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Abstract

Titaniumis a languageandsystemfor high-performancearallelscienttic computing. Titanium
usesJava asits base therebyleveragingthe advantage®f thatlanguageandallowing usto focus
attentionon parallelcomputingissues.The main additionsto Java areimmutableclassesmulti-
dimensionalarrays, an explicitly parallel SPMD model of computationwith a global address
spaceandzone-basethemorymanagementWe discusghesefeaturesandour designapproach,
andreportprogreson the developmentof Titanium,includingour currentdriving application:a
three-dimensionadaptve meshrefinementparallelPoissorsolver.

1 Overview

The Titaniumlanguagés designedo supporthigh-performancacienttic applications Historically,
few languageshatmadesucha claim have achieved a significantdegreeof serioususeby scienttic
programmersAmongthereasonsrethehighlearningcurve for suchlanguagesthedependencen
Onheroic@arallelizingcompilertechnologyandthe consequenabsenceof compilersandtools, and
the incompatibilitieswith languagesisedfor libraries. Our goalis to provide a languagehatgives
its usersaccesgo modernprogramstructuringthroughthe useof object-orientedechnology that
enablests userdo write explicitly parallelcodeto exploit theirunderstandingf thecomputationand

*This work was supportedn part by the DefenseAdvancedResearchProjectsAgeng of the Departmenbf Defense
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thathasacompilerthatusesoptimizingcompilertechnologywhereit is reliableandgives predictable
results. Thestartingdesignpointfor Titaniumis Java. We have chosenJavafor severalreasons.

1. Javais arelatively smallandcleanobject-orientedanguaggcomparedfor instancefo C++)
andthereforeis easyto extend.

2. Javais popularandis itself basedon popularlanguage¢C/C++). LearningTitaniumrequires
little effort for thoseacquaintedvith Jasa-like languages.

3. Java is a safelanguageand so is Titanium. Safety enablesthe userto write more robust
programsandthe compilerto performbetteroptimization.

Titanium®maingoalsare,in orderof importance performancesafety andexpressveness.

e Performance is a fundamentatequiremenfor computationallydemandingscientfic applica-
tions. Mary designchoicesreflect this goal. For instance the executionmodelis explicitly
parallel,thuseliminatingthe needfor a parallelizingcompiler Any distributeddatastructure
is fully definedby the programmerwho hascompletecontrol over its layoutacrossprocess
boundaries.In addition, the programmemay usetype modifiersin variabledeclarationgo
corvey locality informationthatthecompilermayfind hardto infer reliablyfrom staticanalysis.

¢ Safety hastwo meaningsn Titanium. Oneis theability to detecterrorsstatically For instance,
theTitaniumcompilercanensurethatall processewiill executethe correctsequencef global
synchronizationsThe otheris the ability to detectandreportrun-timeerrors,suchasout-of-
boundindices,accurately Both forms of safetyfacilitate programdevelopment;but, notless
importantly they enablemorepreciseanalysisandmoreeffective optimizations.

o Expressiveness. Becausef theprioritiesof ourtargetcustomerswe sacrticedexpressieness
tothefirsttwo goalsasnecessaryHowever, with built-in featuresuchastruemulti-dimensional
arraysanditerators,pointsandindex sets(includingirregular ones)asfirst-classvalues,and
referenceshatspanprocessoboundariegsimilarto globalpointersin Split-C), Titaniumis far
moreexpressive thanmostlanguagesvith comparablgerformance.

Titaniumis basedn a parallelSPMD (for SingleProgram Multiple Data)modelof computationn
this model,the parallelismcomesfrom runningthe sameprogramasynchronouslyn » processors,
eachprocessohaving its own data. Titanium processesantransparentlyeadandwrite datathat
resideson otherprocessorsTitaniumprogramgun on bothdistributed-memonandshared-memory
architectures(Supportfor SMPsis not basedon Java threadsseeSectiond4.) However, a Titanium
programwrittenfor anSMPis notguaranteetb run efficiently on adistributed-memoryarchitecture.
We only claim thatthelanguagesupportdotharchitecturegquallywell.

