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Abstract

Thesocalled‘information explosion’ hasleadto anenormousiemandor networkedinformation,which hasin turn
placedenormougpressureninformationseners. Thedesignof high performancesenertechnologyhasthusbecome
ahottopicin computeiscienceln this papemwedescribehow ourexposureo alargereal-world applicatiorhasshaped
our responseo two key issuedor high performancebjectsenertechnologies—thenanagemensf complexity and
themanagemenf scale.

The AustralianBureauof Statistics’'BusinessRegister (BR) is an OODB applicationthat forms a registerof all
businessedn Australia. The registeris fundamentato much of the ABS’ economicsurwey actvity andis usedby
mary branche®f thelargeorganization Thebasisof theregisteris anobjectmodelthatreflectsthebusinesstructure
of all Australianbusinessesrom large multinationalsthroughto cornerstores. Thereareover 100,000,00®bjects
in the registerandit is constantlyupdatedboththroughoperatordrivendataentry andthe batchprocessingf data
from othergovernmentagencies Specificrequirementsareacceptableesponsdime for interactive accesgor more
that100users)ong andshorttransactiorsupport,efficient storageandonline accesgo historicinformation,flexible
objectversionviews andschemasvolution support.

The challengesaisedby the BR aredominatedby the problemsof compleity andscale. Our responséo these
challengeshasbeenguidedby our view thatabstiactionhasa basicrole in addressingompleity andscale,andby
our useof Javaasanimplementatiorcontext.

In this papemwe reportnotonly ourapproachbut alsonovel technologicabutcomesvhich stemfrom ourexposure
tothechallengehighlightedby the ABS-BR. Theseoutcomesnclude: portableorthogonallypersistenfaza, asystem
for objectversioning,aproposafor schemaversioning,anda systemarchitecturdor scalableobjectsenersbasedn
aseparatiorf programmindanguagendstoragesystenconcernsTheseoutcomesreexaminedin thecontet of an
ABS-BRtechnologydemonstraterasmall-scalesersionof the ABS-BR built to testandshonvcasenew technologies
for high performancebjectseners.

1 Intr oduction

Thecommunicationsevolutionhasmadepossibleheexplosive growth in theinternetcurrentlybeingwitnessedThis
growth hasleadto a correspondingxplosionin demandor networkedinformationandhasthrown senertechnology
underthe spotlight—itscapacityfor scalability and robustnessiow the subjectof greatscrutiry. While relational
technologyhasan importantrole to play in someapplicationdomains,there are otherswhere object technology
is bettersuited. Soit is that the high performanceobject sener technologyhasbecomeextremelyimportant, any
adwancein the utility andscalabilityof suchsystemseingof directrelevanceto alargeandrapidly growing market.

It wasin this settingthat we begana projectwith the AustralianBureauof Statistics(ABS) to examinetheir
BusinesRRegister(BR) applicationwith a view to exposingusto alarge ‘real world’ problem,andallowing the ABS
to seesomethingdf whattheresearcltommunitywasdoingto addresshe sortof problemshey werefacing. Through
discussionsvith programmers&ndmanagerdrom this large projectwe wereableto geta view ‘from the coal-face’
of someof the major problemsfacedtodayby implementerof large-scaleobjectsener applications.We werethus
providedatoncewith botha sourceof motivating problemsanda testinggroundfor ourideas.

Our exposureto the ABS-BR led to the identification of two major barriers: compleity and scalability. We
approachetheproblemghattheseraisedthroughatwo-level stratgy which involvedthe useof abstractionata high
level andthe useof Javaat animplementatiorievel. Abstractionsenesto separateoncernsandreducecompleity,
bothof which aid scalability Our choiceof Jaraasanimplementatiorervironmentwasbasedn mary of its popular
featuresput aboveall, onits capacityto be semanticallyextended—deaturethatallowedusto efficiently andportably
realizeour strategyy of compleity reductionthroughabstraction.



Part of our goalin working with the ABS wasto provide us with a context for testingandanalyzingour ideas.
It wasin this light thatwe built the ABS-BR demonstratorThe demonstratoimplementsa cut-davn versionof the
ABS-BR over syntheticdatd, usingorthogonallypersistentlaza (OPJ)with orthogonalversioning.Theseextensions
to Java were developedby our researchgroup and utilized underlying storesbuilt to the PSI[6] storageinterface
by the group. The outcomesof this majorimplementatiorexperimentis reportedin somedetail laterin this paper
Sufiiceit to sayherethatthroughthe abstractiongrovided by orthogonalpersistencandorthogonalversioning,our
implementationvas enormouslysimplified. As to whetherour objectveswith respecto scalabilitywere met, it is
harderto sayaswe werenot ableto replicatethefull ABS-BR for avarietyof reasons.

The remainderof this paperis structuredasfollows. In section2 the ABS-BR applicationis describedandkey
challengeghatit raisesare discussedSection3 outlinesour approacho the challengef compleity andscalein
termsof a high level stratgy basedon the useof abstractionand animplementationstrategy basedon the use of
Java. Thisis followedin section4 with adiscussiorof four key technologiesisedto addresshe ABS-BR challenges:
orthogonallypersistentlava, orthogonalersioning the semanticextensionframework for Java, andPSlI,a persistent
storageinterface. Section4 concludeswith a descriptionof our ABS-BR demonstratowhich demonstratethe use
of the aforementionedechnologiesn a scaled-dan implementatiornof the ABS-BR. In section5 we analyzethe
performancef the ABS-BR demonstratoanddiscusghe implicationsof thelessonsf the ABS-BR, particularlyin
thecontext of the ODMG standard5, 12).

2 The ABS BusinessRegister

The ABS BusinessRgjister (BR) is a register of all businessedn Australia, from transnationald¢o cornerstores.
TheBR is currentlyimplementedusingOODBMS technology eachbusinesdeingmodeledaccordingto a complex
schemahatreflectsreal-world businessstructure,including conceptssuchaslegal entities,enterprisegroups,loca-
tions,etc. Key issuedor the BR includescalability, compleity, reliability, change manayementandheteogeneityof
computationaérnvironment.

Scalabilityconcernsnclude: storage—thelatabaseurrentlyhasover 100,000,00@bjectsusingmorethan10GB
of storagespaceprocessingapacity—thesystemmustbe ableto respondo queriesin atimely mannerandbe able
to batch-procestarge quantitiesof datafrom externalsourcesandexternallO—a large numberof externalclients
mustbe supportedsimultaneously

Thecompleity of thedatabasés evidencedoy alargeschemandtheneedo presereinformationaboutcomplex
statisticaldatadependenciesThis compleity is exacerbatedy the difficulty of maintainingpersistent-to-transient
datamappings,andthe demandsf explicit storagemanagemengalloc/free). As a centralresourcefor the ABS'’s
economicstatisticsthereliability of thesystems of paramountmportancdrom the perspectie of bothdataintegrity
andavailability.

Changemanagemenplacesconsiderablelemandn the systemat a numberof levels: the capacityto dealwith
long transactiongupdatetransaction®n large companiesantake mary daysby virtue of the complexity of thedata
entry task); the needfor objectinstanceversioningto allow for retrospectie queriesand changesandthe needfor
schemaversioningin orderto supportschemachangeandretrospectie useof thedataandassociatedchema.

The BR mustdo all of thisin supportof a wide rangeof users,ncluding systemoperatorsdataentry personnel,
andstatisticianavho exist within a disperseneterogeneousomputingervironment.

2.1 KeylssuesRaisedby the ABS-BR

The challenge®of the ABS-BR andthedifficultiesfacedby the ABS in realizingandmaintaininga solutionindicate
a numberof issueghatwe seeasbeingof broadrelevanceto high performancebjectsener technology It is these
issuesthat have beenthe focusof our researcheffort centeredaroundthe ABS-BR. Of these the first four relateto
systenrequirementshatledto significantcomplexity for the ABS-BR applicationprogrammerswhile thelastrelates
to scalability The challenge®f the ABS-BR canthusbe broadlyclassifiedasthoseof compleity andscalability.
Figure 1 illustratessomeof the importantconceptsn the ABS-BR. Historic snapshotsre globally consistent
snapshotof the BR which definethe resolutionat which historical queriesare made. The commonframeis the
currentstableview of the BR (typically correspondingo the lasthistoric snapshot).The currentview is the view of
the databaséhat includesall updatessincethe last historic snapshot.Dependensource feedbak refersto updates
thatin someway area functionof the databaséself (e.g. wherechangen the databasériggersthe collectionof new

Lstrict privagy legislation preventsus usinglive ABS data. We were thereforerestrictedto the useof a syntheticfacsimileof the Business
Registerdata.
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Figurel: The ABS-BR shawing historic snapshotsa ‘commonframe’, long andshorttransactionsandan example
of dependensourcefeedback.

dataitemsfor the database)Suchdataitemsconstitutea feedbackoop andthereforemustbe excludedfrom certain
statisticalanalysesLong andshorttransactionsredepictedwith respecto differentviews of the BR.

2.1.1 Needto ReducelmpedanceMismatch

Many OODBMS systemsexposeapplicationprogrammergo the existenceof transient(in-memory)and persistent
(database}opiesof the samedata. In somecasesthe OODBMS only maintainsthe persistentcopy, leaving the
programmemvith the taskof managingmappingsbetweenandcoherenyg of persistentandtransientcopies. While
thetransientcopy is usedfor implementingandrealizingtheapplicationlogic, the persistentopy mustbe maintained
in orderto ensurethat changesare madestable,that transactionasemanticsare obsened, and to facilitate inter-
transactionatlatasharing. This addssubstantiacomplexity to the programmets task, sometimesdoublingthe size
of the schemgwith transientand persistentanalogue®f eachclass). In the caseof the ABS-BR, this issuewasa
major causeof implementatiorcompleity. An ervironmentthatallowedthe programmeto abstracovertheissueof
persistenstoragananagementwould greatlysimplify thetaskof the applicationprogrammer

2.1.2 Needfor Automatic StorageManagement

Discussionsvith ABS-BR’s applicationprogrammersevealedthatstoragemanagemer(@alloc/free) particularlywith
respecto persistentlata,wasa major causeof compleity. Indeedthe compleity wasso greatthatthe problemof
storageareclamatiorwasdeferredwith theconsequencthatthedatabasgren monotonicallyataratein theorderof 1
GB/month.Theadditionalcostof disk storagevasdeemednsignificantwhencomparedvith the programmingeffort
neededo (safely)addressheintricateandcomplex problem.Unsurprisingly the possibility of supportfor automatic
storagemanagementhroughthe useof garbagecollection)wasgreetedvith enthusiasniy the ABS-BR application
programmersve spole to.

