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Abstract. OrthogonallypersistentJava combinesthepower of abstractionover
persistencewith Java’s rich programmingenvironment.In this paperwe report
our experiencein designingandimplementingorthogonallypersistentJava. Our
designapproachis anchoredby theview thatany systemthatbringstogetherJava
andorthogonalpersistenceshouldasfar aspossibleavoid diluting thestrengths
of Java or the principlesof orthogonalpersistence.Our approachis thus dis-
tinguishedby threefeatures:completetransparencyof persistence,supportfor
both intra andinter applicationconcurrencythroughACID transactions,andthe
preservationof Java’spropertyof portability. In additionto discussingdesignand
implementation,we presentresultsthatshow thatour approachperformscredi-
bly.

1 Intr oduction

An orthogonallypersistentsystemprovidesan abstractionover persistence,enabling
programsto executewith respectto transientandpersistentdatawithout distinction.
Thisprovidesasimpleprogrammingmodel,reducingthecomplexity of theapplication
code,andtherebyofferingasubstantialsoftwareengineeringadvantage.TheJavaplat-
form is astandardwhichencompassesaprogramminglanguage,avirtual machine,and
an executionenvironment.The ‘write oncerun anywhere’ philosophybehindthe de-
velopmentof theJava platformis a key to its successanda motivatorfor our approach
to orthogonalpersistencefor Java (OPJ).1

Thepracticalityof orthogonalpersistenceasapowerful tool for managingcomplex
datais increasinglybeingrecognizedby industry. Commercialdevelopmentssuchas
GemStone/J [GemStoneSystems1999], PJama[Atkinson et al. 1996] and the Java
DataObjects(JDO)standard[SunMicrosystems1999]indicatetheimportanceof Java
asa catalystfor this interest.2

1 We usethetermorthogonalpersistencefor Java (OPJ)in a genericsense,encompassingany
attemptto applyorthogonalpersistenceto theJava programminglanguage.

2 GemStone/J is a trademarkof GemStoneSystemsInc. andJava andPJamaaretrademarksof
SunMicrosystemsInc.



Orthogonallypersistentsystemsare distinguishedfrom other persistentsystems
suchasobjectdatabasesbyanorthogonalitybetweendatauseanddatapersistence.This
orthogonalitycomesasa productof theprinciplesof orthogonalpersistence[Atkinson
andMorrison1995]:

PersistenceIndependenceTheform of a programis independentof the longevity of
thedatawhich it manipulates.

Data Type Orthogonality All datatypesshouldbe allowed the full rangeof persis-
tence,irrespectiveof their type.

PersistenceIdentification Thechoiceof how to identify andprovidepersistentobjects
is orthogonalto theuniverseof discourseof thesystem.

Theimpactof theseprinciplesonthedesignandimplementationof anorthogonally
persistentsystemis fundamentalandpervasive.In thispaperwereportourexperiencein
applyingorthogonalpersistenceto Java.Ourapproachis anchoredby ourview thatany
systemthat bringstogetherJava andorthogonalpersistenceshouldas far as possible
avoid diluting the strengthsof Java or the principlesof orthogonalpersistence.As a
consequenceof thisview, ourOPJis markedby threedistinguishingfeatures:complete
transparencyof persistence,supportfor both intra and inter applicationconcurrency
throughACID transactions,andthepreservationof Java’spropertyof portability.

After briefly addressingrelatedwork, we describekey designissuesin section3,
beforewediscussmajorimplementationissuesin section4 andconcludewith aperfor-
manceanalysisof thethreeOPJsystemswe havebuilt to date.

2 RelatedWork

Moss and Hosking [1996] presenta taxonomyof approachesto developing orthog-
onal persistencefor Java. Their taxonomyexploreschoicesof model, the degreeof
transparency andtheimplementationapproach.Implementationapproachesrangefrom
sourceto byte-codemodification,and from compilermodificationto runtimesystem
modification.The taxonomydoesnot explicitly includethe key implementationtech-
nologyusedby ourapproach—user-definableclassloadersto transformclassesatclass
loadingtime.

While therearea numberof examplesof orthogonallypersistentJava implementa-
tions,thetwo mostoutstandingsystemsarePJamaandGemStone/J, bothof whichtake
theapproachof modifying theJava virtual machine(JVM).

