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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-
grams. It is faster than or comparable in performance to several commercial persistence solutions for the
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

TheForestprojectat SunMicrosystemd_aboratoriesandthe PersistencandDistribution Groupat Glasgav
Universityaredevelopingorthogonal persistencdor the Java platform(OPJ)[AM95]. This givesprograms,
with only minor sourcefile changesthe illusion of a very large object heapcontainingobjectsthat are
automaticallysavedto stablestoragetypically on disk, andfetchedfrom stablestoragento virtual memory
ondemandJAOQ].

The PEVM is our mostrecentOPJimplementationBasedon our experiencewith our previous PJamasys-
tem(“PJamaClassic”)[DA97], wewanteda systemwith moreperformancescalability andmaintainability
to supportour developmentof OPJandarelatedprojectthatis investigatingcontrolledsharingandconcur
reng/ controlthroughtransactiongDay0Q. ThePEVM is basednthehigh performancé&unMicrosystems
LaboratoriesVirtual Machinefor Researcl{*ResearchVM"}, which includesan optimizing Just-In-Tme
(JIT) compiler[DA99], fastthreadsynchronizatiofADG T99], andexactgenerationagjarbagesollection.It
is alsobasedn the Spherarecorerablepersistenbbjectstorefrom Glasgav University [PriO0] [PAD T97).
Spheras intendedspecificallyto overcomethe store-relatedimitationswe experiencedvith PJamaClassic.
It canstoreupto 23! objects,or about80GBwith 40 byte objects.

This paperdescribeshe designandimplementatiorof the PEVM. Our designgoalsarelistedin Section
2. Section3 outlinesand describedn detail the PEVM'’s architectureThis is followed by a sectionthat
discusseshe performanceof the PEVM, anotherthatdescribeselatedwork, andthenby a summaryand
conclusionsection.

1TheResearchVMs embeddedn Suns Java2 SDK ProductionReleasdor the Solaris™™ OperatingErvironment,availableat
http://www.sun.com/solaris/ja/.



2 Design Goals

This sectiondiscussesur goalsfor the PEVM. Our primary goalswereto provide high performanceand
scalability:

e Executionspeedof persisten@applicationsshouldbe as high aspossible.For example,while some
otherpersistensystemge.g.,PJamaClassic)useindirectpointersto objectsto simplify theirimple-
mentationof eviction, we wantedthe PEVM to usedirectpointersfor speed.

e Objectcachingshouldbe efficient andnon-disruptie: the pausest producesshouldbe small. As an
example, while someothersystemsuchasPM3[HC99] usevirtual memorytrapsto retrieve objects,
we wantedthe PEVM to useexplicit readbarrierssincethesehave lower cost.

e ThePEVM mustbe ableto operatewith the samevery large numberof objectsasSphere.

e The ResearchVMsupportsheapsof morethanonegigabyte. The PEVM shouldbe ableto usesuch
large heapsawithout significantlyincreasinghedisruptioncausedy garbagecollection.

¢ TheResearchVMsupportsener applicationsvith hundredof threadsThe PEVM shouldnotintro-
ducebottleneckghatsignificantlyreducets multi-threadingcapabilities.

A secondarydesigngoal was simplicity. We wantedto createa systemthat waseasyto maintainanden-
hance We wantedto usestraightforvard solutionsandto only addcompleity whennecessaryWe deliber
atelychosesimpleinitial solutionsaslong asthey wereeasyto replace.This allowed usto build arunning
systemquickly, which we usedto gain experienceandto discorer whereimprovementswereneededFor
example, our first implementationof the ResidentObject Table (ROT) (seesection3.3.1 belov) was a
single-lerel hashtablghatrequiredlong pausegluring reoilganizationwhenit grew to hold alarge number
of objects We subsequentlyeplacedt with a moresophisticatedmplementation.

In addition, we also beganwith the goal of having the PEVM supportpersistenthreads—tdbe able to
storethe stateof all threadsandthenlater restarteachthreadat the machineinstructionwhereit left off.
However, we wereunableto implementpersistenthreadsbecausehe threadsupportlibrariesusedby the
ResearchVMionotallow usto readandlaterrestorehestateof threadsAs aresult,we canonly checkpoint
the stateof objects.

3 Architecture of the PEVM

The ResearchVMconsistsof aninterpretera JIT compiler runtime supportfunctions,anda garbagecol-
lectedheap ThePEVM extendsthe ResearchVMwvith anobjectcacheanda persistenbbjectstore.Figurel
shaws its maincomponentandindicateswheredatatransferdetweerthemoccur:

e The heapandthe objectcacheare integratedand containboth transientand persistenbbjects(see
section3.3). The PEVM useshe ResearchVMs default heapconfiguratiorwith anurserygeneration
andamark-compacbld generation.

e Thescalableesidenbbjecttable(ROT) (seesection3.3.1)translateseference$o objectsin thestore
into virtual memoryaddresses the objectcache.

e Thestoredriver (seesection3.2) hidesdetailsof interactingwith a storefrom therestof the PEVM.
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e The default persistenbbjectstoreimplementatiorusedby the PEVM is Spherewhich includesan
internalpagecacheandarecovery log. Otherstorearchitectureganbe usedby writing anew driver
thatimplementghe storedriver interface.

e Thelogical archiver exportsa stores objectsto afile in aformatthatsurviveschangeso the PEVM.
It alsosupportgeconstructinghe “store” from anarchve file. (seesection3.7).

e The evolutionfacility supportsapplicationchangewhile preservingthe existing datain a store(see
section3.8).