In summary Titanium is a languagethat usesJava asits base,not a strict extensionof Java.
The Titanium compilertranslatesTitanium into C, for portability and economy(our prototypeis
temporarilygeneratingC++). We are not addressinghe problemof high performancen the Java
Virtual Machine.



In theremaindelof the papemwe outlinethe new languagdeaturesandtheir relationshipo Java,
theomissionof Javafeaturesthenovel optimizationghatarefacilitatedby theuseof Javaasabase
languageandthedriving applicationghatmotivatetheinitial versionof the Titaniumlanguageand
compiler

2 Related Work

Therearein essencéwo competingapproacheso parallelprogramming:languageandlibrary. We
list themostrelevantefforts.

Libraries. Therelative simplicity androbustnes®f librariesfor parallelismmakeshema popular
choicefor scienttic computing. In particular SPMD programswritten in C, C++, or Fortranwith

MPI for communicatiorandsynchronizatioriorm the vastmajority of large-scaleparallelscientfic

applications MPI, however, hasalowerraw performanceéhanaglobaladdresspace OnaCrayT3E,
MPI achieves abandwidthof aboutl20MB/sec,while aglobaladdresspaceachieves abandwidthof

about330MB/sec[10]. Furthermorewith a globaladdresspacehe compilercanoptimizeremote
accessewith the sametechniquesisedfor thelocal memoryhierarchy

FIDIL. Themultidimensiomlarraysupportn Titaniumis stronglyinfluencedy FIDIL mapsand
domaing6, 11]. Titanium,however, sacrticesexpressienesdor performanceTitaniumarraysmay
only berectangularwhereFIDIL mapshave arbitraryshapesAlso, Titaniumhastwo staticdomain
types,generaldomainandrectanguladomain. FIDIL hasonly a generaldomaintype,thusmaking
it harderto optimizecodethatuseshe morecommornrectangulakind.

Java-AD. TheHPJaa projectincludesJava-AD, an extensionof Java for SPMD-styleprogram-
ming [4]. Themainnew featureof Java-AD is multidimensionabistributedarrays,similar to HPF
arrays. Java-AD alsooffers aninterfaceto MPI for explicit communication.The currentplanis to
translateJava-AD into standardlava + MPI calls, This approactpreventsoptimizationdike thosewe
areimplementingn Titanium.

Split-C. The parallel executionmodeland global addressspacesupportin Titanium are closely
relatedto Split-C [5] and AC [3]. Titanium sharesa commoncommunicationiayer with Split-C
on distributedmemorymachineswhich we have extendedas part of the Titanium projectto run on
sharednmemorymachines Split-C differsfrom Titaniumin thatthedefaultpointertypeis local rather
than global; a local pointer default simplifiesinterfacingto existing sequentiakode, but a global
defaultmakest easierto port sharednemoryapplicationgo distributedmemorymachines.Split-C
usessequentiatonsisteny as its defaultconsisteng model,but providesexplicit operatorgo allow
non-blockingoperationgo beused.In AC the compilerintroduceshon-blockingmemoryoperations
automaticallyusingonly dependencenformation,not parallelprogramanalysis. Titaniumis closer
to AC in thisregard.



3 Language Extensions

The main new featuresof Titanium areimmutableclassesgxplicit supportfor parallelism,multi-
dimensionahrrays,anda mechanisnior the programmeto controlmemorymanagement.

3.1 Immutable classes

Java objectsare accessedhroughreferences. This simplifies the language,but addsa constant
overhead(extralevel of indirection,objectcreationanddestructionthatreducegshe performanceof
programsthat makeintensive useof small objects. Thetypical exampleis a userdefined comple-
numberclass.To remedythis problem,we introducedmmutableclasses Immutableclassesrenot
extensionof ary existing class(including Object),nor canthey be extended.All non-staticfieldsof
immutableclassesirefinal! Theserestrictionsallow the compilerto passsuchobjectsby valueand
to allocatethemonthestackor within otherobjects.In effect, they behave like existing Javaprimitive
typesor C strucs. Immutableclassesre usedfor someof the specialTitaniumtypessuchasPoint
(seeSection3.4).

