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Abstract. Orthogonallypersistentlaza combineshe power of abstractiorover
persistenceavith Java’s rich programmingervironment.In this paperwe report
our experiencein designingandimplementingorthogonallypersistentlava. Our
designapproachs anchoredy theview thatary systenthatbringstogethetdava
andorthogonalpersistencehouldasfar as possibleavoid diluting the strengths
of Java or the principles of orthogonalpersistenceQur approachis thus dis-
tinguishedby threefeatures:completetranspaencyof persistencesupportfor
bothintra andinter applicationconcurencythroughACID transactionsandthe
preserationof Java’s propertyof portability. In additionto discussinglesignand
implementationwe presentresultsthat shav that our approactperformscredi-
bly.

1 Intr oduction

An orthogonallypersistensystemprovides an abstractionover persistenceenabling
programsto executewith respectto transientand persistendatawithout distinction.

This providesa simpleprogrammingmodel,reducingthe complexity of theapplication
code,andtherebyoffering a substantiaboftwareengineeringadvantage The Java plat-

formis astandardvhichencompassesprogrammindanguageavirtual machineand

an executionervironment.The ‘write oncerun anywhee’ philosophybehindthe de-

velopmentof the Java platformis a key to its succesanda motivatorfor our approach
to orthogonalpersistencéor Jaza (OPJ)*

Thepracticalityof orthogonalpersistencasa powerful tool for managingcomple
datais increasinglybeingrecognizedby industry Commercialdevelopmentssuchas
GemStone) [GemStoneSystems1999], PJama[Atkinson et al. 1996] and the Jara
DataObjects(JDO)standardSunMicrosystemsl 999]indicatetheimportanceof Java
asa catalystfor thisinterest?

1 We usethetermorthogonal persistenceor Java (OPJ)in a genericsenseencompassingry
attemptto apply orthogonalpersistencéo the Java programminganguage.

2 GemStonel is a trademarlof GemStoneSystemdnc. andJava andPJamaaretrademarkof
SunMicrosystemsdnc.



Orthogonally persistentsystemsare distinguishedfrom other persistentsystems
suchasobjectdatabaseBy anorthogonalitybetweerdatauseanddatapersistencel his
orthogonalitycomesasa productof the principlesof orthogonalpersistenc¢Atkinson
andMorrison1995]:

Persistencelndependence The form of a programis independenof the longevity of
thedatawhich it manipulates.

Data Type Orthogonality All datatypesshouldbe allowed the full rangeof persis-
tence,rrespectve of theirtype.

Persistenceldentification Thechoiceof how toidentify andprovidepersistenbbjects
is orthogonalo the universeof discourseof the system.

Theimpactof theseprinciplesonthedesignandimplementatiorof anorthogonally
persistensystems fundamentahndpenasive.In this papemvereportourexperiencen
applyingorthogonabpersistencéo Java. Our approachs anchoredy our view thatary
systemthat bringstogetherJava and orthogonalpersistencehouldas far as possible
avoid diluting the strengthsof Java or the principlesof orthogonalpersistenceAs a
consequencef this view, our OPJis markedby threedistinguishingfeaturescomplete
transpaencyof persistencesupportfor both intra andinter applicationconcurency
throughACID transactionsandthe preserationof Java’s propertyof portability.

After briefly addressingelatedwork, we describekey designissuesin section3,
beforewe discusanajorimplementatiorissuesn sectiond andconcludewith a perfor
manceanalysisof thethreeOPJsystemave have built to date.

2 RelatedWork

Moss and Hosking [1996] presenta taxonomyof approacheso developing orthog-
onal persistencdor Java. Their taxonomyexplores choicesof model, the degree of
transparengandtheimplementatiorapproachlmplementatiorapproachesangefrom
sourceto byte-codemodification,and from compiler modificationto runtime system
modification.The taxonomydoesnot explicitly includethe key implementatiortech-
nologyusedby our approach—usedefinableclassloadergo transformclassest class
loadingtime.

While therearea numberof examplesof orthogonallypersistentlavzaimplementa-
tions,thetwo mostoutstandingystemsarePJamandGemStonel, bothof whichtake
theapproactof modifying the Java virtual maching(JVM).