3.1 Representation of objectsand references

An objectreferencen the PEVM is eithera directpointerto an objectin the heapor a persistentdentifier
(PID) thatuniquelyidentifiesthe objectin the store.A PID is allocatedby the storethefirst time an object
is written to it by a chekpointoperation PIDs aredistinguishedrom heappointersby having a1 in their
low-orderbit (heapobjectsareallocatedon aneightbyteboundary) We usedirectpointersto maximizethe
PEVM’s CPU performanceseesection3.3.3for moredetail.

The PEVM addsadditionalinformationto the headerof eachheapobject. This includesan objects PID
(if persistent)or 0. A flag indicateswhetherthe objecthasbeenmodified. Other flags supporteviction
andindicate,for example,whetherthe objectcannever be evicted becausat is essentiafor the PEVM'’s
operation.The modifiedflag actuallyindicates whenset,whetherthe objectis “clean” (unmaodified);this
allows a singleinstructionto markobjectsdirty.



To make checkpointingandobjectfaulting asfastaspossible the PEVM usesrepresentationfor instance
and array objectsin the storethat closely resemblethosein memory except that the object references
they containarereplacedby the corresponding?IDs (unswizzlell It representlasseson disk usingan
architecture-neuttalescriptionthatincludesa PID for an arraycontainingthe classfile’s bytes,a PID for
its classloader the valuesof staticfields, and a setof flag bits that indicatewhetherthe classhasbeen
verified, linked, and initialized. This representatioms much simplerthan one that tries to mirror the in-
memoryrepresentationf classegasin PJamaClassic).The PEVM reloadsclassegwithout reinitializion
or relinking) whenit faultsthemin, andusesthe flag bits andstaticfield valuesto restorethe classs state.
We foundthatreloadingclassegrom the storeis not a significantruntimecost.

3.2 Storedriver

While Spheres thedefault storeusedby the PEVM, we occasionallyusea simplerstoreimplementatiorio
isolateproblemsWe arejust beginningto experimentwith athird storethatis log-structuredA storedriver
insulateghe PEVM from the detailsof a store.It implementsa high-level interfaceof storeoperationsised
by the restof the PEVM. It alsoperformsall conversionsbetweenthe heapand storerepresentationsf
objects,andis the only systemcomponenthatunderstandbothrepresentations.

3.3 Object cache architecture

As describedabore, the heapandthe persistenbjectcacheare combined.Other persistentsystemg(in-
cluding PJamaClassic)sometimeaisea separatebject cacheso that persistenbjectscanbe managed
differently from transientones.Despitethe potentialadvantagef this architectureyve chosea combined
heapbecausét requiredfewer changedo the ResearchVMandbecausét usesstoragemore effectively:
spacenot neededor transientobjectscanbe usedfor persistenbbjects,andvice-versa.The remainderof
this sectiondescribe®thercomponent®f the objectcache.

331 ROT (Resident Object Table)

TheROT is alookuptableholding pointersto every persistenbbjectin the objectcachelt canbe queried
with aPID to determinenvhetherthe correspondingersistenbbjectis alreadycache-residerdnd,if so,its
addresgseethe descriptionof objectfaultingin section3.3.6). The ROT alsosenesasa GC root, which
prevents (reachable)persistentobjectsfrom being discardedby a garbagecollection. The PEVM usesa
separatdkOT for eachheapgeneratiorto speedup younggeneratiorgarbagecollections.

Sincethe size of the ResearchVMs heapcan be more than one gigabyte,the ROT must be capableof
holding referenced$o hundredof millions of objects.To scalewell, the ROT is organizedastwo tiers. A
large fixed-size*'high” tablepointsto a numberof small,fixed-sizelow” tables.The high-orderbits of the
PID areusedto index the high tableto gettheappropriatdow table,thenthelow-orderPID bits areusedto
searchthatlow table. The smalllow tablesallow fastreoiganizationandfine-grainedocking. The PEVM
mustlock alow tablewhenenteringa new persistentbjectto preventanotherthreadfrom alsoenteringan
objectandpossiblyreoganizingthetable.



Tablel: Languageoperationghataresourcef objectreferences

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

3.3.2 ThePCD and the String intern table

The PEVM usestwo otherkey datastructuresthe PersistenClassDictionary (PCD) andthe Stringintern
table.Thesearemetadatahataremaintainedn the store.Both datastructuresaareimplementedn the Java
programmindanguagdecauséheir performancas notcritical andpersistencés automaticPJamaClassic
implementedhesean C' andwe foundthecodethattranslatedetweerthememoryandstorerepresentations
error prone.However, implementingthemin the Java programminganguagedoescomplicatethe PEVM'’s
bootstragnitialization somevhatbecauséhey cannotbe useduntil enoughof the VM is runningto support
programs.

