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ABSTRACT

This paperdescribesndevaluategheuseof aggressie staticanal-
ysisin Jackal afine-grainDistributedSharedviemory (DSM) sys-
tem for Java. Jackalusesan optimizing, source-level compiler
ratherthanthebinaryrewriting techniguegmplo/edby mostother

fine-grainDSM systemsSource-lgel analysisnalesexistingaccess-

checkoptimizations(e.g., access-checkatching)more effective
andenabledwo novel fine-grainDSM optimizations:object-gaph
aggregation andautomaticcomputatiormigration.

The compilerdetectssituationswherean accesgo aroot object
is followed by accesses$o subobjects. Jackalattemptsto aggre-
gateall accessheckson objectsin suchobjectgraphsinto asingle
checkonthegraphsrootobject.|f thischeckfails, theentiregraph
is fetched.Object-graplaggr@ationcanreducethenumberof net-
work roundtripsand,sinceit is anadwancedform of access-check
batching,mprovessequentiaperformance.

Computationmigration (or function shipping)is usedto opti-
mize critical sectionsin which a single processorowns both the
shareddatathatis accesse@ndthelock that protectsthe data. It
is usually more efficient to executesuchcritical sectionson the
processotthat holds the lock and the datathanto incur multiple
roundtripsfor acquiringthe lock, fetching the data, writing the
databack, andreleasingthe lock. Jackals compilerdetectssuch
critical sectionsandoptimizesthemby generatingingle-roundtrip
computation-migation coderatherthanstandardiata-shippingode.

Jackals optimizationsimprove both sequentiabind parallelap-
plication performance.On average sequentiabExecutiontimes of
instrumentedoptimizedprogramsarewithin 10%of thoseof unin-
strumentedprograms. Application speedupsisuallyimprove sig-
nificantly andseveral Jackalapplicationgperformaswell ashand-
optimizedmessage-passirograms.

1. INTRODUCTION

Softwarefine-grainDistributedShared-MemoryDSM) systems
storeshareddatain small memoryregionsthataremanagednde-
pendentlyby a software cachecoherenceprotocol. This approach
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avoidsfalsesharing,a commonproblemin DSM systemshut in-
troducesoverheadn theform of softwae accesshedksthatdetect
absenbr invalid cacheentries. Most currentfine-grainDSM sys-
temsusebinary rewriting toolsto insertthesecheckg14, 25, 26].
Sincethe overheadof suchchecksis considerablethesesystems
analyzethe binary codethey rewrite and optimize by combining
andremoving checks.

This papelinvestigategnalternatve approachhatwe have used
in theimplementatiorof Jackal,a fine-grainDSM systemfor the
Java programminglanguage. Jackalusesextensive source-level
static analysisto optimize performance. This approachhastwo
adwantagesit makesexisting access-chectptimizationsmoreef-
fective andit enablesen optimizations.

Existing access-checkptimizationshecomemore effective be-
causelackals source-lgel compilercandifferentiatebetweertypes,
cancomputethesetof calledfunctionsateachcall site,andbecause
analysisand optimization cantake place before complex pointer
arithmeticis introducedy thecompilersbaclendoptimizer Jackals
global analyzercomputesthe possibletargets of virtual function
callsandcanthereforeexposemorecodeto access-cheatptimiza-
tionsthatarebasedon common-suberessioreliminationandre-
dundang analysis.In addition,thecompilerusesarray-aggrgation
analysis anextendedform of access-chechkatching[25] thataims
to combinechecksonindividual arrayelementsnto asinglecheck
for theentirearray This canimprove sequentiaperformancesub-
stantiallyandadditionallyreduceshenumberof network roundtrips
requiredto accessarrayelements.

Jackals source-lgel analysisalso enablestwo new fine-grain
DSM optimizations:object-gaphaggregationandautomaticcom-
putationmigration. Object-grapraggreationis the pointerequiv-
alentof arrayaggr@ation. Throughstaticinterproceduratlataac-
cessanalysis,the Jackalcompiler detectssituationswherean ac-
cessto someobject(calledthe root objec) is alwaysfollowed by
accesseto subobjectsin thatcase the systemviews the root ob-
jectandthe subobjectsaasan objectgraph Jackalattemptsto ag-
gregateall accesgheckson objectsin suchagraphinto asingleac-
cesscheckon thegraphs root object. If this checkfails, the entire
objectgraphis fetched,which canreducethe numberof network
roundtrips. Object-graphaggreation, therefore hasthe potential
to improve both sequentiabndparallelperformance.

Computatiomnmigrationis usedto optimizecertaincommortypes
of critical sections.Java knows no explicit, programmeispecified
associatioetweerdataandthelock thatprotectst, althougheach
Java objecthasa lock associateavith it. It is, however, common
to protectobjectdatawith the sameobjects lock. A barrierob-
ject, for example, might consistof two countersandbe accessed



by synchronizedmethodsthat lock the barrier objectand update
a counter Whensuchan objectis updatedin a critical section,
theupdatingthreadtypically incursmultiple network roundtripde-
lays,becausé mustacquirethelock, fetchthedata,write thedata
back, andreleasethe lock. With Jackals computation-migration
optimization,only a singleroundtripis neededo executethis type
of critical section. Insteadof executingthe normal protocolsfor
acquiringalock andfaultingin the objectdata,thethreadthatexe-
cutesthesynchronizedodeconceptuallymigratesto the processor
that owns the object, executesthe critical section,andreturns. In
reality, Jackals compilergenerates separatdéunctionfor thesyn-
chronizedblock of code.Thisfunctionis invokedasa RemotePro-
cedureCall (RPC).The compilerdeterminesvhich live variables
mustbe pacled into the RPCrequesto build a correctexecution
ervironment.

To assessheimpactof Jackals analysesandoptimizationswe
comparepntheidenticalhardware, the performanceof Jackalap-
plicationswith the performancenf equivalentmessage-passirap-
plicationsonahigh-performanc&MI implementationUsingmes-
sagepassing,the programmerhas almostcompletecontrol over
thecommunicationsoRMI applicationamustbe consideredhand-
optimizedin comparisorwith the compileroptimizedJackalap-
plications. Our performanceesultsareencouraging On average,
the sequentialperformanceof our applicationsis within 10% of
sequentialcode without accesschecks. The use of computation
migration,arrayaggreyation,andobject-graptaggregationalways
improvesthe parallelperformancef Jackalprogramspusuallysig-
nificantly, by reducingthe numberof messageshey send. Two
out of four Jackalprogramsperformaswell as,or betterthanthe
equivalentRMI applications.