PJama: ThePJamasystemis a joint projectof Glasgow UniversityandSunMicrosys-
tems[Atkinson et al. 1996]. It is basedon the SunJDK platform, wherethe JVM is
modifiedto extendthesystemsemanticsto enablepersistence.Thesystemconsistsof
a singleJVM with an integratedpersistentobjectstore.PJamausesa checkpointing
mechanismfor flushingupdatesto thestore,althoughthereareproposalsfor transac-
tionalmechanismsfor PJama[Daynès2000].



GemStone/J:GemStoneSystemshasdevelopedGemStone/J [GemStoneSystems1999],
a systemtargetedat Java server solutions.Multiple JVMs usea transactionalmecha-
nismto concurrentlyoperatewith respectto a centralizedstore.To implementthesys-
tem,Gemstonehasdevelopedtheir own Java compliantJVM which directly supports
persistentmechanisms.Technicaldetailsof the GemStone/J implementationare not
disclosed.

3 Design

Our designwasheavily influencedby theidealof constructinganorthogonallypersis-
tent Java systemthat is true to the principlesof orthogonalpersistenceandyet does
not compromiseJava’s strengths.This objective raisedthreesignificantdesignissues:
themethodof persistenceidentification, theapproachto concurrencycontrol, andthe
preservationof portability.

3.1 PersistenceIdentification

Thethird principleof orthogonalpersistencestatesthat ‘the choiceof how to identify
andprovidepersistentobjectsis orthogonalto theuniverseof discourseof thesystem’
[Atkinson and Morrison 1995]. This is widely interpretedas requiring that the per-
sistenceof objectsbedefinedimplicitly throughreachabilityfrom someroot or roots.
We interpretthis principle more fully to meanthat the roots shouldalso be defined
implicitly, aninterpretationthatis concordantwith thefirst principleof orthogonalper-
sistence,which statesthat ‘the form of a programis independentof the longevity of
thedatawhich it manipulates’[AtkinsonandMorrison1995].Weachievethisby mak-
ing classvariables(‘static’ variables)implicit rootsof persistence.Ourapproachhas
thesignificantconsequenceof makingpersistencetruly transparent,asa Java program
requiresno modificationto becomeorthogonallypersistent(seefigure1). By contrast,
othersystemshaverequiredprogramsto associateexplicit textual labelswith eachroot
of persistence,which is at oddswith theprincipleof persistenceindependence.3

public class Simple {
static int count = 0;
public static void main (String argv []) {

System .out. print( count + " ");
count ++;

}
}

Fig.1.Dependingonly onwhetherit is loadedby a‘persistence-enabled’classloader, thissimple
programwill exhibit eitherpersistent(‘0 1 2 . . . ’) or non-persistentsemantics(‘0 0 0 . . . ’).

3 AlthoughPJamafor alongtimedependedonexplicit rootsof persistence[JordanandAtkinson
1999],it now supportsbothexplicit andimplicit modesof reachability.



3.2 ConcurrencyControl

Strongsupportfor concurrency is crucial to our goals.While non-transactionalmodes
of concurrency control (suchasthe useof sharedvariables)provide rich, cooperative
programmingenvironments,it is very difficult to effectively intermix suchapproaches
with persistence[Blackburn andZigman1999].For this reason,we usetransactions,
which arethe conventionalchoicefor concurrency control in persistentsystems(e.g.,
databases).Transactionsdeliver coherency in the faceof concurrency throughtheuse
of isolation, in contrastto themoreliberal cooperativeapproachimplicit in mostnon-
transactionalmodelsof concurrency control.Unfortunately, thecombinedimpactof the
principleof persistenceindependence[Atkinson andMorrison1995]andstrict ACID
transactionalsemantics[Haerderand Reuter1983] meansthat an orthogonallyper-
sistentsystemthat implementsonly simpleACID transactionswill faceextremelim-
itationson concurrency (the executionof eachapplicationmustbe confinedto a sin-
gleACID transaction,therebycurtailinginter-applicationconcurrency) [Blackburnand
Zigman1999].

