
Titanium: A High-PerformanceJava Dialect

KathyYelick, Luigi Semenzato,Geoff Pike,CarletonMiyamoto,
BenLiblit, Arvind Krishnamurthy, Paul Hilfinger,

SusanGraham,David Gay, Phil Colella,andAlex Aiken

ComputerScienceDivision
Universityof Californiaat Berkeley

and
LawrenceBerkeley NationalLaboratory

Abstract

Titaniumis a languageandsystemfor high-performanceparallelscientific computing.Titanium
usesJava asits base,therebyleveragingtheadvantagesof thatlanguageandallowingusto focus
attentiononparallelcomputingissues.Themainadditionsto Java areimmutableclasses,multi-
dimensionalarrays,an explicitly parallelSPMD model of computationwith a global address
space,andzone-basedmemorymanagement.We discussthesefeaturesandourdesignapproach,
andreportprogresson thedevelopmentof Titanium,includingour currentdriving application:a
three-dimensionaladaptive meshrefinementparallelPoissonsolver.

1 Overview

TheTitaniumlanguageis designedto supporthigh-performancescientific applications.Historically,
few languagesthatmadesucha claimhave achieved a significantdegreeof serioususeby scientific
programmers.Amongthereasonsarethehighlearningcurve for suchlanguages,thedependenceon
ÒheroicÓparallelizingcompilertechnologyandtheconsequentabsenceof compilersandtools,and
the incompatibilitieswith languagesusedfor libraries. Our goal is to provide a languagethatgives
its usersaccessto modernprogramstructuringthroughthe useof object-orientedtechnology, that
enablesits usersto write explicitly parallelcodetoexploit theirunderstandingof thecomputation,and
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thathasacompilerthatusesoptimizingcompilertechnologywhereit is reliableandgivespredictable
results.Thestartingdesignpoint for Titaniumis Java. We have chosenJava for severalreasons.

1. Java is a relatively smallandcleanobject-orientedlanguage(compared,for instance,to C++)
andthereforeis easyto extend.

2. Java is popularandis itself basedon popularlanguages(C/C++). LearningTitaniumrequires
little effort for thoseacquaintedwith Java-like languages.

3. Java is a safe language,and so is Titanium. Safetyenablesthe user to write more robust
programsandthecompilerto performbetteroptimization.

TitaniumÕsmaingoalsare,in orderof importance:performance,safety, andexpressiveness.

Performance is a fundamentalrequirementfor computationallydemandingscientific applica-
tions. Many designchoicesreflect this goal. For instance,the executionmodelis explicitly
parallel,thuseliminatingtheneedfor a parallelizingcompiler. Any distributeddatastructure
is fully definedby the programmer, who hascompletecontrol over its layoutacrossprocess
boundaries.In addition,the programmermay usetype modifiers in variabledeclarationsto
convey locality informationthatthecompilermayfindhardto infer reliablyfromstaticanalysis.

Safety hastwo meaningsin Titanium.Oneis theability to detecterrorsstatically. For instance,
theTitaniumcompilercanensurethatall processeswill executethecorrectsequenceof global
synchronizations.Theotheris theability to detectandreportrun-timeerrors,suchasout-of-
boundindices,accurately. Both formsof safetyfacilitateprogramdevelopment;but, not less
importantly, they enablemorepreciseanalysisandmoreeffective optimizations.

Expressiveness. Becauseof theprioritiesof our targetcustomers,wesacrificedexpressiveness
tothefirsttwogoalsasnecessary. However, with built-in featuressuchastruemulti-dimensional
arraysanditerators,pointsandindex sets(including irregular ones)asfirst-classvalues,and
referencesthatspanprocessorboundaries(similarto globalpointersin Split-C),Titaniumis far
moreexpressive thanmostlanguageswith comparableperformance.