Our contritutionsare:

e \We shav that existing optimizationsfor fine-grainDSM sys-
temscanbeimplementednoreaggressiely usingglobal,source-
level analysis.

e Wediscussacompileroptimizationto aggrgjateaccesshecks
for objectgraphs;this improves sequentialperformanceand
reducesetwork roundtrips.

¢ We discussa compileroptimizationto selectvely do computa-
tion migration;this mayreducenetwork roundtrips.

Both theseoptimizationsdependn source-lgel codeinforma-
tion andglobalandinterproceduraanalysis.

e \We presenta performanceanalysisof the resultingsystemfor
someapplicationandcompareghemagainstahighly optimized
message-passingplementatiorf20] (RMI) on the sameplat-
form.

The paperis structuredasfollows. Section2 summarizesava’s
memorymodel. Section3 describeslackaland its implementa-
tion. Section4 discusseshe applicationof staticanalysedo ex-
isting fine-grain DSM optimizations. Sections5 and 6 describe
Jackals object-graptandcomputation-migrationptimizationsyre-
spectvely. Section? studiesJackals performanceon a Myrinet-
basedcluster Section8 discusseselatedwork. Section9 con-
cludesthepaper

2. JAVA'SMEMORY MODEL

We briefly summarizeJava’'s memorymodel; for a detailedde-
scriptionwe referto thelanguagespecificatior{10] andPughs cri-
tique of thememorymodel[22].

The memorymodel allows eachJava threadto cachevariables
in its workingmemory A threads working memorymust(concep-
tually) be flushedto main memoryat eachsynchronizatiorpoint.
A synchronizationpoint is a lock (unlock) operationthat corre-

spondsto the entry (exit) of a synchronizedblock of code. Lock
andunlock operationsnustflush a threads working memory but
animplementations allowedto flushsoonerevenafterevery write
operation.

In contrastwith entry consisteng [3], Jasa’s memory model
doesnot couplelocks to specificobjectsor fields. In particular
differentfields of one objectmay be protectedby differentlocks,
sothatthosefields canbe updatedconcurrentlywithout introduc-
ing raceconditions.This programmingmnodelis moreflexible than
entry consisteny, but makesit more difficult for a DSM imple-
mentationto combinesynchronizatiorand cache-coherenctaf-
fic. Competingmemorymodels,suchasHLRC asimplementedn
Treadmark$17] combinesynchronizationmessagewith write no-
tices but still incur multiple roundtripsfor simplecritical sections.

3. IMPLEMENT ATION

Jackalconsistsof an optimizing Java compiler and a runtime
system(RTS). The compilertranslateslava sourcednto Intel x86
coderatherthan Jasa bytecode. The compilergeneratesoftware
accesshecks;the optimizationsto reducethe numberandcostof
thesechecksarethe maintopic of this paper

The runtime systemdistributes Java threadsin a round-robin

fashionoveridle processorandimplementslackals cache-coherence

protocol.While this protocolis describedn [23], we review it here
for self-containedness.

3.1 CoherenceProtocol and AccessChecks

Jackals coherencerotocolallows processorso cachearegion
createdon anotherprocessor A region is eithera completeJava
objector asliceof anarray To reducefalsesharing,arraysarepar
titioned into contiguoushbut independen56-byteregions. Since
we believe falsesharingwithin objectsis uncommon objectsare
never storedin multiple regions. The processothatallocatesare-
gionis calledthe region’s homenodeandalways providesstorage
for theregion. (In termsof Java’'s memorymodel,aregion’s home
nodeprovidesthatregion’s mainmemaory)

Eachregion occupiesa virtual-addressangein a single,shared
addressspace.A region’s homenodeandthe cachingprocessors
all storetheir copy of aparticularregionatthesamevirtual address.
The sharedaddresspaces dividedinto P disjoint parts,whereP
equalghenumberof processorsEachprocessoallocatesnemory
only in its own partition, so thatcomputinga region’s homenode
from its virtual addres@mountgo onedivide operation.

Jackalemploys an invalidation-basedmultiple-writer protocol
thatcombinedeaturef HLRC [32] andTreadMarkq17]. Jackal
doesnot usea single-writer protocol becausedt would force the
compilerto mark the end of eachread/writeoperation,which re-
ducesthe opportunityto lift accesshecks.In addition,endmark-
ersincreasesequentiabverhead. As in HLRC and TreadMarks,
modificationsareflushedto a homenodeandtwinning anddiffing
is usedto allow concurrentvritesto shareddata.

The run-time datastructuresrelatedto the coherenceprotocol
areshavnin Figurel. All threadon oneprocessoshareonecopy
of a cachedregion. Java’s memorymodel,however, requiresthat
eachthreadmaintainits own cache-statevector for eachregion.
Eachthreadthereforemaintainsa presentanda dirty bitmap,each
of which containsone bit per 64 bytesof heap. Objectsare 64-
bytealignedto mapa singleobjectto asinglebit in thebitmap. To
reducememoryusagepagesor thesebitmapsareallocatedazily.

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
R sinceit fetchedR from its homenode.
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Figure 1: Runtime systemdata structur es.

If the presentbit is not set, the access-checkodeinvokesthe
runtime systemto retrieve an up-to-datecopy from the region’s
homenode. Whenthe copy arrives, the runtime systemstoresthe
region atits virtual addressandsetsthe accessinghreads present
bit for this region. This cachedregion copy is calleda processos
working copy of a region. The runtime systemstoresa pointerto
theregionin theaccessinghreads flushlist. In the caseof awrite
miss, the runtime systemalso setsthe region’s dirty bit andcre-
atesa twin, a copy of theregion just retrieved, unlesssucha twin
alreadyexists.

A cachedegion copy remainsvalid for a particularthreaduntil
thatthreadreachesa synchronizatiompoint. At a synchronization
point, the threademptiesits flushlist. All regionson the threads
flush list are invalidatedfor that threadby clearingtheir present
bits for thatthread.Regionsthathave their dirty bits setarewritten
backto theirhomenodesin theform of diffs (andthedirty bits are
cleared) A diff containsthedifferencebetweeraregion’s working
copy andits twin. Thehomenodeusesheincomingdiff to update
its own copy. Region flushesto the samehomenodearecombined
into asinglemessage.

