
E1 Project Title

Towards High-performanceand Fault-tolerant Distrib uted Java
Implementations

Summary:
JavaVirtual Machinesform animportantpartof thewebandbusinessservermarket. Distrib-

utedJava Virtual Machineshave the potentialto make a significantcontribution to industriesthat
utilize this technology. An attractiveplatformfor this purposeis thecluster, a highly cost-effective
andscalableparallelcomputermodel. However, realizingon sucha platform a high performance
virtual machineimplementationtolerantto hardwareandsoftwarefaults,andhaving efficientmem-
ory utilization,presentsmany challengingresearchissues.This projectwill addresstheseissuesby
extendinga highly efficient andextensibleJava implementationto be awareof its clusterenviron-
ment.

E2 Background

Themarket for high performancecomputershaspolarized,with SMPsystemsat thehigh endand
Beowulf styleclustermulticomputers,constructedfromcommoditycomponentsandprovidingenor-
mousaggregateperformancefor comparatively low cost,at theother. In the applicationsdomain,
suchcomputersareincreasinglyseenasnetworkedhigh-performancecomputeanddataservers,and
theproblemsetnow includeslarge-scaleproblemsin informationmanagementandretrieval, multi-
mediarepositories,datawarehousing,datamining, anddatabasetransactionprocessing,aswell as
themoretraditionalcomputationalscienceandengineeringproblems.

Over recentyears,the programminglanguageJava hasenjoyed increasingpopularity in the
above applicationareas. Key to this a Java Virtual Machine(JVM) that providesa well defined
abstractmachine. This abstraction,combinedwith dynamiccompilation,canmake efficient use
of theunderlyinghardware(actualmachine).With its virtually universalvendorsupport,this also
permitsJava applicationsto enjoy a very high level of portability. Java alsoprovidesa convenient
andpowerful object-orientedprogrammingmodel.As aresult,efficientandreliableimplementation
of Javaonhighperformancecomputerplatformshasbecomeanimportantfocusof computerscience
research.Many of theseapplications,suchasserverapplications,exhibit loosecouplingbetweenthe
threads.Theresultingtradeoff betweencomputationandcommunicationmakestheuseof a cluster
of workstationsfeasible.

Thisprojectwill developa high performance, reliable, distributedJVM that is clusteraware,
and yet hidesthe distributednature of the hardware from the application layer, providing the in-
frastructurefor implementingandanalyzingdistributiontechniquesandruntimesupportalgorithms
for multi-threadedapplicationswritten in Java, typical examplesbeingwebservers, videoservers
andclustergatewaycontrol software [9] . Suchapplicationsdemandhigh performancewith respect
to bothtransactionthroughputandresponsetime,bescalablewith respectto databasesizeandtrans-
actionrates,andbeableto run for long periodswithout interruption.Large-scaleclustersarethus
requiredto meethigh transactionrates.With therequirementto be long-running,the (virtual) ma-
chineexecutingthe applicationmust thereforebe itself scalable,andbe tolerantto hardwareand
softwarefaults.

Theprojectbringstogetherresearcherswith expertisein Java implementation,parallelcom-
pilers, distributedobjectstores,algorithms,garbagecollectionandclustercomputers,in order to
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researchthemany issuesrequiredto realizeanefficient,fault-tolerantdistributedJVM. It alsobuilds
uponthesuccessesof previousprojectswhichtheseresearchershavebeeninvolvedwith: ThePlaty-
pusDistributedObjectStore[14] (ANU), theBunyip LargeClusterComputer[25] (ANU), andthe
BeltwayGarbageCollectorFramework[7] (Universityof Massachussets),notto mentionaprototype
versionof adistributedJVM (ANU) [26].

The JikesRVM approach All currentwork onbuilding adistributedJVM is basedonmodifying
an existing JVM to work in a distributedenvironment. This project takesa similar approach,but
differsfrom therestin usingtheJikesRVM asthebaseJVM.