PJama: The PJamasystemis ajoint projectof Glasgav UniversityandSunMicrosys-
tems[Atkinson et al. 1996]. It is basedon the SunJDK platform, wherethe JVM is

modifiedto extendthe systemsemanticgo enablepersistenceThe systemconsistsof

a single JVM with an integratedpersistentobject store. PJamausesa checkpointing
mechanisnfor flushingupdatedo the store,althoughthereare proposaldor transac-
tional mechanismgor PJamdDaynes2000].



GemsStone/JGemSton&ystemdasdevelopedGemStonel [GemStoneSystemd 999],
a systemtargetedat Java sener solutions.Multiple JVMs usea transactionamecha-
nismto concurrentlyoperatewith respecto a centralizedstore.To implementthe sys-
tem, Gemstonéhasdevelopedtheir own Java compliantJVM which directly supports
persistentimechanismsTechnicaldetailsof the GemStonel implementationare not
disclosed.

3 Design

Our designwasheaily influencedby theideal of constructinganorthogonallypersis-
tent Java systemthatis true to the principlesof orthogonalpersistencendyet does
not compromiselava’s strengthsThis objectie raisedthreesignificantdesignissues:
the methodof persistencddentification the approachto concurencycontmol, andthe
preserationof portability.

3.1 Persistenceldentification

Thethird principle of orthogonalpersistencatatesthat ‘the choiceof how to identify

andprovide persistenbbjectsis orthogonalo the universeof discourseof the system’
[Atkinson and Morrison 1995]. This is widely interpretedas requiring that the per

sistenceof objectsbe definedimplicitly throughreachabilityfrom someroot or roots.
We interpretthis principle more fully to meanthat the roots shouldalso be defined
implicitly, aninterpretatiorthatis concordantvith thefirst principle of orthogonaber

sistencewhich statesthat ‘the form of a programis independenof the longevity of

thedatawhich it manipulates[Atkinson andMorrison 1995]. We achieve this by mak-
ing classvariableq‘st at i ¢’ variables)mplicit rootsof persistenceOurapproacthas
the significantconsequencef makingpersistencéruly transparentasa Jaza program
requiresno modificationto becomeorthogonallypersisten{seefigure 1). By contrast,
othersystemdhave requiredprogramsgo associatexplicit textual labelswith eachroot
of persistencewhich is at oddswith the principle of persistencéndependenceé.

public class Simple {
static int count = O;
public static voi d main (String argv [) {
System .out. print( count + " ");
count ++;

}

Fig. 1. Dependingonly onwhethertit is loadedby a ‘persistence-enabledlassoader thissimple
programwill exhibit eitherpersisten{'0 12...") or non-persistersemanticg'0 00...").

3 AlthoughPJamdor alongtime dependednexplicit rootsof persistencglordarandAtkinson
1999],it now supportdbothexplicit andimplicit modesof reachability



3.2 ConcurrencyControl

Strongsupportfor concurrengy is crucialto our goals.While non-transactionahodes
of concurreng control (suchasthe useof sharedvariables)provide rich, cooperatie
programmingervironmentsijt is very difficult to effectively intermix suchapproaches
with persistencgBlackburn and Zigman 1999]. For this reasonwe usetransactions,
which arethe corventionalchoicefor concurreng controlin persistensystemge.g.,
databases)lransactionsleliver cohereng in the faceof concurrenyg throughthe use
of isolation, in contrastto the moreliberal coopegtive approactimplicit in mostnon-
transactionamodelsof concurreng control.Unfortunatelythecombinedmpactof the
principle of persistencéndependencfAtkinson andMorrison 1995] andstrict ACID
transactionakemanticfHaerderand Reuter1983] meansthat an orthogonallyper
sistentsystemthat implementsonly simple ACID transactionsill faceextremelim-
itations on concurreng (the executionof eachapplicationmustbe confinedto a sin-
gle ACID transactiontherebycurtailinginter-applicationconcurreng) [Blackburnand
Zigman1999].