Theprotocoldescribedsofarinvalidatesandpossiblyflushesall
datain athreads working memoryat eachsynchronizatiorpoint.
Sincethis potentiallyleadsto muchinterprocessocommunication,
our implementatiorusesan optimizedversionof this protocolthat
still adherego thememorymodel.In particular it is notnecessary
to invalidateandflusharegionthatis accessedly only asinglepro-
cessoor thatis only read[19]. Jackals lazy flushingis evaluated
anddescribedn detailin [23].

3.2 Synchronization

Logically, eachJava objectcontainsalock anda conditionvari-
able. Sincethreadscanaccesobjectsfrom differentprocessors,
Jackalprovidesdistributed synchronizatiorprotocols. Briefly, an
objects homenodeactsasthe objects lock manager To acquire
alock, athreadsendsa lock requesimessagéo thelock manager
andwaits. If necessarthelock managecreatesthreadthatwaits
until the lock is released Whenthelock is available,the manager
replieswith agrantmessagegtherwiseathreadneedgo becreated
to wait for thelock to bereleasedTo unlock,thelock holdersends
aunlockmessag¢o thehomenode.

if (condition) {
read- check(a)

} else {
write-check(a)

wite-check(a)

Figure 2: Accesscheckremoval

4. CONVENTION AL OPTIMIZA TIONS

To improve performance,Jackalcompilerremoves superfluous
accesshecksaggrgatesegionsandobjectsandco-allocateshreads
andregions.Althougharrayaggrgationandfully redundanaccess-
checkremoval arenot new, the versionsmplementedn Jackalare
generallystrongetthanthoseimplementedn for exampleShastd25],
dueto theheary useof interprocedurahndglobalanalysis.

4.1 Removing AccessChecks

Jackals compiler frontend addsaccesschecksto all heapac-
cesses.Sincetheseaccesschecksadd considerableuntime over-
head the compilers baclendoptimizationpassesdry to remove as
mary checksaspossible.An accessheckconsistsof six x86 in-
structions.If two accesshecksaresuficiently closeto eachother
to allow commonsubepressionelimination, one or two instruc-
tionscanbe eliminated(partsof the addres<alculations).

Sinceit is a source-lgel compiler Jackalcan performinter
proceduraland global programanalysis. Systemsbasedon bi-
naryrewriting cannot,jn generalperforminterproceduraanalysis:
they cannothandleindirect calls (which includesthe virtual func-
tion calls found in C++ and Java) or indirect jumps (introduced
by switch statementgompiledto jump tables). The frontend of
Jackals compiler in contrastcandeterminesetsof virtual-function
call targets(by selectingall methodsfrom all derived classedhat
implementsome method prototype) and maintain label lists for
switch statements This informationis passedn to the compiler
baclendwhich usesit to remove accesshecks.

The compilers baclend usesforward interproceduratiata-flav
analysisover a programs control-flav graph(CFG)to remove ac-
cesschecks.An accessheckfor address at programpoint p can
beremovedif x hasalreadybeenchecled onall pathsthatreachp,
but only if noneof thesepathscontainsa synchronizatiorstate-
ment.Figure2 illustratesthisredundang analysis First,aforward
data-flav passdiscoversthatall accesshecksin the exampleop-
erateonthesameobjecta. Sincea is checledonall pathsthatlead
to it, thethird checkis redundantTheread-ded is replacedoy a
write-ched to presere correctness.

Note thatthe currentimplementatiomeedsfull redundang for
checkelimination.Partialredundang elimination(PRE/ LCM [18])
would reducethe numberof checkseven further In the example,
PREcould potentiallyremove all accesshecksandplaceasingle
accessheckin front of the if statement.The difficulty in imple-
mentingPREfor accesgheckeliminationliesin lifting theaddress
calculationgthe’a’ in theexample)while notviolating Java’s pre-
ciseexceptionmodel.

The analysisoutlined above is complicatedby Java’s ability to
extendclassesatruntimeby loadingbytecoderom network or file.
The JackalRTS supportscompilationand loading of bytecodeat
runtime [20]. If dynamicclassloadingis allowed, the compiler
may inspectpotentialcalleesat a call site only if the completeset
of calleescanbe determinedat compiletime. (Thisis the casef a
static, final or privatefunctionis called.) Otherwise the compiler
conseratively assumeghat at leastone of the calleescontainsa



synchronizatiorpoint.

Toincreaseheeffectivenes®f interprocedurahnalysistheJackal
compiler can be instructedto malke a closed-worldassumption
which meanghatdynamicclassloadingis guaranteedotto occur
in the programthatis beingcompiled. If the compileris allowed
to make this assumptionfunctioninlining becomesnoreeffective
aswell. Access-checkemoval benefitsfrom inlining, becauset
makes more code (including accesshecks)availableto the opti-
mizer.

The compilercanalsousecall-graphinformationto remove ac-
cesschecksto the this pointer Whenall calls to a function orig-
inate from eithera constructoror a Thread.rurf) methodandthe
compileris allowedto malke theclosed-vorld assumptionthenwe
cansafelyremove all checkson this (until a synchronizatiorpoint
is seen),becauseave know thatwe are executingthis function on
thehomenode.

The compiler(by default) alsodoesescapenalysig6]. Escape
analysisdetectavhich objectswill never escapéhethreadthatcre-
atedthem (or their creatingfunction’s life time). Whensuchan
objecthasbeendetectedall checksto the objectcanbe removed
andthe objectcanbe allocatedon the stack. To generalizeour es-
capeanalysis,we do not actually allocatethe objectson the call
stackbut maintaina separat®bjectstackperthread. This allows
objectscreatedn constructorgo outlive their creatingconstructor
by notrestoringthe objectstackat a constructors exit.

Whensuchan objectis passedo anothermethodandthat call
siteis theonly locationthatmethodcanbecalledfrom, (againmak-
ing aclosedworld assumption)accesgheckso thatparameteare
removed aswell (recursiely). In thefuture,we intendto make the
analysisstrongerstill, by specializingcalled functionswhen es-
capedobjectsarepassed.

