E1 ProjectTitle

Towards High-performance and Fault-tolerant Distrib uted Java
Implementations

Summary:

JavaVirtual Machinesform animportantpartof thewebandbusinessener market. Distrib-
uted Java Virtual Machineshave the potentialto make a significantcontribution to industriesthat
utilize this technology An attractve platformfor this purposes the cluster, a highly cost-efective
andscalableparallelcomputermodel. However, realizingon sucha platform a high performance
virtual machinemplementatiortolerantto hardwareandsoftwarefaults,andhaving efficientmem-
ory utilization, presentsnary challengingresearchssues.This projectwill addressheseissuedy
extendinga highly efficient andextensibleJava implementatiorto be awareof its clustererviron-
ment.

E2 Background

The market for high performancecomputershaspolarized,with SMP systemsat the high endand
Beawulf styleclustermulticomputersgonstructedrom commoditycomponentandproviding enor
mousaggreateperformancdor comparatiely low cost,at the other In the applicationsdomain,
suchcomputersareincreasinglyseenasnetworkedhigh-performanceomputeanddataseners,and
the problemsetnow includeslarge-scalgroblemsn informationmanagemerandretrieval, multi-
mediarepositoriesdatawarehousingdatamining, anddatabaséransactiorprocessingaswell as
themoretraditionalcomputationakcienceandengineeringoroblems.

Over recentyears,the programminglanguagelava hasenjoyed increasingpopularityin the
above applicationareas. Key to this a Java Virtual Machine (JVM) that provides a well defined
abstractmachine. This abstractioncombinedwith dynamiccompilation,can make efficient use
of the underlyinghardware (actualmachine).With its virtually universalvendorsupport,this also
permitsJava applicationsto enjoy a very high level of portability. Java alsoprovidesa corvenient
andpowerful object-orientegorogrammingmnodel. As aresult,efficientandreliableimplementation
of Javaonhigh performanceomputerplatformshasbecomeanimportantfocusof computeiscience
researchMany of theseapplicationssuchassenerapplicationsgxhibit loosecouplingbetweerthe
threads.Theresultingtradeof betweercomputatiorandcommunicatiormakesthe useof a cluster
of workstationdeasible.

Thisprojectwill developa high performancereliable, distributedJVM thatis clusteraware,
and yet hidesthe distributed nature of the hardware from the applicationlayer, providing the in-
frastructuefor implementingandanalyzingdistributiontechniqguesandruntimesupportalgorithms
for multi-threadedapplicationswritten in Java, typical examplesbeingwebserves, videoserves
andclustergatenvay control softwae [9]. Suchapplicationsdemanchigh performancevith respect
to bothtransactiorthroughputandresponséime, be scalablewith respecto databassizeandtrans-
actionrates,andbe ableto run for long periodswithout interruption. Large-scaleclustersarethus
requiredto meethigh transactiorrates. With the requiremento belong-running,the (virtual) ma-
chine executingthe applicationmustthereforebe itself scalable,andbe tolerantto hardware and
softwarefaults.

The projectbringstogetherresearcherwith expertisein Java implementationparallelcom-
pilers, distributed object stores,algorithms,garbagecollection and clustercomputersjn orderto
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researchihemary issuegequiredto realizeanefficient, fault-tolerandistributedJVM. It alsobuilds
uponthesuccessesf previousprojectswhich theseresearchersave beeninvolvedwith: ThePlaty-
pusDistributed ObjectStore[14 (ANU), the Bunyip Large ClusterComputerf25] (ANU), andthe
Beltway GarbageCollectorFramavork[7] (Universityof Massachussetg)ptto mentionaprototype
versionof adistributedJVM (ANU) [26].

The JikesRVM approach All currentwork on building adistributedJVM is basedon modifying
an existing JVM to work in a distributedenvironment. This projecttakesa similar approach put
differsfrom therestin usingthe JikesRVM asthebaseJVM.

TheJikesRVM [4] wasdevelopedby IBM WatsonLaboratoriesandis the first JVM written
in Javal. The JikesRVM hasbeendesignedfor the purposeof researchwith its sourcecodes
being publically available underthe CommonPublic Licence, and has an extensibleframewvork
idealfor researchn JVM-relatedissues.The frameavork supportscodeintrospectionperformance
monitoring and sophisticatedyarbagecollection stratayies. It achiezeshigh performancehrough
its optimizing compilerandits useof lightweight threadswith low OperatingSystemoverheads,
andis competitve with commerciallyavailable JVMs [4]. Being written in Java itself facilitates
morerapid developmentof extensioncodes. The JikesRVM hasresearchteamsactively engaged
in JVM-relatedresearchjncluding thosefrom several IBM labs, UMass, etc. (seehttp://www-
124.ibm.com/deeloperworks/oss/jgsrvm/info/usesshtn). It thus forms an ideal basisfor this
project.