TheJikesRVM [4] wasdevelopedby IBM WatsonLaboratoriesandis thefirst JVM written
in Java1. The Jikes RVM hasbeendesignedfor the purposeof research,with its sourcecodes
being publically available under the CommonPublic Licence,and hasan extensibleframework
ideal for researchin JVM-relatedissues.Theframework supportscodeintrospection,performance
monitoringandsophisticatedgarbagecollectionstrategies. It achieveshigh performancethrough
its optimizing compilerand its useof lightweight threadswith low OperatingSystemoverheads,
and is competitive with commerciallyavailableJVMs [4]. Being written in Java itself facilitates
morerapid developmentof extensioncodes.The JikesRVM hasresearchteamsactively engaged
in JVM-relatedresearch,including thosefrom several IBM labs, UMass,etc. (seehttp://www-
124.ibm.com/developerworks/oss/jikesrvm/info/users.shtml). It thus forms an ideal basisfor this
project.

Background on our distrib uted JVM (dJVM) Therearemany researchprojectslooking at ef-
fective techniquesfor developingsinglesystemimage(SSI) clusterenabledimplementationof a
JVM. Theapproachestakencanbebroadlydividedinto threecategories:implementationabovethe
VM usingeitherstatic[10] or dynamictransformationof Java classes;building theVM on cluster
enabledinfrastructure[19]; or building a clusterawareVM [2]. We seethelastof these,combined
with dynamicbyte-codetransformationtechniques[21] bothat build-time andruntime,asthemost
promisingandflexible approach.

An initial investigationinto distributedSSIJVMs, undertheCAP Fujitsu researchprogram,
resultedin thedevelopmentof aprototypewithin asingleyear[26]. Theprototypeis capableof run-
ningpureJavaprogramsonaclusterof commodityIntel Linux machines,includinga largeBeowulf
cluster[25]. Distributedcomputationis effectedby executingcodebasedon object location [2],
andthusrelieson remotecreationof objectsfor distribution. To supportthis model,theprototype
incorporates:themasqueradingof local threadresourcesasglobal threads;remoteacquisitionand
ownershipof classes;implementationof a localandremotereferencingscheme;andtheuseof class
andcodetransformationtechniquescombinedwith modificationsto thenon-optimizingcompilerto
facilitateremoteobjectaccess.Theprototypeis far from complete,but providesa proof of concept
of ourapproach.

Theprototypeis thusaninitial stepproviding someinfrastructurefor conductingresearchinto
anSSIJVM implementation.Critically, theprototypedoesnotaddress:objectandthreadmigration,
cachingor objectplacementbasedon codeanalysisor runtimeheuristics;fault tolerantoperations;
distributedgarbagecollection; andthe full exploitation of dynamictransformationtechniquesfor
implementingsemanticandfunctionalchangesin the runtimesystemandapplications.Theseare
all areasfundamentalto theeffectiveexecutionof Javaprogramsin aSSIclusterawareJVM.

1SomeC codeis usedfor bootstrappingandasgluebetweentheVM anda smallnumberof C library functions.
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E3 Significanceand Innovation

As far aswe areaware,our prototypeis the first (andonly) distributedimplementationof a JVM
written entirely in Java. This project is uniquein that it simultaneouslyaddressesthe threeissues
of performance,distributedgarbagecollectionandreliability (fault-tolerance).All of theseissues
interactnon-trivially with eachother.

As all of theseaspectswill be integratedinto a living systemcapableof running realistic
applications,the resultingdJVM for this project will yield performanceevaluationsof practical
significanceon theseissues. This, we believe, is lacking in the literature,whereevaluationsare
largely basedon theoreticalconsiderationsor simulationstudies.As well, to our knowledge,very
little work hasbeendoneon distributedgarbagecollectionandreliability issuesin thecontext of a
distributedJVM.

