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ABSTRACT
Thispaperdescribesandevaluatestheuseof aggressivestaticanal-
ysisin Jackal,afine-grainDistributedSharedMemory(DSM) sys-
tem for Java. Jackalusesan optimizing, source-level compiler
ratherthanthebinaryrewriting techniquesemployedby mostother
fine-grainDSMsystems.Source-level analysismakesexistingaccess-
checkoptimizations(e.g., access-checkbatching)more effective
andenablestwo novel fine-grainDSM optimizations:object-graph
aggregationandautomaticcomputationmigration.

Thecompilerdetectssituationswhereanaccessto a root object
is followed by accessesto subobjects.Jackalattemptsto aggre-
gateall accesschecksonobjectsin suchobjectgraphsinto asingle
checkonthegraph’srootobject.If thischeckfails,theentiregraph
is fetched.Object-graphaggregationcanreducethenumberof net-
work roundtripsand,sinceit is anadvancedform of access-check
batching,improvessequentialperformance.

Computationmigration (or function shipping) is usedto opti-
mize critical sectionsin which a single processorowns both the
shareddatathat is accessedandthe lock that protectsthe data. It
is usually more efficient to executesuchcritical sectionson the
processorthat holds the lock and the datathan to incur multiple
roundtripsfor acquiring the lock, fetching the data, writing the
databack,andreleasingthe lock. Jackal’s compilerdetectssuch
critical sectionsandoptimizesthemby generatingsingle-roundtrip
computation-migrationcoderatherthanstandarddata-shippingcode.

Jackal’s optimizationsimprove both sequentialandparallelap-
plication performance.On average,sequentialexecutiontimesof
instrumented,optimizedprogramsarewithin 10%of thoseof unin-
strumentedprograms.Application speedupsusually improve sig-
nificantly andseveralJackalapplicationsperformaswell ashand-
optimizedmessage-passingprograms.

1. INTRODUCTION
Softwarefine-grainDistributedShared-Memory(DSM) systems

storeshareddatain smallmemoryregionsthataremanagedinde-
pendentlyby a softwarecachecoherenceprotocol. This approach
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avoids falsesharing,a commonproblemin DSM systems,but in-
troducesoverheadin theform of softwareaccesschecksthatdetect
absentor invalid cacheentries.Most currentfine-grainDSM sys-
temsusebinaryrewriting tools to insertthesechecks[14, 25, 26].
Sincethe overheadof suchchecksis considerable,thesesystems
analyzethe binary codethey rewrite andoptimize by combining
andremoving checks.

Thispaperinvestigatesanalternativeapproachthatwehaveused
in the implementationof Jackal,a fine-grainDSM systemfor the
Java programminglanguage. Jackalusesextensive source-level
static analysisto optimize performance. This approachhastwo
advantages:it makesexisting access-checkoptimizationsmoreef-
fective andit enablesnew optimizations.

Existingaccess-checkoptimizationsbecomemoreeffective be-
causeJackal’ssource-level compilercandifferentiatebetweentypes,
cancomputethesetof calledfunctionsateachcall site,andbecause
analysisandoptimizationcan take placebeforecomplex pointer
arithmeticis introducedby thecompiler’sbackendoptimizer. Jackal’s
global analyzercomputesthe possibletargetsof virtual function
callsandcanthereforeexposemorecodeto access-checkoptimiza-
tionsthatarebasedon common-subexpressioneliminationandre-
dundancy analysis.In addition,thecompilerusesarray-aggregation
analysis,anextendedform of access-checkbatching[25] thataims
to combinecheckson individualarrayelementsinto asinglecheck
for theentirearray. This canimprove sequentialperformancesub-
stantiallyandadditionallyreducesthenumberof network roundtrips
requiredto accessarrayelements.

Jackal’s source-level analysisalso enablestwo new fine-grain
DSM optimizations:object-graphaggregationandautomaticcom-
putationmigration. Object-graphaggregationis thepointerequiv-
alentof arrayaggregation. Throughstaticinterproceduraldataac-
cessanalysis,the Jackalcompilerdetectssituationswherean ac-
cessto someobject(calledthe root object) is alwaysfollowed by
accessesto subobjects.In thatcase,thesystemviews theroot ob-
ject andthesubobjectsasan objectgraph. Jackalattemptsto ag-
gregateall accesschecksonobjectsin suchagraphinto asingleac-
cesscheckon thegraph’s root object. If this checkfails, theentire
objectgraphis fetched,which canreducethe numberof network
roundtrips. Object-graphaggregation, therefore,hasthe potential
to improve bothsequentialandparallelperformance.

Computationmigrationisusedto optimizecertaincommontypes
of critical sections.Java knows no explicit, programmer-specified
associationbetweendataandthelock thatprotectsit, althougheach
Java objecthasa lock associatedwith it. It is, however, common
to protectobjectdatawith the sameobject’s lock. A barrierob-
ject, for example,might consistof two counters,andbe accessed



by synchronizedmethodsthat lock the barrier objectand update
a counter� . When suchan object is updatedin a critical section,
theupdatingthreadtypically incursmultiplenetwork roundtripde-
lays,becauseit mustacquirethelock, fetchthedata,write thedata
back,and releasethe lock. With Jackal’s computation-migration
optimization,only a singleroundtripis neededto executethis type
of critical section. Insteadof executingthe normalprotocolsfor
acquiringa lock andfaultingin theobjectdata,thethreadthatexe-
cutesthesynchronizedcodeconceptuallymigratesto theprocessor
that owns the object,executesthecritical section,andreturns. In
reality, Jackal’s compilergeneratesa separatefunctionfor thesyn-
chronizedblockof code.This functionis invokedasaRemotePro-
cedureCall (RPC).The compilerdetermineswhich live variables
mustbe packed into the RPCrequestto build a correctexecution
environment.

To assesstheimpactof Jackal’s analysesandoptimizations,we
compare,on theidenticalhardware,theperformanceof Jackalap-
plicationswith theperformanceof equivalentmessage-passingap-
plicationsonahigh-performanceRMI implementation.Usingmes-
sagepassing,the programmerhasalmostcompletecontrol over
thecommunication,soRMI applicationsmustbeconsideredhand-
optimizedin comparisonwith the compiler-optimizedJackalap-
plications. Our performanceresultsareencouraging.On average,
the sequentialperformanceof our applicationsis within 10% of
sequentialcodewithout accesschecks. The useof computation
migration,arrayaggregation,andobject-graphaggregationalways
improvestheparallelperformanceof Jackalprograms,usuallysig-
nificantly, by reducingthe numberof messagesthey send. Two
out of four Jackalprogramsperformaswell as,or betterthanthe
equivalentRMI applications.

