossall processorandMemoryModel
indicategustthat.

anddeclaratiorcounts.

The next thing to noteis thatthe declarationsn all of the languagesre reasonablysimilar with the
exceptionof SAC which hasthe fewest. Thisis dueto SAC’s implicit variabledeclarationsgdescribedn
the previous section. Thus, SAC’s declarationcountis limited to simply thoselines requiredto declare
functionsor the programasawhole.

In termsof computationpneobsenesthatthe Fortran-basedanguageave 2 to 3 timesthe number
of linesasthe SAC andZPL benchmarksThis canbelargely attributedto thefactthatmuchof the stencil-
basedcodewaswritten using Fortran 77 loops andindexing ratherthan Fortran 90’s more conciseslice
notation. This wasdoneby the NAS implementorsiueto performancessuesn Fortrancompilerswhich
madea Fortran90 solutioninfeasible[1]. It is expectedthat corversionof thesestatementso an array-
basedsyntaxwould bring the computatiorportion of thelinecountcloserto thatof SAC andZPL, which
benefitfrom usingwhole-arraystatementsstheir basicunit of operation.HPF's computatiorlinecount
is higherthanthoseof its counterpartslueto the directivesrequiredto achieve the desiredoadbalancing
andparallelism.

However, linecountsalonedo not make or breaka languagesowe spenta fair amountof time looking
throughthe codesto seehow cleanlythey expressedhe MG computation.As a representatie example,
Figure5 lists theroutinesthatimplementtherprj3 operationin eachbenchmarkAs canbeseen CAF and
ZPL requirethe fewestnumberof lines,dueprimarily to their supportof whole-arrayoperationsa global
view of computationandthe lack of directvesrequiredby HPFE In contrastthe Fortran-based¢odesare
complicatedby looping structuresand local boundcomputations. Thoughomitted herefor brevity, the
communicatiorroutinescalled by the CAF and F90+MPI codesare similarly complex. It is safeto say
thatthe goal of codereusesoughtby HPF and CAF arenot metin this benchmark— obtaininga good
parallelimplementatiorwould requirequite a bit of work ontheprogrammers partto instrumentandtune
asequentialmplementatiorof MG.
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| Language | Compiler | Version | Command-lin@rguments | Comm.Medh. |
Cray T3E Compilers
F90+MPI || Crayf90 3.2.0.1 | -03 MPI
HPF || PGIpghpf 2.4-4 —0O3-MautoparMoverlap=size:x-Msmp | SHMEM
CAF || Crayfo0 3.2.0.1 | -O3-X 1—-Znprocs E-regs
ZPL || U.Washzc 1.15a SHMEM
Craycc 6.2.0.1 | -0O3 or MPI
SunEnterprises500Compilers
F90+MPI || SUNW 90 2.0 -03 MPI
SAC || U.Kiel sac2c| 0.8.0 —mtdynamicl4 shared
GNU gcc 2951 | -0O1 memory
ZPL || U.Washzc 1.15a MPI
SUNWcc 5.0 —fast

Figure 7: A summaryof the compilersusedin theseexperiments. The compiler versionnumber command-line
amgumentausedaregivenfor each.In addition,thecommunicatiormechanisnusedby the compileris noted.

4 Performance Evaluation
4.1 Methodology

To evaluateperformancewe ranexperimenton two hardwareplatforms,the Cray T3E andthe SunEnter
prise5500.No singleplatformsupportsall languagesinceCAF currentlyonly runsontheCray T3Ewhich
is not supportedby SAC. In addition,we did not have accestso an HPF compileron the Enterprise5500.
The machinesareof vastly differentsizes— the Cray has256 processorsvhile the Enterprise55000nly
has14. Otherrelevantdetailsaresummarizedn Figure6.