The String intern table managesstring literals, which the Java programminglanguagerequiresbe unique
(andshared)within a programs execution.The PEVM usesthe String intern tableto ensurethat a literal
Stringis uniqueacrosshe entirelifetime (thatis, repeatedxecutions)of a persistenprogram.

The store must containthe classfor eachobjectin orderto ensurebehaioral consisteng for persistent
programslt usesthe PCDto hold thatclassinformation. The PCDis searchedvheneer a classis loaded:

if the classis in the store,it is loadedusingthe PCD’s information.Like the ROT, the PCD is organized
asatwo-level hashtableThe PEVM speedsip classlookup with thefollowing optimization.It internsthe

classnamebeforedoingalookup:if the nameis not persisten{e.g.,it is new), the classcannotalreadybe

persistent.

3.3.3 Swizzling strategy

Pointer swizzlingspeedsup programsby translatingPIDs into normal virtual memory addresse# the
objectcache.The PEVM swizzlesa referencewvhenit is first pushedonto a threadstack:if it is a PID, it

faultsthe objectin if necessaryit may alreadybein the objectcache) thenreplaceghe PID on the stack
andin memorywith the objects addressReferencesrepushedvhenavalueis accesseth anobject:an
instancgincludingaclass)or anarray Theprimitive languageperationghatacces®bjectreference$rom

otherobjectsarelistedin Tablel. Thus,reference®n the stackarealwaysdirectpointers;thisincludesall

referenceén local variablestemporariesandmethodinvocationparameters.

Using the terminologyof [Whi94], our swizzling stratgy is lazy anddirect. It is lazy at the granularity
of a singlereferencereferencesn residentobjectsstay unswizzleduntil they areaccessed.This hasthe
adwantagethatonly thereferencesisedareswizzled.Our stratgy is directbecausave replacea PID by the
in-memoryaddres®f thereferencedabject.Otherpersistensystemsftenuseindirectpointers:a swizzled
referencepointsto an intermediatedataobject (fault blod) thatitself pointsto the objectwhenit is in

2Anothertermfor this lazy swizzling stratay is “swizzling on discovery.”



memory Indirect swizzling provides moreflexibility in decidingwhatobjectsto evict from the cacheand

whento evict them[DA97]. We chosea direct strat@y becausét requiresfewer sourcechangesonly the

implementation®f the getfield/putfield getstatic/putstaticandarrayaccessdytecodesieedto be changed.
It alsohaslessCPU overheadsinceit avoids anextra level of indirection.More detail aboutour swizzling

stratgy appearsn [LM99].

3.3.4 Persistenceread and writebarriers

Barriers [HM93] areactionsperformedduring certainobjectacces®perationge.g.,readswrites)to sup-
portobjectcachingandcheckpointingThe PEVM’s persistenceeadbarrierswizzlesobjectreferencesnd,
whennecessaryfaultsin persistenpbjects.Becausef its swizzling stratgy, the PEVM only needgo add
readbarrierswherethe threeoperationsn Table 1 are performedand wherethe resultis known to be a
referenceAs aresult,stackoperationgthe majority of operationsyo notrequirereadbarriers.

The PEVM's persistencevrite barriermarksupdatedbjectssothaton alatercheckpoint(if they arereach-
ablefrom a persistentoot), they will be propagatedo the store.We usea relatively expensve but simple
mechanisnto markobjectsdirty: we resetthe“isClean”flagin its headerAt checkpointime,we mustscan
all residenibjectsin orderto discaver which oneshave beenupdatedThis schemas adequatdéoday since
writes occurmuchlessfrequentlythanread.However, later, whenthe numberof residentobjectsbecomes
large (severalmillion), amoresophisticatedechniquewill beneededo keepcheckpointinghon-disruptie.

The JIT canimplementthe persistencevrite barrier usinga single instructionsinceit alreadyholdsthe
referenceén amachineregister It implementghereadbarrierby seveninline instructions Threeinstructions
areexecutedin the commoncase(alreadyswizzled),while all serenanda procedurecall areexecutedif a
PID is encountered:

1. Checkif thereferenceas aPID or anaddresslf anaddresgfastpath),skip therestof thebarrier

2. (Slow path)Passthe PID to a procedurehattestswhetherthe PID’s objectis residenin memoryand,
if not, faultsit in. The procedurereturnsthe objects heapaddressThe PID in memoryis replaced
by this addresgo avoid re-executingthe barriers slow pathif afuture accesss madewith the same
reference.