In orderto avoidhaving todilutetransactionalsemantics,compromisetheprinciples
of persistence,or forgo our goalof strongsupportfor concurrency, we usethe chain-
and-spawntransactionmodel[Blackburn andZigman1999].This modelprovidesan
environmentwhich observesboth strict transactionalsemanticsand the principlesof
orthogonalpersistence,while permittingintraandinterapplicationconcurrency.

3.3 Portability

Our goal of maintainingJava’s ‘write once,run anywhere’ philosophyhasled us to
developa portabledesign.Portability issuesarisein two key aspectsof thedesign:the
mechanismby which Java’s semanticsareextendedto includesupportfor persistence,
andtheportability of thestoragelayer.

SemanticExtensionThebehavior of normalJavaprogramsmustbeextendedin orderto
incorporatethesemanticsof orthogonalpersistence.Suchextensionsinclude:theauto-
maticfaultingof objectsfrom storageinto memoryondemand;thewriting of modified
objectsbackto diskwhennecessary;thetransformationof objectsbetweenstorageand
heapformats;andtheadditionof stateinformationfor eachobjectrecordingwhetherit
hasbeenupdated,etc.MossandHosking[1996]review someof thewiderangeof ways
of makingsuchsemanticextensionsto Java.Oneapproach(notexplicitly mentionedby
MossandHosking)is thatof usingJava’s classloadermechanismto semanticallyex-
tendprogramsat classloadingtime.This approachhastheadvantagesof not requiring
modificationto theJava Virtual Machine(JVM), so it canbeusedwith any JVM, and
notdependingoncompilermodificationsor post-processing,soit canbeusedwith any
Java class.All that is requiredfor a classto becomeorthogonallypersistentis for it to
beloadedby anappropriateclassloader.4 This featurecombinedwith our approachto
4 Specifically, we createPersistentClassLoader , a subclassof ClassLoader which

implementssemanticextensionmechanismsfor persistence.We then ensurethat all user-
definedclassesareloadedby instancesof PersistentClassLoader . A programinvoked
as‘ java Class [args] ’, would executewith persistencesemanticsif invokedas‘ java
PersistentClassLoader [optional store args] Class [args] ’.



persistenceidentification(section3.1)meansthatacompiledJavaclass(suchastheone
in figure1) canbeorthogonallypersistent(or not)dependingsolelyontheclassloaders
usedto loadclassesfor thatprogram—everyotheraspectof theexecutionenvironment,
includingtheclassfile andthechoiceof JVM, remainsunchanged.

This methodof semanticextensionintroducesa complicationrelatingto Java’s re-
flection mechanism,which providesmethodsfor examining classesand objectsand
creatingor modifying objects.In orderto preserve thetransparency of persistence,the
application’s useof the reflectionmechanismsshouldshow no traceof the semantic
transformationsperformedby theclassloader. Therefore,thetransformationsmustalso
suitablytransformthesemanticsof thereflectionoperations.

A similar complicationariseswith user definedclassloaders,which could po-
tentially bypassthe bytecodetransformationprocess.Again, a cleansolution is pro-
videdby theuseof semanticextension.ThedefineClass () methodof java .lang .

ClassLoader can be semanticallyextendedto apply bytecodetransformationsjust
prior to the loading of eachclass.Thus persistencesemanticswill be addedto all
classes,even thosesemanticallyextendedby other classloaders.Of coursethis so-
lution only addressesissuesrelatingto our mechanismfor semanticextension.We do
notaddressthemoreabstractproblemof semanticextensionswhichmayclashwith or-
thogonalpersistence(suchasotherpersistencemechanisms).This problemmayarise
whenever Java’s semanticsareextended,whetherthroughtheuseof a classloader, by
modifying theVM, or any otherby any othermeans.

Storage Interface The architectureof our OPJimplementationembodiesa cleanin-
terfacebetweenthe Java runtimeandthe underlyingstore.By makingsucha strong
separation,we gain portability with respectto the underlyingstore.5 We usethe PSI
storageinterface[Blackburn andStanton1999], which while providing strongtrans-
actionalsemantics,allows efficient implementationsby virtue of the runtimesystem
having directaccessto thestore’scache.

4 Implementation

The designfor OPJoutlined in the previous sectionraisessomechallengingimple-
mentationissues.We have madethreemajor implementationsof sucha systemand
experimentedwith a numberof themany implementationpossibilities.Commonto all
of oursystemsis amechanismfor performingthesemanticextensionof classesatclass
loadingtime[Marquezetal. 2000].Thespecificsof thesemechanismsareincidentalto
thegoalsof this paperandareomittedfor brevity.