Figure7 summarizesnformationaboutthe compilersandcommand-lindlagsthatwereusedto com-
pile the benchmarks.In all caseswe usedthe highestdegreeof single-flagoptimizationsthat was both
available and worked. For the HPF compiler, we usedthe default flags that camewith the NAS code,
changing-Mmpi to —-Msmpin orderto take advantageof the Cray’s optimizedSHMEM communication
library. Both the SAC andZPL compilerscompileto ANSI C, sowe alsogive informationaboutthe C
compilersandflags usedby their backends. With the SAC compilerwe found that using optimization
levelsgreatetthan—O1 causedhe multithreaded/ersionof the codeto crash®

4.2 Performance Results

The graphsin Figure 8 give speedupesultsfor classB andC runsof F90+MPI,HPF CAF, andZPL on
the Cray T3E (classA wasvirtually identicalto classB andthereforeomittedto save space).ZPL can
compileto a variety of communicatiormechanisméncluding the Cray’s SHMEM interfaceandthe MPI
standard7], sobothwereusedfor theseexperimentsThe SHMEM interfacehasa lower overheadlueto

5This hasapparentlybeenfixed for the next releaseandwe hopeto obtaina copy for the final versionof this paperfor fairer
comparison.

14



MG CLASS B - Cray T3E MG CLASS C - Cray T3E
16

*—

60 +—

14 1|

——cCAF ——cCAF /
50 4 L B
ZPL (SHMEM) 12 4 ZPL (SHMEM) —
’ FO0+MPI / ‘
10 4+ :
= ZPL (MPI) /
g | | —e—HpF / /

F90+MPI

40 1—| ~

== 2ZPL (MPI) L’

——HPF ‘
30 .

------ Linear Speedup L ’ - - - - - -Linear Speedup L ’ /

Speedup over 4 processors
Speedup over 16 processors

1 Processors 256 1 Processors 256
@) (b)

Figure8: Speedugurvesfor the T3E. Notethat Therewasnot enoughmemoryto run the smallerprocessosetsizes
for theseclasses.The fastestrunningtime on the smallestnumberof processorss usedasthe basisfor computing
speedugor all benchmarksNotethatthe classC HPFcodewasunableto run dueto its memoryrequirements.

reducedbuffering andsynchronizatiomequirementandis alwayspreferablego MPI, sothe MPI numbers
areincludedfor comparisorto F90+MPI.

Therewas insufficient memoryon the Cray T3E to run theseclasseson a single processqgrso all
speedupalculationsarewith respecto the fastesé4-nodetime for classB and 16-nodetime for classC.
Thus,the bestpossiblespeedupsvere64 x for classB and16x for classC. Dueto the HPFimplementa-
tion’s excessve memoryrequirementgSection3.2),it couldnotrun classB with fewerthanl16 processors
andcouldnotrun classC atall.

CAF performedthe beston all threeproblemsizes,achieving speedup®f 50.4 on classB and 14.6
on classC. The ZPL and F90+MPIlimplementationglusteredcloseto one other significantly below it.
HPF performedpoorly, barley achieving a speedupf 1 on 256 processorspo doubtdueto its pooruseof
memory While it hasbeendemonstratethat HPF programscanbenefitfrom tuning for eachparticular
architectureand/orcompiler[20], we decidednot to pursuethis avenuedueto (1) our assumptiorthat
a goodimplementationon PGI’s Origin 2000 compiler shouldremaina goodimplementatioron PGl’s
Cray T3E compiler; and (2) a belief that until a true hierarchicalarray can be allocatedwith the PGl
compiler, performancewill remainsignificantlylacking.

Profiling demonstratethattwo primaryfactorscontributedto the differencedetweerthe CAF, ZPL,
and F90+MPl versions:the differentcommunicatiormechanismaisedby eachcompiler, andthe hand-
codedstenciloptimizationdescribedn Section3.2. As describedibove, MPI tendsto performsignificantly
worsethanSHMEM onthe T3E andsothis putsthe SHMEM ZPL timesaheaddf theZPL MPI versionand
the F90+MPlimplementation.The CAF compilerusesan even lower-level communicatiormechanism,
writing codethatdirectly usesGET andPUT instructionson the Cray’s E registers.Thoughthe SHMEM
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Figure 9: Additional speedupcurvesfor the T3E demonstratindiov muchthe SHMEM ZPL versioncangain by
eliminatingredundantomputatiorin stencil-basedodes.

interfaceis describedasbeingthin, calling into it incurssomeamountof overhead.

