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Abstract

Thesocalled‘information explosion’ hasleadto anenormousdemandfor networkedinformation,which hasin turn
placedenormouspressureon informationservers.Thedesignof highperformanceservertechnologyhasthusbecome
ahottopicin computerscience.In thispaperwedescribehow ourexposuretoalargereal-worldapplicationhasshaped
our responseto two key issuesfor high performanceobjectserver technologies—themanagementof complexity and
themanagementof scale.

TheAustralianBureauof Statistics’BusinessRegister(BR) is an OODB applicationthat formsa registerof all
businessesin Australia. The register is fundamentalto muchof the ABS’ economicsurvey activity andis usedby
many branchesof thelargeorganization.Thebasisof theregisteris anobjectmodelthatreflectsthebusinessstructure
of all Australianbusinesses,from largemultinationalsthroughto cornerstores.Thereareover 100,000,000objects
in the registerandit is constantlyupdated,both throughoperator-drivendataentryandthebatchprocessingof data
from othergovernmentagencies.Specificrequirementsareacceptableresponsetime for interactive accessfor more
that100users,long andshorttransactionsupport,efficient storageandonlineaccessto historic information,flexible
objectversionviewsandschemaevolutionsupport.

Thechallengesraisedby theBR aredominatedby theproblemsof complexity andscale.Our responseto these
challengeshasbeenguidedby our view thatabstractionhasa basicrole in addressingcomplexity andscale,andby
ouruseof Javaasanimplementationcontext.

In thispaperwereportnotonly ourapproach,but alsonovel technologicaloutcomeswhichstemfrom ourexposure
to thechallengeshighlightedby theABS-BR.Theseoutcomesinclude:portableorthogonallypersistentJava,asystem
for objectversioning,aproposalfor schemaversioning,andasystemarchitecturefor scalableobjectserversbasedon
aseparationof programminglanguageandstoragesystemconcerns.Theseoutcomesareexaminedin thecontext of an
ABS-BRtechnologydemonstrator—asmall-scaleversionof theABS-BRbuilt to testandshowcasenew technologies
for highperformanceobjectservers.

1 Intr oduction

Thecommunicationsrevolutionhasmadepossibletheexplosivegrowth in theinternetcurrentlybeingwitnessed.This
growth hasleadto acorrespondingexplosionin demandfor networkedinformationandhasthrown server technology
underthe spotlight—itscapacityfor scalabilityandrobustnessnow the subjectof greatscrutiny. While relational
technologyhasan importantrole to play in someapplicationdomains,thereare otherswhereobject technology
is bettersuited. So it is that the high performanceobjectserver technologyhasbecomeextremely important,any
advancein theutility andscalabilityof suchsystemsbeingof directrelevanceto a largeandrapidlygrowing market.

It was in this settingthat we begana project with the AustralianBureauof Statistics(ABS) to examinetheir
BusinessRegister(BR) applicationwith a view to exposingusto a large‘real world’ problem,andallowing theABS
to seesomethingof whattheresearchcommunitywasdoingto addressthesortof problemsthey werefacing.Through
discussionswith programmersandmanagersfrom this largeprojectwe wereableto geta view ‘from thecoal-face’
of someof themajorproblemsfacedtodayby implementersof large-scaleobjectserver applications.We werethus
providedatoncewith bothasourceof motivatingproblemsanda testinggroundfor our ideas.