4.2 Array Aggregation

If array elementsare accessedn a loop, the accesschecksto
array elementsmay sometimesbe lifted out of the loop, and be
replacedby anaggreatearrayslice accessheckbeforethe loop.
The benefitsareimproved sequentiakun time andincreasediata
throughputby allowing streamingof multiple arrayregions.

Array accesshecklifting is impossibleif the loop is unsafein
thatit containssynchronizedlocksor callsto methodshat(may)
containsynchronizedlocks. Interprocedurahnalysiss important
to detectsafemethods.

If aloopis safeandthecompilerfindsanaccessheckto anarray
elemeninsidealoop, therelationbetweertheindexing expression
andthe loop control variablesis analyzed. If the checkdoesnot
dependontheloop controlvariablesit is lifted from theloop.

If the arrayindexing expressionis loop dependentye try and
lift thearraycheck.Loop dependences definedhereasdependent
onaloopinductionvariablewhichis atuple {variable,startvalue,
step, multiplicand, modulo} asusedin strengthreduction. This
allows complicatedstridesasthe loop inductionvariabletuple is
passedwhole to the runtime system. If the boundsof the index
canbe precomputedhsa functionthe loop control expressionsan
aggr@atecheckto fetchtherequiredarraysliceis insertedbefore
theloop, andthe accessheckwithin theloop areremored.

If the index expressionis not loop independenbut the index
boundscannotbe calculated,a call to the RTS is insertedbefore
thearrayto requesthewholearray

A trade-of is thatwhentherule to determinearrayaggregation
misfires, partsof the array that are not usedare also mappedin.
This mightfor examplehappenwvhenthearrayaccessheckinside
the loop is locatedinside an “if ” statement.Also, whenthe loop
iteratesonly afew times(say2 or 3 times)overanarraywhich has

cl ass Nested {
int x;

}

class Quter {
Nested n = new Nested();
int vy;

int get() {
returny + n.x;
}

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

Figure 3: Object-graph aggregationexample.

alreadybeenmappedthe costsof calling the runtime systemmay
belargerthanwith theinlined assemblecheck.

5. OBJECT-GRAPH AGGREGATION

Object-graphaggreationis the pointerequivalentof array ag-
gregation. A faultedregion frequentlycontainsreferencego ob-
jectsthat are subsequenthaccessedcausingmore cachemisses.
Thecompilerdetectsuchaccespatternsandreplacesaccesghecks
on the individual objectsin the objectgraph with a singleaccess
checkon the graphs root object If the checkfails, the entire
graphis retrieved. Like arrayaggreation, this improves sequen-
tial and parallel performanceby, respectrely, eliminating access
checksandreducingthe numberof roundtripsrequiredto faultin
relatedobjects.

Figure 3 illustratesthis idea. The compilerdetectsthat the in-
vocationof methodget() on objecto involvesnot only an access
checkono, but alsoono.n An objectgraphis identified,rootedat
o, thathasan edgeto oneothernode,the allocationof the Nested
object. In main(), the accessheckon o is replacedwith a aggre-
gateaccessheckthatvalidatesbotho ando.n. The accessheck
ono.nin Outerget() is removed.

To detectrelatedobjects thecompilercreatesaheapapproxima-
tion [9, 28] in which objectsareidentifiedby their allocationsite.
Sincethe algorithm cannotdistinguishbetweendifferentrun-time
objectsthat are createdat the sameallocationsite, we will speak
of allocations which representll objectsallocatedfrom thatsite.
The algorithm producesa list of allocations,and, for eachrefer
encefield of thecorrespondingbjects alist of allocationghatthe
referencepointsto.

The algorithmconsistsof anouteriterationthat stopswhenthe
allocationlist andreferencdists no longerchange Within aniter-
ation, the codefor all availablemethodss traversed.For eachreg-
isteror memoryreferencen theinstructionstream.a list is main-
tainedof allocationsthatit may pointto. Whenan allocationsite
is encounteredor the first time, it is registeredin the allocation
list. The referencethat resultsfrom ary allocationis propagated
throughtheinstructionstreamfollowing assignmentsandthrough
methodcalls, following parameteipassing. Whenan assignment
of an allocationA to a referencefield f of an objectcorrespond-
ing to allocationB is encounteredA is addedto the referencdist
of B.f. Arraysof objectsarespecial. If the compilercannotcom-
pute the value of anindex expressionfor suchan array thenno
distinctionis madebetweerdifferentelementof thearrays:if ary
elementrefersto an allocation,all elementsare consideredo re-



fer to it. Whenthealgorithmstabilizeseachvariableandmemory
referencehasbeenassociatedvith a setof allocationsthatit may
pointto.

A heapapproximationis a graphwhosenodesare the alloca-
tions, and whoseedgesrepresent referencefrom a field of the
sourceallocationto the targetallocation. In the graph,we search
for allocationsthat are the only entry point to a directedagyclic
subgraphthereshouldbe no otherpathsin the codeby which ary
allocationin the DAG is accessedWhensucha subgraphs de-
tected,accesshecksto its interior nodescanbe remored andthe
wholesubgraphmaybetransferredvhenanaccesghecktoits root
fails.

To beacandidatdor aggregation,thesubgraphmustnotcontain
ary forbidden’ objects;this includesThread objectsand objects
onwhichalock, unlod, wait or notify call is invoked. Aggregating
objectsin thelatter(synchronizationgateory would causehrash-
ing.

SinceDAGs may containnestedDAGS, a trade-of emegesin
the marking of object graphs. We must choosean ideal object-
graphdepth. If the objectgraphis too deep,large portionsof the
objectgraphmay be left unusedafterthey have beenfaultedin. If
the thresholdis settoo low, unnecessargachemisseswill occur
Currently Jackalrequiresthe programmetto setthe objectgraph
thresholdat compiletime.