2.1.3 Needto Support Historical Versioning

An importantrequirementof the ABS-BR is that it supporthistorical queries. Furthermore additional statistical
requirementsuchasthe needto avoid dependensourcefeedbackaddto the compleity of historicalqueries.In the
context of theserequirementsQODBMS supportfor versioningwasdeemednadequateandversioningsupportwas
built in explicitly at the applicationlevel, substantiallyaddingto the compleity of the application. Not only must
the applicationmanagepersistenandtransientcopiesof objects(section2.1.1),but multiple versionsof the object,
eachwith its own persisteneindtransientcopies. All of thesemary instanceswhenviewed at an appropriatdevel
of abstractionamountto a singleobjectseenin differing contexts. Unfortunatelythe applicationprogrammeiis not
affordedthis simple,abstractyview. Insteadthey mustdealexplicitly with the mary differentfacesof the sameogical
object.A programmingervironmentthatcould provide theprogrammersvith alevel of abstractiorwheresuchdetails
wereonly exposedwhennecessaryould againsubstantiallyreducethe complexity of the application.



2.1.4 Needto Support Long Transactions

Updatingtherecordsfor alargecompairy in the ABS-BR cantake daysof data-entrytime, andyet suchupdatesnust
occurtransactionallysothereis a clearneedfor long transactionso bewell supported.n the ABS-BR, application
programmersopy dataout of thedatabaséto atemporaryspacgcalledthe ‘work in progressor WIP store)for the
durationof thelong transactiorin orderto avoid lock conflict problems.At the end of the long transactiorupdated
datais broughtbackinto the databaseThis is a pragmaticsolutionto the problemof dealingwith long transactions
without inbuilt supportfrom the underlyingOODBMS. However, this solution doesnot scalewell and by-passes
the OODMBS’ transactionalsolationby taking dataoutsideof the OODBMS’ scope.ldeally the OODBMS would
provide anabstracsolutionwherebythedistinctionbetweeroperationaithin along transactiorandotheroperations
would only be evident from the context—the samequeryand updatecodeexecutedin the differentcontects would
have the appropriatesemantics.The programmeishouldnot have to be exposedto long transactionavhenwriting
applicationlogic.

2.1.5 Needfor Scalability

A systemlike the ABS-BR placesenormousdemandon scalability In large part, the performancelemandof the
ABS-BR canbe characterizedn termsof throughput.In principle, this shouldallow the applicationprogrammetto
beheaily insulatedrom the scalabilityissue the onusfalling on anunderlyingOODBMS capableof executinguser
gueriesattherequisiterate. In fact,the ABS-BR programmersvereheavily exposedo the questionof scalabilityas
issuedike locking stratgjiesandtheirimpacton performancecameto the surface. The challengethereforeexists to
build OODBMSsystemsapablef scalingwhile insulatingits userdrom themechanismesritical to thatperformance.

3 ApproachingA Solution

Having discussednajorchallengesaisedby the ABS-BR project,we now go onto describeour approacto address-
ing them. The approactis two-pronged.At the conceptualevel, our approactrestson the power of abstractionasa

tool for conqueringcomplexity, while atamorepracticallevel we dependntheuseof Javaasapowerful ernvironment
for constructinga solution.

3.1 Abstraction asa Tool

The enormousomplexity of a large objectdatabaseapplicationlike the ABS-BR is a productof the intersectionof

multiple domainsof complexity. While the complexity of the essentiabystemthat the ABS-BR seeksto modelis

moderatesecondaryssueghattheapplicationprogrammemustdealwith suchaspersistencehistorical versioning

andscalabilityconcernsappeato impactonthesystencompleity in amultiplicativeratherthanadditve manner By

separatingoncernandproviding abstractionsheapplicationprogrammers ableto focusontheprimaryobjectve—
thecoreapplicationlogic. It is for this reasorthatwe seeabstractiorasthe key to conqueringhe complexity of such
applications Furthermoreabstractiorcanbeakey to addressingcalabilitythroughthecleanseparatiorf application
andstore-level scalabilityissues Thefollowing sectiongetailthreeimportantapplicationsof this approach.

3.1.1 Orthogonal Persistence

As notedin section2.1.1, the compleity of the ABS-BR implementationis in large part a consequencef the
impedancemismat betweerthe programmingervironmentandthe underlyingstorageechnology Thisimpedance
mismatchis manifestin comple« mappingsetweenpersistenandnon-persistentlassesandinstancesWe seethis
asaprimeexampleof the needfor abstraction—abstracticover persistence—ande seeorthogonabpersistencasa
solutionto thatproblem.

Orthogonallypersistensystemsare distinguishedrom other persistensystemssuchas objectdatabaseby an
orthogonalitybetweerdatauseanddatapersistenceThis orthogonalitycomesasthe productof theapplicationof the
following principlesof persistenc@4]:

Persistencelndependence Theform of a programis independensf thelongevity of the datawhichit manipulates.
Data Type Orthogonality All datatypesshouldbeallowedthefull rangeof persistenceifrespectve of their type.

Persistenceldentification Thechoiceof how to identify andprovide persistenbbjectsis orthogonalo the universe
of discourseof the system.



Theseprinciplesimpart a transpareng of persistencérom the perspectie of the programminglanguagewhich
obviatesthe needfor programmer$o maintainmappingsbetweerpersistenandtransientdata. The samecodewiill
thusoperateover persistentindtransientdatawithout distinction. The third principle stateshatall datarequiredby
computationwithin somesystemwill implicitly persist. This infers a form of transitve persistencandan implicit
ratherthanexplicit modeof identifying persistentlata. A consequencef this is thatorthogonallypersistensystems
provide automaticstoragemanagementhroughthe useof garbagecollectionwith respecto the implicit persistent
rootsof the system—thusddressinghe secondkey issueraisedby the ABS-BR (section2.1.2).

The abstractiorover storageprovided by an orthogonallypersistenimplementatiorervironmentwould thusfa-
cilitate substantiallysimplifiedconstructiorfor the ABS-BR throughtheremoval of thelanguage/databagmpedance
mismatchandthe introductionof automaticstoragemanagementBy greatly reducingimplementationrcomplexity,
theuseof orthogonabersistencevould alsohave the significantsideeffect of reducingmaintenanceosts.

While orthogonabersistenc@rovidesa nice solutionto the problemathand,in factthereexist few implemented
orthogonallypersistensystemsand,until now, nonewhich are capableof adequately\supportingmary of the other
demandf the ABS-BR suchastransactiorandversionsupport.Thefilling of this gapwith a portableorthogonally
persistenflava (OPJ)[21] hasbeena majorfocusof our researctgroup,andis the subjectof section4.1.1.

3.1.2 Orthogonal Versioning

Theconcepbf orthogonapersistencayhichhasbeenunderdevelopmensincetheearly1980shasanaturalanalogue
in ‘orthogonal versioning’. While orthogonalpersistencallows the programmerto abstractover the concernof
persistencegrthogonalersioningabstract®verversioning.This allows the programmeto write codewithoutregard
to theissueof versioning exceptinsofar asthatthe programmefindsit desirableto explicitly do so.

In concreteterms,a programmendesigningandbuilding a classfor the businessegisteris ableto focuson the
businesdogic, ignoringtheissueof versions At somehighlevelin theBR implementationmeansvould be provided
for allowing the BR userto definea versioncontext (‘now, ‘lastquarter, ‘Q2 2000, etc.). Operationsoverthe BR
would thenbe executedusingthe samecode from the sameclassesin the new context specifiedby the user The
implementatiorcodethusremainsabstractvith respecto versions gxceptat the few pointswhereit is desirablefor
theversioncontext to be explicitly set,yettheentireBR operatewith respecto fully versionedpersistentiata.

Thefirst two principlesof orthogonabersistencéave obviousanalogiesn orthogonalersioning:

Version Independence Theform of a programis independenof the versionof the datawhich it manipulates.
Data Type Orthogonality All mutabledatatypesshouldbeallowedto beversionedjrrespectve of their type 2

A meaningfulimplementatiorof the conceptof ‘versionindependencahustprovide transparensupportfor con-
figuration management in orderto facilitate transparenticcessto and manipulationof a consistentcollection of
componentersionsof a complex object. Theimportanceof configurationmanagementhiasbeenwidely recognized
in areassuchas CAD, CASE andweb documentmanagemensystems.One of the consequencegf configuration
managemensupportis the needto be ableto transparenthygeneratenew versionsof anobject. For example,a new
versionof anobjectmustbe createdhefirst time the valueof the objectis updatedwithin the scopeof a new configu-
ration. Thatis to saythatversionsarenotgeneratedor eachupdateto anobject,but rathernew versionsaregenerated
atthegranularityof theinstantiationof new configurations.

To theauthors’bestknowledgethe concepbf ‘orthogonalversioning’is new andpreviously unimplementedOur
implementationof orthogonalversioningin the context of Java andits applicationto the BR demonstratoare the
subjectof sectionst.1.2and4.4respectiely.