Titaniumis basedonaparallelSPMD(for SingleProgram,Multiple Data)modelof computation.In
this model,theparallelismcomesfrom runningthesameprogramasynchronouslyon processors,
eachprocessorhaving its own data. Titaniumprocessescan transparentlyreadandwrite datathat
residesonotherprocessors.Titaniumprogramsrunonbothdistributed-memoryandshared-memory
architectures.(Supportfor SMPsis not basedon Java threads;seeSection4.) However, a Titanium
programwrittenfor anSMPis notguaranteedto runefficientlyonadistributed-memoryarchitecture.
We only claimthatthelanguagesupportsbotharchitecturesequallywell.

In summary, Titanium is a languagethat usesJava as its base,not a strict extensionof Java.
The Titanium compiler translatesTitanium into C, for portability and economy(our prototypeis
temporarilygeneratingC++). We arenot addressingthe problemof high performancein the Java
Virtual Machine.
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In theremainderof thepaperwe outlinethenew languagefeaturesandtheir relationshipto Java,
theomissionsof Java features,thenovel optimizationsthatarefacilitatedby theuseof Javaasabase
language,andthedriving applicationsthatmotivatetheinitial versionof theTitaniumlanguageand
compiler.

2 Related Work

Therearein essencetwo competingapproachesto parallelprogramming:languageandlibrary. We
list themostrelevantefforts.

Libraries. Therelative simplicity androbustnessof librariesfor parallelismmakesthema popular
choicefor scientific computing. In particular, SPMD programswritten in C, C++, or Fortranwith
MPI for communicationandsynchronizationform thevastmajorityof large-scale,parallelscientific
applications.MPI, however, hasalowerraw performancethanaglobaladdressspace.OnaCrayT3E,
MPI achievesabandwidthof about120MB/sec,whileaglobaladdressspaceachievesabandwidthof
about330MB/sec[10]. Furthermore,with a globaladdressspacethecompilercanoptimizeremote
accesseswith thesametechniquesusedfor thelocal memoryhierarchy.

FIDIL. Themultidimensional arraysupportin Titaniumis stronglyinfluencedby FIDIL mapsand
domains[6, 11]. Titanium,however, sacrificesexpressivenessfor performance.Titaniumarraysmay
only berectangular, whereFIDIL mapshave arbitraryshapes.Also, Titaniumhastwo staticdomain
types,generaldomainandrectangulardomain.FIDIL hasonly a generaldomaintype,thusmaking
it harderto optimizecodethatusesthemorecommonrectangularkind.

Java-AD. The HPJava project includesJava-AD, an extensionof Java for SPMD-styleprogram-
ming [4]. Themainnew featureof Java-AD is multidimensionaldistributedarrays,similar to HPF
arrays. Java-AD alsooffers an interfaceto MPI for explicit communication.Thecurrentplan is to
translateJava-AD into standardJava+ MPI calls,Thisapproachpreventsoptimizationslike thosewe
areimplementingin Titanium.

Split-C. The parallel executionmodeland global addressspacesupportin Titanium are closely
relatedto Split-C [5] and AC [3]. Titanium sharesa commoncommunicationlayer with Split-C
on distributedmemorymachines,which we have extendedaspartof theTitaniumprojectto run on
sharedmemorymachines.Split-Cdiffersfrom Titaniumin thatthedefaultpointertypeis local rather
than global; a local pointerdefault simplifiesinterfacingto existing sequentialcode,but a global
defaultmakesit easierto port sharedmemoryapplicationsto distributedmemorymachines.Split-C
usessequentialconsistency as its defaultconsistency model,but providesexplicit operatorsto allow
non-blockingoperationsto beused.In AC thecompilerintroducesnon-blockingmemoryoperations
automatically, usingonly dependenceinformation,notparallelprogramanalysis.Titaniumis closer
to AC in this regard.
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3 Language Extensions

The main new featuresof Titanium are immutableclasses,explicit supportfor parallelism,multi-
dimensionalarrays,anda mechanismfor theprogrammerto controlmemorymanagement.