Our exposureto the ABS-BR led to the identificationof two major barriers: complexity and scalability. We
approachedtheproblemsthattheseraisedthroughatwo-level strategy which involvedtheuseof abstractionatahigh
level andtheuseof Javaat animplementationlevel. Abstractionservesto separateconcernsandreducecomplexity,
bothof which aidscalability. Ourchoiceof Javaasanimplementationenvironmentwasbasedonmany of its popular
features,but aboveall, onits capacityto besemanticallyextended—afeaturethatallowedusto efficientlyandportably
realizeourstrategy of complexity reductionthroughabstraction.
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Part of our goal in working with the ABS wasto provide us with a context for testingandanalyzingour ideas.
It wasin this light thatwe built theABS-BR demonstrator. Thedemonstratorimplementsa cut-down versionof the
ABS-BR oversyntheticdata1, usingorthogonallypersistentJava (OPJ)with orthogonalversioning.Theseextensions
to Java were developedby our researchgroup andutilized underlyingstoresbuilt to the PSI [6] storageinterface
by the group. The outcomesof this major implementationexperimentis reportedin somedetail later in this paper.
Suffice it to sayherethatthroughtheabstractionsprovidedby orthogonalpersistenceandorthogonalversioning,our
implementationwasenormouslysimplified. As to whetherour objectiveswith respectto scalabilityweremet, it is
harderto sayaswe werenot ableto replicatethefull ABS-BR for a varietyof reasons.

The remainderof this paperis structuredasfollows. In section2 the ABS-BR applicationis describedandkey
challengesthat it raisesarediscussed.Section3 outlinesour approachto the challengesof complexity andscalein
termsof a high level strategy basedon the useof abstractionandan implementationstrategy basedon the useof
Java. This is followedin section4 with adiscussionof four key technologiesusedto addresstheABS-BRchallenges:
orthogonallypersistentJava,orthogonalversioning,thesemanticextensionframework for Java,andPSI,a persistent
storageinterface. Section4 concludeswith a descriptionof our ABS-BR demonstratorwhich demonstratesthe use
of the aforementionedtechnologiesin a scaled-down implementationof the ABS-BR. In section5 we analyzethe
performanceof theABS-BR demonstratoranddiscusstheimplicationsof thelessonsof theABS-BR,particularlyin
thecontext of theODMG standard[5, 12].

2 The ABS BusinessRegister

The ABS BusinessRegister (BR) is a register of all businessesin Australia, from transnationalsto cornerstores.
TheBR is currentlyimplementedusingOODBMStechnology, eachbusinessbeingmodeledaccordingto a complex
schemathat reflectsreal-world businessstructure,including conceptssuchaslegal entities,enterprisegroups,loca-
tions,etc.Key issuesfor theBR includescalability, complexity, reliability, changemanagement, andheterogeneityof
computationalenvironment.

Scalabilityconcernsinclude:storage—thedatabasecurrentlyhasover100,000,000objectsusingmorethan10GB
of storagespace;processingcapacity—thesystemmustbeableto respondto queriesin a timely mannerandbeable
to batch-processlargequantitiesof datafrom externalsources;andexternalIO—a large numberof externalclients
mustbesupportedsimultaneously.

Thecomplexity of thedatabaseis evidencedby alargeschemaandtheneedto preserveinformationaboutcomplex
statisticaldatadependencies.This complexity is exacerbatedby the difficulty of maintainingpersistent-to-transient
datamappings,andthe demandsof explicit storagemanagement(alloc/free). As a centralresourcefor the ABS’s
economicstatistics,thereliability of thesystemis of paramountimportancefrom theperspectiveof bothdataintegrity
andavailability.

Changemanagementplacesconsiderabledemandson thesystemat a numberof levels: thecapacityto dealwith
long transactions(updatetransactionson largecompaniescantake many daysby virtue of thecomplexity of thedata
entry task); the needfor objectinstanceversioningto allow for retrospective queriesandchanges;andthe needfor
schemaversioningin orderto supportschemachangeandretrospectiveuseof thedataandassociatedschema.

TheBR mustdo all of this in supportof a wide rangeof users,includingsystemoperators,dataentrypersonnel,
andstatisticianswho exist within adisperseheterogeneouscomputingenvironment.

2.1 Key IssuesRaisedby the ABS-BR

Thechallengesof theABS-BR andthedifficultiesfacedby theABS in realizingandmaintaininga solutionindicate
a numberof issuesthatwe seeasbeingof broadrelevanceto high performanceobjectserver technology. It is these
issuesthathave beenthe focusof our researcheffort centeredaroundthe ABS-BR. Of these,the first four relateto
systemrequirementsthatledto significantcomplexity for theABS-BRapplicationprogrammers,while thelastrelates
to scalability. Thechallengesof theABS-BR canthusbebroadlyclassifiedasthoseof complexity andscalability.