Exceptfor JIT-generatedodeandafew supportroutinesin assemblyanguagethe ResearchVMiniformly
usesits memsysoftwareinterfaceto accessuntime valuessuchasobjects,classesarrays,and primitive
values[WG98]. This meantwe could easilygetnearlytotal coverageof all acces®perationsn non-Jiled
codeby addingour barriersto theimplementatiorof memsys

3.3.5 Checkpointing

The checkpointmethodfirst invokes ary chedkpointlistenes andthenstabilizesthe stateof the program.
Specialactionsthat mustoccurwhen a checkpointhappensare supportedby the event listenerinterface,
OPCheg&pointListenerA checkpointisteneris an objectwhoseclassimplementghis interfaceandwhich
is registeredusingthemethodOPRuntimeaddListener()Thechedkpointmethodof eachcheckpointistener
will becalledatthe startof eachcheckpoint.

Stabilizationwrites all changedand newly persistentobjectsto the store. The PEVM doesnot currently
stabilizethreadsit cannotwrite the stateof eachthreadandcannotrestorethe stateof eachthreadaftera



restartlt startsa stabilizationby stoppingall otherthreadgo ensurdhatit writesaconsistensetof objects.
As aresult,no heapstoragecanbe allocatedandsono codewritten in the Java programminganguagecan
run. It thenmakestwo passesa gatherpassto identify andallocatePIDsfor the objectsto stabilize,anda
save pasdo write objectsto the store.It stabilizesclassedbeforetheirinstancesObjectsarewritten usinga
breadth-firstraversal.Stabilizationusesthe following algorithm:

1. If thereis no store,thenfirst createa storefile. Write a storeheaderobjectwith a well known PID,
thenwrite eachbootstrapclass.Thebootstrapclassesirethoseneededo supportthe operationof the
PEVM itself: for example,theclasse®bject Class andThread

2. Gatherpass Createa list all objectsand classedo be stabilizedandresere PIDs for them. First,
gatherall primary promotionobjects:iterateover the ROT andaddeachmodified objectto the list.
This examinesall objectsin the ROT but the performanceo-dateis acceptable.

Next, gatherotherpromotionobjects:recursvely addobjectsreachabldrom the primary objectsthat
have not yet beenstabilized. The PCD must be updatedto reflect eachclassbeing stabilized.An

arrayis createdn memoryto recordthe PCD updatesStoragefor it is allocatedby C codesinceno
codewritten in the Java programminglanguagecan execute.The array hasan entry for eachclass
being stabilizedthat containsthe classs name,PID, andthe PID of its classloader Spacefor this
PCD changearrayis resered in the storeat this time; the array will be written when stabilization
completes.

3. If the storewasjust createdwrite the storeheaderobject. This is thefirst pointat which arnything is
written to the store.

4. Savepass lterateover all objectsto be stabilized,write themto the store,andregisterthemin the
ROT. Objectsarewrittenin thesameorderthattheir PIDswereresered. For eachclassbeingwritten,
addanentryto the PCD changearray At the endof the save passwrite the changearrayto the store.

5. After the stabilization,or whenthe programrestarts updatethe PCD. This is doneby codewritten
in the Java programminganguagedhatreadsandprocessethe PCD changearraywritten by thelast
stabilization.

Checkpointingdoesnot needto do a garbagecollection,whichis crucialto keeplateny down. Objectsare
written usinga breadth-firstraversal.Objectsareunswizzledin the stores buffer pool sothatthey areleft
intactin the heapandareimmediatelyusableaftera checkpointwhich alsominimizeslateng.

In the future, whenwe stabilizelarger programswe may find that scanningall objectsin the ROT is too
expensve. It maybenecessaryo userememberedetsor anothemmechanisnto recordmodifiedobjects.

3.3.6 Object and classfaulting

Whenthe PEVM’s readbarrierfaultsin anobject,it ensureghatthe objects classis in memory(faulting
it in if necessaryandswizzlesthe objects referenceo it. This allows the PEVM to usethe ResearchVVB
existing proceduresvithout changelt allocatesspacefor the objectin the heapandthenentersthe object
into the ROT.



Classfaulting usesinformationrecordedn the PCD. The classis loadedusingthe PID found therefor its
classfile. To usetheResearchVMs standaratlassdoadingcode the PEVM first ensureshattheclassloader
for theclassis residentandswizzlesits reference.

3.3.7 Eviction

The PEVM freesup spacein the objectcacheby evicting somepersistenbbjects.We do eviction during
garbagecollectionsincethat allows us to usethe collectors mechanismso updateall referencedo each
object.More specifically we do eviction during full garbagecollections(collectionsthatcollectthe heaps
old generationaswell asits younggenerationbecauset that time the entire heapis full, which makes
it essentiako free space Becauseof the complity required,we do not currently evict dirty objectsor
objectsdirectly referencedrom athreadstack.We alsodo not evict objectsnecessaryor the PEVM'’s own
operation.

We supportmultiple eviction stratgies. Theseincludethefollowing:

1. Total eviction. This discardsall possiblepersistentobjects.Only thoseobjectsnecessaryor the
PEVM's operatiorarekept.

2. Randomeviction. This randomlyselectsobjectsto evict until it hasevicted a percentag®f objects
thatwasspecifiedon the PEVM’s commandine.

3. Seconcchanceeviction. In this stratgy, anobjectmarkedfor eviction is keptif it is referencedefore
thenext old spacecollection.Secondchanceviction keepghemostrecentlyusedobjectsin thehope
thatthey will beusedagain.