Background on our distributed JVM (dJVM) Therearemary researclprojectslooking at ef-
fective techniquedor developingsingle systemimage (SSI) clusterenabledimplementationof a
JVM. Theapproachetakencanbebroadlydividedinto threecateyories:implementatiorabove the
VM usingeitherstatic[10] or dynamictransformatiorof Java classespuilding the VM on cluster
enablednfrastructurg19]; or building a clusterawareVM [2]. We seethelastof these combined
with dynamicbyte-coddransformatiortechnique$21] bothat build-time andruntime,asthe most
promisingandflexible approach.

An initial investigationinto distributed SS1JVMs, underthe CAP Fujitsu researchprogram,
resultedn thedevelopmenof a prototypewithin asingleyear[26]. Theprototypeis capableof run-
ning pureJavaprogramson a clusterof commaodityintel Linux machinesincludingalarge Beowulf
cluster[25]. Distributed computationis effectedby executingcodebasedon objectlocation[2],
andthusrelieson remotecreationof objectsfor distribution. To supportthis model,the prototype
incorporatesthe masqueradingf local threadresourcessglobal threadsyremoteacquisitionand
ownershipof classesimplementatiorof alocalandremotereferencingschemeandthe useof class
andcodetransformatiortechniquesombinedwith modificationgo the non-optimizingcompilerto
facilitateremoteobjectaccessThe prototypeis far from complete but providesa proof of concept
of ourapproach.

Theprototypeis thusaninitial stepproviding someinfrastructurgor conductingesearclinto
anSSI1JVM implementationCritically, the prototypedoesnotaddressobjectandthreadmigration,
cachingor objectplacemenbasedon codeanalysisor runtimeheuristics;fault tolerantoperations;
distributed garbagecollection; andthe full exploitation of dynamictransformationtechniquedor
implementingsemanticand functionalchangesn the runtime systemandapplications. Theseare
all areafundamentato the effective executionof Jaraprogramsn a SSiclusteraware JVM.

1SomeC codeis usedfor bootstrappingandasglue betweerthe VM anda smallnumberof C library functions.
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E3 Significanceand Innovation

As far aswe are aware, our prototypeis the first (andonly) distributedimplementatiorof a JVM
written entirely in Java. This projectis uniquein thatit simultaneousladdresseghe threeissues
of performancedistributed garbagecollectionandreliability (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 projectwill yield performanceevaluationsof practical
significanceon theseissues. This, we believe, is lacking in the literature,where evaluationsare
largely basedon theoreticalconsideration®r simulationstudies. As well, to our knowledge,very
little work hasbeendoneon distributedgarbagecollectionandreliability issuean the context of a
distributedJVM.

Key to the succesf an SSI distributed JVM is good performancewhich necessitatethe
effective use of the underlyinghardware. This requiresthe computationaload to be distributed
while minimizing the impactof communicationoverhead. Although, techniquedor placement,
migrationandcachinghave beenthe subjectof investigation2, 19], muchwork remainsto address
thetensionbetweenoad distribution andcommunicatioroverheadparticularlyin the context of a
reliableandfault tolerantdistributedJVM. In additionto the extensionof thesetechniquesyve see
furtheropportunitieghatutilize bothclustering/declusteringgchniqueso improvetemporalocality
of dataandautomaticparallelizingcompilertechniquego exploit the parallelisminherentin mary
senerapplications.

While thereis muchwork in the literatureon fault detectionandfault recorery mechanisms,
theseissuesare largely consideredseparately Our projectwill integratethesemechanismsand
considerthe tradeofs betweenthe degreeof fault toleranceandits overheadn termsof time and
memory bothduringnormaloperationandin the presencef faults. There-introductionof restored
machinegnodes)backinto the dJVM is anotherexampleof an importantpracticalissuelargely
neglectedin theliterature;our projectwill addresghis. We will alsobein a positionto explorethe
furtherissueof which mechanismsare bestimplementedn the high-level system(in this casethe
dJVM itself), andwhich mechanismarebestimplementedn lower-level layers(e.g.theunderlying
communicatiorprotocol).

In thecaseof distributedgarbagecollection(DGC), thereareveryfew studiesonhow theDGC
algorithmsperformin a realworking system suchasa distributedJVM. The conceptof clustering
of objects[15] hasyet to be appliedto an object-based®ingle Systemimagesystemon a cluster
We seeopportunitiesherefor improving performancebetterdatalocality) andthe incorporationof
suchatechniquento GC algorithms.