Figure1 illustratessomeof the importantconceptsin the ABS-BR. Historic snapshotsareglobally consistent
snapshotsof the BR which definethe resolutionat which historical queriesare made. The commonframe is the
currentstableview of theBR (typically correspondingto the lasthistoricsnapshot).Thecurrentview is theview of
the databasethat includesall updatessincethe last historic snapshot.Dependentsource feedback refersto updates
thatin somewayarea functionof thedatabaseitself (e.g.wherechangein thedatabasetriggersthecollectionof new

1Strict privacy legislation preventsus using live ABS data. We were thereforerestrictedto the useof a syntheticfacsimileof the Business
Registerdata.
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Figure1: TheABS-BR showing historicsnapshots,a ‘commonframe’, long andshorttransactions,andanexample
of dependentsourcefeedback.

dataitemsfor thedatabase).Suchdataitemsconstitutea feedbackloop andthereforemustbeexcludedfrom certain
statisticalanalyses.Longandshorttransactionsaredepictedwith respectto differentviewsof theBR.

2.1.1 Needto ReduceImpedanceMismatch

Many OODBMS systemsexposeapplicationprogrammersto the existenceof transient(in-memory)andpersistent
(database)copiesof the samedata. In somecasesthe OODBMS only maintainsthe persistentcopy, leaving the
programmerwith the taskof managingmappingsbetween,andcoherency of persistentandtransientcopies.While
thetransientcopy is usedfor implementingandrealizingtheapplicationlogic, thepersistentcopy mustbemaintained
in order to ensurethat changesare madestable,that transactionalsemanticsare observed, and to facilitate inter-
transactionaldatasharing.This addssubstantialcomplexity to the programmer’s task,sometimesdoublingthe size
of the schema(with transientandpersistentanaloguesof eachclass). In the caseof the ABS-BR, this issuewasa
majorcauseof implementationcomplexity. An environmentthatallowedtheprogrammerto abstractovertheissueof
persistentstoragemanagementwould greatlysimplify thetaskof theapplicationprogrammer.

2.1.2 Needfor Automatic StorageManagement

Discussionswith ABS-BR’sapplicationprogrammersrevealedthatstoragemanagement(alloc/free),particularlywith
respectto persistentdata,wasa majorcauseof complexity. Indeed,thecomplexity wassogreatthat theproblemof
storagereclamationwasdeferred,with theconsequencethatthedatabasegrew monotonicallyataratein theorderof 1
GB/month.Theadditionalcostof diskstoragewasdeemedinsignificantwhencomparedwith theprogrammingeffort
neededto (safely)addresstheintricateandcomplex problem.Unsurprisingly, thepossibilityof supportfor automatic
storagemanagement(throughtheuseof garbagecollection)wasgreetedwith enthusiasmby theABS-BRapplication
programmerswe spoke to.

2.1.3 Needto Support Historical Versioning

An importantrequirementof the ABS-BR is that it supporthistorical queries. Furthermore,additionalstatistical
requirementssuchastheneedto avoid dependentsourcefeedbackaddto thecomplexity of historicalqueries.In the
context of theserequirements,OODBMSsupportfor versioningwasdeemedinadequate,andversioningsupportwas
built in explicitly at the applicationlevel, substantiallyaddingto the complexity of the application. Not only must
theapplicationmanagepersistentandtransientcopiesof objects(section2.1.1),but multiple versionsof theobject,
eachwith its own persistentandtransientcopies.All of thesemany instances,whenviewed at an appropriatelevel
of abstraction,amountto a singleobjectseenin differing contexts. Unfortunatelytheapplicationprogrammeris not
affordedthissimple,abstract,view. Insteadthey mustdealexplicitly with themany differentfacesof thesamelogical
object.A programmingenvironmentthatcouldprovidetheprogrammerswith alevel of abstractionwheresuchdetails
wereonly exposedwhennecessarywould againsubstantiallyreducethecomplexity of theapplication.
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2.1.4 Needto Support Long Transactions