Thesemanticextensionof a classto supportorthogonalpersistenceinvolvesa few
basictransformations,including:theinsertionof ‘readbarriers’,whichwill ensurethat
anobjecthasbeenfaultedinto memoryfrom storagebeforeit is used;theinsertionof
‘write barriers’,which ensurethat updatesto heapobjectsarepropagatedto storage;
andtheadditionof mechanismsfor transformingobjectsbetweenheapandobjectstore
5 In factwe have successfullydevelopedbindingsto threestores:a majorcommercialDBMS

product,theSHOREobjectdatabase[Carey et al. 1994],andmostrecently, to ourown object
database[He etal. 2000].



representations.While eachof thesesemantictransformationsis fairly simple(suchas
the insertionof a call to a readbarriermethodprior to eachgetfield ), togetherthey
raisemajorimplementationissues.

4.1 Structural Choices:Shellsand Façades

In our experience,oneof the most importantimplementationissuesis the choiceof
what structureto usefor representingunfaultedobjects. Unfaultedobjectsexist asa
consequenceof our useof eager‘swizzling’ strategies.6 Therearea variety of swiz-
zling strategies and the choiceof strategy hasa significantimpact on the designof
thesystem[Moss1992].For thepurposesof this discussion,four broadoptionsexist:
eager swizzling, whereall referencesareswizzledassoonasan objectis faultedinto
memory;lazy swizzling, wherereferencesareswizzledwhenthey arefirst traversed;
no swizzling, wherereferencesremainin storeformat anda conversionis madeeach
time sucha referenceis traversed;andeager swizzlingto handles, wherehandleshold
OIDs (store-level objectidentifiers)andanin-memorypointerto thereferencedobject
is establishedthefirst time thehandleis traversed.

Java’sstrongtypingandourgoalof portabilityseverelyrestricttheapproachesthat
we cantake to swizzling.Thereferencefieldsin a Java objectmustcontainreferences
of theappropriatetype,whichprecludesthesimpleoverloadingof areferencefield with
anOID—ruling out lazy swizzlingandno swizzling.We have thereforeexperimented
with theremainingchoices:eagerswizzlingto objectsandeagerswizzlingto handles.
Thesechoicesleadto two verydifferentmechanismsfor representingunfaultedobjects,
shells, andfaçades, respectively.

Shells The shell approachusesan ‘empty’7 object (which we call a shell) for each
unfaultedobject.WhenanOID is swizzledfor thefirst time,anobjectof theappropriate
type is createdandthe OID is replacedby a referenceto that object.All subsequent
swizzlesof thatOID will resultin thetranslationof theOID to a referenceto thesame
Java object.Thefirst time theshellobjectis accessed,thecorrespondingobjectis read
from the storeandusedto initialize the shell. The initialization processwill usually
involveswizzlingreferences,in whichcasetheprocessrecurses.

Theshellapproachis relatively easyto implement.An OID field mustbeaddedto
eachobjectso that the appropriatestoreobjectcanbe readin whenthe objectis first
traversed.The samefield canserve the purposeof identifying the object’s statewith
respectto initializationandupdate(thepresenceof a valid OID in theOID field canbe
usedto indicatethat theobjectremainsuninitialized,anothervalueis usedto indicate
that the objecthasbeenupdated).The semantictransformationrequiredfor the shell
approachis thereforequite trivial—a readbarrier is insertedbeforeeachgetfield

byte code.The readbarrier simply checksto seewhetherthe object to be readhas
beeninitialized, andfaultsit from storageif necessary. Unfortunatelyshellshave one
potentialdrawback—theuninitializedshellsmayconsumea largeamountof memory.

6 Theterm‘swizzle’ refersto thetranslationof a referencefrom persistentto transientforms.
7 By ‘empty’ we meanthattheobjecthasnotbeeninitializedwith statefrom thestore.