3.1 Immutable classes

Java objectsare accessedthroughreferences. This simplifies the language,but addsa constant
overhead(extra level of indirection,objectcreationanddestruction)thatreducestheperformanceof
programsthatmakeintensive useof smallobjects.Thetypical exampleis a user-definedcomplex-
numberclass.To remedythisproblem,we introducedimmutableclasses. Immutableclassesarenot
extensionsof any existingclass(includingObject),norcanthey be extended.All non-staticfieldsof
immutableclassesarefinal.1 Theserestrictionsallow thecompilerto passsuchobjectsby valueand
to allocatethemonthestackor within otherobjects.In effect, they behave like existingJavaprimitive
typesor C structs. Immutableclassesareusedfor someof thespecialTitaniumtypessuchasPoint
(seeSection3.4).

3.2 Parallelism

Global synchronization. An importantkind of synchronizationusedin SPMDprogramsis global
synchronizationin which all processesparticipate.For instance,a barrier causesa processto wait
until all other processesreacha barrier. Figure 1 shows a typical SPMD skeleton. A group of
processessimultaneouslyexecutethecodeshown in thefigure,synchronizingat thebarriers.

The programin Figure1 is correctaslong asall processeshave the samevaluefor : in that
casethebarriersensurethatno processexecuteswork1 while anotherexecuteswork2. If different
processeshave differentvaluesfor , thenthey executea differentsequenceof barrierstatements,
which is anerror. Titaniumperformsaglobal-synchronizationanalysisthatensures,atcompiletime,
that suchbugscannotoccur. This global-synchronizationanalysisis basedon recognizingsingle-
valuedvariables:replicatedvariables(eachprocessownsoneinstance)thathavethesamevaluein all
processes.In theexamplein Figure1, and mustbesingle-valued. In Titanium,theprogrammer
declaresthesingle-valuedvariables,andthecompilerverifiesthattheprogramis structurally correct:

A programis structurally correct if all its subexpressions satisfythefollowing: Let
bethesetof single-valuedvariablesat . If processesbegin executionof with identical
valuesfor eachvariablein , andall processesterminate,thenall processesexecutethe
samesequenceof global synchronizationoperationsandendwith identicalvaluesfor
eachvariablein .

More detailsaregiven by Aiken andGay[1].

1Initialization of suchclassesreliesontheJava1.1rule thatfinalfieldscanbeinitialized in constructors.
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class Example {
public static void main (String [])
{

// i and n are "replicat ed variables" : they take on
// the same values in all processe s.

single in t n = numberOfI ter at ion s( );
for (single in t i = 0; i < n; i += 1)

{
work1();
Proc.barr ier () ;

}
work2();
Proc.barr ier () ;
work3();

}
}

Figure1: A simpleexampleof synchronization.

Local and global references. The storageassociatedwith a Titaniumprocessis calleda region.
Eachobject is containedwithin a single region. Local variablesand objectscreatedby new are
containedin theregionof theprocessthatallocatesthem.Referencesto objectsin otherregionsmay
beobtainedthroughcommunicationprimitives.

By default,all referencesin Titaniumareassumedto be global, i.e. they may point to objects
in any region. The programmercan declarethat a variable alwayspoints to objectsof type
in the sameregion as the currentprocessby declaringthat variablewith local . Similarly, the
local qualifier canbe usedto declarethat an objectÕs field pointsto an object in the sameregion.
On distributed-memorymachines,localpointersaresignificantlymoreefficientthanglobalpointers:
they takelessspace,andaccessto objectsis faster. On SMPsglobalandlocalpointersareequivalent.