3.1.3 Abstracting over Distrib ution and Storage Technology

Ideally, an applicationdevelopershouldnot have to be exposedto the particularsof systemarchitectureandstorage
technology Whetherthe technologyusedto deliver requisiteperformances uni-processqrSMR clusteror some
othertechnology it shouldbe transparento the programmerimplementingthe businesdogic of the application.
Lik ewisethe applicationprogrammeishouldnot needto be concernedvith the choiceof vendorfor the underlying

2The principle of DataType Orthogonalityappliesonly to mutabletypesasthe conceptof versioningmakesno sensexceptwherethe object
maybe mutated. Anotherway of looking atthisis thatimmutabletypesaretrivially versionedput becausé¢he objectsareimmutableandtherefore
never updatedall ‘versions’of the objectpresenthe samevalue.

3Theterm‘configuration’is usedto denotea consistenview of asetof versionedbjects.This is analogouso the concepiof a ‘release’in the
context of a software managemensystem—asoftware releasecorresponds$o a consistensetof files eachat a particular(but typically different)
pointin their own versionhistory



transactionaktore. Of coursean orthogonallypersistentdevelopmentervironmentwill abstractover the storage
technology However, theimplementepf theorthogonallypersistentervironmentill haveto facethisissue andtheir
approachwill impactontheflexibility of theendproduct. While developingthe orthogonallypersistenenvironment
reportedn this paper we werefacedwith theseissuef abstractionandour responséo themcenteredn the useof
PSI[6].

PSlwasborneout of anappraisabf the problemsinhibiting the developmentof high performanceorthogonally
persistensystemsandtheview thata separatiorof storageandlanguageconcernsvasanessentiabtepto alleviating
thoseproblems PSlthusrepresentanabstractiorover storageatalow level in theimplementatiorhierarchy Crucial
to the abstractiorover storageis the separatiorof scalability issuesassociatedvith the storefrom thoseassociated
with theapplication.This abstractiorthusplaysa centralrole in our goal of scalableobjectsenertechnologies.

A key featureof the PSlarchitecturds the conceptof a ‘single imagestore’. The singleimagestoreabstraction
allows a storagesystento be seemasuniform andsinglelevel, whenin fact,it maybeimplementedatdifferentlevels,
andin a distributedfashion. In the PSl architecture pbjectsare accessedlirectly througha cachewhich is shared
betweerstorageandlanguagdayers.The PSlinterfacemediatesaccesdso objectsin the cacheto ensurecoherenyg of
data. This mediationis donethrougha transactionamodeof operationwith all dataacces®ccurringin the context
of sometransactiorandsobeingsubjectto transactionasemantics.

The simplicity of the PSlinterfacemalesit possibleto efficiently add PSI complianceto transactionabbject
storagesystemsy addingathin interfacinglayer. A languagesystemthatworksto theinterfacecanutilize ary store
thatimplementghe PSlinterface,andsohasa greatdealof portability with respecto storageechnology

3.2 Java asa DevelopmentPlatform

Javais becominganincreasinglypopularchoiceof programmingervironment. Therearemary reasongor this,some
of whichwherebehindour decisionto chooseJara asthe basisof our ABS-BR demonstratoimplementatiorproject.
We view this choiceasa significantfacetof our approachandsoplaceit atthe samelevel asour discussioron the
role of abstractiorin our approach.

3.2.1 Leveraging Java’'s Attrib utes

Of Java’'s mary attributes threestandout asbeingparticularlyimportantin the context of the ABS-BR.

Usability As amodernobject-orientegrogramminganguage,Java providesits userswith numeroudeatureshat
enhancats usability, including type-safetyencapsulationautomaticmemorymanagemengtc. Furthermorerapid
adwancesin Java virtual machine(JVM) technologyallow thesefeaturesto be deliveredto the userwith rapidly
diminishingperformanceoverheadg4?2]. In the context of the ABS-BR theseusability concernsare significantwith
respecto the developmentandmaintenancef the ABS-BR application.At presenenormougesourcesredevoted
to developmentand maintenanceandissuessuchasthe lack of automaticmemorymanagemenin C++ areamong
thegreatestoncerns.

Portability  Anotherof Java’s mostoutstandindeaturess portability. Not only maycompiledJavacodebeexecuted
on ary platformfor which a JVM implementatiorexists, but micro-applicationg'applets’) may be transmittedfrom
client to sener acrossthe internet, executingon ary client platform that hasa JVM. This featureis particularly
significantin the ABS-BR contet, wherethe executionervironmentis strongly heterogeneousangingfrom large
Unix senersto desktopPCs,andis distributed (throughthe ABS WAN) acrossAustralia. In suchan environment,
a sener-orientedJVM could be run at the sener [2], while clientscould simply utilize Javaimplementationsvithin
their browsers. The ABS-BR implementationcould be built purely in Java, from the businesdogic right the way
throughto the GUI presentedo desktopusers.This would short-circuittheimpedancehat currentlyexists between
the Unix-basedC++/OODBMSsener applicationandthe Windows-basedlient-sideGUI application.

Concurrency Java’s supportfor concurreng is anotherkey featurein the context of the ABS-BR. Concurreng
is essentiato delivering sener-side performancebothin termsof throughputandresponsieness.In this setting,a
languagesuchasJavawhich hasstrongsupportfor concurreny is amajoradvantage Thedemandor highly scalable
JVMsfor justsuchapplicationshasleadto majorresearclefforts within industryto develophigh performancesener
JVMs capableof exploiting hardwareandoperatingsystenmsupporffor concurreng throughthreaddq2], amove which
seemdglestinedo deliver suchJVMs commerciallyin thevery nearfuture.



3.2.2 Java’s Capacity for Extended Semantics

In section3.1 we discussedhe importanceof abstraction as a tool for resolvingcompleity, and introducedthe
conceptof orthogonabersistencandorthogonalersioningaspowerful applicationsof this principle. Both of these
compriseorthogonalsemantiextensiongo the programmindanguage!n otherwords,thesemantic®f theprogram-
ming languagamustbe extendedo orthogonally(transparentlysupportadditional, semanticgin our casepersistence
andversioning). The orthogonalpersistencditerature[4] includesnumerougpapersaddressinghe questionof how
thesemanticof persistenceanbe orthogonallyintegratedinto a programminganguage.

Oneof the key breakthroughsn our questto build an orthogonallypersistentlava wasthe realizationthat Java
hasan extremely powerful capacityfor semanticextensionin its provision for userdefinableclass-loades. This
mechanisnallows a customclassloaderto bewritten (in Java), thatinterceptgandpossiblymodifies)classesasthey
areloaded.Thisallowsthelanguagéo besemanticallyextendedhroughtheuseof customclasdoaders.Significantly
this approachs portableasit doesnot dependon modifying the compileror the virtual machine.

4 Engineering A Solution

Having outlinedour approachwe cannow discussthe technologywe developedandappliedto our implementation
of a BR ‘demonstrator’. We begin by discussingour implementation®f orthogonalpersistencdor Java (OPJ)and
orthogonalersioningfor Java (OVJ). Centralto the developmentof eachof thesewasthe semanticextensionframe-
work (SEF)for Java, the subjectof thenext section.Finally we discussour useof PSlto abstracbver storageconcerns
which allowedusto implementOPJin a storageplatformneutralmanner

4.1 Orthogonal Persistenceand Versioning Through SemanticExtensionsto Java

In section3.1we arguedfor orthogonalpersistencandorthogonalersioningaspowerful examplesof simplification
throughabstraction.The realizationof eachof thesein the contet of Java dependson orthogonally extendingthe
semantic®f Java Thatis, thenormalsemantic®f Java mustbe preseredbut transparentlyextendedo supportnew
semanticgin our casepersistencandversioning).In the following sectionswe describethe natureof the semantic
extensionswe have madeto Javain orderto realizeorthogonallypersistentilava (OPJ)andorthogonalversioningfor
Java (OVJ). Sectiond.2 explainsthetechnologyusedto semanticallyextendJava in anefficientandportableway.

4.1.1 Orthogonally PersistentJava

Theprimaryfunctionof orthogonapersistencés to abstractover storage, allowing thesemantic®f objectpersistence
to becomeorthogonato all otherobjectsemanticsThis leadsto thefirst-ordergoalfor OPJof makingtransparenthe
movementof databetweenprimary andsecondarystorage providing the userwith the illusion of a single coherent
level of storage Of coursetherearemary second-ordegoalsandrequirement$or anorthogonallypersistensystem,
but a detaileddiscussiorof theseis beyondthe scopeof this paper The interestedeaderis directedto Atkinsonand
Morrison’sreview of orthogonabersistenc§4], anda detailedaccountof our OPJimplementatiori21].

While our OPJimplementatiofANU-OPJ)is not the first implementatiorof OPJ[3, 13], a numberof important
featuresmalke it unique: our implementatiorstratgly basedon the semanticextensionframework givesour imple-
mentationportability and accesdo the fastestlVM technology; ANU-OPJis fully transactionalANU-OPJhasa
naturaland cleanapproachto identifying persistenbjects. Thesedifferentiatingcharacteristiceomewith strong
performanceaesults(section5.1.2). In theremainderof this sectionwe briefly discussour aspectof the ANU-OPJ
implementatiorbeforeaddressingts limitations.