Anothertrade-of occurswhenan objectgraphis only modified
atits leaves; without object-graphaggregationonly thoseleaf ob-
jectswould be flushed,while the interior nodeswould bein read-
only mode,allowing lazy flushing. With object-graphaggreation
the entireobjectgraphwill be marked dirty, causingthe entireob-
jectgraphto beflushedandre-fetched.This extra communication
mustbetradedagainstthe gainsin sequentiatodespeedandbulk
datatransfer

6. COMPUTATION MIGRATION

Computationmigration[13] is a mechanisnthat movespartor
all of acomputatiorandits stateto the datausedby thatcomputa-
tion. This maybe moreefficientthanmoving multiple dataobjects
to the computationor than repeatedlymoving the samedataob-
ject to the computation,which occurstypically with e.g. barrier
objects. Jackalusescomputationmigrationin two ways: to com-
binedataandsynchronizationraffic andto co-locatethe execution
of athreadconstructomwith the datacreatedy thatconstructar

Javaprogrammerslonotindicatewhichlocksprotectwhichdata
items. This makesit difficult to combinedataandsynchronization
traffic: Jackalmay have to communicatenultiple timesto acquire
alock, to accesghe dataprotectedby the lock, andto releasethe
lock. Frequently however, the datastoredin a sharedobjectis
protectedby thatobjects lock. Figure4 illustratesthis case Recall
that the homenode of an objectactsasthe managerof the lock
that is part of the object (seeSection3.2). Without computation
migration,the executionof inc() thereforeresultsin threenetwork
roundtripsto xX's homenodeif thecallerof inc() is notonx'shome
node: oneroundtripto acquirex's lock, oneto fetchx's data,and
oneto flush the modified data,and a final messagéo releasex's
lock.

Jackals compilerdetectandoptimizessynchronizedblockssuch
asthe onein Figure4. Underthe conditionsdescribedelaw, the
compilerwill generatea separatéunctionfor sucha synchronized
block. This new function will be run on the synchronizatiorob-
ject’'s homenodeandwill beinvoked asa RemoteProcedureCall
(RPC) by the threadthat calls inc(). Stackvariablesin the call-
ing codethatarelive just beforethe RPCcall is issuedare copied
into the RPC's requestmessagendact as parameterso the new

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

/1 mgrate follow ng bl ock
synchroni zed(x) {

old = x.count;

x.count += delta;

return ol d;

Figure 4: Computation migration example.

function. Thecompileridentifiesthesdive variablesautomatically
Any stackvariableghatarestill live attheendof themigratedcom-
putation(i.e., old) aremarshalednto the reply thatis sentto the
caller. In this schemethe executionof functioninc() requiresonly

asingleroundtripto the homenode.Therequesmessageontains
the value of parametedelta which is live in inc(). At the home
node,the lock is acquired x.countis incrementedandthe lock is

released.

As anextraoptimization thecompilerchecksvhetherary object
pointersareusedafterthe synchronizedtatementlf the nodethat
ranthemigratedcomputationis alsothehomenodefor ary of these
objects(or objectgraphs)thenit will piggybackthoseobjectsor
objectgraphson the reply. This optimizescommonpatternssuch
astheretrieval of anobjector an objectgraphfrom a shareddata
structure.

The computation-migratiomptimizationis triggeredonly when
thecodeinsidethesynchronizedlock canbe(conseratively) proved
to terminatein finite time. The executiontime of the synchronized
block is estimatedby countinginstructionsand consideringloop
nesting.If asynchronizedlockis deemedo belong-running the
optimizationwill notbetriggeredto presere loadbalance.

Jackals compiler appliescomputationmigration also Thread
object constructors. Such constructorsare often all executedby
a program$ mainthreadto createadditionalworker threads.It is
frequently the casethat the dataaccessedy a worker threadis
allocatedin the worker threads constructor If theseconstructors
all runonthesameprocessaqrall dataobjectscreatedwill have that
processoastheirhomenode,eventhoughthe new threadswill be
run on otherprocessorsThe compilerthereforereplacesThread
objectallocationsandconstructorcallswith an RTS call thatships
the constructorto run at the sameprocessothat the threadwill
run on. This ensureghatthe new threadandall objectsit creates
resideon the sameprocessor This will save mappingin datathat
typically belongswith thethread.Co-allocatinghreadsandobjects
in thisway is difficult for abinaryinstrumentorbecausé requires
knowledgeof the Java classandinterfacehierarchy

7. PERFORMANCE

In this sectionwe studytheperformancef Jackal All testswere
performedon a clusterof 200 MHz PentiumProsrunningLinux,
and connectedby a Myrinet [5] network. We useLFC [4], an
efficient userlevel communicatiorsystem.Orour hardware, LFC
achievesa minimumroundtriplateng of 20.8 us anda throughput
of 27.6 Mbyte/s(for a 256 byte messagencludingarecever-side
copy).

Jackalasconfiguredsothateachprocessohasa maximumof
32 Mbyte of local heapand32 Mbyte of cachefor cachingregions
allocatedby otherprocessorsin all of the performancevaluations
belaw, the compiler hasbeeninstructedto make a closedworld
assumption.
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Figure5: Relative sequentialexecutiontimes.

7.1 Micr obenchmarks

We measuredheoverheadf acceseheckdy timing thetraver-
salof a10,000-elemeniinked list on a single processobothwith
andwithout accesschecks. This benchmarkperformsone access
checkperlist elementOnaveragegachaccesgheckcosts0.049ps,
or approximatelylO cycles.

To determinethe lateny of object transfer we measuredhe
time neededor oneprocessoto traversea linkedlist of emptyel-
ementscreatedby anothemprocessarThe measuredime includes
theroundtriptime to thehomenodeandthecostsfor pagemapping,
addingregionsto thetraversingthreads flushlist, andlocking. We
measure@naveragdateny of 35 us pernodeof thelinkedlist.

The throughputobtainedby transferringa large array of inte-
gersis 5.1 Mbyte/s. This throughputis independenbf arraysize,
becausearraysare retrieved region by region. If array aggrea-
tion is enabled,the array is transferredn units of 768 bytes (to
fit in one1024byte LFC paclet), which resultsin a throughputof
24 Mbytel/s.