In orderto avoid having to dilute transactionasemanticssompromiseheprinciples
of persistencegr forgo our goal of strongsupportfor concurreng, we usethe chain-
and-spawrtransactiormodel [Blackburn and Zigman 1999]. This model providesan
ervironmentwhich obsenes both strict transactionakemanticsand the principles of
orthogonabersistenceyhile permittingintra andinter applicationconcurreny.

3.3 Portability

Our goal of maintainingJava’s ‘write once,run anywhere’ philosophyhasled usto
developa portabledesign.Portabilityissuesarisein two key aspect®of the design:the
mechanisnby which Jasa’'s semanticareextendedto includesupportfor persistence,
andthe portability of the storagdayer.

Semanti&ExtensionThebehaior of normalJavaprogramsnustbeextendedn orderto
incorporatehe semantic®f orthogonabersistenceSuchextensionsgnclude:theauto-
maticfaultingof objectsfrom storagento memoryon demandthewriting of modified
objectsbackto diskwhennecessarythetransformatiorof objectsbetweerstorageand
heapformats;andtheadditionof stateinformationfor eachobjectrecordingwhetherit
hasbeenupdatedetc.MossandHosking[1996] review someof thewide rangeof ways
of makingsuchsemantiextensiongo Java. Oneapproachnotexplicitly mentionedoy
MossandHosking)is that of usingJava’s classloadermechanisito semanticallyex-
tendprogramsat classloadingtime. This approachasthe advantage®f not requiring
modificationto the Java Virtual Machine(JVM), soit canbe usedwith any JVM, and
notdependingn compilermodificationsor post-processingoit canbeusedwith ary
Javaclass.All thatis requiredfor a classto becomeorthogonallypersistents for it to
beloadedby anappropriateclassloader* This featurecombinedwith our approacho

4 Specifically we createPersistentClassLoader , asubclasof ClassLoader which
implementssemanticextensionmechanismdor persistenceWe then ensurethat all user
definedclassesreloadedby instance®f PersistentClassLoader . A programinvoked
as‘java Class [args] ', wouldexecutewith persistenceemanticsf invokedas'java
PersistentClassLoader [optional store args] Class [args]



persistencéentification(section3.1) meanghatacompiledJavaclass(suchastheone
in figure 1) canbeorthogonallypersisten{or not) dependingolelyontheclassloaders
usedto loadclassedor thatprogram—eery otheraspecof theexecutionervironment,
includingthe classfile andthe choiceof JVM, remainsunchanged.

This methodof semantiaxtensionintroducesa complicationrelatingto Java’s re-
flection mechanismwhich provides methodsfor examining classesand objectsand
creatingor modifying objects.In orderto presere thetranspareng of persistencethe
applications useof the reflectionmechanismshouldshon no traceof the semantic
transformationperformedoy theclassloader Thereforethetransformationsnustalso
suitablytransformthe semanticof thereflectionoperations.

A similar complicationariseswith user definedclassloaders,which could po-
tentially bypassthe bytecodetransformationprocess Again, a cleansolutionis pro-
vided by the useof semantiextension.ThedefineClass () methodof java .lang
ClassLoader canbe semanticallyextendedto apply bytecodetransformationgust
prior to the loading of eachclass.Thus persistencesemanticswill be addedto all
classesgven thosesemanticallyextendedby other classloaders.Of coursethis so-
lution only addressessuegelatingto our medanismfor semanticextension.We do
notaddresshe moreabstracproblemof semantiextensionsvhich mayclashwith or-
thogonalpersistencésuchasotherpersistencenechanisms)This problemmay arise
wheneer Jasa’'s semanticareextended whetherthroughthe useof a classloader by
modifyingthe VM, or ary otherby any othermeans.

Storage Interface The architectureof our OPJimplementationrembodiesa cleanin-

terfacebetweenthe Java runtime and the underlyingstore.By making sucha strong
separationyve gain portability with respectto the underlyingstore® We usethe PSI
storageinterface[Blackburn and Stanton1999], which while providing strongtrans-
actionalsemanticsallows efficient implementationsy virtue of the runtime system
having directaccesdo thestores cache.