FaçadesA lessmemory-intensivealternativeto shellsis to usefaçades,whichhavethe
additionalsignificantadvantageof beinga mechanismfor removing readbarriers.A
façadeis a lightweightrepresentationof anobjectwhichmasqueradesastherealobject
until suchtime asthe real object is required.The façademustbehave like the object
that it representsup until the point at which it is first accessed,andonceaccessed,it
musttransparentlyreplaceitself with the real object.This requiresthe façadeandthe
real object to be type equivalent and for all classesto be fully ‘virtualized’ (i.e. all
non-privatefieldsmadeprivateandexternalaccessesto thosefieldstransformedto use
accessormethodssuchasgetFoo () andsetFoo () ).

BR A BR B BR C

A
B

CFaçade

Fig.2. In order for a façadeto be transparentlyreplacedby a real object, all pointersto the
façademustberedirectedto point to therealobject.For this reason,façadesmustmaintainback
referencesto all referringobjects.

Façadesmayonly beaccessedvia methodinvocations(rememberingthatall classes
are fully virtualized), so trappingaccessto façadessimply requiresimplementinga
faultingmechanismin eachof thefaçade’smethods.Whenafaçademethodis invoked,
it createsa correspondingrealobject,initializes it by faulting in thestoreobject,uses
backreferencesto replaceall existingreferencesto thefaçadewith referencesto thereal
object,andthenfinally calls the correspondingmethodon the real objectandreturns
the result.All subsequentmethodinvocationswith respectto theobjectincur no read
barrierpenalty, asall pointersnow refer directly to the real object ratherthan to the
façade.

Thesemantictransformationrequiredfor thefaçadeapproachis morecomplex than
that requiredfor shells.Figure3 illustratesthe transformationsof a simple two-level
classhierarchy. First eachclassC mustundergo a virtualizationtransformation.Each
virtualizedclassCv is usedto definean interfaceCi , andtwo concreteclasses,Cv� and
Cf , which implementCi . Cf is the façadeclassfor the ‘real’ classCv� . In theexample
in figure 3, the implementationBv� of Bi inherits its functionality andfields from the
implementationAv� of interfaceAi .

Becausea façadeis neverusedto representthestateof therealobject,eachfaçade
canbemuchsmallerthanthe correspondingrealobject,containingonly enoughstate
to performthefaultingandreplacementof referencesoperations.8 Thusthefaçadeap-

8 Thenumberof back-referencesmaintainedby a façadecanbeboundedby adoptinga policy
of eagerlyfaultingobjectsoncethenumberof referencesto thefaçadereachessomethreshold.
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Fig.3.Theuseof façadesrequiresatwo-stagetransformationin orderfor façadesandrealobjects
to betypeequivalent.Bothtransformationsoccurtransparentlyandautomaticallyatclassloading
time.

proachmay offer a significantspaceadvantageover the shell approach.Furthermore,
thefaçadeapproachonly incursa readbarrieron thefirst accessto eachobject.Unfor-
tunatelytheseadvantagemaybeoffsetby thecostsassociatedwith full virtualization.

4.2 Other Implementation Concerns

Object Packing and Unpacking Whenan objectis faultedinto memory, it mustbe
transformedfrom a storeobjectinto a Java heapobject.We referto this processasun-
packing, andit involvescreatinga Java objectof theappropriatetypeandtheninitial-
izing eachof its non-transient fields,swizzling referencesasnecessary. The trans-
formation from heapobject to storeobjectat commit time is referredto aspacking,
which is simply thereversetransformation.We have experimentedwith two quitedif-
ferentapproachesto packingandunpacking.Our first implementationusedC++ pack
andunpackmethods.We took this approachon accountof theperceivedperformance
benefitsassociatedwith C++, and in the hopethat C++-implementedmapstructures
(usedfor swizzling)would befasterthanJava implementationsof thesamestructures.
Wequickly foundthatit wascritical to minimizethenumberof traversalsof theJava/C
boundary, aseachtraversalis extremelyexpensive.Wealsofoundthattheuseof Java’s
reflectionmechanismto establishthestructureof thetransformedobjectwasvery ex-
pensive.

