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Abstract:

This paper describes the design and implementation of the PEVM, a new scalable, high-performance
implementation of orthogonal persistence for the Java™ platform (OPJ). The PEVM is based on the Sun
Microsystems Laboratories Virtual Machine for Research (ResearchVM), which features an optimizing
Just-In-Time compiler, exact generational garbage collection, and fast thread synchronization. It also uses
a new, scalable persistent object store designed to manage more than 80GB of objects. The PEVM is
approximately ten times faster than previous OPJ implementations and can run significantly larger pro-
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Java platform. Despite the PEVM’s speed and scalability, its implementation is simpler than our previous
OPJ implementation (e.g., just 43% of the VM source patches needed by our previous OPJ implementa-
tion). Its speed and simplicity are largely due to our pointer swizzling strategy, the ResearchVM’s exact
memory management, and a few simple but effective mechanisms. For example, we implement some key
data structures in the Java™ programming language since this automatically makes them persistent.
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1 Introduction

TheForestprojectatSunMicrosystemsLaboratoriesandthePersistenceandDistributionGroupatGlasgow
Universityaredevelopingorthogonalpersistencefor theJavaplatform(OPJ)[AM95]. Thisgivesprograms,
with only minor sourcefile changes,the illusion of a very large object heapcontainingobjectsthat are
automaticallysavedto stablestorage,typically ondisk,andfetchedfrom stablestorageinto virtual memory
on demand[JA00].

ThePEVM is our mostrecentOPJimplementation.Basedon our experiencewith ourpreviousPJamasys-
tem(“PJamaClassic”)[DA97], wewantedasystemwith moreperformance,scalability, andmaintainability
to supportourdevelopmentof OPJanda relatedprojectthatis investigatingcontrolledsharingandconcur-
rency controlthroughtransactions[Day00]. ThePEVM is basedonthehighperformanceSunMicrosystems
LaboratoriesVirtual Machinefor Research(“ResearchVM”)1, which includesan optimizing Just-In-Time
(JIT) compiler[DA99], fastthreadsynchronization[ADG � 99], andexactgenerationalgarbagecollection.It
is alsobasedon theSphererecoverablepersistentobjectstorefrom Glasgow University[Pri00] [PAD � 97].
Sphereis intendedspecificallyto overcomethestore-relatedlimitationsweexperiencedwith PJamaClassic.
It canstoreup to ����� objects,or about80GBwith 40 byteobjects.

This paperdescribesthe designandimplementationof the PEVM. Our designgoalsarelisted in Section
2. Section3 outlinesanddescribesin detail the PEVM’s architecture.This is followed by a sectionthat
discussestheperformanceof thePEVM, anotherthatdescribesrelatedwork, andthenby a summaryand
conclusionsection.

1TheResearchVMis embeddedin Sun’sJava2 SDK ProductionReleasefor theSolaris	�
 OperatingEnvironment,availableat
http://www.sun.com/solaris/java/.



2 Design Goals

This sectiondiscussesour goalsfor thePEVM. Our primarygoalswereto provide high performanceand
scalability:

� Executionspeedof persistentapplicationsshouldbe ashigh aspossible.For example,while some
otherpersistentsystems(e.g.,PJamaClassic)useindirectpointersto objectsto simplify their imple-
mentationof eviction, we wantedthePEVM to usedirectpointersfor speed.

� Objectcachingshouldbeefficient andnon-disruptive: thepausesit producesshouldbesmall.As an
example,while someothersystemssuchasPM3[HC99] usevirtual memorytrapsto retrieveobjects,
we wantedthePEVM to useexplicit readbarrierssincethesehave lowercost.

� ThePEVM mustbeableto operatewith thesamevery largenumberof objectsasSphere.

� TheResearchVMsupportsheapsof morethanonegigabyte.ThePEVM shouldbeableto usesuch
largeheapswithoutsignificantlyincreasingthedisruptioncausedby garbagecollection.

� TheResearchVMsupportsserverapplicationswith hundredsof threads.ThePEVM shouldnot intro-
ducebottlenecksthatsignificantlyreduceits multi-threadingcapabilities.

A secondarydesigngoal wassimplicity. We wantedto createa systemthat waseasyto maintainanden-
hance.Wewantedto usestraightforwardsolutionsandto only addcomplexity whennecessary. Wedeliber-
atelychosesimpleinitial solutionsaslong asthey wereeasyto replace.This allowedusto build a running
systemquickly, which we usedto gainexperienceandto discover whereimprovementswereneeded.For
example,our first implementationof the ResidentObject Table (ROT) (seesection3.3.1 below) was a
single-level hashtablethatrequiredlong pausesduringreorganizationwhenit grew to hold a largenumber
of objects.Wesubsequentlyreplacedit with amoresophisticatedimplementation.
In addition,we also beganwith the goal of having the PEVM supportpersistentthreads—tobe able to
storethestateof all threads,andthenlater restarteachthreadat themachineinstructionwhereit left off.
However, we wereunableto implementpersistentthreadsbecausethe threadsupportlibrariesusedby the
ResearchVMdonotallow usto readandlaterrestorethestateof threads.As aresult,wecanonly checkpoint
thestateof objects.

3 Architecture of the PEVM

TheResearchVMconsistsof an interpreter, a JIT compiler, runtimesupportfunctions,anda garbagecol-
lectedheap.ThePEVM extendstheResearchVMwith anobjectcacheandapersistentobjectstore.Figure1
shows its maincomponentsandindicateswheredatatransfersbetweenthemoccur:

� The heapandthe objectcacheareintegratedandcontainboth transientandpersistentobjects(see
section3.3).ThePEVM usestheResearchVM’s default heapconfigurationwith anurserygeneration
andamark-compactold generation.