Our contributionsare:
� We show that existing optimizationsfor fine-grainDSM sys-

temscanbeimplementedmoreaggressively usingglobal,source-
level analysis.� We discussa compileroptimizationto aggregateaccesschecks
for object graphs;this improves sequentialperformance,and
reducesnetwork roundtrips.� We discussa compileroptimizationto selectively do computa-
tion migration;this mayreducenetwork roundtrips.
Both theseoptimizationsdependonsource-level codeinforma-
tion andglobalandinterproceduralanalysis.� We presenta performanceanalysisof the resultingsystemfor
someapplicationsandcomparethemagainstahighlyoptimized
message-passingimplementation[20] (RMI) on thesameplat-
form.

Thepaperis structuredasfollows. Section2 summarizesJava’s
memorymodel. Section3 describesJackaland its implementa-
tion. Section4 discussesthe applicationof staticanalysesto ex-
isting fine-grainDSM optimizations. Sections5 and 6 describe
Jackal’sobject-graphandcomputation-migrationoptimizations,re-
spectively. Section7 studiesJackal’s performanceon a Myrinet-
basedcluster. Section8 discussesrelatedwork. Section9 con-
cludesthepaper.

2. JAVA’S MEMOR Y MODEL
We briefly summarizeJava’s memorymodel; for a detailedde-

scriptionwereferto thelanguagespecification[10] andPugh’scri-
tiqueof thememorymodel[22].

The memorymodelallows eachJava threadto cachevariables
in its workingmemory. A thread’s workingmemorymust(concep-
tually) be flushedto main memoryat eachsynchronizationpoint.
A synchronizationpoint is a lock (unlock) operationthat corre-

spondsto the entry (exit) of a synchronizedblock of code. Lock
andunlockoperationsmustflusha thread’s working memory, but
animplementationis allowedto flushsooner, evenaftereverywrite
operation.

In contrastwith entry consistency [3], Java’s memory model
doesnot couplelocks to specificobjectsor fields. In particular,
differentfields of oneobjectmay be protectedby different locks,
so that thosefields canbeupdatedconcurrentlywithout introduc-
ing raceconditions.Thisprogrammingmodelis moreflexible than
entry consistency, but makes it more difficult for a DSM imple-
mentationto combinesynchronizationandcache-coherencetraf-
fic. Competingmemorymodels,suchasHLRC asimplementedin
Treadmarks[17] combinesynchronizationmessageswith write no-
tices, but still incurmultiple roundtripsfor simplecritical sections.

3. IMPLEMENT ATION
Jackalconsistsof an optimizing Java compiler and a runtime

system(RTS). ThecompilertranslatesJava sourcesinto Intel x86
coderatherthanJava bytecode.The compilergeneratessoftware
accesschecks;theoptimizationsto reducethenumberandcostof
thesechecksarethemaintopicof this paper.

The runtime systemdistributes Java threadsin a round-robin
fashionoveridle processorsandimplementsJackal’scache-coherence
protocol.While thisprotocolis describedin [23], wereview it here
for self-containedness.

3.1 CoherenceProtocol and AccessChecks
Jackal’s coherenceprotocolallows processorsto cachea region

createdon anotherprocessor. A region is eithera completeJava
objector asliceof anarray. To reducefalsesharing,arraysarepar-
titioned into contiguousbut independent256-byteregions. Since
we believe falsesharingwithin objectsis uncommon,objectsare
never storedin multiple regions.Theprocessorthatallocatesa re-
gion is calledtheregion’s homenodeandalwaysprovidesstorage
for theregion. (In termsof Java’s memorymodel,a region’s home
nodeprovidesthatregion’s mainmemory.)

Eachregion occupiesa virtual-addressrangein a single,shared
addressspace.A region’s homenodeandthe cachingprocessors
all storetheircopy of aparticularregionatthesamevirtual address.
Thesharedaddressspaceis divided into P disjoint parts,whereP
equalsthenumberof processors.Eachprocessorallocatesmemory
only in its own partition,so thatcomputinga region’s homenode
from its virtual addressamountsto onedivide operation.

Jackalemploys an invalidation-based,multiple-writer protocol
thatcombinesfeaturesof HLRC [32] andTreadMarks[17]. Jackal
doesnot usea single-writerprotocol becauseit would force the
compiler to mark the endof eachread/writeoperation,which re-
ducestheopportunityto lift accesschecks.In addition,endmark-
ers increasesequentialoverhead. As in HLRC andTreadMarks,
modificationsareflushedto a homenodeandtwinning anddiffing
is usedto allow concurrentwritesto shareddata.

The run-time datastructuresrelatedto the coherenceprotocol
areshown in Figure1. All threadsononeprocessorshareonecopy
of a cachedregion. Java’s memorymodel,however, requiresthat
eachthreadmaintain its own cache-statevector for eachregion.
Eachthreadthereforemaintainsa presentanda dirty bitmap,each
of which containsonebit per 64 bytesof heap. Objectsare64-
bytealignedto mapasingleobjectto asinglebit in thebitmap.To
reducememoryusage,pagesfor thesebitmapsareallocatedlazily.

The presentbit in a threadT ’s bitmapindicateswhetherT re-
trieved an up-to-datecopy of region R from R’s homenode. A
dirty bit in threadT ’s bitmapindicateswhetherT wrote to region
Rsinceit fetchedR from its homenode.
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Figure1: Runtime systemdata structur es.

If the presentbit is not set, the access-checkcodeinvokes the
runtime systemto retrieve an up-to-datecopy from the region’s
homenode. Whenthecopy arrives,theruntimesystemstoresthe
region at its virtual addressandsetstheaccessingthread’s present
bit for this region. This cachedregion copy is calleda processor’s
working copyof a region. The runtimesystemstoresa pointerto
theregion in theaccessingthread’s flushlist. In thecaseof a write
miss, the runtime systemalsosetsthe region’s dirty bit andcre-
atesa twin, a copy of theregion just retrieved,unlesssucha twin
alreadyexists.

A cachedregion copy remainsvalid for a particularthreaduntil
that threadreachesa synchronizationpoint. At a synchronization
point, the threademptiesits flush list. All regionson the thread’s
flush list are invalidatedfor that threadby clearingtheir present
bits for thatthread.Regionsthathave theirdirty bitssetarewritten
backto their homenodesin theform of diffs (andthedirty bits are
cleared).A diff containsthedifferencebetweenaregion’sworking
copy andits twin. Thehomenodeusestheincomingdiff to update
its own copy. Region flushesto thesamehomenodearecombined
into a singlemessage.