Key to the successof an SSI distributedJVM is goodperformance,which necessitatesthe
effective useof the underlyinghardware. This requiresthe computationalload to be distributed
while minimizing the impact of communicationoverhead. Although, techniquesfor placement,
migrationandcachinghavebeenthesubjectof investigation[2, 19], muchwork remainsto address
thetensionbetweenloaddistribution andcommunicationoverhead,particularlyin thecontext of a
reliableandfault tolerantdistributedJVM. In additionto theextensionof thesetechniques,we see
furtheropportunitiesthatutilize bothclustering/declusteringtechniquesto improvetemporallocality
of dataandautomaticparallelizingcompilertechniquesto exploit theparallelisminherentin many
serverapplications.

While thereis muchwork in the literatureon fault detectionandfault recovery mechanisms,
theseissuesare largely consideredseparately. Our project will integratethesemechanisms,and
considerthe tradeoffs betweenthe degreeof fault toleranceandits overheadin termsof time and
memory, bothduringnormaloperationandin thepresenceof faults.There-introductionof restored
machines(nodes)back into the dJVM is anotherexampleof an importantpracticalissuelargely
neglectedin theliterature;our projectwill addressthis. We will alsobein a positionto explorethe
further issueof which mechanismsarebestimplementedin thehigh-level system(in this casethe
dJVM itself), andwhichmechanismsarebestimplementedin lower-level layers(e.g.theunderlying
communicationprotocol).

In thecaseof distributedgarbagecollection(DGC),thereareveryfew studiesonhow theDGC
algorithmsperformin a realworking system,suchasa distributedJVM. Theconceptof clustering
of objects[15] hasyet to be appliedto an object-basedSingleSystemImagesystemon a cluster.
We seeopportunitiesherefor improving performance(betterdatalocality) andtheincorporationof
sucha techniqueinto GCalgorithms.

Furthermore,in thesynergy betweenGC andfault-tolerancemechanisms,we seeinteresting
andunexploredopportunitiesandchallenges.For example,a scanof theobjectspaceby theJVM
couldbeusedsimultaneouslyfor checkpointing(a mechanismusedfor fault recovery) andGC. If,
on theotherhand,objectreplicationis usedinstead,thentheGC mechanismsmustbemodifiedto
dealwith thisaccordingly.

This projectwill thusbe doing ground-breakingwork in the above areas.It is alsothe only
distributedJVM projectin Australia.All of thecodewill bemadeavailableunderCPL.

Our targetmachine,a 192CPUBeowulf cluster, is anawardwinning high performancema-
chine.Thecompletedsystemwill provideanexcellentplatformfor testinganddoingresearchwork
on distributedJava. It is alsosubstantiallylarger thanthe clustersusedin the performanceevalu-
ationsof distributedJVM implementations,andwill thuspermitbettertestsof scalabilitythanhas
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beenaccomplishedbefore. It will alsohave commercialimplicationsasa comparatively low-cost,
highperformance,platformfor runninghigh-throughputmulti-threadedJavaapplications.

E4 Approach

As statedearlier, aprototypedJVM hasbeendeveloped.Thisprojectwill build on this prototypeto
make it a high performance,reliable,distributedJVM tailoredfor multi-threadedJava applications
thathaveloosecouplingbetweenthethreads.Theprojectconsistsof thefollowingthreeinter-related
themes:

ThePerformancethemeaddressesthecomplex goalof reducingtheoverheadsof distribution,
with theparticulargoalof permittingscalabilityto large-scaleclusters.This will look at improving
performanceby lookingat issuesof objectplacementandmigration,cachingandthreadmigration.

TheReliability themeaddressestheneedfor theJVM to supportlong-runninghigh-availability
applications,a largecomponentof which is theneedto befault-tolerant(for hardwareandsoftware
faults). It interactswith thePerformancethemesin thatany suchmechanismshoulditself have low
overheadandbescalable.