� Thescalableresidentobjecttable(ROT) (seesection3.3.1)translatesreferencesto objectsin thestore
into virtual memoryaddressesin theobjectcache.

� Thestoredriver (seesection3.2)hidesdetailsof interactingwith astorefrom therestof thePEVM.
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� The default persistentobjectstoreimplementationusedby thePEVM is Sphere,which includesan
internalpagecacheanda recovery log. Otherstorearchitecturescanbeusedby writing a new driver
thatimplementsthestoredriver interface.

� Thelogical archiver exportsa store’s objectsto a file in a formatthatsurviveschangesto thePEVM.
It alsosupportsreconstructingthe“store” from anarchive file. (seesection3.7).

� The evolution facility supportsapplicationchangewhile preservingtheexisting datain a store(see
section3.8).

3.1 Representation of objects and references

An objectreferencein thePEVM is eithera directpointerto anobjectin theheapor a persistentidentifier
(PID) thatuniquelyidentifiestheobjectin thestore.A PID is allocatedby thestorethefirst time anobject
is written to it by a checkpoint operation.PIDsaredistinguishedfrom heappointersby having a 1 in their
low-orderbit (heapobjectsareallocatedonaneightbyteboundary).Weusedirectpointersto maximizethe
PEVM’sCPUperformance;seesection3.3.3for moredetail.

The PEVM addsadditionalinformationto the headerof eachheapobject.This includesan object’s PID
(if persistent)or 0. A flag indicateswhetherthe object hasbeenmodified.Other flags supporteviction
andindicate,for example,whetherthe objectcannever be evicted becauseit is essentialfor the PEVM’s
operation.Themodifiedflag actuallyindicates,whenset,whethertheobjectis “clean” (unmodified);this
allows asingleinstructionto markobjectsdirty.
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To make checkpointingandobjectfaultingasfastaspossible,thePEVM usesrepresentationsfor instance
and array objectsin the store that closely resemblethosein memory, except that the object references
they containarereplacedby the correspondingPIDs (unswizzled). It representsclasseson disk usingan
architecture-neutral descriptionthat includesa PID for anarraycontainingtheclassfile’s bytes,a PID for
its classloader, the valuesof static fields, anda set of flag bits that indicatewhetherthe classhasbeen
verified, linked, and initialized. This representationis much simpler thanone that tries to mirror the in-
memoryrepresentationof classes(asin PJamaClassic).ThePEVM reloadsclasses(without reinitializion
or relinking) whenit faultsthemin, andusestheflag bits andstaticfield valuesto restoretheclass’s state.
We foundthatreloadingclassesfrom thestoreis notasignificantruntimecost.

3.2 Store driver

While Sphereis thedefault storeusedby thePEVM, weoccasionallyuseasimplerstoreimplementationto
isolateproblems.Wearejustbeginningto experimentwith athird storethatis log-structured.A storedriver
insulatesthePEVM from thedetailsof astore.It implementsahigh-level interfaceof storeoperationsused
by the restof the PEVM. It alsoperformsall conversionsbetweenthe heapandstorerepresentationsof
objects,andis theonly systemcomponentthatunderstandsbothrepresentations.

3.3 Object cache architecture

As describedabove, the heapandthe persistentobjectcachearecombined.Otherpersistentsystems(in-
cluding PJamaClassic)sometimesusea separateobjectcacheso that persistentobjectscanbe managed
differently from transientones.Despitethepotentialadvantagesof this architecture,we chosea combined
heapbecauseit requiredfewer changesto the ResearchVMandbecauseit usesstoragemoreeffectively:
spacenot neededfor transientobjectscanbeusedfor persistentobjects,andvice-versa.Theremainderof
this sectiondescribesothercomponentsof theobjectcache.

3.3.1 ROT (Resident Object Table)

TheROT is a lookuptableholdingpointersto every persistentobjectin theobjectcache.It canbequeried
with aPID to determinewhetherthecorrespondingpersistentobjectis alreadycache-residentand,if so,its
address(seethedescriptionof objectfaulting in section3.3.6).The ROT alsoservesasa GC root, which
prevents(reachable)persistentobjectsfrom beingdiscardedby a garbagecollection.The PEVM usesa
separateROT for eachheapgenerationto speedupyounggenerationgarbagecollections.

Sincethe size of the ResearchVM’s heapcan be more than one gigabyte,the ROT must be capableof
holding referencesto hundredsof millions of objects.To scalewell, theROT is organizedastwo tiers.A
largefixed-size“high” tablepointsto a numberof small,fixed-size“low” tables.Thehigh-orderbits of the
PID areusedto index thehigh tableto gettheappropriatelow table,thenthelow-orderPID bitsareusedto
searchthat low table.Thesmall low tablesallow fastreorganizationandfine-grainedlocking. ThePEVM
mustlock a low tablewhenenteringa new persistentobjectto preventanotherthreadfrom alsoenteringan
objectandpossiblyreorganizingthetable.
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Table1: Languageoperationsthataresourcesof objectreferences

Operation Example
instancefield access instance.field
staticfield access Clazz.field
arrayelementaccess array[index]

3.3.2 The PCD and the String intern table

ThePEVM usestwo otherkey datastructures,thePersistentClassDictionary(PCD)andtheString intern
table.Thesearemetadatathataremaintainedin thestore.Both datastructuresareimplementedin theJava
programminglanguagebecausetheirperformanceis notcritical andpersistenceis automatic.PJamaClassic
implementedthesein � andwefoundthecodethattranslatedbetweenthememoryandstorerepresentations
errorprone.However, implementingthemin theJava programminglanguagedoescomplicatethePEVM’s
bootstrapinitializationsomewhatbecausethey cannotbeuseduntil enoughof theVM is runningto support
programs.