4 Implementation

The designfor OPJoutlinedin the previous sectionraisessomechallengingimple-
mentationissues We have madethree major implementationof sucha systemand
experimentedvith a numberof the mary implementatiompossibilities.Commonto all
of our systemgs amechanisnfor performingthe semantiextensionof classestclass
loadingtime [Marquezetal. 2000]. The specificsof thesemechanismsareincidentalto
the goalsof this paperandareomittedfor brevity.

The semantiaxtensionof a classto supportorthogonalpersistencénvolvesa few
basictransformationsincluding:theinsertionof ‘readbarriers’,whichwill ensurehat
anobjecthasbeenfaultedinto memoryfrom storagebeforeit is used;theinsertionof
‘write barriers’,which ensurethat updatego heapobjectsare propagatedo storage;
andthe additionof mechanisméor transformingobjectsbetweerheapandobjectstore

5 In factwe have successfullydevelopedbindingsto threestores:a major commerciaDBMS
product,the SHOREobjectdatabasg¢Carey etal. 1994],andmostrecently to our own object
databasé¢He etal. 2000].



representationdVhile eachof thesesemantidransformationss fairly simple(suchas
theinsertionof a call to a readbarriermethodprior to eachgetfield ), togetherthey
raisemajorimplementatiorissues.

4.1 Structural Choices:Shellsand Fagades

In our experience one of the mostimportantimplementationissuesis the choice of
what structureto usefor representinginfaultedobjects Unfaultedobjectsexist asa
consequencef our useof eager'swizzling’ stratgjies® Thereare a variety of swiz-
zling strategyies and the choice of stratgy hasa significantimpact on the designof
the system[Moss 1992]. For the purposef this discussionfour broadoptionsexist:
eager swizzling whereall referencesre swizzledassoonasan objectis faultedinto
memory;lazy swizzling wherereferencesre swizzledwhenthey arefirst traversed,;
no swizzling wherereferencegsemainin storeformatanda corversionis madeeach
time suchareferencds traversed;andeager swizzlingto handles wherehandleshold
OIDs (store-level objectidentifiers)andanin-memorypointerto the referencedbject
is establishedhefirst time the handleis traversed.

Java’s strongtyping andour goal of portability severelyrestrictthe approachethat
we cantake to swizzling. Thereferencdieldsin a Java objectmustcontainreferences
of theappropriatdype,which precludeshesimpleoverloadingof areferencdield with
an OID—ruling out lazy swizzlingandno swizzling. We have thereforeexperimented
with theremainingchoices:eagerswizzlingto objectsandeagerswizzlingto handles.
Thesechoicedeadto two very differentmechanism$or representinginfaultedobjects,
shells andfacades, respectiely.

Shells The shell approachusesan ‘empty’’ object (which we call a shell) for each
unfaultedobject.WhenanOID is swizzledfor thefirsttime, anobjectof theappropriate
type is createdandthe OID is replacedby a referenceto that object. All subsequent
swizzlesof thatOID will resultin thetranslationof the OID to areferenceo thesame
Java object. Thefirst time the shell objectis accessedhe correspondingbjectis read
from the storeand usedto initialize the shell. The initialization processwill usually
involve swizzlingreferencesin which casethe processecurses.

Theshellapproactis relatively easyto implement.An OID field mustbe addedto
eachobjectso that the appropriatestoreobjectcanbe readin whenthe objectis first
traversed.The samefield cansene the purposeof identifying the object’s statewith
respecto initialization andupdate(the presencef avalid OID in the OID field canbe
usedto indicatethatthe objectremainsuninitialized,anothevalueis usedto indicate
that the objecthasbeenupdated).The semantictransformatiorrequiredfor the shell
approachis thereforequite trivial—a readbarrier is insertedbefore eachgetfield
byte code. The readbarrier simply checksto seewhetherthe objectto be readhas
beeninitialized, andfaultsit from storagef necessaryUnfortunatelyshellshave one
potentialdrawback—theuninitializedshellsmay consumea large amountof memory

6 Theterm‘swizzle’ refersto thetranslationof a referencérom persistento transientforms.
7 By ‘empty’ we meanthatthe objecthasnot beeninitialized with statefrom the store.