Wehavesubsequentlyre-implementedthepackandunpackmethodsin Java.Wedid
thisby includingtheautomaticgenerationof per-classpackandunpackmethodsin our
semanticextensiontransformationsthatoccurat classloadingtime.Themajoradvan-
tagesarethatthisapproachminimizesthenumberof traversalsof theJava/Cboundary,
andthatit avoidstheuseof reflectionmechanismsat runtimeby ‘hard-coding’theap-
propriateinstructionsinto methodsat classloadingtime. We cannotcompletelyavoid
theuseof JNI, asthecallsto readandwrite objectsfrom theunderlyingstorearenec-
essarilycallsto C functions.Theuseof Javafor packingandunpackingdependsagreat



dealon theJava librariesefficiently implementingthemapstructureswhichareusedin
theswizzleprocess.

Transactional Isolation Therequirementof isolationfor any ACID transactionmeans
thatall transactionsconcurrentlyexecutingwithin a singleJVM mustbeisolatedfrom
eachother’s uncommittedactions.The implementationof fine-grainedlocksto ensure
isolation betweentransactionswithin a single JVM could be very expensive. Fortu-
nately, the Java classloadermechanismprovidesa powerful featurein this respect—
namespaceisolation.Namespaceisolationensuresthat computationsrunning in dis-
tinct classloadersarestrictly isolated.Classloadersdo not shareinstancesor classes
(systemclassesbeingtheexception),soneitherinstancenor classvariablesarevisible
acrossnamespaceboundaries.We make useof theclassloadermechanismto cheaply
implementtransactionalisolationby bindingeachtransactionto aclassloader.9 To our
knowledge,nootherOPJsystemincorporatesamechanismfor enforcingstrict isolation
semantics.

SystemClassesUser-definedclassloaders,for securityandbootstrappingreasons,are
not ableto interceptthe loadingof systemclasses.As a consequence,systemclasses
cannotbesemanticallyextendedatclassloadingtime.Thekey impactof this limitation
is thatwecannotinsertreadbarriersto trapaccessesto fieldswithin systemclasses.The
simple(althoughunsatisfying)solutionthatwe have adoptedis to eagerlyloadobjects
referredto by systemclasses.The impact of this is particularly clear in the caseof
arrays.Becausearraysaresystemclasses,we cannottrapaccessesto thefieldsof non-
primitivearrayssowe eagerlyfault all unfaultedobjectsreferredto by thearray. For a
moredetaileddiscussionof this problem,the interestedreaderis referredto [Marquez
et al. 2000].

Thr eadPersistenceOurcurrentOPJimplementationsdonotmaketheexecutionstate
of threadspersist.BecauseJava threadsarefirst classobjects,this limitation is a vi-
olation of the principle of data type orthogonality, which statesthat ‘all data types
shouldbe allowed the full rangeof persistence,irrespective of their type’ [Atkinson
andMorrison 1995]. However, we believe that it will be possibleto implementper-
sistentthreadswithin our OPJframework by usingtechniquessimilar to thoseusedto
implementthreadmigration [Hohlfeld andYee1998]. Threadmigration dependson
threadstatebeingencapsulatedandthenrevivedaftertransmission, which hasmuchin
commonwith problemof encapsulatingandreviving threadstateafterstorage.

5 Results

We have usedthedesignoutlinedin section3 asthebasisfor threedistinct implemen-
tations.In theprocess,we have exploredtwo majordimensionsof theimplementation
9 Notethatwhile weachievesemanticextensionby creatinganew classloaderclass, weachieve

isolationby creatingnew classloaderinstances. Themechanismsweusefor achieving seman-
tic extensionandtransactionalisolationarethusorthogonal.



space:theuseof shellsversusfaçadesfor unfaultedobjectsandtheuseof C++ versus
Java for objectpackingandunpacking.We will now analyzetheperformanceimpacts
of thesechoicesandcompareour approachto OPJwith two versionsof PJama.

5.1 Experimental Setting

OO7 Benchmark OO7is anobjectdatabasebenchmarksuite[Carey etal. 1993].The
suiteconsistsof a largenumberof operationsincludingbothtraversals, whicharenav-
igational,andqueries, which arequery-likeretrievals.TheOO7schemais modeledon
thatof aCAD application.WehaveimplementedtheOO7benchmarkin Java.Weused
Chain () andCheckpoint () in ANU-OPJandPJamarespectively at OO7’s commit
points.The non-persistentJava implementationbuilds the OO7 databasein memory
beforeeachsetof benchmarkoperationsareexecuted.