Theprotocoldescribedsofar invalidatesandpossiblyflushesall
datain a thread’s working memoryat eachsynchronizationpoint.
Sincethispotentiallyleadsto muchinterprocessorcommunication,
our implementationusesanoptimizedversionof this protocolthat
still adheresto thememorymodel.In particular, it is notnecessary
to invalidateandflusharegionthatis accessedby only asinglepro-
cessoror that is only read[19]. Jackal’s lazy flushingis evaluated
anddescribedin detailin [23].

3.2 Synchronization
Logically, eachJava objectcontainsa lock anda conditionvari-

able. Sincethreadscanaccessobjectsfrom differentprocessors,
Jackalprovidesdistributedsynchronizationprotocols. Briefly, an
object’s homenodeactsasthe object’s lock manager. To acquire
a lock, a threadsendsa lock requestmessageto the lock manager
andwaits. If necessary, thelock managercreatesathreadthatwaits
until the lock is released.Whenthelock is available,themanager
replieswith agrantmessage,otherwiseathreadneedsto becreated
to wait for thelock to bereleased.To unlock,thelock holdersends
a unlockmessageto thehomenode.

if (condition) {
read-check(a)

} else {
write-check(a)

}
write-check(a)

Figure2: Accesscheckremoval

4. CONVENTION AL OPTIMIZA TIONS
To improve performance,Jackalcompilerremovessuperfluous

accesschecks,aggregatesregionsandobjectsandco-allocatesthreads
andregions.Althougharrayaggregationandfully redundantaccess-
checkremoval arenotnew, theversionsimplementedin Jackalare
generallystrongerthanthoseimplementedin for exampleShasta[25],
dueto theheavy useof interproceduralandglobalanalysis.

4.1 Removing AccessChecks
Jackal’s compiler frontendaddsaccesschecksto all heapac-

cesses.Sincetheseaccesschecksaddconsiderableruntimeover-
head,thecompiler’s backendoptimizationpassestry to remove as
many checksaspossible.An accesscheckconsistsof six x86 in-
structions.If two accesschecksaresufficiently closeto eachother
to allow commonsubexpressionelimination,oneor two instruc-
tionscanbeeliminated(partsof theaddresscalculations).

Since it is a source-level compiler, Jackalcan perform inter-
proceduraland global programanalysis. Systemsbasedon bi-
naryrewriting cannot,in general,performinterproceduralanalysis:
they cannothandleindirect calls (which includesthevirtual func-
tion calls found in C++ and Java) or indirect jumps (introduced
by switch statementscompiledto jump tables). The frontendof
Jackal’scompiler, in contrast,candeterminesetsof virtual-function
call targets(by selectingall methodsfrom all derived classesthat
implementsomemethodprototype)and maintain label lists for
switch statements.This informationis passedon to the compiler
backendwhichusesit to remove accesschecks.

Thecompiler’s backendusesforward interproceduraldata-flow
analysisover a program’s control-flow graph(CFG)to remove ac-
cesschecks.An accesscheckfor addressx at programpoint p can
beremovedif x hasalreadybeencheckedonall pathsthatreachp,
but only if noneof thesepathscontainsa synchronizationstate-
ment.Figure2 illustratesthisredundancy analysis.First,a forward
data-flow passdiscoversthatall accesschecksin theexampleop-
erateonthesameobjecta. Sincea is checkedonall pathsthatlead
to it, thethird checkis redundant.Theread-check is replacedby a
write-check to preserve correctness.

Note that thecurrentimplementationneedsfull redundancy for
checkelimination.Partialredundancy elimination(PRE/ LCM [18])
would reducethenumberof checkseven further. In theexample,
PREcouldpotentiallyremove all accesschecksandplacea single
accesscheckin front of the if statement.The difficulty in imple-
mentingPREfor accesscheckeliminationlies in lifting theaddress
calculations(the’a’ in theexample)while not violatingJava’spre-
ciseexceptionmodel.

The analysisoutlinedabove is complicatedby Java’s ability to
extendclassesatruntimeby loadingbytecodefrom network or file.
The JackalRTS supportscompilationandloadingof bytecodeat
runtime [20]. If dynamicclassloading is allowed, the compiler
may inspectpotentialcalleesat a call siteonly if thecompleteset
of calleescanbedeterminedat compiletime. (This is thecaseif a
static,final or privatefunction is called.) Otherwise,thecompiler
conservatively assumesthat at leastoneof the calleescontainsa



synchronizationpoint.
To increasetheeffectivenessof interproceduralanalysis,theJackal

compiler can be instructedto make a closed-worldassumption,
whichmeansthatdynamicclassloadingis guaranteednot to occur
in the programthat is beingcompiled. If thecompiler is allowed
to make this assumption,functioninlining becomesmoreeffective
aswell. Access-checkremoval benefitsfrom inlining, becauseit
makesmorecode(including accesschecks)availableto the opti-
mizer.

Thecompilercanalsousecall-graphinformationto remove ac-
cesschecksto the this pointer. Whenall calls to a function orig-
inate from eithera constructoror a Thread.run() methodand the
compileris allowedto make theclosed-world assumption,thenwe
cansafelyremove all checkson this (until a synchronizationpoint
is seen),becausewe know that we areexecutingthis function on
thehomenode.

Thecompiler(by default) alsodoesescapeanalysis[6]. Escape
analysisdetectswhichobjectswill neverescapethethreadthatcre-
atedthem (or their creatingfunction’s life time). Whensuchan
objecthasbeendetected,all checksto theobjectcanbe removed
andtheobjectcanbeallocatedon thestack.To generalizeour es-
capeanalysis,we do not actuallyallocatethe objectson the call
stackbut maintaina separateobjectstackper thread.This allows
objectscreatedin constructorsto outlive their creatingconstructor
by not restoringtheobjectstackata constructor’s exit.

Whensuchan objectis passedto anothermethodandthat call
siteis theonly locationthatmethodcanbecalledfrom, (againmak-
ing aclosedworld assumption),accesschecksto thatparameterare
removedaswell (recursively). In thefuture,we intendto make the
analysisstrongerstill, by specializingcalled functionswhen es-
capedobjectsarepassed.

4.2 Array Aggregation
If array elementsare accessedin a loop, the accesschecksto

array elementsmay sometimesbe lifted out of the loop, and be
replacedby anaggregatearraysliceaccesscheckbeforethe loop.
The benefitsareimproved sequentialrun time andincreaseddata
throughputby allowing streamingof multiple arrayregions.