Furthermorejn the synegy betweenGC andfault-tolerancenechanismsye seeinteresting
andunexploredopportunitiesandchallenges For example,a scanof the objectspaceby the JVM
could be usedsimultaneouslyor checkpointingla mechanisnusedfor fault recovery) andGC. If,
on the otherhand,objectreplicationis usedinstead thenthe GC mechanismsnustbe modifiedto
dealwith thisaccordingly

This projectwill thusbe doing ground-breakingvork in the above areas.lt is alsothe only
distributedJVM projectin Australia. All of thecodewill be madeavailableunderCPL.

Our tagetmachine,a 192 CPU Beowulf cluster is anaward winning high performancema-
chine.Thecompletedsystemwill provide anexcellentplatformfor testinganddoingresearchwork
on distributed Java. It is alsosubstantiallylarger thanthe clustersusedin the performancesvalu-
ationsof distributedJVM implementationsandwill thuspermitbettertestsof scalabilitythanhas
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beenaccomplishedefore. It will alsohave commercialimplicationsasa comparatrely low-cost,
high performanceplatformfor runninghigh-throughputnulti-threadedlava applications.

E4 Approach

As statedearlier a prototypedJVM hasbeendeveloped.This projectwill build onthis prototypeto
male it a high performancereliable,distributedJVM tailoredfor multi-threadedlava applications
thathaveloosecouplingbetweerthethreads Theprojectconsistof thefollowingthreeinter-related
themes:

The Performancehemeaddressethe complex goalof reducingthe overhead®f distribution,
with the particulargoal of permittingscalabilityto large-scaleclusters.This will look atimproving
performanceéy looking atissuesof objectplacemenandmigration,cachingandthreadmigration.

TheReliabilitythemeaddressetheneedfor theJVM to supporiong-runninghigh-availability
applicationsalarge componenbf whichis the needto befault-tolerant(for hardwareandsoftware
faults). It interactswith the Performancehemesn thatany suchmechanisnshoulditself have low
overheadandbescalable.

The Distributed Garbage Collection(DGC) themesupportsthe othertwo. Accuratelyiden-
tifying and reclaiming memory containingobjectsthat are no longer usedis essentialfor large,
long-runningapplications.DGC mustalsobe efficient, bothin termsof the often conflicting goals
of permittingrapidresponsd¢imeswhile maintaininghigh processinghroughputandin thedistrib-
utedcontext, mustalsobe scalableandfaulttolerant.

E4.1 Performance

A distributedJVM mustbe scalableandexhibit goodperformanceharacteristicaneetingthis goal
requireghetensionbetweerthedistribution of computationaloadandtheresultingcommunication
overheadeaddressedConsequentlythetechniquedor determiningwherecomputationsreto be
performedandfor improving datalocality mustbe consideredointly with methodsof hiding and
minimizing communicatioroverhead.

In orderto achieve effective load distribution it is necessaryto intelligently distribute the
work acrossthe nodesin the system. This involvesthe creationof threadg[2, 19|, the migration
of threads[19] and, potentially the distribution of intra-threadcomputation. Data flow analysis,
datalocality, executionhistory andloadinformationcanimprove nodeselectionfor threadcreation
and migration. Furthermoreopportunitiesexist for incorporatingthe distribution of intra-thread
computatiorutilizing automaticparallelizationtechniques.

The communicatioroverheadesultingfrom the disjunctionof objectandcomputatioriocal-
ity cansignificantlyimpedeperformance.This overheads reducedby techniquesuchas: object
placementand migration; caching;replication; and prefetching. Object placemeni&and migration
decisionsbenefitfrom techniquesuchascodeanalysisfor commondesignpatterng?2], interpro-
ceduraldataflow analysisandescapenalysis[12], andalsofrom the approachesakento cluster
ing [17, 16] and declusteringusing dynamicand static profiling information. Althoughwork has
beencarriedout on cachingandreplicationin distributed[2, 19] and non-distritbuted JVMs [11],
thereis still scopefor exploiting the Jara Memory Model (JMM). Furthermoreppportunitiesexist
for introducingprefetchingusing codetransformatiortechniques.We will investigateand extend
theseandothertechniquedor managingdocality andhiding latengy.
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In orderto effectively evaluatethesaechniquesindalgorithmsijt is necessaryo utilize arange
of benchmarksHowever, senerapplicationsrormallyexhibit avarietyof traversalandcomputation
patternduringtheir execution. To addresshis, we intendto constructreal sener applicationsg.g.
an historical stock market information systemandthe CSIRO Sentinelhot spotmapsystem. The
Platypudistributedstorewill beusedto loadobjectsto/fromthedJVM. Performancenalysigech-
niqueswill be usedto identify memoryandl/O bottlenecks.This will beaidedby the performance
instrumentationnfrastructurealreadybuilt into the JikesRVM.