The String intern tablemanagesString literals,which the Java programminglanguagerequiresbe unique
(andshared)within a program’s execution.The PEVM usesthe String intern tableto ensurethat a literal
Stringis uniqueacrosstheentirelifetime (thatis, repeatedexecutions)of apersistentprogram.

The storemustcontainthe classfor eachobject in order to ensurebehavioral consistency for persistent
programs.It usesthePCDto hold thatclassinformation.ThePCDis searchedwhenever a classis loaded:
if the classis in the store,it is loadedusingthe PCD’s information.Like the ROT, the PCD is organized
asa two-level hashtable.ThePEVM speedsup classlookupwith thefollowing optimization.It internsthe
classnamebeforedoinga lookup: if thenameis not persistent(e.g.,it is new), theclasscannotalreadybe
persistent.

3.3.3 Swizzling strategy

Pointer swizzlingspeedsup programsby translatingPIDs into normal virtual memoryaddressesin the
objectcache.The PEVM swizzlesa referencewhenit is first pushedonto a threadstack:if it is a PID, it
faultstheobjectin if necessary(it mayalreadybe in theobjectcache),thenreplacesthePID on thestack
andin memorywith theobject’s address.Referencesarepushedwhena valueis accessedin anobject:an
instance(includingaclass)or anarray. Theprimitive languageoperationsthataccessobjectreferencesfrom
otherobjectsarelistedin Table1. Thus,referenceson thestackarealwaysdirectpointers;this includesall
referencesin local variables,temporaries,andmethodinvocationparameters.

Using the terminologyof [Whi94], our swizzling strategy is lazy anddirect. It is lazy at the granularity
of a singlereference:referencesin residentobjectsstayunswizzleduntil they areaccessed.2 This hasthe
advantagethatonly thereferencesusedareswizzled.Ourstrategy is directbecausewereplaceaPID by the
in-memoryaddressof thereferencedobject.Otherpersistentsystemsoftenuseindirectpointers:aswizzled
referencepoints to an intermediatedataobject (fault block) that itself points to the object when it is in

2Anothertermfor this lazyswizzlingstrategy is “swizzling on discovery.”
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memory. Indirectswizzlingprovidesmoreflexibility in decidingwhatobjectsto evict from thecacheand
whento evict them[DA97]. We chosea directstrategy becauseit requiresfewer sourcechanges:only the
implementationsof thegetfield/putfield, getstatic/putstatic, andarrayaccessbytecodesneedto bechanged.
It alsohaslessCPUoverheadsinceit avoidsanextra level of indirection.More detailaboutour swizzling
strategy appearsin [LM99].

3.3.4 Persistence read and write barriers

Barriers [HM93] areactionsperformedduringcertainobjectaccessoperations(e.g.,reads,writes) to sup-
portobjectcachingandcheckpointing.ThePEVM’spersistencereadbarrierswizzlesobjectreferencesand,
whennecessary, faultsin persistentobjects.Becauseof its swizzlingstrategy, thePEVM only needsto add
readbarrierswherethe threeoperationsin Table1 areperformedandwherethe result is known to be a
reference.As a result,stackoperations(themajority of operations)do not requirereadbarriers.

ThePEVM’spersistencewrite barriermarksupdatedobjectssothatona latercheckpoint(if they arereach-
ablefrom a persistentroot), they will bepropagatedto thestore.We usea relatively expensive but simple
mechanismto markobjectsdirty: weresetthe“isClean”flag in its header. At checkpointtime,wemustscan
all residentobjectsin orderto discover whichoneshavebeenupdated.Thisschemeis adequatetoday, since
writesoccurmuchlessfrequentlythanread.However, later, whenthenumberof residentobjectsbecomes
large(severalmillion), amoresophisticatedtechniquewill beneededto keepcheckpointingnon-disruptive.

The JIT can implementthe persistencewrite barrierusinga single instructionsinceit alreadyholds the
referencein amachineregister. It implementsthereadbarrierby seveninline instructions.Threeinstructions
areexecutedin thecommoncase(alreadyswizzled),while all sevenanda procedurecall areexecutedif a
PID is encountered:

1. Checkif thereferenceis aPID or anaddress.If anaddress(fastpath),skip therestof thebarrier.

2. (Slow path)PassthePID to aprocedurethattestswhetherthePID’sobjectis residentin memoryand,
if not, faultsit in. The procedurereturnsthe object’s heapaddress.The PID in memoryis replaced
by this addressto avoid re-executingthebarrier’s slow pathif a futureaccessis madewith thesame
reference.

Exceptfor JIT-generatedcodeandafew supportroutinesin assemblylanguage,theResearchVMuniformly
usesits memsyssoftwareinterfaceto accessruntimevaluessuchasobjects,classes,arrays,andprimitive
values[WG98]. This meantwe couldeasilygetnearlytotal coverageof all accessoperationsin non-JITed
codeby addingourbarriersto theimplementationof memsys.

3.3.5 Checkpointing

Thecheckpointmethodfirst invokesany checkpoint listeners andthenstabilizesthestateof theprogram.
Specialactionsthat mustoccurwhena checkpointhappensaresupportedby the event listenerinterface,
OPCheckpointListener. A checkpointlisteneris anobjectwhoseclassimplementsthis interfaceandwhich
is registeredusingthemethodOPRuntime.addListener(). Thecheckpointmethodof eachcheckpointlistener
will becalledat thestartof eachcheckpoint.