Array accesschecklifting is impossibleif the loop is unsafein
that it containssynchronizedblocksor callsto methodsthat(may)
containsynchronizedblocks.Interproceduralanalysisis important
to detectsafemethods.

If aloopissafeandthecompilerfindsanaccesschecktoanarray
elementinsidea loop,therelationbetweentheindexing expression
and the loop control variablesis analyzed. If the checkdoesnot
dependon theloop controlvariables,it is lifted from theloop.

If the array indexing expressionis loop dependent,we try and
lift thearraycheck.Loopdependenceis definedhereasdependent
on a loop inductionvariablewhich is a tuple

�
variable,startvalue,

step,multiplicand, modulo� as usedin strengthreduction. This
allows complicatedstridesas the loop inductionvariabletuple is
passedwhole to the runtime system. If the boundsof the index
canbeprecomputedasa functionthe loop controlexpressions,an
aggregatecheckto fetch therequiredarrayslice is insertedbefore
theloop,andtheaccesscheckwithin theloop areremoved.

If the index expressionis not loop independentbut the index
boundscannotbe calculated,a call to the RTS is insertedbefore
thearrayto requestthewholearray.

A trade-off is thatwhentherule to determinearrayaggregation
misfires,partsof the array that arenot usedarealso mappedin.
Thismight for examplehappenwhenthearrayaccesscheckinside
the loop is locatedinsidean “if ” statement.Also, whenthe loop
iteratesonly a few times(say2 or 3 times)overanarraywhichhas

class Nested {
int x;

}

class Outer {
Nested n = new Nested();
int y;

int get() {
return y + n.x;

}

static public void main(String[] arg) {
Outer o = new Outer();
int x = o.get();

}
}

Figure3: Object-graph aggregationexample.

alreadybeenmapped,thecostsof calling theruntimesystemmay
belargerthanwith theinlinedassemblercheck.

5. OBJECT-GRAPH AGGREGATION
Object-graphaggregation is the pointerequivalentof arrayag-

gregation. A faultedregion frequentlycontainsreferencesto ob-
jects that aresubsequentlyaccessed,causingmorecachemisses.
Thecompilerdetectssuchaccesspatterns,andreplacesaccesschecks
on the individual objectsin the objectgraph with a singleaccess
check on the graph’s root object. If the check fails, the entire
graphis retrieved. Like arrayaggregation, this improvessequen-
tial andparallel performanceby, respectively, eliminating access
checksandreducingthenumberof roundtripsrequiredto fault in
relatedobjects.

Figure3 illustratesthis idea. The compilerdetectsthat the in-
vocationof methodget() on objecto involvesnot only an access
checkono, but alsoono.n. An objectgraphis identified,rootedat
o, thathasanedgeto oneothernode,theallocationof theNested
object. In main(), theaccesscheckon o is replacedwith a aggre-
gateaccesscheckthatvalidatesbotho ando.n. Theaccesscheck
ono.n in Outer.get() is removed.

To detectrelatedobjects,thecompilercreatesaheapapproxima-
tion [9, 28] in which objectsareidentifiedby their allocationsite.
Sincethealgorithmcannotdistinguishbetweendifferentrun-time
objectsthat arecreatedat the sameallocationsite, we will speak
of allocations, which representall objectsallocatedfrom thatsite.
The algorithmproducesa list of allocations,and, for eachrefer-
encefield of thecorrespondingobjects,a list of allocationsthatthe
referencepointsto.

Thealgorithmconsistsof anouteriterationthatstopswhenthe
allocationlist andreferencelists no longerchange.Within aniter-
ation,thecodefor all availablemethodsis traversed.For eachreg-
isteror memoryreferencein the instructionstream,a list is main-
tainedof allocationsthat it may point to. Whenanallocationsite
is encounteredfor the first time, it is registeredin the allocation
list. The referencethat resultsfrom any allocationis propagated
throughtheinstructionstream,following assignments,andthrough
methodcalls, following parameterpassing.Whenan assignment
of an allocationA to a referencefield f of an objectcorrespond-
ing to allocationB is encountered,A is addedto the referencelist
of B.f. Arraysof objectsarespecial. If thecompilercannotcom-
pute the value of an index expressionfor suchan array, then no
distinctionis madebetweendifferentelementsof thearrays:if any
elementrefersto an allocation,all elementsareconsideredto re-



fer to it. Whenthealgorithmstabilizes,eachvariableandmemory
reference� hasbeenassociatedwith a setof allocationsthat it may
point to.

A heapapproximationis a graphwhosenodesare the alloca-
tions, andwhoseedgesrepresenta referencefrom a field of the
sourceallocationto the targetallocation. In the graph,we search
for allocationsthat are the only entry point to a directedacyclic
subgraph:thereshouldbeno otherpathsin thecodeby which any
allocationin the DAG is accessed.Whensucha subgraphis de-
tected,accesschecksto its interior nodescanberemovedandthe
wholesubgraphmaybetransferredwhenanaccesscheckto its root
fails.

To beacandidatefor aggregation,thesubgraphmustnotcontain
any ’forbidden’ objects;this includesThread objectsandobjects
onwhicha lock, unlock, wait or notifycall is invoked.Aggregating
objectsin thelatter(synchronization)categorywouldcausethrash-
ing.

SinceDAGs may containnestedDAGs, a trade-off emergesin
the marking of object graphs. We must choosean ideal object-
graphdepth. If theobjectgraphis too deep,largeportionsof the
objectgraphmaybeleft unusedafterthey have beenfaultedin. If
the thresholdis settoo low, unnecessarycachemisseswill occur.
Currently, Jackalrequiresthe programmerto setthe objectgraph
thresholdat compiletime.

Anothertrade-off occurswhenanobjectgraphis only modified
at its leaves;without object-graphaggregationonly thoseleaf ob-
jectswould beflushed,while the interior nodeswould be in read-
only mode,allowing lazy flushing. With object-graphaggregation
theentireobjectgraphwill bemarkeddirty, causingtheentireob-
ject graphto beflushedandre-fetched.This extra communication
mustbetradedagainstthegainsin sequentialcodespeedandbulk
datatransfer.

6. COMPUTATION MIGRA TION
Computationmigration[13] is a mechanismthatmovespartor

all of a computationandits stateto thedatausedby thatcomputa-
tion. Thismaybemoreefficient thanmoving multipledataobjects
to the computationor than repeatedlymoving the samedataob-
ject to the computation,which occurstypically with e.g. barrier
objects.Jackalusescomputationmigrationin two ways: to com-
binedataandsynchronizationtraffic andto co-locatetheexecution
of a threadconstructorwith thedatacreatedby thatconstructor.