Communication. Processescommunicatewith eachother via readsand writes of objectfields,
by cloning whole objects,or copyingpartsof arrays. One-to-allcommunicationis supportedby
the broadcastmethod,all-to-all communicationby the exchangemethod. Thesetwo methodsalso
imply a global synchronizationof all processes,as all processesmustcall broadcastor exchange
beforetheoperationcancomplete.Thereis alsoa barrier methodasdefinedabove. Thecompiler
verifiesthatusesof theseglobalsynchronizationoperationsmaintainthestructuralcorrectnessof the
program. Process-to-processsynchronizationis handledasin Java with synchronizedmethodsand
thesynchronizedstatement.
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Consistency model. Theprogrammermayusethesynchronizationconstructsto preventconcurrent
readsandwritesonsharedobjects,but thereis nothingin thelanguagethatrulesoutraceconditions.
In somelanguagesthatuseglobaladdressspaces,programmersmayusesimplesharedvariablesto
build synchronizationstructuressuchasspinlocks,which appearto the systemassharedvariables
with raceconditions.Themostintuitivesemanticsof suchsharedaccessesis sequentialconsistency,
which statesthatmemoryoperationsappearto takeeffect in sometotal orderthat is consistentwith
eachprocessorÕsprogramorder[8].

Onmachineswith hundredstothousandsof cyclesof memorylatency for alocalor remotememory
access,sequentialconsistency is expensive, andmostmachinedesignershave optedfor oneof the
weakerconsistency models,suchasprocessorconsistency or releaseconsistency. Krishnamurthyand
Yelick have shown that languagescanprovide thestrongermodelof sequentialconsistency through
staticanalysis,even whenthe languagesexecuteon hardwarewith weakersemantics[7]. We are
exploring theuseof this analysis,which requiresgoodaliasingandsynchronizationinformation,in
thecontext of Titanium,but ourcurrentconsistency modeldoesnotrely onsuchanalysis.Instead,we
adopttheJava consistency model,which is weaklyconsistentat theprogramlevel, androughlysays
thatprogrammersmayseeunexpectedprogrambehavior unlessthey protectall conflicting variable
accesseswith barriers,locks,or otherlanguage-specifiedsynchronizationprimitives.

3.3 Memory management

Titaniumincorporateszone-basedmemorymanagementasanextensionto Java. Eachallocationcan
be placedin a specific zone. Wholezonesarefreedat oncewith anexplicit delete-zoneoperation.
Therun-timesystemmaintainsreferencecountsto ensurethatzonesarenotdeletedwhile outstanding
referencesremain. This approachhastwo advantages:it allows explicit programmingfor locality,
by placingobjectsthat are accessedtogetherin the samezone;and it shouldperform betterthan
garbagecollectionondistributed-memorymachines.Keepinga referencecountonzonesratherthan
individualobjectsmitigatestheproblemsof cyclical datastructures:cyclical datastructurescanstill
bereclaimedaslongasthey arecontainedin a singlezone.

A preliminarystudyof this styleof memorymanagementon sequentialC programsfound that
zoneswerefasterthanmalloc/freeandconservative garbagecollectionin mostcases[2]. Thisstudy
usedaC compilermodifiedtoperformreferencecountingonall pointersintozones.In arelatedstudy,
Stoutamireobtaineda 13%speedupin anAMR codeby usingzonesto improvedatalocality [12].

3.4 Arrays, points, and domains

Titaniumarrays,which aredistinct from Java arrays,aremulti-dimensional.They areconstructed
usingdomains, which specifytheir index sets,andareindexed by points, insteadof explicit lists of
integersasin Fortran. Pointsare tuplesof integersanddomainsaresetsof points. The following
codefragmentshowshow amulti-dimensionalarraycanbeconstructed.

Point<2> l = [1, 1];
Point<2> u = [10, 20];
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RectDomai n<2> r = [l : u];
double [2d] A = new double[r] ;

The(two-dimensional)pointsl andu aredeclaredandinitialized. Thentherectangulardomainr is
initialized to bethesetof all pointsin therectanglewith cornersl andu. Finally thevariableA is
initialized to a two-dimensionalarraythatmapseachpointof r into adouble.

A multi-dimensionaliterator called foreach allows one to operateon the elementsof A. The
following foreach statementexecutesits bodywith p boundto successive pointsof thedomainof A.