Stabilizationwrites all changedandnewly persistentobjectsto the store.The PEVM doesnot currently
stabilizethreads:it cannotwrite thestateof eachthreadandcannotrestorethestateof eachthreadaftera
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restart.It startsastabilizationby stoppingall otherthreadsto ensurethatit writesaconsistentsetof objects.
As a result,no heapstoragecanbeallocatedandsono codewritten in theJava programminglanguagecan
run. It thenmakestwo passes:a gatherpassto identify andallocatePIDsfor theobjectsto stabilize,anda
save passto write objectsto thestore.It stabilizesclassesbeforetheir instances.Objectsarewrittenusinga
breadth-firsttraversal.Stabilizationusesthefollowing algorithm:

1. If thereis no store,thenfirst createa storefile. Write a storeheaderobjectwith a well known PID,
thenwrite eachbootstrapclass.Thebootstrapclassesarethoseneededto supporttheoperationof the
PEVM itself: for example,theclassesObject, Class, andThread.

2. Gatherpass: Createa list all objectsandclassesto be stabilizedandreserve PIDs for them.First,
gatherall primary promotionobjects:iterateover theROT andaddeachmodifiedobjectto the list.
This examinesall objectsin theROT but theperformanceto-dateis acceptable.

Next, gatherotherpromotionobjects:recursively addobjectsreachablefrom theprimaryobjectsthat
have not yet beenstabilized.The PCD must be updatedto reflect eachclassbeing stabilized.An
arrayis createdin memoryto recordthePCDupdates.Storagefor it is allocatedby C codesinceno
codewritten in the Java programminglanguagecanexecute.The arrayhasan entry for eachclass
beingstabilizedthat containsthe class’s name,PID, andthe PID of its classloader. Spacefor this
PCD changearray is reserved in the storeat this time; the arraywill be written whenstabilization
completes.

3. If thestorewasjust created,write thestoreheaderobject.This is thefirst point at which anything is
written to thestore.

4. Savepass: Iterateover all objectsto be stabilized,write themto the store,andregisterthemin the
ROT. Objectsarewrittenin thesameorderthattheirPIDswerereserved.For eachclassbeingwritten,
addanentryto thePCDchangearray. At theendof thesavepass,write thechangearrayto thestore.

5. After the stabilization,or whentheprogramrestarts,updatethePCD.This is doneby codewritten
in theJava programminglanguagethatreadsandprocessesthePCDchangearraywritten by thelast
stabilization.

Checkpointingdoesnotneedto do a garbagecollection,which is crucialto keeplatency down. Objectsare
written usinga breadth-firsttraversal.Objectsareunswizzledin thestore’s buffer pool sothat they areleft
intactin theheapandareimmediatelyusableafteracheckpoint,whichalsominimizeslatency.

In the future,whenwe stabilizelarger programs,we may find that scanningall objectsin the ROT is too
expensive. It maybenecessaryto userememberedsetsor anothermechanismto recordmodifiedobjects.

3.3.6 Object and class faulting

WhenthePEVM’s readbarrierfaultsin anobject,it ensuresthat theobject’s classis in memory(faulting
it in if necessary)andswizzlestheobject’s referenceto it. This allows thePEVM to usetheResearchVM’s
existing procedureswithout change.It allocatesspacefor theobjectin theheapandthenenterstheobject
into theROT.
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Classfaultingusesinformationrecordedin thePCD.Theclassis loadedusingthePID found therefor its
classfile. To usetheResearchVM’sstandardclassloadingcode,thePEVM first ensuresthattheclassloader
for theclassis residentandswizzlesits reference.

3.3.7 Eviction

The PEVM freesup spacein the objectcacheby evicting somepersistentobjects.We do eviction during
garbagecollectionsincethat allows us to usethe collector’s mechanismsto updateall referencesto each
object.More specifically, we do eviction duringfull garbagecollections(collectionsthatcollect theheap’s
old generationaswell as its younggeneration)becauseat that time the entireheapis full, which makes
it essentialto free space.Becauseof the complexity required,we do not currentlyevict dirty objectsor
objectsdirectly referencedfrom a threadstack.Wealsodonotevict objectsnecessaryfor thePEVM’sown
operation.

Wesupportmultiple eviction strategies.Theseincludethefollowing:

1. Total eviction. This discardsall possiblepersistentobjects.Only thoseobjectsnecessaryfor the
PEVM’soperationarekept.

2. Randomeviction. This randomlyselectsobjectsto evict until it hasevicted a percentageof objects
thatwasspecifiedon thePEVM’scommandline.

3. Secondchanceeviction. In thisstrategy, anobjectmarkedfor eviction is keptif it is referencedbefore
thenext old spacecollection.Secondchanceeviction keepsthemostrecentlyusedobjectsin thehope
thatthey will beusedagain.

Thedefaulteviction strategy weuseis secondchancesinceit provedto bethemosteffectivestrategy among
thosewetried.It allows thehighestapplicationthroughputwith reasonablylargeheaps,which is thenormal
case.ThePEVM is intendedto supportlargeapplicationsandto berun on machineslargeenoughto allow
theuseof largeheaps.If thePEVM is runwith aheapthatis nearlyfull of transientobjects(i.e.,aheapthat
is too small), thentotal eviction is bestsincein that case,retainingpersistentobjectswill tendto provoke
frequentgarbagecollectionsandthecostof thesewill outweighany advantageof retainingtheobjects.