The DistributedGarbage Collection(DGC) themesupportstheothertwo. Accuratelyiden-
tifying and reclaimingmemorycontainingobjectsthat are no longer usedis essentialfor large,
long-runningapplications.DGC mustalsobeefficient, both in termsof theoftenconflictinggoals
of permittingrapidresponsetimeswhile maintaininghighprocessingthroughput,andin thedistrib-
utedcontext, mustalsobescalableandfault tolerant.

E4.1 Performance

A distributedJVM mustbescalableandexhibit goodperformancecharacteristics,meetingthisgoal
requiresthetensionbetweenthedistributionof computationalloadandtheresultingcommunication
overheadbeaddressed.Consequently, thetechniquesfor determiningwherecomputationsareto be
performedandfor improving datalocality mustbe consideredjointly with methodsof hiding and
minimizingcommunicationoverhead.

In order to achieve effective load distribution it is necessaryto intelligently distribute the
work acrossthe nodesin the system. This involvesthe creationof threads[2, 19], the migration
of threads[19] and,potentially, the distribution of intra-threadcomputation. Dataflow analysis,
datalocality, executionhistoryandloadinformationcanimprovenodeselectionfor threadcreation
andmigration. Furthermore,opportunitiesexist for incorporatingthe distribution of intra-thread
computationutilizing automaticparallelizationtechniques.

Thecommunicationoverheadresultingfrom thedisjunctionof objectandcomputationlocal-
ity cansignificantlyimpedeperformance.This overheadis reducedby techniquessuchas: object
placementandmigration; caching;replication;andprefetching. Objectplacementandmigration
decisionsbenefitfrom techniquessuchascodeanalysisfor commondesignpatterns[2], interpro-
ceduraldataflow analysisandescapeanalysis[12], andalsofrom theapproachestakento cluster-
ing [17, 16] anddeclusteringusingdynamicandstaticprofiling information. Although work has
beencarriedout on cachingandreplicationin distributed[2, 19] andnon-distributedJVMs [11],
thereis still scopefor exploiting theJava MemoryModel (JMM). Furthermore,opportunitiesexist
for introducingprefetchingusingcodetransformationtechniques.We will investigateandextend
theseandothertechniquesfor managinglocality andhiding latency.
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In orderto effectivelyevaluatethesetechniquesandalgorithms,it isnecessarytoutilize arange
of benchmarks.However, serverapplicationsnormallyexhibit avarietyof traversalandcomputation
patternsduringtheir execution.To addressthis,we intendto constructrealserver applications,e.g.
an historicalstockmarket informationsystemandthe CSIRO Sentinelhot spotmapsystem.The
Platypusdistributedstorewill beusedto loadobjectsto/fromthedJVM. Performanceanalysistech-
niqueswill beusedto identify memoryandI/O bottlenecks.This will beaidedby theperformance
instrumentationinfrastructurealreadybuilt into theJikesRVM.

Dr Sankaranarayanawill leadthework onobjectplacementandmigration,cachingandthread
migration, working closely with Mr Zigman. Dr Blackburn, Dr Strazdinsand Mr He will also
contribute to this work. A PhD topic is Objectplacementand migration in a distributed,cluster
aware, Java environment. The focusof this topic will be to explore existing techniquesin object
placement/migrationandcachingin the dJVM environment,aswell asintroducenew techniques,
andevaluatethe impacton theoverall performanceof thedJVM. Dr Strazdinswill alsowork with
the studenton the developmentand performanceevaluationof the benchmarks.This work will
evaluatethepracticalbenefitsof thetechniquesstudied.

E4.2 Reliability

Thesecondtheme,the investigationof reliability in thecontext of a distributedJVM, will be lead
by Dr StrazdinsandMr Zigmanwith contributionsfrom Dr Blackburn. Fault tolerance– thegrace-
ful degradationof performancein the faceof failures– is a desirableor essentialfeatureof many
businessandgovernmentservices,e.g. the CSIRO Sentinelhotspotmapsystem. A fault tolerant
distributedJVM hasthepotentialto utilize commodityhardwarefor improvedperformanceandre-
liability. Supportingfault tolerancerequiresa rangeof issuesto beaddressedincluding: reliability,
failureavoidanceandfailurerecovery.