Read and Write Barriers At the core of ary orthogonalpersistencémplementationmust lie mechanismghat
transparentlyfetch datafrom storageon demandand transparentlywrite updatesbackto storagewhen necessary
Suchmechanismslependon readandwrite barriers—trapghat transparentlycatchuserattemptsto reador update
data.Efficientandtransparenimplementatiorof readandwrite barriersarethusessentiato any OPJimplementation.
Theapproachakenby ANU-OPJis in keepingwith our themeof transparensemantiextension.Java semanticare
transparentlyxtendedby theinsertionof byte-codeshatimplementthe barrierseachtime anattemptis madeto read
an object(e.g. throughthe getfield byte-code)or updatean object (putfield ). Theseadditionalbyte-codes
areaddedin a stack-neutramannerat class-loadime, a modified classloadertransformingevery getfield and
putfield byte-codeaccordingly The efficiencgy of this approactis largely a function of the virtual machine(VM)
technologyontop of whichit is used—acompilingVM will fold thesechecksinto a smallnumberof machinecodes,



while aninterpretve VM will besomavhatinefficient. Thebasicreadbarrierimplementatiorcomprisecf acheckto
seewhetherthe objecthadalreadybeenread.If the objecthadalreadybeenreadthennothingwasdone,otherwisea
call wasmadeto the storagdayerto readthe objectin from storage.The basicwrite barrierconsistof the settingof
a‘dirty flag’ which waschecledat transactiorcommittime. Any ‘dirty’ objectsarewritten backto the storeaspart
of transactiorcommit. Implementingreadandwrite barriersfor all classesincluding systemclassesvasnot trivial,
nor wasit trivial to implementthe barriersefficiently. Detailsof the variousapproachesisedandtheir performance
areincludedin [21].

Persistenceldentification Themeansof identificationof persistenbbjectsis anotherimportantfacetof anorthog-
onally persistensystem. In mostsystemsknown ‘roots’ are usedasthe basisof persistencdoy reachability—agn
objectstransitively reachablefrom the ‘roots’ are implicitly persistent. While other OPJimplementationsaccom-
plish this by introducingexplicit userdefinableandretrievable‘namedroots’ [3, 13] , ANU-OPJtakesan alternatve
path,makingnon-transientlassstaticmembersmplicit roots. Any objecttransitively reachabldrom the staticclass
memberof a classis implicitly madepersistent. This approachseemsto be truer to the principle of persistence
independencésection3.1.1)asit allows any Jara codeto becometransparentlyimplicitly, persistentwithout any
modificationwhatsoger. The value of this featureis borneout in our experiencewith the ABS-BR demonstrator
(section4.4)whichwashbuilt from scratchwithoutexplicit concerrfor persistencen acorventionalJavadevelopment
ervironment,andyet ranpersistentlyasintendedwithout modificationoncethe non-persisteniava wasreplacecby
ANU-OPJ.

Concurrencyand Transactions Concurreny is of utmostimportanceo our motivatingexample the ABS-BR, and
yettheintermix of concurreng andpersistencéiasbeena major stumblingblock for orthogonabersistencé7]. The
root of the problemlies in the conflictingapproacheto concurreng traditionallytakenin the programminganguage
anddatabasdields. On onehandprogrammindanguagesypically adopt,for reason®f flexibility andexpressibility
a coopeative concurreng modelcenteredn the useof sharedvariables.On the otherhand,for reasonsassociated
with theneedfor coherenstability, databasasystemgypically adopta concurreng modelcenteredn the useof iso-
lation throughtransactionsThe‘chainandspavn’ transactiormodelpresentedh [7] providesaway out of adifficult
problent thatariseswhentrying to make anorthogonallypersistenervironmentfully transactionahndcapableof in-
ter (andintra) transactionatoncurreng. This modelis providedby ANU-OPJ,allowing usersto work in aconcurrent
andyetfully transactionaérvironment.Transactionaisolationis cheaplyensuredy ANU-OPJby leveragingJasa’s
existing class-loadeisolation. ANU-OPJensureshateachnew transactioris runin the context of a differentclass
loaderandJava ensureghat Java objectsremainisolatedon a transactionabasis. Transactionaguaranteegrovided
by theunderlyingstorearealsoleveragecby ANU-OPJto ensurehatcorrecttransactionasemanticareobsened.

Implementation Strategy Thekey to the ANU-OPJimplementatiorstratey liesin its useof thesemantiextension
framework, SEF (section4.2). The semanticextensionsembodiedby ANU-OPJ are injectedinto classesat class
loadingtime, thus giving normal Java programsorthogonalpersistencesemantics.This contrastsstrongly with the
dominantapproachof modifying the Java virtual machine which is motivatedby the performancegainsto be made
by building the semanticextensionsinto the virtual machineat the lowestlevel. Interestingly ANU-OPJis ableto

outperforman OPJbuilt usingthis approach(section5.1.2). This appeargo be the productof two factors. First, in

a compilingJVM, suchasonewith ajustin time compiler(JIT), the byte-codesaddedby the SEFarecompiledand
optimizedjust asthey arein the ‘built-in’ approach.Secondfor the ‘built-in’ approachto maintainits advantage,
the semanticextensionsmustbe ‘built-in’ to eachnew releaseof the parent]lVM—a demandingaskgiventhatthe

semanticextensionsmust be addedto the componentof the virtual machinemosttargetedfor improvement(the

interpreterand/orcompiler).

Limitations ANU-OPJis relatively young,andsoholdsplenty of scopefor improvement.Aside from performance
improvements ANU-OPJin its currentform alsoembodiesa numberof limitations. While mostof theseareminor,
its currentincapacityto make threadspersistenis at oddswith its claim to orthogonalpersistenceé However, we
believe thatthis problemcanbe relatively easily overcomeby borroving an approachusedin the context of thread
migration[15].

4The problemarisesbecausavhen all computationis transactionaknd inter transactionatoncurreng is desired,someform of nestingis
required. Yet, the basicbuilding block of transactions—thé&CID transaction14]—cannotbe nestedbecauseof a contradictionbetweenthe
atomicity of the parentandtheirrevocability of the child. For furtherinformation,see[7].

5This limitation is commonto the two othermajorOPJefforts [3, 13].



4.1.2 Orthogonal Versioningin Java

Objectversioningis a naturalconceptin mary object-orientedapplications.Versioningbecomesmportantin appli-
cationswherean exploratoryor iterative approactover the objectstorestateis neededIn the ABS-BR demonstratqr
we utilize objectversioningboth asa meanof facilitating queriesandupdatesagainsthistoricaldata,andasa prac-
tical meansof efficiently implementingong transactionsThis is all donethroughour implementatiorof orthogonal
versioningfor Java (OVJ), the subjectof the remainderof this section.

As with OPJ,0VJ consistsof semanticextensionsto Java, and like OPJ,0VJ utilizes the semanticextension
frameawork, SEF(section4.2) to realizethesesemanticextensions.Herewe describeOVJ asimplementecn top of
ANU-OPJ(sectiord.1.1above),althoughOVJ canbeintegratedinto othermodesof persistencsupportfor Javasuch
asanODMG-3transparenpersistencémplementatior(section5.2). Our OVJ doesnotdepencbn explicit supportfor
versioningwithin theunderlyingobjectstore.In fact,ourfirst implementatiorof OVJ washbuilt ontop of the SHORE
OODBMS[11], which hasno supportfor versions.

Versioned object O

Abstract view of O Configuration Q
1.0
(In the context of configuration 3.0)
Configuration Configuration
3.0 g 21
Configuration
9.0

Figure2: A versionedbjectin OVJ. Theusers perspectie (left) abstract®verthe comple versionhierarchy(right).
Theparticularversionof the objectseenby the useris animplicit functionof context (in this caseconfiguration3.0).

Figure 2 illustratesthe abstractiorprovided by OVJ, anddepictsthe relationshipbetweenversionsand ‘config-
urations’ (section3.1.2). In this example,the global environmentincludesmary differentconfigurationswhile the
depictedobjectonly hasversionsn four of these.The power of the abstractiorover versionsprovidedby OVJ is seen
in the left sideof the digram,which presentsa simpleview of the objectin a particularconfigurationcontet, while
theunderlyingsituation(which OVJ abstract®over)is the complec versiontreedepictedat theright. Theimportance
of a configurationcontext is thatit allows the denotationof versionsto beimplicit ratherthanexplicit, which is es-
sentialto our goalof transpareng Having established configurationcontet (perhapsmplicitly), usercomputation
proceedspbliviousto the issueof versions,over a normalobjectgraphwhichin factcorrespond$o someprojection
of aversionedbjectgraphinto the Jara heapspaceln theremaindeof this sectionwe discusfour majoraspectof
our OVJimplementation.

Runtime overhead An importantgoal in designingOVJ was minimizing the performanceémpacton objectsthat
arenaturallytransientandso areunafectedby versioning.Thisis achiezed by only applyingversioningto objectsat

thetime thatthey first becomepersistent. Any objectthatbecausef its transiencenever becomegersistentavoids
mostof the overheadassociateavith versioning.However, someoverheads unavoidable,evenfor transientobjects.
UnderOVJ all instance$ includeanadditionalfield thatis usedfor storinga referenceo versioninformationfor that
object,regardlesf whetherthe particularinstancds sufficiently long livedto be subjectto versioning.Additionally,

the readandwrite barriersof OPJareextendedslightly (all objectsaresubjectto the barrieroverhead).In addition
to theseoverheadsvhich areimposedon all instancesthoseinstanceghataresuficiently long-livedto be versioned
aresubjectto a small spaceoverheadhatis usedto link instanceghat correspondo differentversionsof the same
object. A runtimeoverheadnustalsobe paid on thefirst accesdo aninstancethat corresponds$o a specificversion
of anobject.

Orthogonality With Respectto Versioning and Persistence In orderto ensurethe persistencef all versioned
objects,in the context of OVJ, OPJ5s approachto defining persistentrootsis extendedby making all versionsof

6AlthoughunderOVJ all classesaresubijectto versioningin orderto maintainorthogonality the underlyingversioningframavork, which we
describehere,allows versioningto be scopedwith respecto somepartor partsof the Java classhierarchy



non-transienstatic classmembergoots (in OPJpersistencés definedin termsof reachabilityfrom the staticclass
members).In orderto meaningfullyfulfill the principle of versionindependence)VJ mustprovide transparensup-
portfor configuratiormanagementn otherwords,theremustbe meandor transparenthaccessingndmanipulating
a consistentollectionof componentersionsof a complex object. This approachprovidesa transparenandsimple
abstractiorover versioningby allowing the basicversioningclassedo be extendedandcustomized.The versioning
frameawvork on which OVJ is constructedalso providesa very generaland powerful approactto versioningthat has
applicationto mary differentcontexts, andthatneednot beastransparent.