We alsomeasuredheimpactof object-graplaggreationby mi-
crobenchmarkests. A sequentiaprogramwithout accesshecks
traversesanarrayof 1000binarytrees.eachconsistingof arootand
two emptysubtreesin 0.95ps pertree. With unoptimizedchecks,
traversaltakes 139 ps per tree; this time alsoincludesthe time to
registerthe objectsin thethreads flushlist. With object-graptag-
gregationenabledtraversaltakes 46 us pertree: accesshecksto
the subtreesareremoved. In a paralleltestprogram,onemachine
createghe tree, the othertraversesit. With unoptimizedchecks,
this costs274 ps per tree; threeroundtripsper tree are necessary
Enablingobject-graphaggr@ationreduceghis to 124 ps pertree;
only oneroundtrippertreeis necessary

7.2 Application Suite

Our applicationsuite consistsof four multithreadedJava pro-
grams: ASP, SOR, TSP and Water Besidesthe multithreaded,
shared-memoryersionsof theseprogramswe alsowrote equiva-
lent message-passingrsionsof theseprograms.Theseprograms
all use our fast RemoteMethod Invocation (RMI) to communi-
cateexplicitly. Section7.4 compareshe performancef themulti-
threadegrogramsunningon Jackalith theperformancef these
RMI programs.

7.3 SequentialApplication Performance

Figure5 shavstherelative sequentiaperformancef all applica-
tions. All applicationsverecompiledandrun with Jackals native
Jara compiler and with version 1.3 of IBM’s Just-In-Tme (JIT)
compiler To factoroutJIT compilationtime, eachapplicationiter-

atesfour times. We assumeahatall compilationtakesplaceduring
thefirst iterationandreportthe averageexecutiontime of the last
threeiterations.

For Jackal we compiledeachprogramin threeways:

e with accesschecks,without compile-timeaccess-checkpti-
mizations(Jackal/Basic)

e with accesschecks,with all compile-timeaccess-checkpti-
mizations(Jackal/C.M.+Aggrgation)

e withoutaccesshecksJackal/No-Checks)

The figure shaws the executiontime of all configurationselative
to Jackal/No-ChecksThe absoluteexecutiontimesin secondf
this versionaregiven on the horizontalaxis.

In general,Jackals compiler generateggood sequentialcode.
Versionl.3 of IBM’s JIT compileris the fastest)IT compilercur
rently available[7, 27]. With the exceptionof Water Jackal/No-
Checksoutperformshe JIT compiler

Addingaccesgheckswithoutoptimizationincreaseshesequen-
tial executiontimesby 222%on average.Jackals access-chectip-
timizationsreducethis overheadon averageto 9%. In the caseof
ASPandSOR,access-chectverheads almostentirelyeliminated
by arraycheckaggreation. Theinnerloop of bothalgorithmstra-
versesandupdatescompletematrix rows. This is detectedby the
compiler which lifts all acceshecksout of theinnerloop. The
overheadf theremaining Jlifted accessheckss negligible.

In the caseof TSR unoptimizedJackalperformances badbe-
causethe majority of the work is donein a small recursve func-
tion that(initially) containssevenaccesshecks.Theobject-graph
aggr@ationoptimizationdiscoversthatall thesecheckscanbere-
moved from the recursve function. The checkscan eitherbe re-
moved becausehey checkthethis pointer or they canbelifted to
the initial caller of the recursve function and combinedinto two
object-graphaggreyatechecksfor the partial pathandfor the city
distancetable. Therecursve functionis a virtual method,soa bi-
nary rewriter cannotremove theaccesghecks.

In Water thedatastructurethatis operatednin theinnerloopis
atwo-dimensionahrray whichin theunoptimizedversionrequires
twice four array accesschecksand ten array elementchecksfor
eachinnerloop iteration. Together array aggrgation and object-
graphaggreation reducethis to one checkwithin the innerloop
andoneaggregateoutsidetheinnerloop.

7.4 Parallel Application Performance

This sectioncompareghe applicationperformanceof various
Jackalconfigurationsandan equialent,hand-optimizedRMI pro-
gram. The RMI programausea highly optimizedRMI implemen-
tation[20] andrun on the samehardwareandcommunicatiorplat-
form (LFC) as Jackal. An RMI roundtrip on this platform costs
38 ps, maximumarraythroughputs 54 MByte/s. Both the Jackal
andtheRMI programsverecompiledusingJackals Javacompiler
RMI givesthe programmeialmostfull control over the communi-
cationthattakesplace.In particular the programmeicancombine
dataandsynchronizatiormessagedransferentirearraysin a sin-
gle roundtrip,andtransfermultiple objectsin asingleroundtrip.in
Jackal,theseoptimizationscanbe performedonly after the com-
piler hasdiscoveredthe opportunityof performingthem.

The datasetfor eachapplicationis small. Fine-grainedapplica-
tionsshav RTS andaccesgheckoverheadnuchmoreclearlythan
coarse-grainedpplicationswhich communicaténfrequently The
differencedor the variousoptimizationscomeout markedly; also,
the comparisorwith the RMI implementatiorbecomesextremely
competitve, sincethe RMI implementationsmust be considered
hand-tuned.

Below wediscusgheperformancef eachapplicationusingFig-
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Figure 6: Jackal and RMI speedups.

ure 6 and Figure 7. Figure 6 shawvs speedupsgor the RMI pro-
gramsand for four Jackalconfigurations. All speedupsrerela-
tive to the sequentiallackal/No-Checksxecutiontime. We sep-
aratelyconsiderthe effect of two optimizations: computationmi-
gration (synchronizedlocks) and aggregation (arraysand object
graphs).Computationmigrationof Thread constructorss always
enabledexceptin the Basic configuration,since Jackals perfor
manceseverely degradeswithoutit.

Figure 7 shawvs the messageountsand network datavolumes
on 16 processors.

ASP. The All-pairs ShortestPaths(ASP) programcomputesthe
shortestpath betweenary two nodesin a 500-nodegraph. Each
processois the homenodefor a contiguousblock of rows of the
graphs shareddistancematrix. In iterationk, all threads—oneper
processo+ readrow k of thematrix anduseit to updatetheir own
rows.

Thecommunicatiompatternof ASPis aseriesf broadcastfrom
eachprocessoin turn. Both the RMI andthe Jackalprogramim-
plementthebroadcaswith aspanningree.A spanningreeis used
for theshared-memorgdackalimplementatiorio avoid contention
on the dataof the broadcassource.The RMI implementatiorin-
tegratessynchronizatiorwith the datamessageandusesonly one
messagdand an emptyreply) to forward a row to a child in the
tree. This messagés sentasynchronouslyy a specialforwarder
threadon eachnodeto avoid latencieson the critical path.