3.2 Parallelism

Global synchronization. An importantkind of synchronizatiorusedin SPMD programss global
syndironizationin which all processegparticipate. For instancea barrier causes procesgo wait
until all other processeseacha barrier Figure 1 shavs a typical SPMD skeleton. A group of
processesimultaneouslgxecutethe codeshawn in thefigure,synchronizingat the barriers.

The programin Figure 1 is correctaslong asall processe$iave the samevaluefor »: in that
casethe barriersensurethat no processexecutesworkl while anotherexecuteswork2 If different
processedfave differentvaluesfor n, thenthey executea differentsequencef barrier statements,
whichis anerror Titaniumperformsaglobal-synchronizatioanalysighatensuresatcompiletime,
that suchbugscannotoccur This global-synchronizatiomanalysisis basedon recognizingsingle-
valuedvariables:replicatedvariablegeachprocesownsoneinstancehathave thesamevaluein all
processeslin the examplein Figurel, : andn mustbe single-\alued. In Titanium,the programmer
declareshesingle-\aluedvariablesandthecompilerverifiesthatthe programis structually correct

A programis structumlly correctif all its subexpressions satisfythefollowing: Let V'
bethesetof single-\valuedvariablesate. If processebeagin executionof e with identical
valuesfor eachvariablein V', andall processeterminate thenall processesxecutethe
samesequencef global synchronizatioroperationsand end with identical valuesfor
eachvariablein V.

More detailsaregiven by Aiken andGay[1].

Hnitialization of suchclasseseliesonthe Javal.1rule thatfinal fieldscanbeinitialized in constructors.



class Example ({
public  static void main (String )]

{
/I i and n are 'replicat ed variables : they take on
/I the same values in all processe s.
single int n = numberOfl ter ation s();
for (single int i =0; i <n; i +=1)
{
work1();
Proc.barr ier () ;
}
work2();
Proc.barr ier () ;
work3();
}

Figurel: A simpleexampleof synchronization.

Local and global references. The storageassociatedvith a Titanium processs calleda region.
Eachobjectis containedwithin a singleregion. Local variablesand objectscreatedby new are
containedn theregion of the procesgshatallocateshem. Referenceso objectsin otherregionsmay
be obtainedhroughcommunicatiorprimitives.

By default, all referencesn Titanium are assumedo be global, i.e. they may point to objects
in ary region. The programmercan declarethat a variablev alwayspointsto objectsof type T’
in the sameregion asthe currentprocessuy declaringthat variablewith T local v. Similarly, the
local qualifier canbe usedto declarethat an object®field pointsto an objectin the sameregion.
Ondistributed-memorynachinesl|ocal pointersaresignificantlymoreefficientthanglobalpointers:
they takelessspaceandaccesdo objectss faster On SMPsglobalandlocal pointersareequialent.

Communication. Processesommunicatewith eachother via readsand writes of object fields,
by cloning whole objects,or copying partsof arrays. One-to-allcommunicationis supportedoy
the broadcastmethod,all-to-all communicatiorby the exchangemethod. Thesetwo methodsalso
imply a global synchronizatiorof all processesasall processesnustcall broadcastor exchange
beforethe operationcancomplete. Thereis alsoa barrier methodasdefinedabore. The compiler
verifiesthatusesof theseglobalsynchronizatiomperationsnaintainthe structuralcorrectnessf the

program. Process-to-procesy/nchronizations handledasin Java with syndronizedmethodsand
the syndironizedstatement.