The Configuration Hierarchy A configurationrepresents setof versionedobjectversions,eachconfiguration
containingno more thanone versionof a given object. Eachconfigurationexceptthe first hasa parent,and each
may have ary numberof children. Thus, a linked set of configurationscorrespondgo a n-ary tree, and a linear

sequencef configurationscorrespondgo a branch. In figure 2 a subsetof the nodescomprisinga configuration
treecanbe seenin the versiontree of objectO. While the very purposeof OVJ is to provide a meansof abstracting
overversions;jt is necessaryo provide the userwith someway of explicitly controllingthe configurationhierarchy

Minimally, suchcontrol might just involve a meansfor instantiatingnew configurationgakin to ABS-BR historical
shapshots).0OVJ also providesa much more powerful facility which allows the userto generateand manipulatea

configurationhierarchyin quite generalways, including branchgeneratiorand configurationtree navigation. The

currentimplementationdoesnot supportautomaticconfigurationmeiging (which derivesa new configurationby

meging two or moreexisting configurations) However, a specialclassof configurationexists, whoseinstancesnay
have morethanoneparentconfigurationconfiguratiormemgescreatecross-linksn theconfiguratiom-arytree).OVJ

alsosupportghe conceptof configurationfreezing’. A configurationmay be labeledasfrozen,with ary attemptto

write to amemberof thatconfigurationtriggeringanexception.

OVJ’sUnderlying Object Model In this sectionwe describesomethingof the modelunderlyingOVJ's implemen-
tation. While this detail is not exposedto the userof OVJ, it may sene to give the readera betterunderstandingf
someof theissuesfacedin implementingOVJ. The basisfor OVJ is a versioningframeavork which is implemented
by semanticallyextendingJava classest classloadingtime throughuseof the semanticextensionframework. For a
classto beversionedit mustbe (transparentlyby the SEF)eithermadeto inherit (directly or indirectly) from theclass
VersionView (or madeto implementtheinterfaceObjectVersioning ). Eachinstanceof Versionview includes
areferenceo a configurationinstanceandto the specificversioninstanceassociateavith the given configuratior.
(Suchaninstancecorresponds$o the objectat theleft of figure 2, whichin practicewould alsoreferto the configura-
tion instancecorrespondingo 3.0.) Eachof the specificversioninstancesreinstance®f anautomaticallygenerated
classcorrespondingo the baseclassof the object,but containingonly thosefields that mustbe madepersistentind
with theadditionof fieldsthatlink thevariousversionsof theinstancetheseinstancesorrespondo the gray objects
attheright of figure 2). This approactof dynamicallycreatingnew classesn a mannetthatis transparento the user
is commonto OPJ,andalthoughbeyondthe scopeof this paperis describedn somedetailin [21].

Versioning APl OVJ providesa versioningAPI for all objectswhichincludesthefollowing methods:

publ i ¢ ObjectVersioning getClosestVersion (String name);
publ i ¢ ObjectVersioning getCreateVersion (String name);
public voi d deleteCurrentVersion 0;

publ i ¢ Configurationinterface getConfiguration 0;

Thefirsttwo, getClosestVersion () andgetCreateVersion () , bothreturnaninstanceof theobjectcorrespond-
ing to the givenconfiguration (If the configurationdoesnot exist anexceptionis thrown.) If suchaninstanceversion
doesnot exist the first methodwill returnthe closestancestorandthe secondwill createa new version. The third
methodseparatethe associatedpecificversionfrom the otherversionsof the object. Thelastreturnsthe configura-
tion associateavith theinstancat is calledover.

4.2 SEF: The SemanticExtension Framework

Fundamentallyboth OPJand OVJ constitutesemanticextensiongo Java, in onecaseto supportpersistencein the
otherto supportversioning.We implementthesesxtensionghroughuseof the SemanticExtensionFramevork (SEF).

7An instanceof VersionView may alsoreferencea virtual configuation. A virtual configurationrepresentshe setof versionedobject
versiongthatsatisfya given condition. Virtual configurationgypically spana configurationsub-branch.
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The SEFis a generl framework that wasdevelopedafter our experiencewith ad-hocapproachesvhich we usedin
our initial implementation®f OPJandOVJ. Aside from its generality the SEFis distinguishedy its useof Jasa’s
classloadingmechanismwhich allows the extensionsto be applieddynamicallyand givesthe processportability.
Despiteits generality simplicity and portability, we shov in section5.1.2thatit canoutperforma solutionbasedon
directmodificationof the Java virtual machine.

4.2.1 SemanticExtension: Goalsand Implementation Constraints

The ‘write once, run arywhere’ philosophyhasbeencentralto the succesof Java. The approachwe have taken
to semanticextensionsis in keepingwith this philosophyof portability. While this could be viewed asa limitation
(restrictingthe programmeto the mechanismsefferedby standardlasa ratherthanextendingJava) it enablesmple-
mentationgo exploit the bestJava technologyavailable(asit canrunon ary virtual machineanduseary compiler).

A systenthatextendsthe semanticof Java shouldmaintainfundamentapropertiesof the languageandruntime
systemincluding: sepaate compilation dynamicclasslinking, modularity, and portability. Original languagese-
manticsmustbe maintainedin orderto presere the propertiesof separateeompilationand dynamicclasslinking.
New propertiessuchasfieldsandmethodsmay be addedto a classonly if the existing API contractsarerespected.
Furthermoreary semantiextensionsshouldcomplimentexisting semanticchangemechanisms,e. inheritanceand
overloading.

An importantobjective is thatthe semantiextensionscanbe dynamicallycomposed Many semanticextensions
suchasprograminstrumentatiorandprofiling arevolatile by nature. Thesesemanticextensionsshouldbe applicable
to othermore‘permanent'semantiextensionssuchasorthogonalpersistencer objectinstanceversioning.Conse-
guently the specificsetof semantiextensiondo be appliedmayonly be known at runtime,emphasizinghe needfor
dynamiccompositionof semantiaxtensionsin fact,it couldevenbe of interestto dynamicallyextendthe semantics
of classealreadyloaded(e.g. the dynamicinstrumentatiorof a programalreadyrunning). However, the JVM spec-
ification forbids modificationsof classesfterthey have beenloaded,sothe only possiblesolutionin this caseis the
useof amodifiedJVM with advancedsupportfor introspection.

4.2.2 SemanticExtension Thr ough Byte-codeModification at Class-LoadTime

Until now, efforts to extendJava’s semanticgo supportpersistenceould be classifiedin termsof two approaches:
thosethat modify the Java virtual maching[3, 13, 17], andthosethat usea modifiedcompileror post-processingp
producemodified byte-codeg16] (in somecasesoth approachesiave beenemployed). Thefirst approaciclearly
violatesour the goal of portability—thesemanticawill only be available on modifiedvirtual machines.The second
approachproducesortablebyte-codesbut requireseachproducerof semanticallyextendedcodeto have accesgo
a modified compiler or preprocessor Moreover, the compilationapproachprecludesthe dynamic compositionof
semantiextensions Byte-codegproducedinderthe secondapproachindelibly embedhe semantiextension,andso
arenolongerableto exhibit their original semantics.

Theapproachwe have takenis to transformbyte-codest classloadtime, atechniquethathasbeenusedin other
contets[8, 1], but until now hasnotbeenappliedin thecontext of persistenceTheapproachhasnumerousdvantages
including portability with respecto the target machineand portability of the users’byte-codes.(Unlike the second
approacHisted above, the byte-codemodificationshappeninsidethe JVM andso arenot visible to the useranddo
notaffectthe sourcebyte-codes)Thebasisfor thetechniquas Java’s supportfor the useof userdefinedclassloaders
which may modify the contentof a classfile beforeloadingthe classinto the JVM. Thevirtual machinewill applyall
of theusualchecksto the modifiedclass.By usinga userdefinedclassloaderto introducesemantichangestandard
compilersandvirtual machinesnaystill beused.

4.2.3 A Declarative SemanticExtensionLanguage

As we have saidalreadyour initial implementation®f OPJandOVJ weremadeby constructingcustomclassloaders
thatmadead-hocbyte-coderansformationsThis experiencewith anad-hocapproackdirectly motivatedthe devel-
opmentof the SEF, which hasbeenusedasthe basisfor our subsequen®PJandOVJ implementationsOur distaste
for the ad-hocapproactwasdrivenby mary factors but thefundamentabnewasthatbyte-coderansformationsre
difficult anderrorprone.A simplemistake duringthetransformatiorprocessandestry type safetyor the semantics
of the program,andmay leadto the byte-codemodified classbeingrejectedat classloadingtime. Sojustasacom-
piler raiseghelevel atwhich the programmeis ableto specifya programs semanticgthroughthe useof a high level
language)the SEFraisesthe level at which semanticextensionsmay be specified.In eachcasethe programmeiis
ableto avoid the complexity andhazardsof working attoo low alevel.
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The declaratve languageof the SEFis characterizedy a class-basedamingprotocolfor definingthe scope
of semanticextensionsandthe useof Java to specifythe semanticof the extensions. Thususersencodesemantic
extensionsn Java classesandthe namingof theclasseseflectsthe scopeof the extension.For example thesemantic
extensionsspecifiedin a classnamedjava$lang$Object$ will beappliedto all classeghatinherit from the Java
classjava .lang. Object .