Jackals computatiormigrationoptimizationsignificantlyincreases

speedupsinceit allows the combiningof datawith the synchro-
nization messagesFetchinga broadcastow now costsonly one
round-trip. With array aggregation enabled the compilerdetects
thattheinnerloop operaten wholerows, sotheaccesshecksn

Jackaloptimization ASP | SOR | TSP | Water
Basic 29.0| 20.9| 28.3| 338.8
ComputatiorMigration || 15.3 | 19.9 | 16.5| 329.9
Aggregation 27.3| 1.8 | 19.8| 134
C.M. + Aggregation 153| 10| 84 | 122
RMI 151 2.3 | 45| 155
Jackalvs. RMI datamessageounts* 1000
Jackaloptimization ASP | SOR | TSP | Water
Basic 39.3| 4.6 | 409| 32.8
ComputatiorMigration || 0.1 | 3.1 | 7.0 | 12.7
Aggregation 36.1| 54 |41.0| 221
C.M. + Aggregation 01| 41 | 50| 149
Jackalcontrolmessageounts* 1000;RMI hasno control
messages
Jackaloptimization ASP | SOR | TSP | Water
Basic 159| 24 | 05 3.9
ComputatiorMigration || 14.3| 2.3 | 0.3 3.7
Aggregation 157 26 | 04 5.2
C.M. + Aggregation 143 25| 0.2 5.1
RMI 144] 24 | 0.2 | 47

Jackalvs. RMI datavolumein MByte

Figure 7: Jackal and RMI communicationon 16 CPUs



theinnerloop arereplacedy onearrayaggregatecheckbeforethe
innerloop. A completedrow is faultedin at oncefor eachouter
loopiteration. The speedupf the RMI programremainsbetterbe-
causdt usesasynchronouforwardingof rows in its spanning-tree
broadcast.An alternatve RMI implementationwith synchronous
forwardinggave a speedumo betterthanthe Jackalversion.

Thedatavolumeandnumberof messageexchangedirecompa-
rablefor the RMI versionandthe Jackalversionwith computation
migrationandaggreation.

SOR. Successie Over-Relaxation(SORY)is a well-known itera-
tive methodfor solving discretizedLaplaceequationson a grid.
The programusesone threadper processorgachthreadoperates
on a numberof contiguousrows of the matrix. In eachiteration,
the threadthat owns matrix partitiont accesse¢and caches)the
lastrow of partitiont — 1 andthefirst row of partitiont + 1. Weran
SORwith a2050x 2050(16 Mbyte) matrix.

TheJackalversionof SORattainsexcellentspeedupThisis en-
tirely dueto Jackals arrayaggregateoptimization.As in ASP, the
Jackalcompilerdiscoversthatit cancombineall accesshecksin
SORSsinnermostoopinto asinglecheckfor thewholerow. When
this checkfails, the entirerow is sentto the requestingorocessor
As aresult,Jackalachierescomparablespeed-upmessageount,
anddataexchangevolumeasthe RMI implementation.The RMI
messageountconsistof anemptyrequestndareply carryingthe
row; in Jackal therequests countedasa controlmessagegnly the
reply carryingtherow is countedasa datamessage.

TSP. TSPsolvesthe Traveling SalesmarProblemfor a 15-city
input set. First, processorerocreatesa distancetableto hold the
distancedetweereachcity andalist of job objects,eachcontain-
ing a partial path. Next, a worker threadon every processotries
to stealjobs and completepartial pathsfrom thelist. The cut-off
boundis encapsulateth anobjectthat containsthe length of the
shortespathdiscoreredthusfar. To avoid non-deterministicom-
putation(which may give rise to superlinearspeedup)the cut-of
boundhasbeensetto the actualminimumfor this dataset. Conse-
quently thespeedugttainedoy all implementationss muchlower
thanin thecaseof initially unboundedearchwherelinearspeedup
is typical.

The speedumumbersfor the configurationswith object-graph
aggr@ationdisabledsufer from inferior sequentiatode,seeSec-
tion 7.2. Without computationmigration,faultingin a new partial
pathtakes more datamessagesfor the Jobobjectandthe partial
path containedin it) andmary more control messagessomefor
requestingheregions,andsomefor synchronizatiorcontrol. With
all optimizationsenableda partialpathis obtainedwith oneround-
trip, wherethe migrationreply carriesthe objectgraphfor the par
tial path. The RMI programand the optimized Jackalprograms
transmitapproximatelythe sameamountof data.

Water. Wateris a Java port of the Watern-squaredapplication
from the Splashbenchmarksuite [29]. The programsimulatesa
collection of 343 water molecules. Eachprocessoiis assigneca
partition of the moleculesetandcommunicatesvith otherproces-
sorsto computeinter-moleculeforces.

Mostcommunicationin Waterstemsfrom readandwrite misses
on Moleculeobjectsandthe sub-objectseferencedby them:force,
accelerationandpositionvectorsfor eachatom,which arestored
in separatarraysandarewritten only by their ownerthread.

The RMI versionrequestshe slices of the Molecule array it
needsin eachouteriterationin one RMI from eachotherproces-
sor. In the unoptimizedJackalversion, the objectsthat make up

the Moleculesare faultedin one at a time inside the inner loop.
Consequentlythe unoptimizedJackalprogrammales mary more
roundtripsthanthe RMI programto retrieve all moleculedata.

Jackals loop analysisandheapanalysissucceedn determining
the accesgatterns so that slicesof Moleculearraysare obtained
with onerequestfor eachotherprocessor However, eachobject
thatmalkesup aMoleculemustbe managedeparatelyponarrival,
flush and protocol change. Moreover, changedo andfrom read-
only stateof the Moleculesarefrequentduring theiterations,and
thisgivesriseto anumberof protocolmessagethatis proportional
to the numberof objectsthatmake up the Molecules.

In thefuture,Jackals compilerwill performobjectinlining anal-
ysiswhich would transformeachMoleculeinto oneobjectin stead
of four. To assesshe performancempact,we did the sametrans-
formationby hand. The speedupn 16 processorshenbecomes
11, andthe amountof protocolmessagess divided by four. The
speedups still lessthanRMI’s, which mustbe attributedto more
procotoloverhead.We do not shaw this improved performancen
Figure6, sincewe explicitly wantto avoid application-leel tuning
for Jackal.