Javaprogrammersdonotindicatewhichlocksprotectwhichdata
items.This makesit difficult to combinedataandsynchronization
traffic: Jackalmayhave to communicatemultiple timesto acquire
a lock, to accessthedataprotectedby the lock, andto releasethe
lock. Frequently, however, the datastoredin a sharedobject is
protectedby thatobject’s lock. Figure4 illustratesthiscase.Recall
that the homenodeof an object actsas the managerof the lock
that is part of the object (seeSection3.2). Without computation
migration,theexecutionof inc() thereforeresultsin threenetwork
roundtripsto x’s homenodeif thecallerof inc() is notonx’s home
node:oneroundtripto acquirex’s lock, oneto fetchx’s data,and
one to flush the modifieddata,anda final messageto releasex’s
lock.

Jackal’scompilerdetectsandoptimizessynchronizedblockssuch
astheonein Figure4. Undertheconditionsdescribedbelow, the
compilerwill generatea separatefunctionfor sucha synchronized
block. This new function will be run on the synchronizationob-
ject’s homenodeandwill be invokedasa RemoteProcedureCall
(RPC) by the threadthat calls inc(). Stackvariablesin the call-
ing codethatarelive just beforetheRPCcall is issuedarecopied
into the RPC’s requestmessageandact asparametersto the new

int inc(AtomicInt x, int delta) {
int old;

// migrate following block
synchronized(x) {
old = x.count;
x.count += delta;

}
return old;

}

Figure4: Computation migration example.

function.Thecompileridentifiestheselivevariablesautomatically.
Any stackvariablesthatarestill liveattheendof themigratedcom-
putation(i.e., old) aremarshaledinto the reply that is sentto the
caller. In this scheme,theexecutionof function inc() requiresonly
a singleroundtripto thehomenode.Therequestmessagecontains
the valueof parameterdelta, which is live in inc(). At the home
node,the lock is acquired,x.countis incremented,andthe lock is
released.

Asanextraoptimization,thecompilercheckswhetherany object
pointersareusedafterthesynchronizedstatement.If thenodethat
ranthemigratedcomputationis alsothehomenodefor any of these
objects(or objectgraphs),thenit will piggybackthoseobjectsor
objectgraphson the reply. This optimizescommonpatternssuch
asthe retrieval of anobjector an objectgraphfrom a shareddata
structure.

Thecomputation-migrationoptimizationis triggeredonly when
thecodeinsidethesynchronizedblockcanbe(conservatively) proved
to terminatein finite time. Theexecutiontime of thesynchronized
block is estimatedby countinginstructionsandconsideringloop
nesting.If a synchronizedblock is deemedto belong-running,the
optimizationwill not betriggered,to preserve loadbalance.

Jackal’s compiler appliescomputationmigration also Thread-
object constructors.Suchconstructorsare often all executedby
a program’s main threadto createadditionalworker threads.It is
frequently the casethat the dataaccessedby a worker threadis
allocatedin the worker thread’s constructor. If theseconstructors
all runonthesameprocessor, all dataobjectscreatedwill have that
processorastheir homenode,eventhoughthenew threadswill be
run on otherprocessors.ThecompilerthereforereplacesThread-
objectallocationsandconstructorcallswith anRTS call thatships
the constructorto run at the sameprocessorthat the threadwill
run on. This ensuresthat thenew threadandall objectsit creates
resideon thesameprocessor. This will save mappingin datathat
typically belongswith thethread.Co-allocatingthreadsandobjects
in thisway is difficult for abinaryinstrumentor, becauseit requires
knowledgeof theJava classandinterfacehierarchy.

7. PERFORMANCE
In thissectionwestudytheperformanceof Jackal.All testswere

performedon a clusterof 200 MHz PentiumPros,runningLinux,
and connectedby a Myrinet [5] network. We useLFC [4], an
efficient user-level communicationsystem.Onour hardware,LFC
achievesa minimumroundtriplatency of 20.8µs anda throughput
of 27.6Mbyte/s(for a 256bytemessage,includinga receiver-side
copy).

Jackalwasconfiguredsothateachprocessorhasa maximumof
32 Mbyte of localheapand32 Mbyte of cachefor cachingregions
allocatedby otherprocessors.In all of theperformanceevaluations
below, the compiler hasbeeninstructedto make a closedworld
assumption.
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Figure5: Relative sequentialexecutiontimes.

7.1 Micr obenchmarks
Wemeasuredtheoverheadof accesschecksby timing thetraver-

salof a 10,000-elementlinked list on a singleprocessorbothwith
andwithout accesschecks.This benchmarkperformsoneaccess
checkperlist element.Onaverage,eachaccesscheckcosts0.049µs,
or approximately10cycles.

To determinethe latency of object transfer, we measuredthe
time neededfor oneprocessorto traversea linkedlist of emptyel-
ementscreatedby anotherprocessor. Themeasuredtime includes
theroundtriptimeto thehomenodeandthecostsfor pagemapping,
addingregionsto thetraversingthread’sflushlist, andlocking. We
measuredanaveragelatency of 35 µs pernodeof thelinkedlist.

The throughputobtainedby transferringa large array of inte-
gersis 5.1 Mbyte/s. This throughputis independentof arraysize,
becausearraysare retrieved region by region. If array aggrega-
tion is enabled,the array is transferredin units of 768 bytes(to
fit in one1024byteLFC packet), which resultsin a throughputof
24 Mbyte/s.

Wealsomeasuredtheimpactof object-graphaggregationby mi-
crobenchmarktests. A sequentialprogramwithout accesschecks
traversesanarrayof 1000binarytrees,eachconsistingof arootand
two emptysubtrees,in 0.95µs pertree.With unoptimizedchecks,
traversaltakes139 µs per tree; this time alsoincludesthe time to
registertheobjectsin thethread’s flushlist. With object-graphag-
gregationenabled,traversaltakes46 µs per tree: accesschecksto
thesubtreesareremoved. In a paralleltestprogram,onemachine
createsthe tree, the other traversesit. With unoptimizedchecks,
this costs274 µs per tree; threeroundtripsper treearenecessary.
Enablingobject-graphaggregationreducesthis to 124µs per tree;
only oneroundtrippertreeis necessary.

7.2 Application Suite
Our applicationsuite consistsof four multithreadedJava pro-

grams: ASP, SOR, TSP, and Water. Besidesthe multithreaded,
shared-memoryversionsof theseprograms,we alsowroteequiva-
lent message-passingversionsof theseprograms.Theseprograms
all useour fast RemoteMethod Invocation(RMI) to communi-
cateexplicitly. Section7.4comparestheperformanceof themulti-
threadedprogramsrunningonJackalwith theperformanceof these
RMI programs.