Semantiextensioncanincludetheadditionof new fieldsand/ornew methoddo themodifiedclass(es)The SEF
hasa corventionfor addingspeciallynamedmethodsthat function as‘triggers’. Trigger methodsareautomatically
invokedonthe occurrencef certaineventssuchasfield accessesrrayaccessesnethodinvocations andparameter
loading. Both ‘pre’ and‘post’ triggersare supportedallowing the trigger methodto be executedeitherimmediately
before or immediatelyafter executionof the triggering event. Trigger methodsare definedthroughthe useof a
simplenamingcorvention—pre$getfields () identifiesa methodwhichwill beinvokedprior to any executionof
agetfield  byte-coden classedalling within the scopeof the extensiondefinition (similarly post$putfield$ 0
will beinvokedafterany executionof aputfield ).

public class java$lang$Object$ {
protected final java .lang .Object pre$getfield$ 0 {
i f(Tracer .showAccess (this))
System .out .printin ("Going to access object "+this),
return this;

}
}

Figure3: A declaratiorof aparametricsemantieextensionto achieve trivial instrumentation.

Theseconceptareillustratedin figure 3. The nameof the class(java$lang$Object$ ) indicatesthatthe scope
of the semanticextensionis the classjava. lang.Object  andall of its sub-classesThe semanticof the extension
arelimited to a single methodpre$getfield$ , Which, as a specialtrigger method,will be invoked immediately
prior to the occurrenceof ary getfield  byte-codein ary classwithin the scopeof the extension. In this example,
thetriggerinstrumentsa tracemessagewith the showAccess methodof theclassTracer dynamicallydetermining
whetheror notthe messagevill appear

The semanticextensionframework is invoked eachtime a userclassis loaded. This actiontriggersa special
semanticextensionclassloaderto searchfor andload ary semanticextensionclasseghatareapplicableto the user
classbeingloaded(accordingto the scopingrulesalreadydescribed).The semanticextensionclassloaderrelieson
the samevisibility rulesasall otherJava classloaders.This meanghata whole suiteof semantiaxtensionsmay be
‘turnedon’ or ‘turnedoff’ by simplyincludingor excludingthe pathcontainingextensionclassegrom theclasspaths
visible to the JVM (which canbe donetrivially eitherby changinghe CLASSPATHernvironmentvariableor by setting
the-classpath  optionontheJVM commandine).

4.2.4 Further Implementation Issues

A detailedaccountof the SEF andits implementationis beyond the scopeof this paper—the interestedreaderis

referredto [21]. However, we will briefly mentiontwo implementatiorissues.Thefirst of theseis the way thatthe
SEFdealswith systemclasses.Becauselava systemclassesare not directly modifiable,the SEF usesa proxying
approachwherebyreferencedo the target systemclassaretransparentlyedirectedo a proxy for the systemclass.
Althoughthe SEFcannotmodifyary of the systemclassmethodsthe proxy mechanisntanbe usedto redefineary

of the methods calling backto the unmodifiedsystemclassif desired.Extensiongdefinedwith respecto a system
classare,of courseappliedto ary classthatinheritsfrom the systemclass(asseenin the examplein section4.2.3,
wherethe pre$getfield$ triggerwill be propagatedo all userclasses).The secondmportantissueis the impact
of the SEFon Java’s introspectiormechanismsBecausdhe SEFrewrites classesandin mary casegjeneratesien

classesmethodssuchasgetClass () mayreturnunexpectedresults.Fortunatelysuchconfusingside-efectscanbe
automaticallyrectified by the SEF by semanticallyextendingJava’s introspectionrmechanismso reflectthe desired
behavior.

4.3 PSI: Abstracting Over Storage

By abstractingover storage the applicationdeveloperis freed from explicit concernfor the characteristicof the
underlyingstoragearchitecture—whethehesystems scalabledistributed, whattheinterfaceof theparticularsystem
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is, etc. Furthermoreasthe demandof the applicationchangethe choiceof mostsuitablestorageplatform may also
change If theapplicationthrougha layerof abstractionhasbecomendependenof the particularstorageplatform,
the storagesystemmay be changedvithout perturbingapplicationcode. In this sectionwe identify PSI,whichis an
instantiationof thetransactionalobjectcachearchitecture.

Centralto the architecturds the cache, to which the underlyingstore,the languagerun-timeandthe application
may have directaccess.A transactionalinterface mediatesthe movementof datain and out of the cache,giving
thelanguageun-time (andthroughit the application)transactionajuaranteesf atomicity, isolation,cohereng and
durability with respectto its accesseto the cache. A layering of storageand programminglanguageconcernss
explicit in thearchitecture.

The explicit acknavledgemenbf the centrality of the cacheand the provision for mediateddirect accesdo it
contrastawvith otherarchitecturesor persistensystemg22, 23] which provide the abstractiorof a ‘persistentheap’,
implementedvith arelatively expensve procedureall interfacefor dataaccessThisaspecbf thetransactionabbject
cachearchitecturemakesit far moreconducveto high performanceémplementationshansuchalternatves.

By providing anabstractiorovertheobjectstorethroughlayering,thearchitectures transparento thedistribution
of the underlyingstore,andcoupledwith the concurreng control deliveredby the transactionainterface,facilitates
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Figure4: Client sener (left) andclient peer(right) realizationsof the underlyingobjectstore. The abstractiorover
storearchitecturgorovided by the transactionabbjectcachearchitecturegivesdistribution transparengto the client
applicationandrun time system.PSlis aninstantiationof the RTS/storeinterfacevisible ateachnode.

the implementatiorof multi-userclient-sener or highly scalablemulti-processoimplementationsndependentlyof
thelanguageuntime/applicatior6]. We characterizéhis propertyof distribution transparengfrom the perspectie
of theruntime andapplicationwith thetermsingleimage store.

4.3.1 PSI: A Transactional Object Cachelnterface

At the heartof the transactionabbjectcachearchitecturds aninterfacebetweenthe languageandstorelayersof a
persistensystem.A realizationof the architecturds thusdependenon the identificationof a suitableinterface. To
this endwe have developedPSI, a softwareinterfacedefinition[6].

In designingPSI,we soughtto balancea numberof objectives:to flexibly supporttheneedsof persistenprogram-
ming language$PPLs);to stronglyseparatstorageandprogrammindanguageconcernsandto admitsmallandfast
PPLimplementationsThis combinationof objectvespresented constrainedrade-of spacdor theinterfacedesign,
within which PSlrepresentfustonepoint.

The underpinningfor the PSI definitionis an abstractiorof the transactionabbjectcachearchitecturd6]. The
abstractioris basedon threedistinctfacetsof the behaior of the transactionabbjectcache:stability, visibility, and
availability. A numberof abstracbperationsverthe storesuchasReadIntention, Writelntention, andCommit are
identifiedandtheir semanticglefinedin termsof the threeaborementionedlomainsof behaior. The well-defined
semantic®f theseprimitiveswerethenusedasthe basisof a definitionof the semanticdor eachof the PSicalls.

Having definedthe PSlinterfaces we have constructedindingsto the SHOREOODBMS [11] andto Oracles
objectcacheandrelationalinterfaces.In addition,a high performancebjectstoreunderdevelopmentwithin our lab
alsohasa PSlinterface. Thusthe scalabilityof the ABS-BR demonstratois in large parta function of the choiceof
underlyingstoragesystem.
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4.4 Implementing the ABS-BR Demonstrator

Recallthatourgoalin theABS-BR projectwasto exposeoursehesto alarge‘real-world’ problemandthento develop

andtestnew technologiesn the context of thatproblem. The ABS-BR andthe challengeghatit givesriseto arethe

subjectof section2, andin section3 we discussedan approachbasedon the use of abstractionasa methodology
and Java asan implementationcontext. In the precedingportion of this sectionwe have outlined the development
of technologiesvhich put our approachinto practice. We cannow discussthe implementatiorof a first prototype
of the ABS-BR demonstratqrwhich is a realizationof key component®f the ABS-BR usingthe aborementioned
technologies.
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Figure5: Userinterfaceof the OPJ/0/J-basedABS-BR demonstrator Shovn arethe startupwindow anda query
window displayinga setof compary hierarchieghatsatisfya userquery

Thedemonstratois built in JavaandusesOPJandOVJ for transparensupportfor versioningandpersistencand,
throughOPJ,usesPSI to gain portability with respecto, andleveragethe scalability of, the storageback-end.The
applicationhasauserinterfacebuilt usingSwing(figure5), andallowstheuserto: navigatethe BR’s corebusinesaunit
hierarchy;create queryandupdatecompary information; usebothlong andshorttransactionsandaccessistorical
snapshotsf thedatabase.

The demonstratowas constructedver a periodof four monthsby a single programmer The systemis written
entirelyin Javaandwasdevelopedusinga popularintegrateddevelopmengernvironment.Becausef the orthogonality
of OPJandOVJ, the codeis pureJava andis devoid of the explicit persistencendversionmanagementodewhich
aredominantcontributorsto the compleity of theoriginal ABS-BR. In theremaindeof this sectionwe discusghree
significantaspect®f the demonstratoimplementation.

4.4.1 Implementation of Long Transactions

Long transactionsrevery importantto the ABS-BR becausaipdatego large companiesantake daysof data-entry
time. As discussedh section2.1.4,in theabsencef supportirom the underlyingDODBMS, thisneedis addresseth
the ABS-BR by copying dataout of the databasénto anexternalspacecalledthework in progresgWIP) storefor the
durationof the updates.This pragmaticapproachs far from idealbecausét doesnot scalewell (all datausedmust
be copied),andit bypasseshedatabase'transactionamechanisms.