Fagcades A lessmemory-intensiealternative to shellsis to usefacadeswhich have the
additionalsignificantadvantageof beinga mechanisnfor removing readbarriers.A
fagadeis alightweightrepresentationf anobjectwhich masqueradesstherealobject
until suchtime asthereal objectis required.The facademustbehae like the object
thatit representsip until the point at which it is first accessedand onceaccessedt
musttransparentlyeplaceitself with the real object. This requiresthe facgadeandthe
real objectto be type equivalentandfor all classego be fully ‘virtualized’ (i.e. all
non-privatefields madeprivateandexternalaccesseto thosefieldstransformedo use
accessomethodssuchasgetFoo () andsetFoo () ).

o

[]f G

Fig. 2. In orderfor a facadeto be transparentlyreplacedby a real object, all pointersto the
facademustberedirectedo pointto thereal object.For this reasonfagadesmustmaintainbadk
refeencedo all referringobjects.

Facadesmayonly beaccessetlia methodinvocationgrememberinghatall classes
are fully virtualized), so trappingaccesdgo fagadessimply requiresimplementinga
faultingmechanisnin eachof thefacades methodsWhenafacademethodis invoked,
it createsa correspondingeal object,initializesit by faultingin the storeobject,uses
backreferenceso replaceall existing referenceso thefacadewith referenceso thereal
object,andthenfinally calls the correspondingnethodon the real objectandreturns
theresult.All subsequenmethodinvocationswith respecto the objectincur no read
barrier penalty asall pointersnow refer directly to the real objectratherthanto the
facade.

Thesemantidransformatiorrequiredfor thefagadeapproachs morecomplex than
thatrequiredfor shells.Figure 3 illustratesthe transformationof a simple two-level
classhierarchy First eachclassC mustundego a virtualizationtransformationEach
virtualizedclassC, is usedto defineaninterfaceC;, andtwo concreteclassesC,, and
Cs, whichimplementGC;. Cs is the facadeclassfor the ‘real’ classC, . In the example
in figure 3, the implementationB,, of B; inheritsits functionality andfields from the
implementatiorA, of interfaceA;.

Becausa facadeis never usedto representhe stateof thereal object,eachfacade
canbe muchsmallerthanthe correspondingeal object, containingonly enoughstate
to performthe faultingandreplacemenof reference®perations Thusthe fagadeap-

8 The numberof back-referencemaintainedby a facadecanbe boundedby adoptinga policy
of eagerlyfaultingobjectsoncethenumberof referenceso thefagadereachesomethreshold.
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Fig. 3. Theuseof facadegequiresatwo-stagdransformationn orderfor facadesandrealobjects
to betypeequialent.Bothtransformation®ccurtransparenthandautomaticallyatclassloading
time.

proachmay offer a significantspaceadvantageover the shell approachFurthermore,
thefagadeapproactonly incursareadbarrieron thefirst accesso eachobject.Unfor-
tunatelytheseadvantagemay be offsetby the costsassociateavith full virtualization.

4.2 Other Implementation Concems

Object Packing and Unpacking Whenan objectis faultedinto memory it mustbe
transformedrom a storeobjectinto a Jasa heapobject.We referto this processasun-
padking, andit involvescreatinga Java objectof the appropriatdype andtheninitial-
izing eachof its non+ransient  fields, swizzling referencessnecessaryThe trans-
formationfrom heapobjectto storeobjectat committime is referredto as pading,
which is simply the reversetransformationWe have experimentedvith two quite dif-
ferentapproacheto packingandunpacking.Our first implementatiorusedC++ pack
andunpackmethodsWe took this approacton accountof the perceved performance
benefitsassociatedvith C++, andin the hopethat C++-implementednap structures
(usedfor swizzling) would be fasterthanJasraimplementation®f the samestructures.
We quickly foundthatit wascritical to minimizethenumberof traversalsof the Java/C
boundaryaseachtraversalis extremelyexpensve. We alsofoundthattheuseof Java’s
reflectionmechanisnto establishthe structureof the transformecbbjectwasvery ex-
pensve.