Updatingtherecordsfor a largecompany in theABS-BRcantakedaysof data-entrytime,andyetsuchupdatesmust
occurtransactionally, sothereis a clearneedfor long transactionsto bewell supported.In theABS-BR, application
programmerscopy dataoutof thedatabaseinto a temporaryspace(calledthe‘work in progress’or WIP store)for the
durationof the long transactionin orderto avoid lock conflict problems.At theendof the long transactionupdated
datais broughtbackinto thedatabase.This is a pragmaticsolutionto theproblemof dealingwith long transactions
without inbuilt supportfrom the underlyingOODBMS. However, this solution doesnot scalewell and by-passes
theOODMBS’ transactionalisolationby takingdataoutsideof theOODBMS’ scope.Ideally theOODBMSwould
provideanabstractsolutionwherebythedistinctionbetweenoperationswithin a longtransactionandotheroperations
would only be evident from the context—thesamequeryandupdatecodeexecutedin the differentcontexts would
have the appropriatesemantics.The programmershouldnot have to be exposedto long transactionswhenwriting
applicationlogic.

2.1.5 Needfor Scalability

A systemlike theABS-BR placesenormousdemandson scalability. In largepart, the performancedemandsof the
ABS-BR canbecharacterizedin termsof throughput.In principle, this shouldallow theapplicationprogrammerto
beheavily insulatedfrom thescalabilityissue,theonusfalling on anunderlyingOODBMScapableof executinguser
queriesat therequisiterate. In fact,theABS-BR programmerswereheavily exposedto thequestionof scalabilityas
issueslike locking strategiesandtheir impacton performancecameto thesurface.Thechallengethereforeexists to
build OODBMSsystemscapableof scalingwhile insulatingits usersfromthemechanismscritical to thatperformance.

3 ApproachingA Solution

Having discussedmajorchallengesraisedby theABS-BRproject,wenow goon to describeourapproachto address-
ing them.Theapproachis two-pronged.At theconceptuallevel, our approachrestson thepower of abstractionasa
tool for conqueringcomplexity, while atamorepracticallevelwedependontheuseof Javaasapowerfulenvironment
for constructingasolution.

3.1 Abstraction asa Tool

Theenormouscomplexity of a largeobjectdatabaseapplicationlike theABS-BR is a productof the intersectionof
multiple domainsof complexity. While the complexity of the essentialsystemthat the ABS-BR seeksto model is
moderate,secondaryissuesthattheapplicationprogrammermustdealwith suchaspersistence, historicalversioning,
andscalabilityconcernsappearto impactonthesystemcomplexity in amultiplicativeratherthanadditivemanner. By
separatingconcernsandprovidingabstractions,theapplicationprogrammeris ableto focusontheprimaryobjective—
thecoreapplicationlogic. It is for this reasonthatweseeabstractionasthekey to conqueringthecomplexity of such
applications.Furthermore,abstractioncanbeakey to addressingscalabilitythroughthecleanseparationof application
andstore-level scalabilityissues.Thefollowing sectionsdetailthreeimportantapplicationsof thisapproach.

3.1.1 Orthogonal Persistence

As noted in section2.1.1, the complexity of the ABS-BR implementationis in large part a consequenceof the
impedancemismatch betweentheprogrammingenvironmentandtheunderlyingstoragetechnology. This impedance
mismatchis manifestin complex mappingsbetweenpersistentandnon-persistentclassesandinstances.We seethis
asaprimeexampleof theneedfor abstraction—abstractionoverpersistence—andweseeorthogonalpersistenceasa
solutionto thatproblem.

Orthogonallypersistentsystemsaredistinguishedfrom otherpersistentsystemssuchasobjectdatabasesby an
orthogonalitybetweendatauseanddatapersistence.Thisorthogonalitycomesastheproductof theapplicationof the
following principlesof persistence[4]:

PersistenceIndependenceTheform of aprogramis independentof thelongevity of thedatawhich it manipulates.

Data Type Orthogonality All datatypesshouldbeallowedthefull rangeof persistence,irrespectiveof their type.