Thedefault eviction stratgy we useis secondchancesinceit provedto bethe mosteffective stratgy among
thosewe tried. It allows the highestapplicationthroughputwith reasonablyarge heapswhichis thenormal
caseThePEVM is intendedto supportlarge applicationsandto be run on machinedarge enoughto allow
theuseof large heapslf thePEVM is runwith aheapthatis nearlyfull of transienbbjects(i.e.,aheapthat
is too small), thentotal eviction is bestsincein that caseretainingpersistenpbjectswill tendto provoke
frequentgarbagecollectionsandthe costof thesewill outweigharny advantageof retainingthe objects.

Figure 2 shavs the impact of different eviction stratgies on the performanceof the pBOB benchmark
[DAKOO] with a 10% populatedcompany wheneviction is necessarywhenthe heapis too smallto hold
all neededversistenbbjects.IBM createdthe pBOB benchmarko measureghe performanceof programs
written for the Java platform that operateon typical businessobjectsstoredin object databasedn this
figure,the“no evict” columnis emptybecaus@BOB cannotrunin 20MB unlesssomepersistenbbjectsare
evicted. Thisfigure shavs thatsecondchanceeviction performsbetterthaneithertotal or randomeviction.

Figure 3 shavs the impacton pBOB of the sameeviction stratgieswith a heaplarge enoughto hold all
needegersistenbbjects Asthisfigureshowvs, secondchanceeviction performsnearlyaswell asnoeviction
sinceit retainsnecessarpbjects.

Secondchanceeviction operatesasfollows: First, the collectormarksthe eviction candidatess“victims”
andunswizzlesreferencedo them.Then,laterif the programdereferencea referenceo a victim object,
that objects victim mark is cleared.On the next old generationcollection, all remainingvictim objects
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areremoved from the heap.Our secondchanceeviction stratgy is relatively aggressie sinceit evicts all
unreferenceabjects,including somethat might be referencedagainin the future. It typically evicts more
objectsthanthe secondchancestratgy of PJamaClassic,which evicts no morethana portionof the object
cacheAs aresult,we areinvestigatingmodificationsof this schemehatwill retainmoreobjects.

3.4 Support for external state

Thereis alimit to orthogonapersistencéor the Java platform (OPJ):externalstatenot undercontrolof the
OPJsystemFor example,opensoclets,files, windows, anddatabasedo not have stateheld completelyin
objects,andprogrammemssistancés requiredto handlethemcorrectly

The PEVM supportdour techniquedor handlingexternalstate:

¢ Transientfields and programtests: Transientstatic fields or instancefields marked using OPTran-
sient.mark(areresetto theappropriatadefault value(NULL or O or fals@ whenthe programrestarts.
Suchtransientfields can be combinedwith explicit programchecksto decidewhento recreateor
reestablishithe external state.For example,a programusinga java.io.Hle canmark astransientthe
field holding thatreferenceThenthe programcantestwhetherthe referencas NULL and,if so,re-
openthefile. Note that we cannotusethe transientmodifier for instancefields becausat hasbeen
givenanunfortunatenterpretatiorby Java™ ObjectSerializationtransienfields arenot written us-
ing a call to defaultWriteObject(However, suchfields canstill be written by a writeObjectmethod,
so suchfields may or may not be “transient”. In particular they are not transientin the senseof
orthogonalpersistence.

e Callbacksonprogranrestart:Specialnitializationatprogranrestartis supportedy theeventlistener
interface, OPResumeListenefAn objectwhoseclassimplementghis interfacehasa resumemethod
thatwill be calledon arestartif the objectis registeredusingthe methodOPRuntimeaddListener()
For example thejava.langref Refeenceclassusesoneof thesecallbackgo recreatgheobjectit uses
asalock onrestart.

e Lazy callbackson first objectaccessObjectsthat require specialinitialization beforefirst useare
supportedby the OPResumablaterface.Whenan objectis faultedin, if its classinheritsfrom the
OPResumabl@terface,its methodresumes called. The methodis called“lazily” or just-in-time,
at the first useof the object. This techniqueis used,for example,by java.awt.nt to reinitialize its
instancesasneededlts callbackmethodinvokesnative codethatreinitializesthefont informationfor
aninstance.

e Lazy callbackson first classaccessfor syntacticreasonsthereis a separatanechanisnusedfor
classeshatbehaeslike theoneabore.

If we had beenableto supportpersistenthreads,additionalmechanismsvould have beennecessaryo
managexternalstate. Becausehe checkpointandrestartoperationgnodify native state,they would need
to besynchronizedvith any codethatusesnatve state.
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3.5 Initialization of the PEVM

Whena programrestarts classesieededor PEVM'’s own operationmustbe loadedfrom the store.This
includesa large numberof classesuchasClass ClassLoaderand Exception andthe classeghatimple-
mentthe PCD andthe Stringinterntable. Theseessentiatlassesrecalledthe bootstap classesThey are
discoveredon thefirst run of aprogramandrecordedn a bootstradist. Whena storeis createdy thefirst
checkpointthe bootstragdist is written out andits PID recordedn aknown placein the store.Onarestart,
the PEVM loadsthe bootstrapclassesn thelist from the storeduring the early stage<of its initialization.
Therearecurrentlyl79bootstrapclasses.