The hand-codedtenciloptimizationis implementedn the CAF andF90+MPIcodes put notthe ZPL
codes.Profiling shavsthatfor theclassC problemsize,roughly half of theexecutiontimeis spentin resid
alone thusAmdahl’slaw indicateghatthis optimizationhasthe potentialto make a significantdifference.
To determinethe impactof this optimization,we implementedt by handin the C codegeneratedy the
ZPL compilerandre-ranthe SHMEM versionof thebenchmarkResultsareshovn in Figure9. Thissmall
changeallows ZPL to almostcatchup to CAF for the classC problemsizeandallows it to geta bit closer
in classB wherecomputationis not dominatingcommunicatiorasheavily. We arecurrentlydeveloping
this stenciloptimizationin the ZPL compilerdueto the frequentuseof stencilsin ZPL applications.

OntheSunEnterprise5500,thesmallernumberof processorsmalkestheresultsessinterestingpartic-
ularly sincethe F90+MPlimplementatiorcanonly run on processosetsthatarepowersof two. Memory
limitationsonly allow the classA andB problemsizesto berun. Onthis platform, F90+MPIsignificantly
beatsthe MPI versionof ZPL with or without the hand-codedaptimization. This is mostlikely dueto the
relative quality of codeproducedby the FortranandC compilerson this platform aswell asthe differing
surface-to-wlumecharacteristicinducedby the benchmarksallocationschemes.In coming weekswe
will be performingmoreanalysisof thesenumbers.

Notethat SAC lagsslightly behindF90+MPlandZPL ontheclassA problemsize. This is certainly
duein partto the bug that forcedit to be compiledusing—O1; we sav nearly a 50% improvementin
the single processorunningtimeswhen SAC was compiledwith —O3. In addition,a memoryleak was
discoveredin the classB problemsizewhich preventedit from completingat all. No doubtthis memory
leak alsoimpactedthe performanceof the classA runs. We anticipatea fixed versionof the compilerin
thenearfutureto updatethesenumbers.
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Figure10: Speeduguresfor benchmark®n the SunEnterprise5500. Note thatthe F90+MPIversionis unableto
run on morethan8 processorslueto its requirementhata power of two processorbeused.

5 Reated Work

For eachof the languagesn this paper work hasbeendoneon expressingand optimizing hierarchical
computationsn thatlanguagdl, 15, 22, 25, 8]. Eachof thesepapersstudiesthe languagendependently
however, asopposedo a cross-languageomparisoraswe have donehere.

The othermainapproactto parallelhierarchicalprogrammings to uselibrariesthat supportefficient
routinesfor array creationand manipulationin placeof a programminglanguage.Most notableamong
theseprojectsis KeLP[13], a C++ classlibrary thatnot only supportsdensemultigrid computationsuch
asMG, but alsoadaptie hierarchicalapplicationswhereonly a subsetof cells arerefinedat eachlevel.
Futurework shouldconsiderthe expressie and performanceradeofs for usinga library ratherthana
languagen hierarchicalbpplications.

POOMA (Parallel Object-OrientedMethodsand Applications)[18] is a template-base@++ classli-
braryfor large-scalescientificcomputing. ThoughPOOMA doesnot directly supportmultigrid computa-
tions, the domainabstractioncanbe usedto specify operationson stridedsubsetof densearrayswhich
cantheninteractwith (smaller)arraysthatconformwith thedomain.