Figure 2 shows the impact of different eviction strategies on the performanceof the pBOB benchmark
[DAK00] with a 10% populatedcompany wheneviction is necessary:whenthe heapis too small to hold
all neededpersistentobjects.IBM createdthepBOB benchmarkto measuretheperformanceof programs
written for the Java platform that operateon typical businessobjectsstoredin object databases.In this
figure,the“no evict” columnis emptybecausepBOBcannotrunin 20MB unlesssomepersistentobjectsare
evicted.Thisfigureshows thatsecondchanceeviction performsbetterthaneithertotalor randomeviction.

Figure3 shows the impacton pBOB of the sameeviction strategieswith a heaplarge enoughto hold all
neededpersistentobjects.As thisfigureshows,secondchanceeviction performsnearlyaswell asnoeviction
sinceit retainsnecessaryobjects.

Secondchanceeviction operatesasfollows: First, thecollectormarkstheeviction candidatesas“victims”
andunswizzlesreferencesto them.Then,later if theprogramdereferencesa referenceto a victim object,
that object’s victim mark is cleared.On the next old generationcollection,all remainingvictim objects
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areremoved from theheap.Our secondchanceeviction strategy is relatively aggressive sinceit evicts all
unreferencedobjects,includingsomethatmight be referencedagainin the future. It typically evicts more
objectsthanthesecondchancestrategy of PJamaClassic,whichevicts nomorethanaportionof theobject
cache.As a result,weareinvestigatingmodificationsof this schemethatwill retainmoreobjects.

3.4 Support for external state

Thereis a limit to orthogonalpersistencefor theJava platform(OPJ):externalstatenotundercontrolof the
OPJsystem.For example,opensockets,files,windows, anddatabasesdo nothave stateheldcompletelyin
objects,andprogrammerassistanceis requiredto handlethemcorrectly.

ThePEVM supportsfour techniquesfor handlingexternalstate:

� Transientfields andprogramtests:Transientstaticfields or instancefields marked usingOPTran-
sient.mark()areresetto theappropriatedefault value(NULL or 0 or false) whentheprogramrestarts.
Suchtransientfields canbe combinedwith explicit programchecksto decidewhen to recreateor
reestablishthe externalstate.For example,a programusinga java.io.File canmark astransientthe
field holding that reference.Thentheprogramcantestwhetherthereferenceis NULL and,if so,re-
openthe file. Note that we cannotusethe transientmodifier for instancefields becauseit hasbeen
givenanunfortunateinterpretationby Java��� ObjectSerialization:transientfieldsarenotwritten us-
ing a call to defaultWriteObject()However, suchfieldscanstill bewritten by a writeObjectmethod,
so suchfields may or may not be “transient”. In particular, they are not transientin the senseof
orthogonalpersistence.

� Callbacksonprogramrestart:Specialinitializationatprogramrestartis supportedby theeventlistener
interface,OPResumeListener. An objectwhoseclassimplementsthis interfacehasa resumemethod
thatwill becalledon a restartif theobjectis registeredusingthemethodOPRuntime.addListener().
For example,thejava.lang.ref.Referenceclassusesoneof thesecallbacksto recreatetheobjectit uses
asa lock on restart.

� Lazy callbackson first objectaccess:Objectsthat requirespecialinitialization beforefirst useare
supportedby theOPResumableinterface.Whenanobjectis faultedin, if its classinheritsfrom the
OPResumableinterface,its methodresumeis called.The methodis called“lazily” or just-in-time,
at thefirst useof theobject.This techniqueis used,for example,by java.awt.Font to reinitialize its
instancesasneeded.Its callbackmethodinvokesnativecodethatreinitializesthefont informationfor
aninstance.

� Lazy callbackson first classaccess:For syntacticreasons,thereis a separatemechanismusedfor
classesthatbehaveslike theoneabove.

If we hadbeenable to supportpersistentthreads,additionalmechanismswould have beennecessaryto
manageexternalstate.Becausethecheckpointandrestartoperationsmodify native state,they would need
to besynchronizedwith any codethatusesnative state.
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3.5 Initialization of the PEVM

Whena programrestarts,classesneededfor PEVM’s own operationmustbe loadedfrom the store.This
includesa large numberof classessuchasClass, ClassLoader, andException, andtheclassesthat imple-
mentthePCDandtheStringinterntable.Theseessentialclassesarecalledthebootstrap classes. They are
discoveredon thefirst run of aprogramandrecordedin abootstraplist. Whena storeis createdby thefirst
checkpoint,thebootstraplist is written outandits PID recordedin a known placein thestore.On a restart,
thePEVM loadsthebootstrapclassesin the list from thestoreduring theearlystagesof its initialization.
Therearecurrently179bootstrapclasses.

The PEVM must also reinitialize classlibraries on a restart.Most of theselibraries usenative codeto
implementtheir functionality. ThePEVM reloadseachpreviously loadednative library whenrestarting.It
alsoreinitializestheJNI (Java Native Interface)informationusedby native codeto accessfieldsandinvoke
methods:JNI class,field, andmethodhandles.Much of of this reinitializationcanbe doneautomatically
by takingadvantageof a commonprogrammingidiom usedin theimplementationof classlibraries.Many
library classesusea methodinitIDs to initialize their JNI handles.To reinitialize them,whenthe PEVM
loadsaclass,if it hasan initIDs methodof thecorrectsignature,it invokesthatmethod.