7.3 SequentialApplication Performance
Figure5showstherelativesequentialperformanceof all applica-

tions. All applicationswerecompiledandrun with Jackal’s native
Java compiler and with version1.3 of IBM’ s Just-In-Time (JIT)
compiler. To factoroutJIT compilationtime,eachapplicationiter-

atesfour times.We assumethatall compilationtakesplaceduring
thefirst iterationandreporttheaverageexecutiontime of the last
threeiterations.

For Jackal,we compiledeachprogramin threeways:
� with accesschecks,without compile-timeaccess-checkopti-

mizations(Jackal/Basic)� with accesschecks,with all compile-timeaccess-checkopti-
mizations(Jackal/C.M.+Aggregation)� withoutaccesschecks(Jackal/No-Checks)

The figure shows the executiontime of all configurationsrelative
to Jackal/No-Checks.Theabsoluteexecutiontimesin secondsof
this versionaregivenon thehorizontalaxis.

In general,Jackal’s compiler generatesgood sequentialcode.
Version1.3 of IBM’ s JIT compileris the fastestJIT compilercur-
rently available[7, 27]. With the exceptionof Water, Jackal/No-
ChecksoutperformstheJIT compiler.

Addingaccesscheckswithoutoptimizationincreasesthesequen-
tial executiontimesby 222%onaverage.Jackal’saccess-checkop-
timizationsreducethis overheadon averageto 9%. In thecaseof
ASPandSOR,access-checkoverheadis almostentirelyeliminated
by arraycheckaggregation.Theinnerloop of bothalgorithmstra-
versesandupdatescompletematrix rows. This is detectedby the
compiler, which lifts all accesschecksout of the inner loop. The
overheadof theremaining,lifted accesschecksis negligible.

In the caseof TSP, unoptimizedJackalperformanceis badbe-
causethe majority of the work is donein a small recursive func-
tion that(initially) containssevenaccesschecks.Theobject-graph
aggregationoptimizationdiscoversthatall thesecheckscanbere-
moved from the recursive function. The checkscaneitherbe re-
movedbecausethey checkthe this pointer, or they canbelifted to
the initial caller of the recursive function andcombinedinto two
object-graphaggregatechecksfor thepartialpathandfor thecity
distancetable. Therecursive function is a virtual method,soa bi-
naryrewriter cannotremove theaccesschecks.

In Water, thedatastructurethatis operatedonin theinnerloopis
atwo-dimensionalarray, whichin theunoptimizedversionrequires
twice four array accesschecksand ten array elementchecksfor
eachinner loop iteration. Together, arrayaggregationandobject-
graphaggregation reducethis to onecheckwithin the inner loop
andoneaggregateoutsidetheinnerloop.

7.4 Parallel Application Performance
This sectioncomparesthe applicationperformanceof various

Jackalconfigurationsandanequivalent,hand-optimizedRMI pro-
gram.TheRMI programsusea highly optimizedRMI implemen-
tation[20] andrunon thesamehardwareandcommunicationplat-
form (LFC) as Jackal. An RMI roundtrip on this platform costs
38 µs, maximumarraythroughputis 54 MByte/s. Both theJackal
andtheRMI programswerecompiledusingJackal’sJavacompiler.
RMI givestheprogrammeralmostfull controlover thecommuni-
cationthattakesplace.In particular, theprogrammercancombine
dataandsynchronizationmessages,transferentirearraysin a sin-
gle roundtrip,andtransfermultipleobjectsin asingleroundtrip.In
Jackal,theseoptimizationscanbe performedonly after the com-
piler hasdiscoveredtheopportunityof performingthem.

Thedatasetfor eachapplicationis small. Fine-grainedapplica-
tionsshow RTSandaccesscheckoverheadmuchmoreclearlythan
coarse-grainedapplications,whichcommunicateinfrequently. The
differencesfor thevariousoptimizationscomeout markedly; also,
thecomparisonwith theRMI implementationbecomesextremely
competitive, sincethe RMI implementationsmust be considered
hand-tuned.

Below wediscusstheperformanceof eachapplicationusingFig-



0� 5� 10 15

Processors�

0

5

10

15

S
pe

ed
up	

ASP�
RMI
C.M. + Aggregation
Aggregation
C.M.
Basic

0� 5� 10 15

Processors�

0

5

10

15

S
pe

ed
up	

SOR�
RMI
C.M. + Aggregation
Aggregation
C.M.
Basic

0� 5� 10 15

Processors�

0

5

10

15

S
pe

ed
up	

TSP�
RMI
C.M. + Aggregation
Aggregation
C.M.
Basic

0� 5� 10 15

Processors�

0

5

10

15

S
pe

ed
up	

Water�
RMI
C.M. + Aggregation
Aggregation
C.M.
Basic

Figure6: Jackal and RMI speedups.

ure 6 and Figure 7. Figure 6 shows speedupsfor the RMI pro-
gramsandfor four Jackalconfigurations.All speedupsare rela-
tive to the sequentialJackal/No-Checksexecutiontime. We sep-
aratelyconsiderthe effect of two optimizations:computationmi-
gration (synchronizedblocks)andaggregation (arraysandobject
graphs).Computationmigrationof Threadconstructorsis always
enabledexcept in the Basic configuration,sinceJackal’s perfor-
manceseverelydegradeswithout it.

Figure7 shows the messagecountsandnetwork datavolumes
on 16processors.

ASP. The All-pairs ShortestPaths(ASP) programcomputesthe
shortestpathbetweenany two nodesin a 500-nodegraph. Each
processoris the homenodefor a contiguousblock of rows of the
graph’s shareddistancematrix. In iterationk, all threads—oneper
processor— readrow k of thematrixanduseit to updatetheirown
rows.

Thecommunicationpatternof ASPis aseriesof broadcastsfrom
eachprocessorin turn. Both theRMI andtheJackalprogramim-
plementthebroadcastwith aspanningtree.A spanningtreeis used
for theshared-memory(Jackal)implementationto avoidcontention
on thedataof thebroadcastsource.TheRMI implementationin-
tegratessynchronizationwith thedatamessagesandusesonly one
message(andan empty reply) to forward a row to a child in the
tree. This messageis sentasynchronouslyby a specialforwarder
threadoneachnodeto avoid latencieson thecritical path.