The PEVM must also reinitialize classlibraries on a restart.Most of theselibraries use native codeto
implementtheir functionality The PEVM reloadseachpreviously loadednatie library whenrestarting It
alsoreinitializesthe JNI (Java Native Interface)informationusedby native codeto accesdieldsandinvoke
methods:JINI class,field, and methodhandles Much of of this reinitialization canbe doneautomatically
by taking advantageof a commonprogrammingdiom usedin theimplementatiorof classlibraries.Many
library classeausea methodinitIDs to initialize their JNI handles.To reinitialize them,whenthe PEVM
loadsaclass,f it hasaninitiDs methodof the correctsignaturejt invokesthatmethod.

3.6 Storegarbage collection

Like the heap the storecanaccumulatebjectsthatareno longerreachableSphereincludesa compacting
store(“disk”) garbagecollectorto reclaimspacePri00]. This collectordealswith the large sizeof stores.
It alsodealswith the slow accesdime of disks by minimizing the numberof disk accesse# does.The
storegarbagecollectoroperateconcurrentlywith programsandallows concurreniaccesgo the objectsit
is collecting.lt is alsofault-tolerantif acollectioncrasheseitherall updateswill bereflectedn the storeor
nonewill.

3.7 Archiving

A storedepend®ntheversionof thePEVM thatcreatedt. It maynolongerbeusablef achangds madeto
thestoreformator to aclassin thestore evenif thatclassis purelyinternalto thePEVM’simplementatiors.
To avoid this problem,we createda portablearchie file formatthatrepresentshe uservisible stateof the
program.

Creatinganarchive resemblegheckpointingexceptthatobjectsarewrittenin aportableformat.Eachobject
is assignediuniqueindex andreferenceso it arereplaceddy thatindex. Thearchive formatfor eachobject
includesits identity hashvalue. The format for a classinstancehasits classandthe valuesof all fields,

andthe formatof a classincludesits name classloader anda list of the namesandtypesof its non-static
fields. We recordthe valuesof staticvariablesandthe classfile for userdefinedclassesthoseloadedinto

theapplicationclassloaderor a userdefinedclassloader By only recordingsuchdatafor theseclassesthe

archie is isolatedfrom mostchangego classesmplementingghe PEVM.

Restoringfrom an archie recreateshe applications state.Classesare loadedand setto the statein the
original program(linked, initialized, etc.) without running staticinitializers. Instancesare createdwithout

SHowever, the PEVM's storesdependmuchlesson the specificversionof the PEVM thanthoseof PJamaClassic.The store
formatfor PJamaClassicwasmuchmoreintricateandchangednorefrequently
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Table2: TransientOO7 operationswarmruns

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

runninga constructarthentheiridentity hashvalueandfield valuesaresetfrom thearchive.

The logical archve andrestoreutilities arewritten almostentirely in the Java programminganguageTo
allow this,thePEVM includesreflection-like natve methodgo readandwrite privatefields,creatanstances
without running constructorsmark a classas alreadyinitialized without running a static initializer, and
assignidentity hashvaluesto objects.

3.8 Evolution

Traditionally applicationsare separatedrom their data:a programloadsits datafrom a file or database,
doesits work, thenwrites its resultsback. Changego a program,including changedo its internal data
structuresdo not affect the on-diskdataunlessthe on-diskrepresentatiors changed.

Orthogonalpersistencesavesapplicationdevelopersthe difficulty andcostof explicitly managinghe per
sistenceof their data.Unfortunatelyit breakgthetraditionalprogramdevelopmenimodel:changingaclass
canmake its instancesn a storeinvalid. To dealwith this, we implementeda program evolution facility
[ADHPOOQ] thatallows programmerso simultaneouslyhangeprogramsandtheir data.Theevolution facil-
ity determinedow eachclassis beingchangedand,for mary changesautomaticallycornvertsits instances.
Comple changeghat modify the representationf datastructureqe.g.,changinga point’s representation
from Cartesiarto polarcoordinatesynayrequirehelpfrom the programmer

4 ThePEVM'sPerformance

Table 2 shawvs average“warm” executiontime resultsfor several OO7 traversalsfCDN93] when PJama
Classicthe PEVM, andthe ResearchVMlabeled‘ResVM”) areruntransiently OO7is a standardench-
mark thatsimulateshe behaior of a CAD systemtraversinggraphsof engineeringobjects.Timesfor the
PEVM aregivenin millisecondswhile the othertimesareexpressedsratioswith respecto the PEVM'’s
time for the sameOQ7 configuration.We repeatedeachoperationfive timesduring one executionof the
virtual machine After eachoperationa transactiorcommit(in our casea chedpoint() call) wasperformed,
andits time wasincludedin the operatiors total time. For these*warm” times,we computedthe average
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Table3: TransientOO7 operationscold 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 the final four operationgignoring the initial “cold” operation).The operationsvererun ona Sun
Enterprise3500with four 400MHz UltraSRARC-II ™M CPUsand 4GB of memory The OO7 benchmarks
single-threadedotheadditionalCPUshadlittle effect. Eachrunwasmadewith aheaplarge enoughto hold
the entire OO7 databaseThe geometricmeansof the run timesin millisecondsof the traversaloperations
T1-T6 (only) aregivenatthe bottomof thetablefor eachcombinatiorof virtual machineandOO7 configu-
ration;thequeryoperationsuntoo fastto give meaningfulmeansPJamaClassiccannotrunthelarge OO7
databasesothatcolumnis blank.