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

}

This styleof iteratorsimplifiestheremoval of arrayboundchecksfrom theloopbody. Theiteration
order is not specified, which allows the compiler to reorder iterationswithout the sophisticated
andoften fragile analysisusedby Fortranor C compilersto performtiling or otheroptimizations.
TitaniumÕs foreach is intendedto enabletheseuniprocessoroptimizations,notgenerateparallelism.

Titanium hasno array elementwiseoperators,which would allow writing statementssuchas
A = B + C. While moreexpressive thanTitaniumÕs foreach,complex array-level expressionsare
considerablymoredifficult to optimize.

TheRectDomain < > typerepresentsconventionalrectangularindex rangesin dimensions.
Thereis alsoa moregeneralDomain< > type,which representsarbitraryindex sets.Thedomain
of arraysmayonly be rectangular, but foreach alsoacceptsgeneraldomains.This is an important
featurefor modernpartial differentialequationsolvers, andone that would be hard to implement
efficiently with availableabstractionmechanisms.

3.5 Other extensions

The precedingextensionswereprincipally motivatedby considerationsof performance,especially
parallelperformance.We have placeda lower priority on extensionsto enhanceexpressiveness,but
have introducedtwo. First, Titaniumallows programmersto provide additionaloverloadingsof the
standardoperatorsandof thearrayindexing syntaxby definingmemberfunctionswith specialnames.
The motivationhereis that we expectsuchnotationsto be of interestto our particularaudienceÑ
scientific programmers.Second,we planto introducesomeform of parameterizedtypes. Here,we
arefollowing theon-goingdebateover thepossibilityof addingsucha facility to Java. If thereis a
timely resolution,we intendto conformascloselyaspossibleto theselectedspecification.

4 Incompatibilities

Ideally, Titaniumshouldbe(andlargely is) asupersetof Javafor simplicityandfor compatibilitywith
existingcode.However, therearearetwo areasof incompatibility: threadsandnumerics.
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Threads. The currentversionof the Titanium language,andits currentimplementation,do
notsupportthreads.However, we areconsideringaddingthreadsto thecurrentSPMDmodel,
not for the purposeof parallelexecutionon multiple processors,but to overlap long-latency
operations,suchasdisk or userI/O. This would alsomakeit possibleto useJava modules
written with threads(suchastheAWT) in Titaniumprograms.Theadditionof threadswould
complicateglobalsynchronizationsuchasbarriers,but we believe thattheassociatedanalysis
canbeextendedfor a limited threadmodel.

Numerics. Titaniumdoesnotadhereto theJavastandardfor numerics(neitherdo,webelieve,
severalexistingJava implementations).We wouldlike to includesupportfor finercontrolover
IEEE-FloatingPoint features,suchas exceptionsandroundingmodes,but we have not yet
given adequateattentionto theseissues.

5 Optimizations

Our prototypecompilerperformsstandardanalysesandoptimizations,suchasfinding ÒdefsÓand
ÒusesÓof variables,computingall possiblecontrol flow paths,finding and moving loop invariant
expressions,findinginductionvariables,andperformingstrengthreductionof arrayindex expressions.
It alsoomitstheconstructionof thecontrolvariableof aforeach if, afteroptimizations,thatvariable
is not necessary. Althoughwe aregeneratingC codeandrely on theC compilerto performcertain
optimizations,our analysisis donewith specialknowledgeof theTitanium languageandlibraries.
Furthermore,our analysesare able to takeadvantageof the safeandcleansemanticsof Java and
Titanium. Thuswe performoptimizationsthatwe cannotreasonablyexpectC compilersto perform
on thecodewe produce.Indeed,ourexperimentshave shown thatwe mustperformmany additional
relatively straightforwardoptimizationsin ourcompilerif we wantthemto happenatall.