3.6 Store garbage collection

Like theheap,thestorecanaccumulateobjectsthatareno longerreachable.Sphereincludesa compacting
store(“disk”) garbagecollectorto reclaimspace[Pri00]. This collectordealswith the large sizeof stores.
It alsodealswith the slow accesstime of disksby minimizing the numberof disk accessesit does.The
storegarbagecollectoroperatesconcurrentlywith programsandallows concurrentaccessto theobjectsit
is collecting.It is alsofault-tolerant:if acollectioncrashes,eitherall updateswill bereflectedin thestoreor
nonewill.

3.7 Archiving

A storedependsontheversionof thePEVM thatcreatedit. It maynolongerbeusableif achangeis madeto
thestoreformator to aclassin thestore,evenif thatclassis purelyinternalto thePEVM’simplementation.3

To avoid this problem,we createda portablearchive file formatthat representstheuser-visible stateof the
program.

Creatinganarchiveresemblescheckpointingexceptthatobjectsarewrittenin aportableformat.Eachobject
is assignedauniqueindex andreferencesto it arereplacedby thatindex. Thearchive formatfor eachobject
includesits identity hashvalue.The format for a classinstancehasits classand the valuesof all fields,
andtheformatof a classincludesits name,classloader, anda list of thenamesandtypesof its non-static
fields.We recordthevaluesof staticvariablesandtheclassfile for user-definedclasses: thoseloadedinto
theapplicationclassloaderor auser-definedclassloader. By only recordingsuchdatafor theseclasses,the
archive is isolatedfrom mostchangesto classesimplementingthePEVM.

Restoringfrom an archive recreatesthe application’s state.Classesare loadedandset to the statein the
original program(linked, initialized, etc.)without runningstaticinitializers. Instancesarecreatedwithout

3However, thePEVM’s storesdependmuchlesson thespecificversionof thePEVM thanthoseof PJamaClassic.Thestore
formatfor PJamaClassicwasmuchmoreintricateandchangedmorefrequently.
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Table2: TransientOO7operations:warmruns

Small Medium Large
Classic PEVM ResVM Classic PEVM ResVM Classic PEVM ResVM

Q1 1.00 1 1.00 1.00 1 1.00 1 1.00
Q4 2.00 1 1.00 2.00 1 1.00 1 1.00
T1 15.87 372 0.80 12.49 3389 0.86 3332 0.87

T2a 15.84 373 0.78 13.14 3288 0.88 3371 0.86
T2b 15.78 378 0.78 13.00 3289 0.89 3322 0.88
T2c 16.56 388 0.81 13.78 3441 0.89 3499 0.86
T6 22.41 73 0.40 19.56 75 0.40 79 0.44

mean 4656 273 187 22237 1567 1180 1595 1211

runningaconstructor, thentheir identity hashvalueandfield valuesaresetfrom thearchive.

The logical archive andrestoreutilities arewritten almostentirely in theJava programminglanguage.To
allow this,thePEVM includesreflection-likenativemethodsto readandwrite privatefields,createinstances
without running constructors,mark a classas alreadyinitialized without running a static initializer, and
assignidentity hashvaluesto objects.

3.8 Evolution

Traditionally, applicationsareseparatedfrom their data:a programloadsits datafrom a file or database,
doesits work, then writes its resultsback.Changesto a program,including changesto its internal data
structures,do notaffect theon-diskdataunlesstheon-diskrepresentationis changed.

Orthogonalpersistencesavesapplicationdevelopersthedifficulty andcostof explicitly managingtheper-
sistenceof their data.Unfortunately, it breaksthetraditionalprogramdevelopmentmodel:changingaclass
canmake its instancesin a storeinvalid. To dealwith this, we implementeda program evolution facility
[ADHP00] thatallows programmersto simultaneouslychangeprogramsandtheirdata.Theevolution facil-
ity determineshow eachclassis beingchangedand,for many changes,automaticallyconvertsits instances.
Complex changesthatmodify the representationof datastructures(e.g.,changinga point’s representation
from Cartesianto polarcoordinates)mayrequirehelpfrom theprogrammer.

4 The PEVM’s Performance

Table2 shows average“warm” executiontime resultsfor several OO7 traversals[CDN93] when PJama
Classic,thePEVM, andtheResearchVM(labeled“ResVM”) arerun transiently. OO7is astandardbench-
mark thatsimulatesthebehavior of a CAD systemtraversinggraphsof engineeringobjects.Timesfor the
PEVM aregiven in millisecondswhile theothertimesareexpressedasratioswith respectto thePEVM’s
time for the sameOO7 configuration.We repeatedeachoperationfive timesduring oneexecutionof the
virtual machine.After eachoperationa transactioncommit(in ourcaseacheckpoint()call) wasperformed,
andits time wasincludedin theoperation’s total time. For these“warm” times,we computedtheaverage
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Table3: TransientOO7operations:cold runs

Small Medium Large
Classic PEVM ResVM Classic PEVM ResVM Classic PEVM ResVM

Q1 0.50 4 0.75 0.40 5 0.80 17 0.18
Q4 0.60 5 1.00 0.33 6 0.67 6 0.83
T1 10.85 557 0.58 12.71 3324 0.90 3315 0.89

T2a 15.76 375 0.79 12.63 3355 0.88 3314 0.88
T2b 15.98 374 0.79 12.96 3288 0.90 3348 0.86
T2c 16.51 390 0.77 14.73 3448 0.88 3420 0.88
T6 21.50 75 0.48 18.66 79 0.57 83 0.59

mean 4668 296 198 22462 1585 1287 1599 1296

time for thefinal four operations(ignoring the initial “cold” operation).Theoperationswererun on a Sun
Enterprise3500with four 400MHzUltraSPARC-II ��� CPUsand4GB of memory. TheOO7benchmarkis
single-threadedsotheadditionalCPUshadlittle effect.Eachrunwasmadewith aheaplargeenoughto hold
theentireOO7database.Thegeometricmeansof the run timesin millisecondsof thetraversaloperations
T1-T6(only) aregivenat thebottomof thetablefor eachcombinationof virtual machineandOO7configu-
ration;thequeryoperationsrun too fastto givemeaningfulmeans.PJamaClassiccannotrun thelargeOO7
database,sothatcolumnis blank.