Consistency model. Theprogrammemayusethesynchronizatioronstruct$o preventconcurrent
readsandwriteson sharedbjects but thereis nothingin thelanguagehatrulesoutraceconditions.
In somelanguageshatuseglobal addresspacesprogrammersnay usesimplesharedvariablesto
build synchronizatiorstructuressuchas spinlocks,which appearto the systemas sharedvariables
with raceconditions.The mostintuitive semantic®f suchsharedaccesses sequentiatonsistency
which stateghat memoryoperationsappeaito takeeffect in sometotal orderthatis consistentvith
eachprocessogprogramorder|[8].

Onmachinesvith hundredsothousandsf cyclesof memorylateng for alocalorremotememory
accesssequentiaconsisteng is expensve, andmostmachinedesignerdave optedfor oneof the
weakerconsisteng models suchasprocessoconsisteng or releaseonsisteng. Krishnamurthyand
Yelick have shavn thatlanguagean provide the strongemodelof sequentiatonsisteng through
static analysis,even whenthe languagesxecuteon hardwarewith weakersemantic§7]. We are
exploring the useof this analysis which requiresgoodaliasingandsynchronizationnformation,in
thecontet of Titanium,but our currentconsisteng modeldoesnotrely on suchanalysis.Insteadwe
adoptthe Java consisteng model,which is weakly consistenait the programlevel, androughly says
thatprogrammersnay seeunexpectedprogrambehaior unlessthey protectall corflicting variable
accessewith barriers,ocks, or otherlanguage-spefied synchronizatiomprimitives.

3.3 Memory management

Titaniumincorporatezone-basethemorymanagemerdsanextensionto Java. Eachallocationcan
be placedin a specfic zone Whole zonesare freedat oncewith an explicit delete-zon@peration.
Therun-timesystenmaintaingeferenceountso ensurghatzonesarenotdeletedwvhile outstanding
referencegemain. This approachhastwo adwantages:it allows explicit programmingfor locality,
by placing objectsthat are accessedogetherin the samezone; andit shouldperform betterthan
garbagecollectionon distributed-memorynachines Keepinga referencecounton zonesratherthan
individual objectsmitigatesthe problemsof cyclical datastructuresicyclical datastructuresanstill
bereclaimedaslong asthey arecontainedn a singlezone.

A preliminarystudyof this style of memorymanagemenbn sequentialC programsfound that
zoneswerefasterthanmalloc/freeandconsenrative garbagecollectionin mostcased2]. This study
usedaC compilermodifiedto performreferenceountingonall pointerdnto zones.In arelatedstudy
Stoutamireobtaineda 13%speedupn anAMR codeby usingzonesto improve datalocality [12].

3.4 Arrays, points, and domains

Titanium arrays,which are distinctfrom Java arrays,are multi-dimensional. They are constructed
usingdomains which specifytheir index sets,andareindexed by points insteadof explicit lists of
integersasin Fortran. Pointsare tuplesof integersand domainsare setsof points. The following
codefragmentshavs how a multi-dimensionablrraycanbe constructed.

1, 1J;
[10, 20];

Point<2> |
Point<2> u



RectDomai n<2> r = [I : u];
double [2d] A = new double[r] ;

The (two-dimensionalpointsl andu aredeclaredandinitialized. Thentherectanguladomainr is
initialized to bethe setof all pointsin the rectanglewith cornersl andu. Finally the variableA is
initialized to atwo-dimensionaérraythatmapseachpointof r into a double.

A multi-dimensionalterator called foreach allows one to operateon the elementsof A. The
following foreach statemenexecutedts bodywith p boundto successie pointsof thedomainof A.

foreach (p in A.domain() ) {
Alp] = 42;
}

This style of iteratorsimplifiestheremova of arrayboundchecksfrom theloopbody Theiteration
order is not specfied, which allows the compiler to reorderiterationswithout the sophisticated
and often fragile analysisusedby Fortranor C compilersto performtiling or otheroptimizations.
Titanium®©foreach is intendedo enabletheseuniprocessooptimizationsnot generatgarallelism.