Dr Sankaranarayanaill leadthework on objectplacemenandmigration,cachingandthread
migration, working closely with Mr Zigman. Dr Blacklburn, Dr Strazdinsand Mr He will also
contribute to this work. A PhD topic is Object placementand migration in a distributed, cluster
aware, Java ervironment The focusof this topic will be to explore existing techniquesn object
placement/migratiomnd cachingin the dJVM environment,aswell asintroducenew techniques,
andevaluatethe impacton the overall performanceof the dJVM. Dr Strazdinswill alsowork with
the studenton the developmentand performancesvaluationof the benchmarks. This work will
evaluatethe practicalbenefitsof thetechniquestudied.

E4.2 Reliability

The secondtheme,the investigationof reliability in the context of a distributedJVM, will belead
by Dr StrazdinsandMr Zigmanwith contributionsfrom Dr Blacklkurn. Faulttolerance-thegrace-
ful degradationof performancen the faceof failures— is a desirableor essentiafeatureof mary
businessand governmentservicese.g.the CSIRO Sentinelhotspotmap system. A fault tolerant
distributedJVM hasthe potentialto utilize commodityhardwarefor improved performancendre-
liability. Supportingfault tolerancerequiresa rangeof issuedo be addressethcluding: reliability,
failureavoidanceandfailurerecovery.

Reliability of theunderlyinginfrastructurepothhardwareandsoftware,removessomeof that
burdenfrom the upperlayers. This may trade-of both recovery and executionperformancewith
elegance. Improving the infrastructurereliability necessitatethe determinationof failureswhile
minimizing falsepositives(possiblydueto high network or nodeloads). Network failuresmay be
managedat a low level having redundantpathsbetweennodes. Detectingand compensatindor
network failures[9] atthatlevel canbeimplementedvithin or below a distributedJVM, trading-of
flexibility for elegance.

The‘heartbeattechnique[9] is apromisingapproactor detectingmachinefailures,andthis
couldberelatively easilyincorporatedvithin the well-separated@ommunicatiorayerof our dJVM
[26]. This methodcouldbe generalizedo estimatea measuref machine'health’ (which couldbe
affectedby load from externalsources)andso be integratedinto the objectandthreadplacement
stratgiesof the Performancé heme. It canbe extendedto detectwhenpreviously off-line nodes
becomeavailableto bere-introducednto the dJVM.

Machinefailuresaremoredramatic,requiringcomputatiornto be continuedon the remaining
nodesby: recoveringa globally consistenstateusingcheckpointingor transactiormechanismsor
ensuringcontinuedoperationby replicatingdataandcomputation.

Both checkpointingmodelscharacterizedby Manivannangt al. [13] andtransactionsnodels
have beenandcontinueto beexploredin theliterature. Theapplicationof thesetechniquesvithin the
contet of a distributedJVM raisesthe importantissueof to what extentthe JMM can be exploited
to reducethe costof global staterecovery. Severalapproachesanbeexplored:

¢ Applying independentheckpointingalgorithmsin the dJVM, including variantsof those
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in [24], andexploring the core of PJamd3] (non-distrilutedpersistent’VM) checkpointing
system.

e Refiningthechain-and-span transactiormodelproposedn [8], exposingit to theapplication
throughlibraries,or automatingts useat codesynchronizatiorpointsin the Jasa application
codeanddJVM code. This transactionmodel provides a transactionakcopein which all
computatioranddatabreaka single(logically) atomictransactiorninto transactiorchains.

e Assoc. Prof. Hoskinghasdevelopedan optimistic transactiormodelthat complieswith the
JMM. Thismodel,althoughdesignedor adifferentpurposeandcontext, couldbeexploitedin
adistributedsettingto hidelateny andto allow redundanyg throughreplicatedcomputation.

Thetransactiormodelsprovide a significantand promisingareaof investigation.

A PhD studentwill work on a topic entitled A Fault Tolerant Framevork for the Distributed
JavaVirtual Machine Initially, thiswill entail studyingJMM andits flaws [23, 20] andexamining
the variouscohereng protocolsthat canbe adaptedo fully exploit the IMM including failure de-
tection,check-pointing tfransactionsgdatareplication,and computatiorreplication,with a view to
applyingoneor a combinationof theseprotocolsto the DistributedJVM.