Eachexecutionof thebenchmarkconsistedof teniterationsof eachoperation.The
elapsedtimefor thefirst iterationis regardedasacold time (thecachewascold),while
thetimesfor all subsequentiterationsexcludingthe lastareaveragedto producea hot
time. To help measuretransactioninitiation andcommit costs,OO7 allows the oper-
ationsto be executedusing many transactions(i.e., a commit for eachiteration),or
one transaction(i.e., a singlecommit at the endof the setof iterations).The sizeof
theOO7databaseis configurable,but threesizesarecommonlyused:small, medium,
andlarge. Due to limitations in our OO7 implementationandtheunderlyingsystems,
it wasonly possibleto usethe small configuration,andseven of the operationscould
not be executedon oneor moreof the systems(q4, i, t2b, t2c, t5do, and t5undo). To
gaina quantitative impressionof theoverall performanceof eachsystem,we take the
geometricmeanof theresultsfor eachof theoperations.

SystemsUsed We measuredsix systems:

label description
ANU-OPJ-S ANU OPJusingshellswith C++ packing.

ANU-OPJ-S-J ANU OPJusingshellswith Java packing.
ANU-OPJ-F ANU OPJusingfaçadeswith C++ packing.
PJama-1.2 PJamaversion1.2.1.
PJama-1.6 PJamaversion1.6.4.

Java Non-persistentJava.

All of the Java systemsusedJDK 1.2.2, and with the exceptionof PJama-1.2 and
PJama-1.6, all usedthe Hot Spot just in time compiler (JIT). PJama-1.6 usesa JIT
asdescribedin [Lewis etal. 2000].All of theANU OPJsystemsusedversion1.1of the
SHOREobjectdatabase[Carey et al. 1994].Thebenchmarkswereexecutedon a Sun
Ultra-170with 128MBof RAM andseparateharddisksfor thepersistentstoreandlog.

5.2 PerformanceAnalysis

Figure4 providesa pictureof theoverall performanceof thesix systems.We seethat
all of the ANU OPJimplementationsperformworsethanPJama-1.6 andPJama-1.2



whencold, which suggeststhat the costof startinga transactionin the ANU systems
is greaterthanfor eitherof the PJamasystems.The large performancedifferential in
thecold resultsbetweenthepersistentsystemsandJava is unsurprisingastheJavasys-
temdoesnot incur theI/O overheadassociatedwith faultingobjectsinto thestore.The
ANU systemsperformmuchbetterwhenhot, with ANU-OPJ-S only slightly lagging
PJama-1.6 and performingaboutfive times better than PJama-1.2. The particularly
goodperformanceovertheshorteroperationssuggeststhatfastcommittimesareafac-
tor in this result.Thehot ‘one’ results(figure4 (c)) show theperformanceof four of the
systemsduring normalprocessing(i.e. excluding startupandcommit).This indicates
thattheperformanceof PJama-1.6 is closeto optimal(cf Java). TheANU systemsare
all appreciablyslower, but still significantlyfasterthanPJama-1.2.

ShellsversusFaçades A comparisonof ANU-OPJ-S andANU-OPJ-F indicatesthat
theuseof façadesproducesaslow-down in theorderof 20%.Thesuccessof thefaçade
approachdependsheavily on two factors:the ability of the JIT to inline final field
accessmethods,and the averagesize of unfaultedobjectsbeing appreciablybigger
thanfaçades.Theseresultssuggestthat theJIT maynot be inlining asaggressively as
we hadhoped,andthat the small sizeof mostOO7 objectslimits the memorysaving
thatthefaçadeapproachcanoffer over theuseof shells.

JavaversusC Packing and Unpacking By comparingANU-OPJ-S andANU-OPJ-S-J
weseethattheuseof Java for themanagementof OID to Javaobjectmappingsaswell
aspackingandunpackingoperationsleadsto a performancedegredationcomparedto
the casewhereC++ is used.However, while thehot-onetimesindicatethat thereis a
significantslowdown in runtimeperformance,theslowdown is muchlessfor thehot-
many times.This is probablybecausethe useof Java leadsto moreefficient packing
andunpackingby avoiding theuseof Java’sexpensivereflectionmechanisms.