We have subsequentlye-implementethepackandunpackmethodsn Java. We did
this by includingthe automatiogeneratiorof perclasspackandunpackmethodsn our
semanticextensiontransformationshatoccurat classloadingtime. The major advan-
tagesarethatthis approachminimizesthe numberof traversalsof the Jaza/Cboundary
andthatit avoidsthe useof reflectionmechanismat runtimeby ‘hard-coding’'the ap-
propriateinstructionsinto methodsat classloadingtime. We cannotcompletelyavoid
theuseof JNI, asthecallsto readandwrite objectsfrom the underlyingstorearenec-
essarilycallsto C functions.Theuseof Javafor packingandunpackingdependsigreat



dealontheJavalibrariesefficiently implementinghe mapstructuresvhich areusedin
theswizzleprocess.

TransactionalIsolation Therequiremenof isolationfor any ACID transactiormeans
thatall transactiongoncurrentlyexecutingwithin a singleJVM mustbeisolatedfrom
eachother’s uncommittedactions.Theimplementatiorof fine-grainedocksto ensure
isolation betweentransactionswithin a single JVM could be very expensve. Fortu-
nately the Java classloadermechanisnprovidesa powerful featurein this respect—
namespacésolation. Namespacésolation ensureghat computationgunningin dis-
tinct classloadersare strictly isolated.Classloadersdo not shareinstancesr classes
(systenclassedeingthe exception),so neitherinstancenor classvariablesarevisible
acrossnamespacboundariesWe malke useof the classloadermechanisnto cheaply
implementtransactionaisolationby bindingeachtransactiorto a classloader® To our
knowledge hootherOPJsystemincorporates mechanisnfior enforcingstrictisolation
semantics.

SystemClassesUserdefinedclassoadersfor securityandbootstrappingeasonsare
not ableto interceptthe loading of systemclassesAs a consequencesystemclasses
cannotbesemanticallyextendedat classloadingtime. Thekey impactof this limitation
is thatwe cannotinsertreadbarriersto trapaccesset fieldswithin systenclassesThe
simple (althoughunsatisfying)solutionthatwe have adopteds to eagerlyload objects
referredto by systemclassesThe impactof this is particularly clearin the caseof
arrays.Becausarraysaresystemclasseswe cannottrap accesse thefieldsof non-
primitive arrayssowe eagerlyfaultall unfaultedobjectsreferredto by thearray For a
moredetaileddiscussiorof this problem,the interestedeaderis referredto [Marquez
etal. 2000].

Thr eadPersistence Our currentOPJimplementationslo not make the executionstate
of threadspersist.Becauselava threadsarefirst classobjects,this limitation is a vi-

olation of the principle of datatype orthogonality which statesthat ‘all datatypes
shouldbe allowed the full rangeof persistenceirrespectve of their type’ [Atkinson
and Morrison 1995]. However, we believe that it will be possibleto implementper

sistentthreadswithin our OPJframework by usingtechniquesimilar to thoseusedto

implementthreadmigration [Hohlfeld and Yee 1998]. Threadmigration dependson
threadstatebeingencapsulatedndthenrevivedaftertransmissiopwhich hasmuchin

commonwith problemof encapsulatingndreviving threadstateafter storage.

5 Results

We have usedthe designoutlinedin section3 asthebasisfor threedistinctimplemen-
tations.In the processwe have exploredtwo major dimensionf theimplementation

9 Notethatwhile we achiere semantiextensiorby creatinganew classoaderclass we achiere
isolationby creatingnew classloaderinstancesThemechanismsve usefor achiezing seman-
tic extensionandtransactionaisolationarethusorthogonal.



spacetheuseof shellsversusfacadesfor unfaultedobjectsandthe useof C++ versus
Java for objectpackingandunpacking We will now analyzethe performancempacts
of thesechoicesandcompareour approacho OPJwith two versionsof PJama.