5.1 Loops

A naiveimplementationof theloopin Figure2ayieldspoorresults.Dependingonthestatictypeof R,
theiterationis over eitheraRectDomai n or aDomain (whoseinternalrepresentationis currentlya
unionof RectDomai ns). For simplicity, then,consideriterationover a singleRectDomain . The
addresscalculationfor A[p] requiresa singlepointerincrementperiterationof theinnermostloop.
However, even in this trivial example,mostC compilerswill not performstrengthreductionon the
addresscalculationsrequiredby Titaniumarrays,which canhave arbitrarystride. Whenwe do our
own strengthreductionwe generatethecodeshown in Figure2b. This is anexampleof whatwe do
to allow Titaniumprogramsto achieve performancecompetitivewith C or Fortran.

6 Applications

Properlyevaluatingaprogramminglanguagerequiresusingit toimplementrepresentativeapplications
in its intendeddomain.WearedevelopingtheTitaniumcompilerandrun-timesystemin parallelwith
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foreach (p in R) {
A[p] = 42;

}

(a)

...
for (i_0 = is_0; ; SR_0 += dSR_0) {

GP_jdoubl e SR_1 = SR_0;
for (i_1 = is_1; ; SR_1 += dSR_1) {

GP_jdouble SR_2 = SR_1;
for (i_2 = is_2; ; SR_2 += dSR_2) {

ASSIGN(SR_2, 42.0);
if ((i_2 += id_2) >= ie_2) break;

}
if ((i_1 += id_1) >= ie_1) break;
}

if ((i_0 += id_0) >= ie_0) break;
}

(b)

Figure2: (a) Titaniumcode,(b) Excerptof generatedC codefor 3D case
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non-trivial applications,someportedandsomewritten from scratch.This sectiondescribestwo of
theseapplications,AMR3D andEM3D.

6.1 AMR3D

AMR3D is a full 3-dimensionaladaptive meshrefinementPoissonsolver. The completeprogram
consistsof abouttwo thousandlinesof Titaniumcode.Almosthalf of thecodebelongsto a routine
calledthegrid generator.

AMR isanextensionof themultigridalgorithmfor linearsolvers.Multigrid isarelaxationmethod
thatusesgridsatdifferentresolutionscoveringtheentireproblemdomain.AMR allowsgridsathigh
levelsof resolutionto cover only asubsetof theproblemdomain.Theareaof interestateachlevel is
coveredby asetof rectangularpatches. Similarly to mostparallelAMR solvers,wedistributepatches
acrossprocessors,andrelaxonthemin lockstep.If thepatchesarelargeenough,communicationand
synchronizationoverheadsaresmall.

At variouspointsof thecomputation,thegrid generatorrecomputesthepatchhierarchybasedon
theneedfor accuracy. It alsoload-balancesthecomputation,by assigninga similaramountof work
to eachprocessor.

Aside from the grid generator, a large fractionof thecodeis dedicatedto computingboundary
valuesat theinterfacesbetweencoarseandfineboundaries.Thiscomputation,althoughnotonerous,
is complex, andour linguisticsupportis aneffective aid.

AMR3D is thefirst largeTitaniumprogram,andit is interestingto notethattheglobalsynchro-
nizationanalysis(Section3.2)helpeduncover a few bugsduringits development.

6.2 EM3D

EM3Dis thecomputationalkernelfromanapplicationthatmodelsthepropagationof electro-magnetic
waves throughobjectsin threedimensions[9]. A preprocessingstepcaststheprobleminto a simple
computationonanirregularbipartitegraphcontainingnodesthatrepresentelectricandmagneticfield
values. Thecomputationconsistsof a seriesof ÒleapfrogÓintegrationsteps:on alternatehalf time
steps,changesin theelectricfieldarecalculatedasalinearfunctionof theneighboringmagneticfield
valuesandviceversa.

7 Preliminary Results

At this time we canrun theprogramslistedabove andseveralothers,but the implementationof our
plannedsetof optimizationsis still incomplete.