Reliability of theunderlyinginfrastructure,bothhardwareandsoftware,removessomeof that
burdenfrom the upperlayers. This may trade-off both recovery andexecutionperformancewith
elegance. Improving the infrastructurereliability necessitatesthe determinationof failureswhile
minimizing falsepositives(possiblydueto high network or nodeloads). Network failuresmaybe
managedat a low level having redundantpathsbetweennodes. Detectingandcompensatingfor
network failures[9] at thatlevel canbeimplementedwithin or below adistributedJVM, trading-off
flexibility for elegance.

The‘heartbeat’technique[9] is apromisingapproachfor detectingmachinefailures,andthis
couldberelatively easilyincorporatedwithin thewell-separatedcommunicationlayerof our dJVM
[26]. This methodcouldbegeneralizedto estimatea measureof machine‘health’ (which couldbe
affectedby load from externalsources),andsobe integratedinto theobjectandthreadplacement
strategiesof the PerformanceTheme. It canbe extendedto detectwhenpreviously off-line nodes
becomeavailableto bere-introducedinto thedJVM.

Machinefailuresaremoredramatic,requiringcomputationto becontinuedon theremaining
nodesby: recoveringa globally consistentstateusingcheckpointingor transactionmechanisms;or
ensuringcontinuedoperationby replicatingdataandcomputation.

Both checkpointingmodelscharacterizedby Manivannan,et al. [13] andtransactionsmodels
havebeenandcontinuetobeexploredin theliterature.Theapplicationof thesetechniqueswithin the
context of a distributedJVM raisestheimportantissueof to whatextenttheJMM canbeexploited
to reducethecostof global staterecovery. Severalapproachescanbeexplored:

� Applying independentcheckpointingalgorithmsin the dJVM, including variantsof those
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in [24], andexploring thecoreof PJama[3] (non-distributedpersistentJVM) checkpointing
system.

� Refiningthechain-and-spawn transactionmodelproposedin [8], exposingit to theapplication
throughlibraries,or automatingits useat codesynchronizationpointsin theJava application
codeand dJVM code. This transactionmodel provides a transactionalscopein which all
computationanddatabreaka single(logically) atomictransactioninto transactionchains.

� Assoc. Prof. Hoskinghasdevelopedan optimistic transactionmodelthat complieswith the
JMM. Thismodel,althoughdesignedfor adifferentpurposeandcontext, couldbeexploitedin
adistributedsettingto hidelatency andto allow redundancy throughreplicatedcomputation.

Thetransactionmodelsprovideasignificantandpromisingareaof investigation.
A PhDstudentwill work on a topic entitledA Fault Tolerant Framework for theDistributed

JavaVirtual Machine. Initially, this will entailstudyingJMM andits flaws [23, 20] andexamining
thevariouscoherency protocolsthat canbeadaptedto fully exploit theJMM including failurede-
tection,check-pointing,transactions,datareplication,andcomputationreplication,with a view to
applyingoneor acombinationof theseprotocolsto theDistributedJVM.

Sofar, little researchhasbeendoneregardingtheapplicabilityof theseprotocolsto theJVM
environment. As thereare differencesbetweenthe Distributed JVM environment,and the more
generalform of a distributedenvironmentfor which theprotocolsweredesigned,it is expectedthat
existing protocolscanbeadapted,relaxingsomeof their requirements.Suchchangesmayresultin
asignificantreductionin theamountof overheadnecessaryto make thedJVM fault tolerant.

An exampleis the JMM, which doespermit a degreeof incoherency within a runningJava
application.At a relatively smallcost,operationsusedto manipulateobjectsin theJVM’s memory
couldbe extendedto includeupdatesto a changelog. Sucha log could thenbe usedto construct
checkpointsrequiredby thecoherency protocols.