5.1 Experimental Setting

007 Benchmark OO7is anobjectdatabaséenchmarlsuite[Carey etal. 1993].The
suiteconsistof alarge numberof operationsncludingbothtraversals which arenav-

igational,andqueries which arequery-like retrievals. The OO7 schemads modeledon

thatof a CAD application We haveimplementedhe OO7benchmarkn Java. We used
Chain () andCheckpoint () in ANU-OPJandPJamaespectiely at OO7’s commit
points. The non-persistenjava implementationbuilds the OO7 databaseén memory
beforeeachsetof benchmarloperationsareexecuted.

Eachexecutionof the benchmarlconsistedf teniterationsof eachoperation.The
elapsedime for thefirst iterationis regardedasa cold time (the cachewascold), while
thetimesfor all subsequerniterationsexcludingthelastareaveragedo producea hot
time. To help measurdransactiorinitiation and commit costs,007 allows the oper
ationsto be executedusing manytransactiongi.e., a commit for eachiteration), or
onetransaction(i.e., a single commit at the end of the setof iterations).The size of
the OO7 databasés configurable put threesizesarecommonlyused:small medium
andlarge. Dueto limitationsin our OO7 implementatiorandthe underlyingsystems,
it wasonly possibleto usethe small configuration,andseven of the operationscould
not be executedon one or more of the systemgg4, i, t2b, t2c, t5do, andt5undqg. To
gaina quantitatve impressionof the overall performancenf eachsystem we take the
geometricmeanof theresultsfor eachof the operations.

SystemsUsed We measuredix systems:

label description
ANU-OPJ-S ANU OPJusingshellswith C++ packing.
ANU-OPJ-S-J ANU OPJusingshellswith Java packing.
ANU-OPJ-F ANU OPJusingfagadeswith C++ packing.
PJama-1.2 PJamaversionl.2.1.
PJama-1.6 PJamaversionl.6.4.
Java Non-persistenfava.

All of the Java systemsusedJDK 1.2.2,and with the exceptionof PJama-1.2 and
PJama-1.6, all usedthe Hot Spotjust in time compiler (JIT). PJama-1.6 usesa JIT
asdescribedn [Lewis etal. 2000].All of theANU OPJsystemsiusedversionl.1of the
SHOREobjectdatabas¢Carey et al. 1994]. The benchmarksvereexecutedon a Sun
Ultra-170with 128MB of RAM andseparatdarddisksfor the persistenstoreandlog.

5.2 PerformanceAnalysis

Figure4 providesa pictureof the overall performanceof the six systemsWe seethat
all of the ANU OPJimplementationgperformworsethan PJama-1.6 and PJama-1.2



whencold, which suggestdhatthe costof startinga transactiorin the ANU systems
is greaterthanfor eitherof the PJamasystemsThe large performancedifferentialin
thecoldresultsbetweerthe persistensystemsandJavais unsurprisingasthe Jaza sys-
temdoesnotincurthel/O overheadassociateavith faulting objectsinto thestore.The
ANU systemsperform much betterwhen hot, with ANU-OPJ-S only slightly lagging
PJama-1.6 and performingaboutfive times betterthan PJama-1.2. The particularly
goodperformanceverthe shorteroperationsuggestshatfastcommittimesareafac-
torin thisresult. Thehot‘one’ results(figure4 (c)) showv the performancef four of the
systemsduring normal processingi.e. excluding startupand commit). This indicates
thatthe performancef PJama-1.6 is closeto optimal (cf Java). The ANU systemsare
all appreciablyslower, but still significantlyfasterthanPJama-1.2.

Shellsversus Facades A comparisonof ANU-OPJ-S and ANU-OPJ-F indicatesthat
theuseof facadesgproducesa slov-down in theorderof 20%. The succes®f thefagade
approachdependsheaily on two factors:the ability of the JIT to inline final ~ field
accesgnethods,and the averagesize of unfaulted objectsbeing appreciablybigger
thanfacades.Theseresultssuggesthatthe JIT may not beinlining asaggressiely as
we hadhoped,andthatthe small size of mostOQO7 objectslimits the memorysaving
thatthe fagadeapproackcanoffer overthe useof shells.