7.1 Sequential Performance

Thefirstsetof benchmarksshow thesequentialperformanceof Titaniumcode.For theseexperiments,
weusea2D and3DmultigridPoissonsolver, theEM3Dcomputationdescribedabove,andthestandard
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SPARC Pentium
Titanium gcc cc f77 Titanium gcc cc f77

DAXPY 1.6 1.4 1.9 1.6 2.3 1.8 1.8 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: Performanceof sequentialTitaniumcomparedtootherlanguages.All numbersareseconds,
roundedto 2 significantfigures.All compilersweregiven the-O4flag. Outputof theTitaniumcom-
piler wascompiledwith GNUÕsg++. Boundscheckingwasturnedoff for all of thesemeasurements.

DAXPY operationon vectors. The multigrid examplesare comparedto codewritten by othersin
combinedC++andFortran,while theEM3DandDAXPY examplesarecomparedtoC and/orFortran.
We wereunableto obtaina full 3D AMR codewritten in anotherlanguagethatperformedthesame
computation,sothis benchmarkis not usedfor sequentialcomparisons.For themultigrid problems,
the2D grid has1024 1024points,andthe3D grid has64 64 64. TheEM3D graphis synthetic
with 500nodes,fixed degree20,andrandomconnectivity. TheDAXPY useda100Kelementvector.
Dataweretakenon a 166MhzUltraSPARC processoranda 200MhzPentiumPro runningSolaris.
Thecc andf77 compilersarefrom Sun.Theoutputof theTitaniumcompileris fed to theGNU C++
compiler.

Themostunexpectedresultis that3D multigrid in TitaniumdoespoorlyontheSPARC, but does
wellÑfaster thanFortranÑon thePentium.We believe this is partly dueto variationsin thequality
of thecodegeneratedby theGNU C++ andSunFortrancompilers.In addition,examinationof the
Titanium-compilergeneratedC++ codeandtheresultingassemblycodein eachcaseindicatesthat
on theSPARC the GNU C++ compilerdid a poor job of compiling themostimportantinner loop,
whereasonthePentiumit did well. Oftenthelargebasicblocks,largefunctions,andlargenumberof
temporariesin machine-generatedC++ codeput unusualstresseson theback-endcompiler. We are
takingthis into accountaswefurthertunetheTitaniumcompiler.

Unlike multigrid, EM3D hasloopswhoseaveragenumberof iterationsis relatively small. The
observedperformancedegradationis duemostlyto loopstartupoverhead.This is anotherareawhere
we expectto improve.

7.2 Parallel Performance

Titaniumrunson top of a standardPosixthreadlibrary on SMPsandon Active Messagelayer [13]
ondistributedmemorymultiprocessorsandnetworksof workstations.Figure4 showsthespeedupof
EM3D andAMR3D on an8-waySUN EnterpriseSMP for a fixed problemsize. Theperformance
shows thattheoverheadfor ourparallelruntimelibrary areminimal. AMR3D is still underdevelop-
ment,andwearerunningit onashallow grid hierarchy(2 levels). Its speedupis limitedmainlyby the
serialmultigridcomputationonthecoarsegrid andby memorybuscontention.EM3D attainsalmost
linearspeedupsastheruntimeoverheadsareoffsetby improved cachebehavior onsmallerdatasets.
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8 Conclusions

Our experiencethusfar is that Java is a goodchoiceasa baselanguage:it is easyto extend,and
its safetyfeaturesgreatlysimplify thecompilerwriterÕs task. We alsobelieve thatextendingJava is
easierthanobtaininghigh performancewithin JavaÕs strict languagespecs(assumingthat the latter
is at all feasible).Many of the featuresof Titaniumwould behardor impossibleto achieve asJava
libraries,andthecompilerwouldnotbeableto performstaticanalysisandoptimizationson them.

We have severalgoalsfor theproject. We wish to makethesystemrobustandavailablefor use
in thescientific computingcommunity. We alsowishto useit asa basisfor researchonoptimization
of explicitly parallelprograms,optimizationsfor memoryhierarchy, anddomain-specific language
extensions.
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Titanium. We alsothankIntel for varioushardwaredonations,includingtheMillennium grant,and
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