PersistenceIdentification Thechoiceof how to identify andprovidepersistentobjectsis orthogonalto theuniverse
of discourseof thesystem.
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Theseprinciplesimpart a transparency of persistencefrom the perspective of the programminglanguagewhich
obviatestheneedfor programmersto maintainmappingsbetweenpersistentandtransientdata.Thesamecodewill
thusoperateover persistentandtransientdatawithout distinction. Thethird principlestatesthatall datarequiredby
computationwithin somesystemwill implicitly persist. This infers a form of transitive persistenceandan implicit
ratherthanexplicit modeof identifying persistentdata.A consequenceof this is thatorthogonallypersistentsystems
provide automaticstoragemanagementthroughthe useof garbagecollectionwith respectto the implicit persistent
rootsof thesystem—thusaddressingthesecondkey issueraisedby theABS-BR (section2.1.2).

Theabstractionover storageprovidedby anorthogonallypersistentimplementationenvironmentwould thusfa-
cilitatesubstantiallysimplifiedconstructionfor theABS-BRthroughtheremovalof thelanguage/databaseimpedance
mismatchandthe introductionof automaticstoragemanagement.By greatlyreducingimplementationcomplexity,
theuseof orthogonalpersistencewouldalsohavethesignificantsideeffectof reducingmaintenancecosts.

While orthogonalpersistenceprovidesa nicesolutionto theproblemat hand,in factthereexist few implemented
orthogonallypersistentsystems,and,until now, nonewhich arecapableof adequatelysupportingmany of theother
demandsof theABS-BR suchastransactionandversionsupport.Thefilling of this gapwith a portableorthogonally
persistentJava (OPJ)[21] hasbeena majorfocusof our researchgroup,andis thesubjectof section4.1.1.

3.1.2 Orthogonal Versioning

Theconceptof orthogonalpersistence,whichhasbeenunderdevelopmentsincetheearly1980’shasanaturalanalogue
in ‘orthogonalversioning’. While orthogonalpersistenceallows the programmerto abstractover the concernof
persistence,orthogonalversioningabstractsoverversioning.Thisallowstheprogrammerto write codewithoutregard
to theissueof versioning,exceptinsofarasthattheprogrammerfindsit desirableto explicitly do so.

In concreteterms,a programmerdesigningandbuilding a classfor the businessregisteris ableto focuson the
businesslogic, ignoringtheissueof versions.At somehighlevel in theBR implementation,meanswouldbeprovided
for allowing theBR userto definea versioncontext (‘now’, ‘ last quarter’, ‘Q2 2000’, etc.). Operationsover theBR
would thenbe executedusingthe samecode, from the sameclasses, in the new context specifiedby the user. The
implementationcodethusremainsabstractwith respectto versions,exceptat thefew pointswhereit is desirablefor
theversioncontext to beexplicitly set,yet theentireBR operateswith respectto fully versionedpersistentdata.

Thefirst two principlesof orthogonalpersistencehaveobviousanalogiesin orthogonalversioning:

Version IndependenceTheform of a programis independentof theversionof thedatawhich it manipulates.

Data Type Orthogonality All mutabledatatypesshouldbeallowedto beversioned,irrespectiveof their type.2

A meaningfulimplementationof theconceptof ‘versionindependence’mustprovidetransparentsupportfor con-
figuration management3 in order to facilitate transparentaccessto and manipulationof a consistentcollection of
componentversionsof a complex object. The importanceof configurationmanagementhasbeenwidely recognized
in areassuchasCAD, CASE andweb documentmanagementsystems.Oneof the consequencesof configuration
managementsupportis theneedto beableto transparentlygeneratenew versionsof anobject. For example,a new
versionof anobjectmustbecreatedthefirst time thevalueof theobjectis updatedwithin thescopeof anew configu-
ration.Thatis to saythatversionsarenotgeneratedfor eachupdateto anobject,but rathernew versionsaregenerated
at thegranularityof theinstantiationof new configurations.