Theseresultsdemonstraténow muchfasterthe PEVM and ResearchVMare comparedo PJamaClassic.
For the mediumdatabasethe PEVM andResearchVMarefasterby factorsof 13.1and14.9,respectiely.

Theseresultsalsoshav the low costof the PEVM's persistencéarriers:with the mediumdatabasethe
PEVM's total runtimesfor all operationds just 14% greaterthanthe ResearchVMOnesurprisein these
resultsis how muchfasterthe ResearchVMs on traversal T6 thanthe PEVM. This is dueto the PEVM’s
moreexpensve garbagesollectionsithesedo additionalwork necessarjor persistenprogramseventhough
theserunsaretransient.

Table3 shavstheaverage‘cold” executiontime resultsfor thesameoperationsTheresultshereareslowver
thanthoseabore but areotherwisesimilar.

Tables4 and5 shav the averagewarmandcold executiontime resultsfor the sameoperationsvhenPJama
Classicandthe PEVM arerun persistently The columnfor the ResearchVMs includedbut left blankto
male it easierto comparethe two tables.Note thatthewarmrunsof traversalsT2aand T2b, which update
every atomicpartin the OO7 databasearemuchslower thaneitherT1 (which just visits eachatomicpart)
or T2a(which only updatesoneatomicpartpercompositepart) sincethey causanoreobjectsto bewritten
during a checkpoint.We could not run PJamaClassicon two update-intense OO7 traversals(it crashed
dueto objectcacheproblems)owe did not computegeometricneandor thosecases.

Experiencewith several programsshaws that the averageoverheadof the PEVM'’s persistencdarriersis
about15%. The barriercostin the interpretedPJamaClassicis alsoabout15% [Jor9q andwe expected,
whendesigninghe PEVM, thattherelative costfor the PEVM’s barrierswould be muchhigherbecausef
theResearchVMs greateispeedTheexecutiontime overheador thepBOBbenchmarks just 9% compared
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Table4: Persisten©OO7 operationswarmruns

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: PersistenOO7 operationscold 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 thestandardResearchVMThe SPECjvm9gSPE98]db andjavacbenchmarksresloveddown by 14%
and 18%, respectiely. Programghat do extensie array computationsuchasthe SPECjvm98compess
benchmarlareslonved dovn up to 40%. This is becausave neededo disablea ResearchVMboptimization
thatreduceshe costof arrayboundscheckssinceit interactsbadlywith our readbarrier

The overall performanceof the PEVM is good when running large persistenfprograms.As an example,
pBOB run with the ResearchVMyields about27000pBOB “transactions”per minute when run with a
single pBOB threadover a 100% populated‘warehouse”Whenthe PEVM runsthat sameconfiguration
of pBOB persistentlythe resultis 23403.This is despitethe factthatthe PEVM mustfault in morethan
220MB of objectsfrom the storefor this particularbenchmark.

The PEVM canscaleto very large numbersof objects.It easily supportsthe large OO7 databaseln ad-
ditional, we ran an experimentwherewe addedadditionalwarehouseso pBOB (eachcontainingabout
212MB of objects)until it ranover 24 warehousesa total of morethan5GB of objects.Thisis significantly
morethanwill fit into our 32 bit virtual memoryandmadeheary useof the PEVM’s cachemanagement.
Furthermorewe wereableto run five threadsper warehouseeachsimulatinga differentclient, for a total
of 120threadsaccessinghoseobjects.

5 Reated Work

This sectiondiscussestherorthogonalpersistencsolutionsfor the Java platform. Thesesystemdliffer in
the extentof their orthogonalityandtheir scalability

Serialization: Java'™Object Serialization[JOS98 encodesobjectgraphsinto byte streamsandit sup-
ports the correspondingeconstructiorof thoseobjectgraphs.lt is the default persistencenecha-
nism for the Java Platform. Serializationis easyto to useand,for mary classesautomateghe se-
rialization/deserigation of their instancesHowever, it only serializesclasseghat implementthe
java.io.Serializablénterface.Sincemary coreclasseslo not implementthis, Serializationdoesnot
supportorthogonalityand persistencdy reachability It alsosuffersfrom severe performanceprob-
lems.Furthermoreanentirestreammustbe deserializedeforeary objectscanbeused.