Theseresultsdemonstratehow muchfasterthe PEVM andResearchVMarecomparedto PJamaClassic.
For themediumdatabase,thePEVM andResearchVMarefasterby factorsof 13.1and14.9,respectively.
Theseresultsalsoshow the low costof the PEVM’s persistencebarriers:with the mediumdatabase,the
PEVM’s total runtimesfor all operationsis just 14% greaterthantheResearchVM.Onesurprisein these
resultsis how muchfastertheResearchVMis on traversalT6 thanthePEVM. This is dueto thePEVM’s
moreexpensivegarbagecollections:thesedoadditionalwork necessaryfor persistentprogramseventhough
theserunsaretransient.

Table3 shows theaverage“cold” executiontimeresultsfor thesameoperations.Theresultshereareslower
thanthoseabove but areotherwisesimilar.

Tables4 and5 show theaveragewarmandcoldexecutiontime resultsfor thesameoperationswhenPJama
ClassicandthePEVM arerun persistently. The columnfor theResearchVMis includedbut left blank to
make it easierto comparethetwo tables.Notethat thewarmrunsof traversalsT2aandT2b,which update
every atomicpart in theOO7database,aremuchslower thaneitherT1 (which just visits eachatomicpart)
or T2a(whichonly updatesoneatomicpartpercompositepart)sincethey causemoreobjectsto bewritten
during a checkpoint.We could not run PJamaClassicon two update-intensive OO7 traversals(it crashed
dueto objectcacheproblems)sowe did notcomputegeometricmeansfor thosecases.

Experiencewith several programsshows that the averageoverheadof the PEVM’s persistencebarriersis
about15%.The barriercostin the interpretedPJamaClassicis alsoabout15% [Jor96] andwe expected,
whendesigningthePEVM, thattherelative costfor thePEVM’sbarrierswouldbemuchhigherbecauseof
theResearchVM’sgreaterspeed.Theexecutiontimeoverheadfor thepBOBbenchmarkis just9%compared
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Table4: PersistentOO7operations:warmruns

Small Medium Large
Classic PEVM ResVM Classic PEVM ResVM Classic PEVM ResVM

Q1 0.83 18 1.17 18 16
Q4 1.53 19 1.94 17 25
T1 13.62 411 11.71 3600 3581

T2a 13.20 428 11.56 3652 3625
T2b 10.16 606 6523 6508
T2c 10.85 618 6633 6615
T6 14.13 109 14.68 105 106

mean 4578 373 2266 2262

Table5: PersistentOO7operations:cold runs

Small Medium Large
Classic PEVM ResVM Classic PEVM ResVM Classic PEVM ResVM

Q1 0.84 62 2.31 89 249
Q4 1.27 49 1.34 50 72
T1 1.16 6473 1.59 66831 66229

T2a 1.16 6486 1.58 66962 65902
T2b 1.19 6692 69405 68668
T2c 1.30 6735 69652 68867
T6 3.27 616 3.19 658 805

mean 6024 4104 26957 27804
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to thestandardResearchVM.TheSPECjvm98[SPE98]dbandjavacbenchmarksaresloweddown by 14%
and18%, respectively. Programsthat do extensive array computationsuchas the SPECjvm98compress
benchmarkaresloweddown up to 40%.This is becausewe neededto disablea ResearchVMoptimization
thatreducesthecostof arrayboundscheckssinceit interactsbadlywith our readbarrier.

The overall performanceof the PEVM is goodwhenrunning large persistentprograms.As an example,
pBOB run with the ResearchVMyields about27000pBOB “transactions”per minute when run with a
singlepBOB threadover a 100%populated“warehouse”.Whenthe PEVM runsthat sameconfiguration
of pBOB persistently, the result is 23403.This is despitethe fact that the PEVM mustfault in morethan
220MB of objectsfrom thestorefor thisparticularbenchmark.

The PEVM canscaleto very large numbersof objects.It easilysupportsthe large OO7 database.In ad-
ditional, we ran an experimentwherewe addedadditionalwarehousesto pBOB (eachcontainingabout
212MBof objects)until it ranover24warehouses:a totalof morethan5GBof objects.This is significantly
morethanwill fit into our 32 bit virtual memoryandmadeheavy useof thePEVM’s cachemanagement.
Furthermore,we wereableto run five threadsperwarehouse,eachsimulatinga differentclient, for a total
of 120threadsaccessingthoseobjects.

5 Related Work

This sectiondiscussesotherorthogonalpersistencesolutionsfor theJava platform.Thesesystemsdiffer in
theextentof theirorthogonalityandtheir scalability.

Serialization: Java��� ObjectSerialization[JOS98] encodesobjectgraphsinto byte streams,and it sup-
ports the correspondingreconstructionof thoseobjectgraphs.It is the default persistencemecha-
nism for the Java Platform.Serializationis easyto to useand,for many classes,automatesthe se-
rialization/deserialization of their instances.However, it only serializesclassesthat implementthe
java.io.Serializableinterface.Sincemany coreclassesdo not implementthis, Serializationdoesnot
supportorthogonalityandpersistenceby reachability. It alsosuffers from severeperformanceprob-
lems.Furthermore,anentirestreammustbedeserializedbeforeany objectscanbeused.