Jackal’scomputationmigrationoptimizationsignificantlyincreases
speedupsinceit allows the combiningof datawith the synchro-
nizationmessages.Fetchinga broadcastrow now costsonly one
round-trip. With arrayaggregationenabled,the compilerdetects
thattheinnerloop operatesonwholerows,sotheaccesschecksin

Jackaloptimization ASP SOR TSP Water
Basic 29.0 20.9 28.3 338.8
ComputationMigration 15.3 19.9 16.5 329.9
Aggregation 27.3 1.8 19.8 13.4
C.M. + Aggregation 15.3 1.0 8.4 12.2
RMI 15.1 2.3 4.5 15.5

Jackalvs. RMI datamessagecounts* 1000

Jackaloptimization ASP SOR TSP Water
Basic 39.3 4.6 40.9 32.8
ComputationMigration 0.1 3.1 7.0 12.7
Aggregation 36.1 5.4 41.0 22.1
C.M. + Aggregation 0.1 4.1 5.0 14.9

Jackalcontrolmessagecounts* 1000;RMI hasnocontrol
messages

Jackaloptimization ASP SOR TSP Water
Basic 15.9 2.4 0.5 3.9
ComputationMigration 14.3 2.3 0.3 3.7
Aggregation 15.7 2.6 0.4 5.2
C.M. + Aggregation 14.3 2.5 0.2 5.1
RMI 14.4 2.4 0.2 4.7

Jackalvs. RMI datavolumein MByte

Figure7: Jackal and RMI communicationon 16CPUs



theinnerlooparereplacedby onearrayaggregatecheckbeforethe
inner� loop. A completedrow is faultedin at oncefor eachouter
loop iteration.Thespeedupof theRMI programremainsbetterbe-
causeit usesasynchronousforwardingof rows in its spanning-tree
broadcast.An alternative RMI implementationwith synchronous
forwardinggave a speedupno betterthantheJackalversion.

Thedatavolumeandnumberof messagesexchangedarecompa-
rablefor theRMI versionandtheJackalversionwith computation
migrationandaggregation.

SOR.Successive Over-Relaxation(SOR) is a well-known itera-
tive methodfor solving discretizedLaplaceequationson a grid.
The programusesonethreadper processor;eachthreadoperates
on a numberof contiguousrows of the matrix. In eachiteration,
the threadthat owns matrix partition t accesses(and caches)the
lastrow of partitiont � 1 andthefirst row of partitiont � 1. Weran
SORwith a 2050 � 2050(16Mbyte) matrix.

TheJackalversionof SORattainsexcellentspeedup.This is en-
tirely dueto Jackal’s arrayaggregateoptimization.As in ASP, the
Jackalcompilerdiscoversthat it cancombineall accesschecksin
SOR’s innermostloop into asinglecheckfor thewholerow. When
this checkfails, theentirerow is sentto the requestingprocessor.
As a result,Jackalachievescomparablespeed-up,messagecount,
anddataexchangevolumeastheRMI implementation.TheRMI
messagecountconsistsof anemptyrequestandareplycarryingthe
row; in Jackal,therequestis countedasacontrolmessage,only the
reply carryingtherow is countedasa datamessage.

TSP. TSPsolves the Traveling SalesmanProblemfor a 15-city
input set. First, processorzerocreatesa distancetableto hold the
distancesbetweeneachcity anda list of job objects,eachcontain-
ing a partial path. Next, a worker threadon every processortries
to stealjobs andcompletepartial pathsfrom the list. The cut-off
boundis encapsulatedin an object that containsthe lengthof the
shortestpathdiscoveredthusfar. To avoid non-deterministiccom-
putation(which may give rise to superlinearspeedup),the cut-of
boundhasbeensetto theactualminimumfor this dataset.Conse-
quently, thespeedupattainedby all implementationsis muchlower
thanin thecaseof initially unboundedsearch,wherelinearspeedup
is typical.

The speedupnumbersfor the configurationswith object-graph
aggregationdisabledsuffer from inferior sequentialcode,seeSec-
tion 7.2. Without computationmigration,faulting in a new partial
path takesmoredatamessages(for the Jobobjectandthe partial
pathcontainedin it) andmany morecontrol messages:somefor
requestingtheregions,andsomefor synchronizationcontrol.With
all optimizationsenabled,apartialpathis obtainedwith oneround-
trip, wherethemigrationreply carriestheobjectgraphfor thepar-
tial path. The RMI programand the optimizedJackalprograms
transmitapproximatelythesameamountof data.

Water. Water is a Java port of the Water-n-squaredapplication
from the Splashbenchmarksuite [29]. The programsimulatesa
collection of 343 watermolecules. Eachprocessoris assigneda
partitionof themoleculesetandcommunicateswith otherproces-
sorsto computeinter-moleculeforces.

Mostcommunicationin Waterstemsfrom readandwrite misses
onMoleculeobjectsandthesub-objectsreferencedby them:force,
acceleration,andpositionvectorsfor eachatom,which arestored
in separatearraysandarewritten only by theirownerthread.

The RMI version requeststhe slicesof the Molecule array it
needsin eachouteriterationin oneRMI from eachotherproces-
sor. In the unoptimizedJackalversion,the objectsthat make up

the Moleculesare faultedin oneat a time inside the inner loop.
Consequently, theunoptimizedJackalprogrammakesmany more
roundtripsthantheRMI programto retrieve all moleculedata.

Jackal’s loop analysisandheapanalysissucceedin determining
the accesspatterns,so that slicesof Moleculearraysareobtained
with onerequestfor eachotherprocessor. However, eachobject
thatmakesupaMoleculemustbemanagedseparatelyuponarrival,
flush andprotocolchange.Moreover, changesto andfrom read-
only stateof theMoleculesarefrequentduring the iterations,and
thisgivesriseto anumberof protocolmessagesthatis proportional
to thenumberof objectsthatmake up theMolecules.

In thefuture,Jackal’scompilerwill performobjectinlining anal-
ysiswhichwould transformeachMoleculeinto oneobjectin stead
of four. To assesstheperformanceimpact,we did thesametrans-
formationby hand. The speedupon 16 processorsthenbecomes
11, andthe amountof protocolmessagesis divided by four. The
speedupis still lessthanRMI’s, which mustbeattributedto more
procotoloverhead.We do not show this improvedperformancein
Figure6, sincewe explicitly wantto avoid application-level tuning
for Jackal.

8. RELATED WORK
Most DSM systemsare either page-based[17, 19] or object-

based[2, 3, 15]. Jackalmanagespagesto implementa shared
addressspacein which regionsarestored. For cachecoherence,
however, Jackalusessmall,software-managedregionsratherthan
pagesand thereforelargely avoids the false-sharingproblemsof
page-basedDSM systems.Like page-basedDSMs supportingre-
leaseconsistency, weusetwinninganddiffing,albeitnotoverpages
but over singleobjects.