Titanium hasno array elementwiseoperators,which would allow writing statementsuchas
A = B + C While moreexpressie thanTitanium©foreach,comple array-level expressionsare
considerablymoredifficult to optimize.

TheRectDomain <N > typerepresentsornventionalrectangulaindex rangesn N dimensions.
Thereis alsoa moregeneralDomain< N> type,which representarbitraryindex sets. The domain
of arraysmay only be rectangularbut foreach alsoacceptggeneraldomains. Thisis animportant
featurefor modernpartial differential equationsolvers, and one that would be hard to implement
efficiently with availableabstractiormechanisms.

3.5 Other extensions

The precedingextensionswere principally motivatedby consideration®f performancegspecially
parallelperformance We have placeda lower priority on extensiongo enhancexpressvenessput

have introducedwo. First, Titaniumallows programmergo provide additionaloverloadingsof the

standaraperatorandof thearrayindexing syntaxby definingmembeirfunctionswith speciahames.
The motivationhereis thatwe expectsuchnotationsto be of interestto our particularaudienceN

scientfic programmers.Secondwe planto introducesomeform of parameterizedypes. Here,we

arefollowing the on-goingdebateover the possibilityof addingsucha facility to Java. If thereis a

timely resolutionwe intendto conformascloselyaspossibleto the selectedspecfication.

4 Incompatibilities

Ideally, Titaniumshouldbe (andlargelyis) asupersebf Jarafor simplicity andfor compatibilitywith
existing code. However, therearearetwo areasof incompatibility: threadsandnumerics.



e Threads. The currentversionof the Titaniumlanguageandits currentimplementationdo
not supportthreads.However, we areconsideringaddingthreaddo the currentSPMD model,
not for the purposeof parallel executionon multiple processorshut to overlap long-lateny
operationssuchasdisk or userl/O. This would alsomakeit possibleto use Java modules
written with threadgsuchasthe AWT) in Titaniumprograms.The additionof threadswvould
complicateglobalsynchronizatiorsuchasbarriers,but we believe thatthe associate@nalysis
canbeextendedfor alimited threadmodel.

e Numerics. Titaniumdoesnotadherdo the Java standardor numericgneitherdo, we believe,
several existing Javaimplementations)We wouldlike to includesupportfor finercontrolover
IEEE-FloatingPoint features,suchas exceptionsand roundingmodes,but we have not yet
given adequatattentionto theseissues.

S Optimizations

Our prototypecompiler performsstandardanalysesand optimizations,suchas finding Odefs@nd

OusesOf variables,computingall possiblecontrol flow paths,finding and moving loop invariant

expressionsfindinginductionvariablesandperformingstrengthreductionof arrayindex expressions.
It alsoomitstheconstructiorof thecontrolvariableof aforeach if, afteroptimizationsthatvariable
is not necessaryAlthoughwe aregeneratingC codeandrely on the C compilerto performcertain
optimizations,our analysisis donewith specialknowledgeof the Titanium languageand libraries.

Furthermore our analysesare able to take advantageof the safeand cleansemanticof Java and
Titanium. Thuswe performoptimizationghatwe cannotreasonablexpectC compilersto perform

onthecodewe produce.Indeed our experimentshave shavn thatwe mustperformmary additional

relatively straightforwarcptimizationgn our compilerif we wantthemto happeratall.

5.1 Loops

A naiveimplementatiomf theloopin Figure2ayieldspoorresults.Dependingnthestatictypeof R,
theiterationis over eitheraRectDomai n oraDomain (whoseinternalrepresentatiois currentlya
unionof RectDomai ns). For simplicity, then,consideiiterationover asingleRectDomain . The
addresgalculationfor A[p] requiresa singlepointerincrementperiterationof theinnermostoop.
However, even in this trivial example,mostC compilerswill not performstrengthreductionon the
addresgalculationgrequiredby Titaniumarrays,which canhave arbitrary stride. Whenwe do our
own strengthreductionwe generateghe codeshown in Figure2b. Thisis anexampleof whatwe do
to allow Titaniumprogramgo achieve performanceompetitive with C or Fortran.