Our solutionis to view long transactionsas an applicationof object versioning. Looked at this way, a long
transactiongorrespond$o a branchin a configuratiorhierarchyandthe commitof along transactiorcorrespond$o
a configurationmerge (bringing the branchbackinto the main-line). Becausea branchin a configurationhierarchy
is a logical duplicationof the database(short)transaction®peratingover the mainlineandbranchwill not conflict
andso canoperateconcurrently Yet becausehe duplicationis logical ratherthan physicalno unnecessargopying
occurs. Operationswithin the long transactiorare composef normaltransactionsvith respecto the appropriate
configuratiorbranchof theobjectdatabaseUsingthisapproachauserquerycanoccurconcurrentlyto along-running
updateto oneof the companiegjueriedwithout conflict. While in generabranchmermgescangenerateonflict which
must be manuallyresohed, conflict resolutionis avoidedin the ABS-BR prototypeby using a simple systemof
high-level locksto ensurethat(rare)conflict-generatingransactionslo not executeconcurrently
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Becausethis solutionis basedon the useof versioningthroughOVJ, asidefrom calls to startandend a long
transactionit is completelyorthogonato usercode.

4.4.2 Implementation of Historic Versioningand DependentSource Feedback

Theneedfor historicalversioningis a key requiremenbdf the ABS-BR (section2.1.3andfigure 1). In particular the
ABS-BR hasthe conceptof ‘historic snapshots(globally consistentistoricalviews of the database)and‘common
frames’ (meansfor retrospectiely updatinghistorical data). Both historical snapshotsand commonframeswere
trivially implementedhroughthe applicationof OVJ’s configurationmanagemerfieatures.Branchedconfigurations
areanaturalsolutionfor theimplementatiorof historicsnapshotsAny configurationin theinitial branch(main-line)
is a historic snapshotgxceptfor thelastone. A configurationstatusis frozenoncea descendentonfigurationin the
samebranchis created A commonframecorrespond$o anew branchcreatedo allow changego a historicsnapshot.

OVJ’s configurationmanagemenélso provides a solutionto the problemof dependensourcefeedback(sec-
tion 2.1.3). ‘Virtual configurations’allow configurationso be definedconditionally andsoin the caseof dependent
sourcefeedback DSF),virtual configurationgsectiord.1.2)canbeusedto exclude(or include)objectversionswhich
areaffectedoy DSFfrom ary query?.

5 Analysis

The goal of the ABS-BR demonstratowasto provide a context for evaluatingthe technologiesve have developed
andtheapproachethatthey embody This sectionfocuseson thatevaluationandconcludeswith a brief discussiorof
alternatve approacheanddirectionsfor future work.

5.1 Evaluation of the ABS-BR Demonstrator, OPJ and OVJ

An evaluationof the ABS-BR demonstratomustincludeboth qualitative andquantitatve aspect®f boththedemon-
stratordevelopmentandthe underlyingtechnologies.

5.1.1 Productivity

In large partABS-BR productvity concernsstemmedrom a high degreeof codecomplexity inducedby persistence,
versioning,andexplicit memorymanagementWe briefly analyzethe ABS-BR andthe demonstratowith respecto
two aspect®of overall productvity—developmenandmaintenanceosts.

Development The ABS-BR wasdevelopedusingstateof the art commercialOODBMS technology The develop-
ment,including a detailedanalysisphasetook a teamof aroundfifteen programmershreeyears(45 personyears).
Thebusinesdogic of the applicationcomesto morethan90,000lines of C++ (notincludingthe graphicaluserinter-
face). Much of this is accountedor by the useof templatesor the generatiorof an objectversioningmechanism,
maintenancef explicit persistento transientmappingsandexplicit memorymanagemerthroughalloc /free .

By contrast,the developmentof the ABS-BR demonstratoprototypetook one programmeifour months. The
demonstratoimplementsthe core ABS-BR schemaand about25% of the total functionality in just 3,400lines of
Java. An additional3,050linesof JavaimplementanadvancedyraphicaluserinterfaceusingSwing (the GUI includes
supportfor draganddrop, hierarchicaldisplaysetc.). The easeof developmentwashighlightedby the factthatthe
first versionof thedemonstratowasdevelopedasa non-persisteniava applicationentirelyindependentipf OPJand
yetranpersistentlywithoutmodificationonceOPJbecamewailable®. Althoughthedemonstratodoesnotimplement
userhelp, datamigrationand othersuchperipheraffunctionality, the simplicity of the demonstratormplementation
indicateshattheuseof Java, OPJandOVJ facilitatesa substantiallysimpler(andthuscheaperflevelopmenprocess.

Maintenance While it is not possibleto make meaningfulcomparisongboutthe actual maintenanceostsof the
respectie systemstwo characteristicstandout as indicatorsthat maintenanceostsfor the demonstratomwould
likely be substantialljower thanfor the ABS-BR. First, the compleity of the codeis dramaticallyreducedyielding
substantiallyshorterandsimplercode.For example theclasscoreu  whichimplementgheimportantCoreUnitin the
BR application,s 3113linesof C++codein the ABS-BR and1213linesof Javain the demonstratorSincecodesize

8At thetime of writing, supportfor DSF-freequeriesthroughvirtual configurationss still underdevelopment.
90PJwasbeingdevelopedconcurrentlyandsowasnot availableuntil afterthe first demonstratoprototypewasready
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andcodecompleity arekey factorsin softwaremaintenanceosts,it seemdik ely thatthe demonstratocodewould
have appreciablylower maintenanceosts.Secondtheimplementatiorof versioningat the level of applicationcode
throughtemplatesaddsa greatdealto the complexity of the ABS-BR codeand, again,is likely to be a significant
ABS-BR maintenanceostthatwill notbeincurredby thedemonstrator

5.1.2 Performance

Ideally we would presentesultsdirectly comparinghe performancef the ABS-BR with thatof acompleteABS-BR
demonstratoimplementationHowever, while the demonstratocurrentlyimplementshe mostimportantfunctional-
ity for sucha comparisonit is not possibleto accessABS-BR sourcedata,andfor a variety of reasonst would not
be practicalto benchmarkhe ABS-BR againstsomeotherdatasource.Insteadwe evaluatethe performanceof the
key underlyingsystem—OPJThe primaryrole of OPJis asa persistenbbjectsystem sowe comparet hereagainst
anumberof alternatve suchsystemaisinga standardODBMS benchmarkQO7][9].

In theresultshatfollow, weincludeperformancdiguresfor ourfirst two implementationef OPJ(ANU-OPJ-shell
andANU-OPJ-ficade)eachof which useddifferentswizzlingpolicies[21]. Theresultsshav performanceroblems
for both systemwhenexecuting‘cold’ 9. In the caseof ANU-OPJ-shellwe attribute this largely to eagermemory
consumptiorfor the allocationof shell objectsin the swizzling process.Whereagor ANU-OPJ-facade we believe
thatthepoorresultsarelargely dueto extensie useof the Java Native Interface(JNI) andthe substantiatostincurred
on eachtransitionof the Java/C++interface. Additionally, someof the transformationsisedin the facadeapproach
may reducethe opportunitiefor codeinlining andoptimizationby thejustin time compiler(JIT) [21].

In both of theseimplementationshative methodswere usedfor the time consumingtasksassociatedvith read
barriers suchasobjectfaultingandreification. However, instrumentatiorof the systemdemonstratethatthe barriers
performedsubstantiallybetterwhenthe kernelof the barrierwasimplementedn Java ratherthanasnative methods.
This is attributed to the substantiabverheadof native methodinvocationandthe capacityfor the JIT to optimize
frequentlyexecutedcode.In futureimplementationsve hopeto substantiallyreduceour useof JNI andC++.

Benchmarking Environment We have usedthe OO7benchmarK9] to evaluatethe systemsTheresultspresented
herecomparethe performanceof ANU-OPJ(ANU-OPJ-shelland ANU-OPJ-facade) PJamd3] (versions0.5.7.10
and1.2), PSI-SSM(a SHORE-basedmplementatiorusing C++), and Java runningwithout persistenceThe PJama
implementationgreunableto take advantageof JIT technologywhereasANU-OPJcanleveragethis technologyto
producecompetitive performanceandportability. The ‘small’ OO7 benchmark@reusedaswe werenot ableto run
the‘medium’ databasever ary versionof PJamaor PSI-SSM.

It is possiblethatthe hot 1! timescould degradeasthe databassizeis increasedIn this casetechniquesuchas
objectcacheeviction andpromotionwill becomea necessityNoneof ourimplementationsupportthesetechniques,
but this supportcould be easilybuilt on top of the normalJava garbagecollection (usingfinalizer methodsandweak
references)yith the supportof anobjectcachethatcanflush objectsandstill maintaintheirlocks.

The sameJava codewasusedfor the ANU-OPJ,PJamandJDK systemawith only minor modificationsrequired
for each. For the basecodeto run on either ANU-OPJ-shellor ANU-OPJ-facadeit wasonly necessaryo inserta
callto Chain () atthepointwherethebenchmarkequiredacommit. The non-persistentersion(JDK 1.2.2)needed
minor changedo allow the ‘generation’and‘benchmark’phase®f OO7to occurin a singleexecution.For PJamat
wasnecessaryo addcodewhich openedhe store,retrievedthe persistentoots,andcalledstabilizeAll (0 atthe
pointwherethebenchmarkequireda commit.

For PSI-SSM,the OO7 benchmarlwasimplementedn C++. The implementationrdoesnot useswizzling, but
insteadexplicitly translatepersistenteferenceso pointersat eachtraversal,andmakesexplicit updatenotifications.
‘Smartpointers’[20] wereusedto performthereferencdranslationsaffording a degreeof syntactictranspareng

The benchmarksvere executedon a single SunUltra-170with 128MB of RAM andseparatéarddisksfor the
persistenstoreandlog. Both version0.5.7.10(which requiredJDK 1.1.7)andversionl.2 of PJamavereused.JDK
1.2.2 (with the Hot SpotJIT) wasusedto executethe ANU-OPJ-shell ANU-OPJ-facadeand non-persisten(JDK)
versionsof the OO7benchmarksANU-OPJ-shell ANU-OPJ-acadeandPSI-SSMusedthe Shorestoragemanager

Performance Results Eachimpulsereportedcorrespondso the normalizedaverageexecutiontime for ten execu-
tions of a particularbenchmark.The benchmarkseportedherearetraversalstl, t2c, t3b, t4, t5do, t5undo,t6 to t10

10Cold executiontimesarefor theinitial runwherethe datahasnot beenfaultedinto memoryandmustberetrieved from the underlyingstore.
11Hot executiontimesarefor runswherethe datahasalreadybeenfaultedinto memory
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Figure6: Cold query(top) andtraversal(bottom)timesrelative to correspondindANU-OPJ-sheltime.

andwu andqueriesql to g8, in this ordef2. The resultsare presentedseparatelyfor the traversalsand querieson
accounpf markedly differentcharacteristicef thetwo benchmarlgroups.