ObjectStore PSE Pro for Java: ExcelonCorporation’sObjectStorePSEProfor Java[LLB � 97] isasingle-
userdatabaseimplementedasa library. It providesautomaticsupportfor persistencebut it requires
that all classfiles be postprocessedto addannotations:additionalcalls to library methodsto, e.g.,
fetch objects.This postprocessingcomplicatesthe managementof classfiles sinceit resultsin two
versionsof eachclassfile (onefor transientandonefor persistentuse).It alsomakesit difficult to
usedynamicclassloading.The additionalmethodcalls areexpensive andslow programexecution
significantly.

PJama Classic: Ourpreviousimplementationof orthogonalpersistencefor theJavaplatform,PJamaClas-
sic, is basedon the “Classic” VM usedin theJava��� 2 SDK, StandardEdition, v 1.2,which is sig-
nificantly slower than the ResearchVM,primarily becauseof slower garbagecollectionand thread
synchronization.TheClassicVM usesa conservative garbagecollectorandobjectsareaccessedin-
directly thoughhandles,whichaddsacostto every objectaccess.It alsohasaJIT, but PJamaClassic
doesnot supportit. As a result,PJamaClassicis approximately10 timesslower than the PEVM.
PJamaClassicis alsomorecomplex thanthe PEVM (requiresmoresoftwarepatches)becausethe
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ClassicVM hasno memoryaccessinterfacethatcorrespondsto theResearchVM’s memsys: PJama
Classicneeds2.3timesmorepatches,1156versus501.Theobjectcachein PJamaClassicis separate
from theheap,which madeit possibleto managepersistentobjectsseparatelyfrom transientobjects
at the costof a morecomplex implementation.Like the PEVM, PJamaClassicimplementssecond
chanceeviction but sincethe garbagecollectorin the ClassicVM is conservative, it lacksexact in-
formationaboutthe locationof objects,which significantlycomplicateseviction andcheckpointing,
both of which may move objectsreferencedfrom a � stack.Another limitation of PJamaClassic
is that its custom-built storeis directly addressed(a PID is the offset of an object),which makesit
nearlyimpossibleto implementstoregarbagecollectionor reclusteringthatoperateconcurrentlywith
apersistentprogram.

Gemstone/J: Gemstone/J[Inc98] is a commercialapplicationserver that supportsE-commercecompo-
nents,processautomation,andJ2EE��� services.It includesa high-performanceimplementationof
persistencefor the Java platform that approachesorthogonalitymore closely than most other sys-
tems.However, it requiresuseof a transactionalAPI anddoesnot have completesupportfor core
classes.Gemstone/Jusesa modifiedversionof the Java HotSpot��� performanceengine.It imple-
mentsa sharedobjectcachethatallows multiple Gemstone/JVMs to concurrentlyaccessobjectsin
the cache.When transactionscommit, changedobjectsarevisible to otherVMs. It doesnot store
thevaluesof staticfieldspersistentlysinceGemstonefelt that this would causetoo many third-part
librariesto fail. Interestingly, while thePJamasystemmovedtowardsusingaunifiedheapandobject
cache,Gemstone/Jmovedtowardsa separatecache.Their mostrecentversion,3.2.1,includesa sep-
arate“Pom” region thatholds(most)residentpersistentobjects.More studyis neededto understand
theadvantagesanddisadvantagesof usingseparate(or combined)objectcaches.

6 Conclusions

Wesetout to build anew OPJimplementationwith betterperformance,scalability, andmaintainabilitythan
PJamaClassic.ThePEVM’soverallperformanceis good:it is about10timesfasterthanPJamaClassicwith
anoverhead(comparedto anunchangedResearchVM)of about15%.This is largely becauseof our swiz-
zling strategy, which madeit simpleto modify its optimizingJIT while preservingalmostall of thespeed
of the codeit generates.Also, our useof direct objectpointersminimizesCPU overhead.It ties eviction
to garbagecollection,but we have still beenableto implementa variety of differenteviction schemes.In
addition,thePEVM’s checkpointingis muchfasterthanthatof PJamaClassic.We comparedthePEVM’s
performanceto severalcommercialpersistencesolutionsfor theJavaplatform,andfoundit asfastor faster;
however, we cannotquotespecificnumbersdueto licensingrestrictions.

We have shown that the PEVM canscaleto large numbersof objects.We have tried it with a moderate
numberof threads(e.g., the 120 mentionedabove), but do not yet know how well it scaleswith many
hundredsof threads.ThePEVM haslongerpausetimesthantheResearchVM,andwe expectto work on
improving responsivenessin the future.Responsivenesswill becomeeven moreimportantasthe scaleof
ourprogramsanddataincrease.

Wemadeafirst internalreleaseof thePEVM in only half thetime neededfor PJamaClassic.This wasdue
to a combinationof factors:our swizzlingstrategy, theResearchVM’s memsysmemoryinterface,andour
decisionto build a relatively simplesystem.The PEVM’s relative simplicity comparedto PJamaClassic
(501VM sourcepatchesversus1156)hasmadeit easierfor usto maintain.
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We have demonstratedthatanimplementationof orthogonalpersistencefor theJava platformcanperform
well, andcanpreserve mostof theperformanceof thefastJVM uponwhich it wasbuilt.
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