Sofar, little researcthasbeendoneregardingthe applicability of theseprotocolsto the JVM
ervironment. As thereare differencesbetweenthe Distributed JVM ervironment, and the more
generaform of a distributedenvironmentfor which the protocolsweredesignedit is expectedthat
existing protocolscanbe adaptedrelaxingsomeof their requirementsSuchchangesnay resultin
asignificantreductionin theamountof overheachecessaryo make the dJVM faulttolerant.

An exampleis the IMM, which doespermita degreeof incohereng within a running Java
application.At arelatively small cost,operationsisedto manipulateobjectsin the JVM’s memory
could be extendedto includeupdatego a changdog. Sucha log couldthenbe usedto construct
checkpointgequiredby the cohereng protocols.

E4.3 Distrib uted Garbage Collection

Garbagecollection(GC)is fundamentapartof the JVM runtimesystemandis essentiafor thevia-
bility of long-runningJdava applications.This necessityextendsto the supportof a distributedJVM
andthis themeaimsto designanddevelop new, efficient, safeand completealgorithmsfor DGC.
Key to this problemis the safeandcompleteanalysisof a graphwith anincoherentiew of global
states.In performingthatanalysisjnformationhasto be exchangedetweemodeswhich impacts
uponthenetwork performancendintroducegeliability issues.ThedJVM presentsa rareopportu-
nity for pursuingthis aim wherethe evaluationof thosealgorithmscanbe doneusingbenchmarks,
suchasthosedevelopedby the Performanceheme thatarenot distribution aware. This themefo-
cuseson two areado realizethis aim: developingefficient, structuredapproacheso the definition
andconstructionof safeandcompleteDGCs;andthe evaluationof nev DGC algorithmsagainsta
rangeof existing algorithms.

Distrib uted Garbage Collection Framework ThereareseveralDGC algorithmsdescribedn the
literaturethataresafeandcomplete[18]. A framework for combininga distributedterminational-
gorithmanda centralizedGC collector(CGC)to derive aDGC algorithmis presentedh Blackbkurn,
etal. [6], enablingthe work in CGCto beexploredin a distributedruntimesystem.Onepromising
examplefor alow mutationratedistributedoldergenerations the useof a distributedvariantof the
concurrenteferencecountingalgorithm[5].
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Norcrossgtal. [22] build on Blacklkurn, etal. [6], separatindocal intra-nodeGC from global
DGC by definingin-transitmessagesasrootsfor the DGC algorithm, but further investigationof
moregenerakolutionsandframevorksis warrantedIn particular atheoreticframavork for hierar
chicalGC,developedby Mr Zigman,combinedwith practicalapproacheto CGC,suchasJMtk, the
JaraMemorytool kit for therecentreleasef theJikesRVM, developedby Dr Blackburn,Dr Cheng
andDr McKinley, presentan opportunityto develop anautomatedpproacho the developmentof
DGC algorithms. By defininga rangeof mechanismsnda setof requirementgor the interaction
of multi-level GC algorithms high level specificatiorof GC algorithms whichin turnresultin safe
andcompleteGC andDGC, is possible.

Thework outlinedabove is afundamentapartof the projectandwill bedrivenby Dr Black-
burn (Cl) andMr Zigmanworking closelywith Dr Sankaranarayan& PhD studentshipvill target
a longerterm projecttitled AutomatedGeneation 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
asolid groundingin GC, afundamentahreaof modernruntimesystems.The secondstagewill be
to combinemechanismandhierarchicaimodelsof GC algorithmsto produceanautomatedystem
for GC generationSucha systemwill allow the rapid developmentof arangeof hierarchicaDGC
algorithmsthatcanbetestedn thedJVM.

Performance Performanceharacteristicef hybrid GC algorithms,andparticularlyhybrid DGC
algorithms,becomedifficult to predictandexperimentatioror simulationis necessaryln general,
pausetime and throughputare the key requirementf garbagecollection—highavailability de-
manddow lateny andtherefordow pausdimes,whereasriominalhigh computatiorratesdemand
highthroughput.Boththesefactorsareimpacteduponby thecommunicatiorbehaiour of DGC[1].

ThedJVM providesarareopportunityfor performingexperimentausinganapplicationon adistrib-

utedruntimesystem.Mr Zigman,Dr Blackburn andDr Strazdinswill evaluatethe performanceof

variousalgorithms,and Dr Strazdinswill pay particularattentionto the synegiesandinteraction
betweenGC andfaulttolerancemechanisms.
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