JavaversusC Packing and Unpacking By comparingANU-OPJ-S andANU-OPJ-S-J
we seethatthe useof Java for the managemenaf OID to Jasa objectmappingsaswell
aspackingandunpackingoperationdeadsto a performancealegredationcomparedo
the casewhereC++ is used.However, while the hot-onetimesindicatethatthereis a
significantslowdown in runtime performancethe slowdown is muchlessfor the hot-
mary times. This is probablybecausdhe useof Java leadsto moreefficient packing
andunpackingoy avoiding theuseof Java’s expensve reflectionmechanisms.

Overall Performance Theseresultsindicatethat our OPJimplementationsare lag-
ging the stateof the art. However, a numberof importantfactorsmoderatehis result.
First, unlike eachof the othersystemspur OPJsystemsarefully transactionalimple-
mentingfully ACID semanticsand supportinginter-transactionakoncurrenyg rather
thanjust implementingan atomic checkpointmechanismSecondwith suficient re-
sourceswe believe that we could malke significantimprovementgo the performance
of our systems—thaesultspresentedn 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 obvious sourceof performancemprovementfor our systemswvould bethe op-
timization of readandwrite barriers.Hoskinget al. [1998] have demonstratedignifi-
cantperformanceémprovementdy usingcodeanalysigo detectandremove redundant
barriers.This approachcould be incorporatednto the byte codetransformationsve
performat classloadingtime.

Oneof the mostdifficult constraintsghat we have hadto work with is Java’s pro-
hibition of userdefinedclassloadersmodifying systemclassegsection4.2). The key
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Fig. 4. The performanceof eachof the six systemsThe resultsare plottedon a log scale,and
eachimpulsereflectsthe averageexecutiontime for a particularoperationon a given system
normalizedwith respecto thetime for PJama-1.6 for the samequery A resultlower thanone
indicatesbetterperformancehanPJama-1.6. Eachsetof resultsis groupedasfollows: queries
ql, 92,93, g5, g6, q7, d (left) andtraversalstl, t2a, t3a, t6 (right). The geometricmeansof

normalizedresultsfor eachsystemappeaiin braclets.



impactof this limitation is that we cannot insertreador write barrierswith respect
to field accessesvithin systemclassesA relaxationof this policy would allow us to

greatlyimprove the performanceof our systemsA moreradicalstepwould be to ex-

tend Java with native supportfor a genericsemanticextensionlanguage suchasthe

onewe have developedfor this project. Our semanticextensionlanguageallows ex-

tensionsto be specifiedat a very high level, andfor the extensionsto be appliedto

classesccordingto inheritanceelationshipgMarquezetal. 2000]. Native supportfor

thelanguagevould openthe possibility of semantiextensiondbeingapplicableto sys-
temclassesSuchanfeaturewould have applicationwell beyondtheimplementatiorof

OPJ.

Finally, our objectfaulting mechanismsre expensve becausave have no means
of directly moving anobjectimageinto the Java heap.Instead a new Java heapobject
mustbe createdand eachof its fields mustbe separatelyinitialized. An extensionto
Java that allowed this processto be spedup would improve our ‘cold’ performance
results.

6 Conclusions

We have designedandbuilt anorthogonallypersistentiava system stronglymotivated
by thedesireto remaintrueto the principlesof orthogonapersistencavithout sacrific-
ing Java’s strengthsTheproductof this effort is aworking systemwith credibleperfor
mancethatis distinguishedn threekey respectscompletetranspaencyof persistence,
supportfor both intra and inter applicationconcuriencythroughACID transactions,
andpreserationof Java’s propertyof portability. Theseareachievedby: makingclass
variablesimplicit rootsof persistenceysing the chain-and-span transactionmodel,
andby makinguseof Java’s provision of a userdefinableclassloadermechanism.

While performanceesultsindicatethatour systenis notcompetitve with the latest
releaseof an OPJsystembasedon a customJVM, it seemshat muchof the perfor
mancedifferentialwill be susceptibldgo erosionby improvementsn JVM technology
andimprovementsn ourimplementatiorapproachThe gapmightbefurthernarroved
by the provision of suitablehooksin JVMs. We arethereforeoptimisticthatthe novel
approachto OPJoutlinedin this paperwill make a genuinecontritution to the goal of
bringing orthogonabersistencéo popularusethroughJava.
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