OpenMP[10] is astandarddPI thatsupportslevelopmenbf portablesharednemoryparallelprograms
andis rapidly gainingacceptance the parallelcomputingcommunity In recentwork, OpenMPhasbheen
usedto implementirregular codes[17], andfuture studiesshouldevaluateits suitability for hierarchical

multigrid-styleproblems.
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Figure11: An interpretatiorof this papers experimentsby plotting performancess. expressieness Performances
summarizedor eachbenchmarlusingtherunningtime of thelargestproblemsizeon thelargestnumberof processors
sinceparallelperformancéor large applicationsis the goal. Expressiveness measuredn total lines of productve
code. Both numbersare normalizedto the F90+MPIlimplementatiorof MG suchthat highernumbersmply better
performancendexpressieness.

6 Conclusions

We have undertalen a study of parallellanguagesupportfor hierarchicalprogrammingusing the NAS
MG benchmarkWe have madeaneffort to studylanguageshatareavailableandin useon currentparallel
computersandto chooseémplementationsgcompilersettings,and hardwareplatformsthat would benefit
thesdanguages.

To summarizeheresultsof our study Figure11 givesaroughmapof expressienessss. performance
asdeterminedby our experiments.Sinceour qualitative analysisof the benchmarksndicatedaninverse
correlationbetweenline countsand a cleanexpressionof the MG benchmarkwe usethe total number
of productive lines of codeasthe measureof a benchmarls expressveness.Sinceparallelperformance
on large problemsis the ultimate goal of this work, performancés judgedusing the executiontime of
the largestproblemsize using the largestnumberof processordor eachlanguage. Both numbersare
normalizedo the NAS F90+MPIbenchmarkn suchaway thathighernumbersndicatebetterexpressve-
ness/performance.

Thefirst obsenationto make is that expressvenessvariesfar more than performanceacrossthe lan-
guageswith ZPL and SAC beingthe mostconcisebenchmarkglueto their array operatorsand global
scope.Our qualitative analysisof thesecodesshaws thatthoughconcise they arestill quitereadableand
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form cleardescription®f thealgorithmsnvolved. While CAF andF90+MPIcouldbeimprovedsomavhat

by amorewidespreadiseof F90syntax,theamountof codedevotedto communicationn eachconstitutes
asignificantamountof overheadnotonly in linesof code but alsoin codinganddistractingfrom the heart
of thealgorithmathand.

In termsof performanceCAF is thefastestlueto a combinatiorof its fastcommunicatioomechanism,
hand-codedtenciloptimizationsijts useof Fortranasa basdanguageandits 3D datadecompositionZPL
rivals F90+MPI on the T3E, but lagsbehindon the Sunfor reasonget to be determined. SAC andHPF
suffer from compilerbugsandunimplementedanguagdeaturesandshouldboth seeimprovementin the
future.

Looking at performanceand expressvenessn combination,we seethat CAF and F90+MPIdemon-
stratethat greatperformancas achiezablethroughhardwork on the part of the programmer ZPL repre-
sentsaaninterestingdatapointin thattheexpressvenesgrovidedby its globalview of theproblemdoesnot
compromisdts performancewhich rivalsthatof the local-view languagesZPL alsorepresentshe only
benchmarkhat usedneitherthe problemsize nor processosetsize at compiletime, andwhich demon-
stratedportableperformanceThoughthis mayseemlik e asmalldetail,anyonewho hasspentconsiderable
amountof time developing,tuning,andrunningcodeson variousplatformswith varyingproblemsizesand
numberf processor&nowsthatsuchfactorscanbeahugecorveniencegspeciallywhenperformances
maintained.

In futurework, we planto continueour studyof languagesupportfor hierarchicabpplicationsmoving
towardslarger and morerealistic applicationssuchas AMR and FMM that are not denseat every level
of the hierarchy[19, 12]. Our approachwill be basedon extendingZPL's region conceptto allow for
sparseregions[9]. We arealsoin the procesof implementingthe stencil-basedptimizationdescribedn
Section3.2in orderto give the userthe expressve power of writing stencilsnaturallywhile achieving the
sameperformanceasahand-codedcalarimplementation.
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