Overall Performance Theseresultsindicatethat our OPJimplementationsare lag-
ging thestateof theart. However, a numberof importantfactorsmoderatethis result.
First,unlike eachof theothersystems,our OPJsystemsarefully transactional, imple-
mentingfully ACID semanticsand supportinginter-transactionalconcurrency rather
than just implementingan atomiccheckpointmechanism.Second,with sufficient re-
sources,we believe that we could make significantimprovementsto the performance
of our systems—theresultspresentedin this paperare the outcomeof a very lim-
ited implementationeffort. Finally, we do not exclude the value of virtual machine
modifications—ourapproachcould happily exploit suitably targetedJVM enhance-
mentswithout sacrificingits portability.

An obvioussourceof performanceimprovementfor our systemswould betheop-
timizationof readandwrite barriers.Hoskinget al. [1998] have demonstratedsignifi-
cantperformanceimprovementsby usingcodeanalysisto detectandremoveredundant
barriers.This approachcould be incorporatedinto the byte codetransformationswe
performat classloadingtime.

Oneof the mostdifficult constraintsthat we have hadto work with is Java’s pro-
hibition of user-definedclassloadersmodifying systemclasses(section4.2).Thekey
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(a)OO7parameters:cold andmany. Reflectedin theseresults:readIO, transactionstartupand
commit(includingwrite IO), runtimeoverheads.
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(b) OO7parameters:hot andmany. Reflectedin theseresults:transactionstartupandcommit
(includingwrite IO), runtimeoverheads.
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(c) OO7parameters:hot andone. Reflectedin theseresults:runtimeoverheads.

Fig.4. The performanceof eachof the six systems.The resultsareplottedon a log scale,and
eachimpulsereflectsthe averageexecutiontime for a particularoperationon a given system
normalizedwith respectto thetime for PJama-1.6 for thesamequery. A resultlower thanone
indicatesbetterperformancethanPJama-1.6. Eachsetof resultsis groupedasfollows: queries
q1, q2, q3, q5, q6, q7, d (left) and traversalst1, t2a, t3a, t6 (right). The geometricmeansof
normalizedresultsfor eachsystemappearin brackets.



impactof this limitation is that we cannot insert reador write barrierswith respect
to field accesseswithin systemclasses.A relaxationof this policy would allow us to
greatlyimprove theperformanceof our systems.A moreradicalstepwould be to ex-
tendJava with native supportfor a genericsemanticextensionlanguage,suchasthe
onewe have developedfor this project.Our semanticextensionlanguageallows ex-
tensionsto be specifiedat a very high level, and for the extensionsto be appliedto
classesaccordingto inheritancerelationships[Marquezetal. 2000].Nativesupportfor
thelanguagewouldopenthepossibilityof semanticextensionsbeingapplicableto sys-
temclasses.Suchanfeaturewouldhaveapplicationwell beyondtheimplementationof
OPJ.

Finally, our objectfaulting mechanismsareexpensive becausewe have no means
of directly moving anobjectimageinto theJava heap.Instead,a new Java heapobject
mustbe createdandeachof its fields mustbe separatelyinitialized. An extensionto
Java that allowed this processto be spedup would improve our ‘cold’ performance
results.

6 Conclusions

We have designedandbuilt anorthogonallypersistentJava system,stronglymotivated
by thedesireto remaintrueto theprinciplesof orthogonalpersistencewithoutsacrific-
ing Java’sstrengths.Theproductof thiseffort is aworkingsystemwith credibleperfor-
mancethatis distinguishedin threekey respects:completetransparencyof persistence,
supportfor both intra and inter applicationconcurrencythroughACID transactions,
andpreservationof Java’s propertyof portability. Theseareachievedby: makingclass
variablesimplicit rootsof persistence,using the chain-and-spawn transactionmodel,
andby makinguseof Java’sprovisionof auser-definableclassloadermechanism.

While performanceresultsindicatethatoursystemis notcompetitivewith thelatest
releaseof an OPJsystembasedon a customJVM, it seemsthat muchof the perfor-
mancedifferentialwill besusceptibleto erosionby improvementsin JVM technology
andimprovementsin our implementationapproach.Thegapmightbefurthernarrowed
by theprovision of suitablehooksin JVMs. We arethereforeoptimistic that thenovel
approachto OPJoutlinedin this paperwill make a genuinecontribution to thegoalof
bringingorthogonalpersistenceto popularusethroughJava.
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