ObjectStore PSE Pro for Java: ExcelonCorporations ObjectStord®SEProfor Java[LLB 97]is asingle-
userdatabaseémplementedasa library. It providesautomaticsupportfor persistencéut it requires
that all classfiles be postprocessetb add annotationsadditionalcalls to library methodsto, e.g.,
fetch objects.This postprocessingomplicateghe managementf classfiles sinceit resultsin two
versionsof eachclassfile (onefor transientandonefor persistenuse).lt alsomalkesit difficult to
usedynamicclassloading. The additionalmethodcalls are expensve andslow programexecution
significantly

PJama Classic: Our previousimplementatiorof orthogonapersistencéor the Java platform,PJaméaClas-
sic, is basedon the “Classic” VM usedin the Java'™2 SDK, StandardEdition, v 1.2, which is sig-
nificantly slover thanthe ResearchVMprimarily becausef slower garbagecollectionandthread
synchronizationThe ClassicVM usesa conserative garbagecollectorandobjectsareaccesseth-
directly thoughhandleswhich addsa costto every objectaccesslt alsohasa JIT, but PJameClassic
doesnot supportit. As a result,PJamaClassicis approximatelyl0 times slower thanthe PEVM.
PJamaClassicis alsomore comple thanthe PEVM (requiresmore software patches)hecausehe
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ClassicVM hasno memoryaccessnterfacethat correspondso the ResearchVMs memsysPJama
Classicneed22.3timesmorepatches1156versuss01. The objectcachein PJameClassicis separate
from the heap,which madeit possibleto managepersistenbbjectsseparatelyrom transientobjects
at the costof a more complex implementationLike the PEVM, PJamaClassicimplementssecond
chanceeviction but sincethe garbagecollectorin the ClassicVM is conserative, it lacksexactin-
formationaboutthe locationof objects,which significantlycomplicatesviction andcheckpointing,
both of which may move objectsreferencedrom a C' stack.Another limitation of PJamaClassic
is thatits custom-hilt storeis directly addresseda PID is the offset of an object), which makesit
nearlyimpossibleto implementstoregarbagecollectionor reclusteringhatoperateconcurrentlywith
apersistenprogram.

Gemstone/J: Gemstone/JInc9g| is a commercialapplicationsener that supportsE-commercecompo-
nents,processautomation and J2EE™Mservices|t includesa high-performancémplementatiorof
persistencdor the Java platform that approachesrthogonalitymore closely than most other sys-
tems.However, it requiresuseof a transactionaAP|l and doesnot have completesupportfor core
classesGemstone/disesa modified versionof the Java HotSpot M performanceengine.It imple-
mentsa sharedobjectcachethatallows multiple Gemstone/¥Ms to concurrentlyaccessobjectsin
the cache.When transactionccommit, changedobjectsare visible to otherVMs. It doesnot store
the valuesof staticfields persistentlysince Gemstondelt thatthis would causetoo mary third-part
librariesto fail. Interestingly while the PJamasystemmovedtowardsusinga unified heapandobject
cache Gemstone/dnovedtowardsa separateache.Their mostrecentversion,3.2.1,includesa sep-
arate“Pom” region thatholds(most)residentpersistenbbjects.More studyis neededo understand
theadwantagesanddisadwantage®f usingseparatéor combined)objectcaches.

6 Conclusions

We setoutto build anew OPJimplementatiorwith betterperformancescalability andmaintainabilitythan
PJam&aClassic.The PEVM’soverall performances good:it is aboutl0timesfastethanPJamaClassicwith
anoverheadcomparedo anunchangedResearchVMpf about15%. This is largely becausef our swiz-
zling stratgy, which madeit simpleto modify its optimizing JIT while preservingalmostall of the speed
of the codeit generatesAlso, our useof direct objectpointersminimizesCPU overhead|t ties eviction
to garbagecollection, but we have still beenableto implementa variety of differenteviction schemeslin
addition,the PEVM'’s checkpointings muchfasterthanthatof PJameaClassic.We comparedhe PEVM'’s
performanceo seseralcommerciabpersistencsolutionsfor the Java platform,andfoundit asfastor faster;
however, we cannotquotespecificnumbersdueto licensingrestrictions.

We have shavn that the PEVM can scaleto large numbersof objects.We have tried it with a moderate
numberof threads(e.g., the 120 mentionedabore), but do not yet know how well it scaleswith mary
hundredsof threads.The PEVM haslongerpauseimesthanthe ResearchVMandwe expectto work on
improving responsienessn the future. Responsienesswill becomeeven moreimportantasthe scaleof
our programsanddataincrease.

We madeafirst internalreleaseof the PEVM in only half thetime neededor PJamaClassic.Thiswasdue
to a combinationof factors:our swizzling strategy, the ResearchVMs memsysnemoryinterface,andour
decisionto build a relatvely simple system.The PEVM'’s relative simplicity comparedo PJamaClassic
(501VM sourcepatchesrersusl156)hasmadeit easierfor usto maintain.
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We have demonstratethatanimplementatiorof orthogonalpersistencéor the Java platform canperform
well, andcanpresere mostof the performancef thefastJVM uponwhichit wasbuilt.
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