8. RELATED WORK

Most DSM systemsare either page-basedl17, 19] or object-
based[2, 3, 15]. Jackalmanagegagesto implementa shared
addressspacein which regions are stored. For cachecoherence,
however, Jackalusessmall, software-managedegionsratherthan
pagesand thereforelargely avoids the false-sharingoroblemsof
page-base®SM systems.Like page-base®SMs supportingre-
leaseconsisteng, we usetwinninganddiffing, albeitnotoverpages
but over singleobjects.

Shastgd25] and Sirocco[14] usebinary rewriters to insertand
optimize software accesschecks. Suchbinary rewriters have, in
general lessinformationthan a source-lgel compilet In partic-
ular, interproceduralanalysisin the presenceof virtual-function
calls is difficult or impossiblefor binary rewriters. Jackaluses
suchinterproceduraknalysisto optimize accesschecks. In ad-
dition, Jackalusestype informationto find groupsof relatedob-
jects. It would be interestingto comparethe performanceof both
approachesUnfortunately suchcomparisonsre, at presentdif-
ficult, dueto the differencesin the programminglanguagesthe
memorymodels,andthe hardwareplatforms.

SomeDSM systemshave successfullyjusedcompilergenerated
data-acceshints. Dwarkadaset al.[8] describea systemthatuses
regularsectionanalysis[11] for explicitly parallel (Fortran) pro-
grams[8]. Their compiler analysisidentifies producerconsumer
relationshipsthesearethenusedto generatéhints that allow the
underlying TreadMarksDSM systemto aggrgate dataand syn-
chronizationmessagesThe analysishowever, appliesonly to ar
rays,whereaslackalalsosupportsheap-allocatedtructures.

Object-basedystemdike CRL [15], Midway [3], andOrca[2]
might seema naturalway to implementdistributedsharednemory
for anobject-orientedanguagdik e Java. Thesesystemshowever,
usea form of entry consisteng [3] andthereforecouplelocks to
objects.In Java, eachobjectconceptuallycontainsa lock, but this
lock canprotectary pieceof shareddata,notjustthedatastoredin
theobjectthatcontaingthelock. Sincethisis averylooseassocia-
tion betweerock andobject,Jackahasto work harderto combine
dataandsynchronizationraffic becauseo programmeassistance
is available. Implementingcomputationmigration requirescom-
piler support bothto detectopportunitiesandimplementcomputa-
tion migration.

Compilersupportedcomputatiormigrationis usedn Preludg13]
andOlden[24]. (Lik e Jackal boththesesystemsisecompilersup-



port to find the live variablesthat mustbe shippedto the remote
processo) Both PreludeandOldenusecomputatiommigrationto
enhancdocality by eliminatingmultiple roundtripsto remotedata
objects(using programmerannotations). In Jackal,cachingand
aggr@ationarecompletelycompilerdetectecandenforced.

Compilersupportecbbjectinlining achievesthe sameeffect as
our tree prefetchingoptimization,althoughour techniqueis more
widely applicableasit allows aliasingbetweerobjectsandvariable
sizedarrays.Obijectinlining hasheenexploredfor examplein [16].

MCRL [12] usescomputatiommigrationin aDSM system.Like
CRL, it requiresthe userto encapsulateeadsandwritesto shared
databetweercallsto theRTS.Readoperationsunonthelocal pro-
cessorwrite operationgsunonthehomenodeof thedata.CRL [15]
automaticallycombinessynchronizatioranddatatransferbecause
it usesanentry-consisteninemorymodel.

Several other DSM systemdocuson Java. Java/DSM [31] im-
plementsa JVM ontop of TreadMarkq17] andis thereforepage-
based.Jackal,in contrastusessoftwareaccesshecksandasmall
coherencaunit. DOSA [30], derived from Treadmarksjs an ap-
proachto build aDSM ontop of modernobject-orientedanguages.
It doesso by usingtheir strict type systemgo implementmemory
consisteng They add a layer of indirectionaroundobjectrefer
encesto allow objectsto move addressesiponreceving a write
fault. However, it implementdittle compilerbasedptimization.

Hyperion[21] addsaccesshecksto Java bytecodesin contrast
with Jackal ShastaandSirocco,however, Hyperionis sensitve to
falsesharing,becausét cachesall sharedJava objects,including
arrays,in their entirety

cJVM, like Jackal,strivesto provide a completesingle system
image[1] usingtransparenRPCto accessemove objects.It does
so by creatinga clusteraware JVM usingtransparenRPCsto ac-
cessremoteobjectswhere Jackalusesobject cachingby default.
cJVM differs from our systemin thatis performsno object-graph
aggr@ation nor doesit implementa tradeof betweendataand
functionshipping.

9. CONCLUSION

We have describecandevaluatedaggressie, source-lgel com-
piler optimizationsfor a fine-grainDSM system. Two classesof
optimizationsarekey: aggregationoptimizationsandcomputation-
migrationoptimizations.Aggregationoptimizationsaggrejateac-
cesscheckson multiple, relateddataobjects— arraysor object
graphs— into a single checkthat faultsin all relatedobjectsin
a single cache-protocotransaction(typically one roundtripto a
homenode).Aggregationoptimizationgeducetheaverageaccess-
checkoverheadn the sequentiakxecutionsof our Java programs
to lessthan 10%. At the sametime, theseoptimizationsreduce
the numberof roundtripsrequiredto retrieve up-to-datecopiesof
sharedegions,andthereforealsoimprove parallel-applicatiomper
formance . Computatiormigrationis usedto combinesynchroniza-
tion anddatatraffic, asin entry-consistenDSMs, but without re-
quiring anentry-consistenprogrammingmodel.

Both optimizationsrely heavily on extensie staticanalysesin-
cludinginterproceduraanalysis heapapproximationescapenal-
ysis, etc. We have implementedheseanalysesandthe optimiza-
tions enabledby themin a DSM for the Java programminglan-
guage but mostof the analysesandoptimizationsaregeneraland
canbe appliedto otherlanguagesThe analyseshowever, cannot
easilybe performedby abinaryrewriter, becausehey rely typein-
formation,theability to calculatethe setof calledfunctionsateach
call site,andthe absence®f comple pointerarithmetic.

Two outof four of ouroptimizedapplicationgerformaswell as,
or betterthan, equivalent, hand-codednessage-passinograms

andall optimizedapplicationgerformsignificantlybetterthanver-
sionsthatdo notemploy aggrgationor computatiormigration.
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