E4.3 Distrib uted GarbageCollection

Garbagecollection(GC) is fundamentalpartof theJVM runtimesystemandis essentialfor thevia-
bility of long-runningJava applications.This necessityextendsto thesupportof a distributedJVM
andthis themeaimsto designanddevelopnew, efficient, safeandcompletealgorithmsfor DGC.
Key to this problemis thesafeandcompleteanalysisof a graphwith anincoherentview of global
states.In performingthatanalysis,informationhasto beexchangedbetweennodes,which impacts
uponthenetwork performanceandintroducesreliability issues.ThedJVM presentsa rareopportu-
nity for pursuingthis aim wheretheevaluationof thosealgorithmscanbedoneusingbenchmarks,
suchasthosedevelopedby thePerformancetheme,thatarenot distribution aware. This themefo-
cuseson two areasto realizethis aim: developingefficient, structuredapproachesto thedefinition
andconstructionof safeandcompleteDGCs;andtheevaluationof new DGC algorithmsagainsta
rangeof existingalgorithms.

Distrib uted GarbageCollection Framework ThereareseveralDGCalgorithmsdescribedin the
literaturethataresafeandcomplete[18]. A framework for combininga distributedterminational-
gorithmandacentralizedGCcollector(CGC)to deriveaDGCalgorithmis presentedin Blackburn,
et al. [6], enablingthework in CGCto beexploredin a distributedruntimesystem.Onepromising
examplefor a low mutationratedistributedoldergenerationis theuseof adistributedvariantof the
concurrentreferencecountingalgorithm[5].
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Norcross,et al. [22] build onBlackburn,etal. [6], separatinglocal intra-nodeGCfrom global
DGC by definingin-transitmessagesasrootsfor the DGC algorithm,but further investigationof
moregeneralsolutionsandframeworksis warranted.In particular, a theoreticframework for hierar-
chicalGC,developedby Mr Zigman,combinedwith practicalapproachesto CGC,suchasJMtk, the
JavaMemorytool kit for therecentreleaseof theJikesRVM, developedby Dr Blackburn,Dr Cheng
andDr McKinley, presentanopportunityto developanautomatedapproachto thedevelopmentof
DGC algorithms.By defininga rangeof mechanismsanda setof requirementsfor the interaction
of multi-level GC algorithms,high level specificationof GC algorithms,which in turn resultin safe
andcompleteGCandDGC, is possible.

Thework outlinedabove is a fundamentalpartof theprojectandwill bedrivenby Dr Black-
burn (CI) andMr Zigmanworkingcloselywith Dr Sankaranarayana.A PhDstudentshipwill target
a longer term project titled AutomatedGeneration of Hierarchical Garbage Collectors. Initially,
the objective will be to investigatethe applicationof a numberof distributed garbagecollectors
combinedwith local intra-nodegarbagecollection. The investigationof this areawill provide the
a solid groundingin GC, a fundamentalareaof modernruntimesystems.Thesecondstagewill be
to combinemechanismsandhierarchicalmodelsof GCalgorithmsto produceanautomatedsystem
for GC generation.Sucha systemwill allow therapiddevelopmentof a rangeof hierarchicalDGC
algorithmsthatcanbetestedin thedJVM.

Performance Performancecharacteristicsof hybrid GC algorithms,andparticularlyhybrid DGC
algorithms,becomedifficult to predictandexperimentationor simulationis necessary. In general,
pausetime and throughputare the key requirementsof garbagecollection—highavailability de-
mandslow latency andthereforelow pausetimes,whereasnominalhigh computationratesdemand
highthroughput.Boththesefactorsareimpacteduponby thecommunicationbehaviour of DGC[1].
ThedJVM providesarareopportunityfor performingexperimentsusinganapplicationonadistrib-
utedruntimesystem.Mr Zigman,Dr Blackburn andDr Strazdinswill evaluatetheperformanceof
variousalgorithms,andDr Strazdinswill pay particularattentionto the synergiesandinteraction
betweenGCandfault tolerancemechanisms.
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