The cold executionresultsin figure 6 indicatethat ANU-OPJimplementationgerformsworsethan PJamal.2
whencold (2.2 timesslower thanPJamaversion1.2 on average).We attribute theseresultsto the excessve context
switchingbetweenlava andC++ usingJNI.
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Figure7: Hot query(top) andtraversal(bottom)timesrelative to correspondindANU-OPJ-shelktimes.

Thehotexecutionresultsin figure 7 indicatethat ANU-OPJ-shelimplementatiorperformswell whenhot (5 times
betterthanPJamaversionl.2 and3 timesbetterthanthe ANU-OPJ-faicadeimplementatioron average) putperform-
ing both PJamamplementationsn almostall the operations. The ANU-OPJ-shellperformsbetterthanary other
implementationin readonly operationgalmost8 timesbetterthanPJamdl.2 on average) gvenoutperforminga C++
basedmplementatiorover the samestore.We attribute the strengthof theseresultsto the JDK1.2.2JIT compilerand
to the costof explicit referencdranslationin the C++implementation.

121t wasnot possibleto presentresultsfor the completesuiteof 007 benchmarksBenchmarkg2a, t2b andt3adid not runin either ANU-OPJ
implementatiomor PJamaBenchmarksi’ and‘d’ did notrundueto anunidentifiedfailurein the Shorestoragemanager
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Readand Write barrier overhead Figure8 compareshe ANU-OPJshellandfacadeimplementationsvith anon-
persistentimplementatiorof the OO7 benchmarloperations.This graphicdemonstratea moderateoverheador all
gueryoperationg150percenton average) However, traversaloperationsveremuchmoreexpensve (370 percenton
average)Jargely asa consequencef greatertransactiorcommitcostsfor thatgroupof benchmarksWe believe that
the queryresultsaresignificant,becausehey suggesthatthe runtimeefficiency of the Java languageervironmentis
unlikely to be a stumblingblock to the useof Javaiin the context of persistentiatamanagement.

5.1.3 Scalability

We have not beenableto make a detailedscalabilityanalysisof the ABS-BR, OPJor OVJ, althoughwe have shovn
thatthe demonstratowill scaleto atleasthalf amillion objects.

However, the key scalability propertiesof the ABS-BR lie in its architectule, andin large part areindependent
of OPJor OVJ but dependnsteadon the scalability of the underlyingobjectdatabaseThe useof the PSlinterface
allows OPJto utilize ary underlyingstorethat supportsthe interface—wehave trivially constructedindingsfor a
numberof databasesncluding Oracle. Thefactthatusercodeis unafectedby the choiceof OODBMSliberatesthe
developer enablingthe userto choosethe OODBMS thatbestsuitstheir demandst any time withoutimpactingany
of theirapplicationcode(of coursea once-of datamigrationwill probablybenecessary).

5.2 Commercial Alter nativesand Related Work

Thefocusof this papethasbeenthechallenge®f high performancebjectdatabasapplicationsandthe development
of technologieghat addresshem. We have presentecsomequite specificsolutionsto theseproblemsand demon-
stratedtheir utility. Although our solutionshave directcommercialapplication,at this stagethey lie in the realmof
academiaesearch.However, therearealternatve approachesvailable,including commercialones,someof which
wereindependentlyevelopedduringthe courseof our work. In this sectionwe briefly look at someof these.

5.2.1 OPJ Alter natives

To this point therehave beenno commerciallyavailable persistenbbject systemshat fully implementorthogonal
persistencdor Java. Somewould arguethatthis reflectsa long-heldcommercialperspectie that orthogonalpersis-
tenceis animpracticaltechnology[10], andit certainly seemdrue that orthogonalpersistenceesearchersave not
beensufiiciently pragmatidn their efforts to have the technologycommercializedNonethelessiecentdevelopments
indicatethattechnologicahdvancegparticularlywith respecto Java) andgrowing demandor objecttechnologyare
bringingvendorsever closerto the orthogonapersistencédeal. This shift is mostnotablein a progressiorof ODMG
standardshemostrecentof which, ODMG 3.0, hasledto theproposabf anew standardor persistencef objectsin
Java—theJava DataObjectsstandard27]12. This specificatioris expectedo play a fundamentatole in the portable
implementatiorof containermanagegbersistencén EnterpriselavzaBeangEJB)[26] seners. ThusJavaDataObjects
implementationprobablycorrespondo the closesttommercialoffering to OPJ,andcould sene asa closesubstitute
to OPJin developinga solutionsuchasthe one presentedere. Indeed,we have usedthe SEFto develop our own
JDOimplementatiorandhave built aversionof the ABS-BR usingJDOratherthanOPJ.

UnfortunatelyJDOhasa numberof seriousdeficienciesNotably, althoughJDOimplementgpersistencey reach-
ability, persistences not type-orthogonal. Thus an object may be reachablefrom a persistentroot but of a non-
persistentype,leadingto danglingpointersin the persistenbbjectgraph. Furthermore,JDO doesnot have the pure

13At the time of writing the JDO proposalhad just been‘approved for development’ underthe Java Community Process(JSR-12). See
http://java.sun.com/aboutJava/communityproce ssijsr
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transactionamodel of our OPJimplementationjut ratherintermixestransactionabnd non-transactionatomputa-
tion. This hastwo significantconsequencegransactionalsolationis not enfoicedwithin the JVM, andin orderto
implementabortsemanticsn a mannerthatis visible to non-transactionatomputation JDO implementationsnust
explicitly restorecachedbjectswhichwereupdatedn ary abortedransaction.

5.2.2 OVJ Alter natives

SomeOODBMS, suchasOde[19], SOP[18] andONTOS [24], provide objectversioningsupportaspart of their
programminganguageervironment. Most of theseproductsdo this throughhard-coded/ersionsemanticsandlack
supportfor configurationmanagement.Thus programmeranust manageconfigurationsthroughthe use of basic
versioningfunctionalityanddynamicbinding. An exceptionis ONTOS, which providesthe concepif ‘configuration
streamsWwhich correspondo configurationgraphg(sectiord.1.2)[24] but it still hasquiterigid versioningsemantics.
Noneof theseoffersthetransparengprovidedby OVJ, sononeareabletofill thesamerole of hiding objectversioning
managementomplexity from the applicationprogrammer

The conceptof ‘databaseversions’in multi-versiondatabasef?5] is perhapgshe closestin the literatureto our
notion of transpareng. A multi-versiondatabasenay be seenasa generalizatiorof a corventional(mono-\ersion)
databaseeachdatabase/ersionbeingequivalentto a corventionaldatabase The languageDML [25] includesthe
conceptof a ‘default databaseversion’ (configuration)which is similar to our conceptof an ‘implicit configuration
contt’ in OVJ, but DML is limited to a querylanguage.

5.3 Directionsfor Future Work

Thework presentedheredirectly addressesomeof the majorissuedacingimplementer®f high performancebject
sener technology Nonethelessnary challengesemain.Perhapghe mostpressingof theseis schemaevolution and
schemaversioning. While we have discussedt somelengththe motivation for andimplementationof transparent
data (objectinstance)versioning(realizedas OVJ), schemaversioningconcernaneta-data(class)versioning. This
is very importantbecausgust asdatachangeover time, so too doesmeta-data—botlbecauseystemanodeledby
themeta-datahangeandalsobecaus¢heway systemsaremodeledchangegimprovementsn algorithms bugfixes,
etc). Thusdifferenthistoricalinstanceof a ‘single’ objectmay have beencreatedby differentclassesaccordingto
whenthey werecreated.

Althoughwe have not reportedhereour work on schemaversioning,we have beenactively researchinghis area
andarein the procesof implementingtransparensupportfor schemaversioningwhichwe will employ in the ABS-
BR demonstratorWe arealsoworking on a numberof othertopicsrelatedto the ABS-BR, including extendingOPJ
to applets.
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7 Conclusion

Objectsenertechnologiesarebecomingncreasinglyimportant,however large applications—suchsour casestudy
the ABS-BR—arebeing boggeddown by compleity and are strugglingto scale The task of implementingthe
applications businesdogic is cloudedby the needto manageconcernssuchas persistencetransactionsyersions,
heterogeneitydistribution, etc. The consequencef thisis complec code largeapplicationsjong developmentimes,
andhigh maintenanceosts.

We have usedthe ABS-BR casestudyasa forum for examiningtheseproblemsandplatformfor evaluatingnew
solutions.Theapproachwe have presentedhereis deeplyrootedin theprinciplethatabstractionis thekey in thefight
againssoftwarecomplexity, andhasbeenshapedy ouruseof Javzaasadevelopmentontext. In ourimplementations
of orthogonallypersistentlasa (OPJ)and orthogonalversioningfor Java (OVJ) we have shavn how effectively this
principle of abstractiorcanbe appliedto the problemat hand,and demonstratedhe utility of Java asa context for
implementingsuchsolutions.
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While the commercialviability of sucha penasie applicationof the principle of abstractiorhasat timesbeen
guestioned10], we view the emegenceof Java asa turning point in that quest. To us, the cleannessefficiency,
generalityandportability of the solutionswe have developedareindicatorsthatthe approactis on the cuspof being
commerciallyviable. The progressof the new Java Data Objects(JDO) standardsuggestdo us that industry is
beginningto think sotoo.
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