6 Applications

Properlyevaluatingaprogrammindanguageequiresusingit toimplementepresentate applications
in itsintendeddomain.We aredevelopingthe Titaniumcompilerandrun-timesysterin parallelwith



foreach (p in R) {

Alp] = 42
}
(a)
for (L0 =1is 0; ; SR_ 0 += dSR_0) {
GP_jdoubl e SR_1 = SR_O0;
for (i1 =1is_ 1, ; SR 1 += dSR_1) {
GP_jdouble SR _2 = SR_1;
for (2 =1is 2; ; SR 2 += dSR_2) {
ASSIGN(SR_2, 42.0);
if (L2 +=id_2) >= ie_2) break;
}
if (iL1 +=id_1) >=ie_1) break;
}
if (i_L0 +=1id_0) >= ie_0) break;
}

(b)

Figure2: (a) Titaniumcode,(b) Excerptof generatedC codefor 3D case



non-trivial applications someportedand somewritten from scratch. This sectiondescribeswo of
theseapplicationsAMR3D andEM3D.

6.1 AMR3D

AMR3D is a full 3-dimensionabdaptie meshrefinementPoissonsolver. The completeprogram
consistf abouttwo thousandines of Titaniumcode. Almost half of the codebelongsto a routine
calledthegrid genentor.

AMR is anextensionof themultigrid algorithmfor linearsolvers. Multigrid is arelaxatiormethod
thatuseggridsat differentresolutionsoveringthe entireproblemdomain. AMR allows gridsat high
levelsof resolutionto cover only asubsebf theproblemdomain. Theareaof interestateachlevel is
coveredby asetof rectangulapatches Similarly to mostparallelAMR solvers,wedistributepatches
acrosgprocessorsandrelaxonthemin lockstep.If thepatchesarelargeenoughgcommunicatiorand
synchronizatioroverheadsresmall.

At variouspointsof thecomputationthe grid generatorecomputeshe patchhierarchybasecdn
the needfor accurag. It alsoload-balanceshe computationpy assigninga similaramountof work
to eachprocessar

Aside from the grid generatgra large fraction of the codeis dedicatedo computingboundary
valuesattheinterfacesdetweercoarseandfine boundariesThis computationalthoughnotonerous,
is comple, andour linguistic supportis an effective aid.

AMR3D is the first large Titanium program,andit is interestingto notethatthe globalsynchro-
nizationanalysigSection3.2) helpeduncover afew bugsduringits development.

6.2 EM3D

EM3D isthecomputatbnalkernelfromanappicationthatmocelsthe propagatnof electro-magnetic
waves throughobjectsin threedimensiong9]. A preprocessingtepcastshe probleminto asimple
computatioronanirregularbipartitegraphcontainingnodeghatrepresenglectricandmagnetidield
values. The computationconsistsof a seriesof Oleapfrog@itegrationsteps:on alternatehalf time
stepschangesn theelectricfield arecalculatechsalinearfunctionof theneighboringnagnetidield
valuesandviceversa.

7 Preliminary Results

At thistime we canrun the programdisted above and several others but theimplementatiorof our
plannedsetof optimizationgs still incomplete.

7.1 Sequential Performance

Thefirstsetof benchmarkshav thesequentiagperformancef Titaniumcode. For theseexperiments,
weusea2D and3D multigrid Poissorsolver,theEM3D computatiordescribedbove, andthestandard
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\ | SPARC | Pentium |

Titanium | gcc| cc | f77 | Titanium| gcc| cc | 77
DAXPY 16| 1419|116 23| 18| 18| 1.9
EM3D 1.7/0.89| 1.0 1.6| 0.95| 0.86
2D Multigrid 5.0 5.3 5.5 7.3
3D Multigrid 22 12 20 23

Figure3: Performancef sequentialitaniumcomparedo otherlanguagesAll numbersareseconds,
roundedo 2 significantfigures.All compilersweregiven the-04 flag. Outputof the Titaniumcom-
piler wascompiledwith GNU®g++. Boundscheckingwasturnedoff for all of thesemeasurements.