Shasta[25] andSirocco[14] usebinary rewriters to insertand
optimize software accesschecks. Suchbinary rewriters have, in
general,lessinformation thana source-level compiler. In partic-
ular, interproceduralanalysisin the presenceof virtual-function
calls is difficult or impossiblefor binary rewriters. Jackaluses
such interproceduralanalysisto optimize accesschecks. In ad-
dition, Jackalusestype information to find groupsof relatedob-
jects. It would be interestingto comparethe performanceof both
approaches.Unfortunately, suchcomparisonsare,at present,dif-
ficult, due to the differencesin the programminglanguages,the
memorymodels,andthehardwareplatforms.

SomeDSM systemshave successfullyusedcompiler-generated
data-accesshints. Dwarkadaset al.[8] describea systemthatuses
regular-sectionanalysis[11] for explicitly parallel (Fortran) pro-
grams[8]. Their compiler analysisidentifiesproducer-consumer
relationships;thesearethenusedto generatehints that allow the
underlyingTreadMarksDSM systemto aggregatedataand syn-
chronizationmessages.Theanalysis,however, appliesonly to ar-
rays,whereasJackalalsosupportsheap-allocatedstructures.

Object-basedsystemslike CRL [15], Midway [3], andOrca[2]
mightseemanaturalway to implementdistributedsharedmemory
for anobject-orientedlanguagelike Java. Thesesystems,however,
usea form of entry consistency [3] andthereforecouplelocks to
objects.In Java, eachobjectconceptuallycontainsa lock, but this
lock canprotectany pieceof shareddata,not just thedatastoredin
theobjectthatcontainsthelock. Sincethis is a very looseassocia-
tion betweenlock andobject,Jackalhasto work harderto combine
dataandsynchronizationtraffic becausenoprogrammerassistance
is available. Implementingcomputationmigration requirescom-
piler support,bothto detectopportunitiesandimplementcomputa-
tion migration.

Compiler-supportedcomputationmigrationisusedin Prelude[13]
andOlden[24]. (LikeJackal,boththesesystemsusecompilersup-



port to find the live variablesthat mustbe shippedto the remote
processor� .) Both PreludeandOldenusecomputationmigrationto
enhancelocality by eliminatingmultiple roundtripsto remotedata
objects(using programmerannotations). In Jackal,cachingand
aggregationarecompletelycompilerdetectedandenforced.

Compilersupportedobject inlining achieves the sameeffect as
our treeprefetchingoptimization,althoughour techniqueis more
widely applicableasit allowsaliasingbetweenobjectsandvariable
sizedarrays.Objectinlining hasbeenexploredfor examplein [16].

MCRL [12] usescomputationmigrationin aDSM system.Like
CRL, it requirestheuserto encapsulatereadsandwritesto shared
databetweencallsto theRTS.Readoperationsrunonthelocalpro-
cessor;writeoperationsrunonthehomenodeof thedata.CRL [15]
automaticallycombinessynchronizationanddatatransferbecause
it usesanentry-consistentmemorymodel.

Several otherDSM systemsfocuson Java. Java/DSM [31] im-
plementsa JVM on top of TreadMarks[17] andis thereforepage-
based.Jackal,in contrast,usessoftwareaccesschecksanda small
coherenceunit. DOSA [30], derived from Treadmarks,is an ap-
proachto build aDSM ontopof modernobject-orientedlanguages.
It doessoby usingtheir strict typesystemsto implementmemory
consistency. They adda layer of indirectionaroundobject refer-
encesto allow objectsto move addressesupon receiving a write
fault. However, it implementslittle compilerbasedoptimization.

Hyperion[21] addsaccesschecksto Java bytecodes.In contrast
with Jackal,Shasta,andSirocco,however, Hyperionis sensitive to
falsesharing,becauseit cachesall sharedJava objects,including
arrays,in their entirety.

cJVM, like Jackal,strivesto provide a completesinglesystem
image[1] usingtransparentRPCto accessremove objects.It does
soby creatinga cluster-awareJVM usingtransparentRPCsto ac-
cessremoteobjectswhereJackalusesobjectcachingby default.
cJVM differs from our systemin that is performsno object-graph
aggregation nor doesit implementa tradeoff betweendata and
functionshipping.

9. CONCLUSION
We have describedandevaluatedaggressive, source-level com-

piler optimizationsfor a fine-grainDSM system. Two classesof
optimizationsarekey: aggregationoptimizationsandcomputation-
migrationoptimizations.Aggregationoptimizationsaggregateac-
cesscheckson multiple, relateddataobjects— arraysor object
graphs— into a single checkthat faults in all relatedobjectsin
a single cache-protocoltransaction(typically one roundtrip to a
homenode).Aggregationoptimizationsreducetheaverageaccess-
checkoverheadin thesequentialexecutionsof our Java programs
to lessthan 10%. At the sametime, theseoptimizationsreduce
the numberof roundtripsrequiredto retrieve up-to-datecopiesof
sharedregions,andthereforealsoimproveparallel-applicationper-
formance.Computationmigrationis usedto combinesynchroniza-
tion anddatatraffic, asin entry-consistentDSMs,but without re-
quiring anentry-consistentprogrammingmodel.

Both optimizationsrely heavily on extensive staticanalyses,in-
cludinginterproceduralanalysis,heapapproximation,escapeanal-
ysis, etc. We have implementedtheseanalysesandthe optimiza-
tions enabledby them in a DSM for the Java programminglan-
guage,but mostof theanalysesandoptimizationsaregeneraland
canbeappliedto otherlanguages.Theanalyses,however, cannot
easilybeperformedby abinaryrewriter, becausethey rely typein-
formation,theability to calculatethesetof calledfunctionsateach
call site,andtheabsenceof complex pointerarithmetic.

Two outof four of ouroptimizedapplicationsperformaswell as,
or betterthan,equivalent,hand-codedmessage-passingprograms

andall optimizedapplicationsperformsignificantlybetterthanver-
sionsthatdo notemploy aggregationor computationmigration.

10. REFERENCES
[1] Y. Aridor, M. Factor, andA. Teperman.cJVM: a Single

SystemImageof a JVM ona Cluster.In Proc.of the1999
Int. Conf. onParallel Processing, Aizu, Japan,Sept.1999.

[2] H. Bal, R. Bhoedjang,R. Hofman,C. Jacobs,
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