DAXPY operationon vectors. The multigrid examplesare comparedo codewritten by othersin
combinedC++andFortran,whiletheEM3D andDAXPY examplesarecomparedo C and/orFortran.
We wereunableto obtaina full 3D AMR codewrittenin anothedanguagehatperformedthe same
computationsothis benchmarks not usedfor sequentiatomparisonsFor the multigrid problems,
the 2D grid has1024x1024points,andthe 3D grid has64x 64x64. The EM3D graphis synthetic
with 500nodes fixed degree20,andrandomconnectvity. TheDAXPY useda 100K elementector
Dataweretakenon a 166MhzUItraSFARC processoranda 200Mhz PentiumPro running Solaris.
Thecc andf77 compilersarefrom Sun. Theoutputof the Titaniumcompileris fed to the GNU C++
compiler

Themostunexpectedresultis that3D multigrid in Titaniumdoespoorly onthe SFARC, but does
wellNfaster thanFortranNon the Pentium. We believe this is partly dueto variationsin the quality
of thecodegeneratedy the GNU C++ and SunFortrancompilers. In addition,examinationof the
Titanium-compilergeneratedC++ codeandthe resultingassemblycodein eachcaseindicatesthat
on the SFARC the GNU C++ compilerdid a poorjob of compilingthe mostimportantinnerloop,
wherea®nthePentiumit did well. Oftenthelargebasicblocks,large functions,andlargenumberof
temporariesn machine-generate@++ codeput unusualkstressesn the back-endcompiler We are
takingthisinto accountaswe furthertunethe Titaniumcompiler

Unlike multigrid, EM3D hasloopswhoseaveragenumberof iterationsis relatvely small. The
obsenredperformancelegradationis duemostlyto loop startupoverhead.Thisis anotherareawhere
we expectto improve.

7.2 Parallel Performance

Titanium runson top of a standardPosixthreadlibrary on SMPsandon Active Messagdayer[13]
ondistributedmemorymultiprocessorandnetworksof workstations Figure4 shavs the speeduf
EM3D andAMR3D on an 8-way SUN EnterpriseSMP for a fixed problemsize. The performance
shavsthatthe overheador our parallelruntimelibrary areminimal. AMR3D is still underdevelop-
ment,andwe arerunningit onashallov grid hierarchy(2 levels). Its speedujis limited mainly by the
serialmultigrid computatioron the coarsegrid andby memorybus contention. EM3D attainsalmost
linearspeedupsastheruntimeoverheadsreoffsetby improved cachebehaior on smallerdatasets.
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Performance on an 8-way Sun Enterprise SMP
10 . . . :

EM3D ——
AMR3D —+—

Speedup

0 2 4 6 8 10
Processors

Figure4: Speedupsnan SunUltrasparcSMP

8 Conclusions

Our experiencethusfar is that Java is a good choiceas a baselanguage:it is easyto extend, and
its safetyfeaturesgreatlysimplify the compilerwriter® task. We alsobelieve that extendingJava is
easierthanobtaininghigh performancewithin Java@® strict languagespecsassuminghatthe latter
is atall feasible). Many of the featuresof Titaniumwould be hardor impossibleto achieve asJava
libraries,andthe compilerwould not be ableto performstaticanalysisandoptimizationson them.

We have severalgoalsfor the project. We wish to makethe systemrobustandavailablefor use
in the scientfic computingcommunity We alsowishto useit asa basisfor researcton optimization
of explicitly parallelprograms optimizationsfor memoryhierarchy and domain-spedic language
extensions.
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