To theauthors’bestknowledgetheconceptof ‘orthogonalversioning’is new andpreviouslyunimplemented.Our
implementationof orthogonalversioningin the context of Java andits applicationto the BR demonstratorare the
subjectof sections4.1.2and4.4respectively.

3.1.3 Abstracting over Distrib ution and StorageTechnology

Ideally, anapplicationdevelopershouldnot have to beexposedto theparticularsof systemarchitectureandstorage
technology. Whetherthe technologyusedto deliver requisiteperformanceis uni-processor, SMP, clusteror some
other technology, it shouldbe transparentto the programmerimplementingthe businesslogic of the application.
Likewise the applicationprogrammershouldnot needto beconcernedwith the choiceof vendorfor the underlying

2Theprincipleof DataTypeOrthogonalityappliesonly to mutabletypesastheconceptof versioningmakesno senseexceptwheretheobject
maybemutated.Anotherwayof lookingat this is thatimmutabletypesaretrivially versioned,but becausetheobjectsareimmutableandtherefore
never updated,all ‘versions’of theobjectpresentthesamevalue.

3Theterm‘configuration’ is usedto denoteaconsistentview of asetof versionedobjects.This is analogousto theconceptof a ‘release’in the
context of a softwaremanagementsystem—asoftwarereleasecorrespondsto a consistentsetof files eachat a particular(but typically different)
point in their own versionhistory.
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transactionalstore. Of coursean orthogonallypersistentdevelopmentenvironmentwill abstractover the storage
technology. However, theimplementerof theorthogonallypersistentenvironmentwill haveto facethis issue,andtheir
approachwill impacton theflexibility of theendproduct.While developingtheorthogonallypersistentenvironment
reportedin this paper, wewerefacedwith theseissuesof abstraction,andour responseto themcenteredon theuseof
PSI[6].

PSIwasborneout of anappraisalof theproblemsinhibiting thedevelopmentof high performanceorthogonally
persistentsystemsandtheview thataseparationof storageandlanguageconcernswasanessentialstepto alleviating
thoseproblems.PSIthusrepresentsanabstractionoverstorageata low level in theimplementationhierarchy. Crucial
to the abstractionover storageis the separationof scalability issuesassociatedwith the storefrom thoseassociated
with theapplication.Thisabstractionthusplaysacentralrole in ourgoalof scalableobjectserver technologies.

A key featureof thePSIarchitectureis theconceptof a ‘single imagestore’. Thesingleimagestoreabstraction
allowsastoragesystemto beseenasuniformandsinglelevel, whenin fact,it maybeimplementedatdifferentlevels,
andin a distributedfashion. In the PSI architecture,objectsareaccesseddirectly througha cachewhich is shared
betweenstorageandlanguagelayers.ThePSIinterfacemediatesaccessto objectsin thecacheto ensurecoherency of
data.This mediationis donethrougha transactionalmodeof operation,with all dataaccessoccurringin thecontext
of sometransactionandsobeingsubjectto transactionalsemantics.

The simplicity of the PSI interfacemakes it possibleto efficiently addPSI complianceto transactionalobject
storagesystemsby addinga thin interfacinglayer. A languagesystemthatworksto theinterfacecanutilize any store
thatimplementsthePSIinterface,andsohasa greatdealof portability with respectto storagetechnology.

3.2 Java asa DevelopmentPlatform

Java is becominganincreasinglypopularchoiceof programmingenvironment.Therearemany reasonsfor this,some
of whichwherebehindourdecisionto chooseJavaasthebasisof ourABS-BRdemonstratorimplementationproject.
We view this choiceasa significantfacetof our approach,andsoplaceit at thesamelevel asour discussionon the
role of abstractionin our approach.

3.2.1 LeveragingJava’sAttrib utes

Of Java’smany attributes,threestandout asbeingparticularlyimportantin thecontext of theABS-BR.

Usability As a modernobject-orientedprogramminglanguage,Java providesits userswith numerousfeaturesthat
enhanceits usability, including type-safety, encapsulation,automaticmemorymanagement,etc. Furthermore,rapid
advancesin Java virtual machine(JVM) technologyallow thesefeaturesto be deliveredto the userwith rapidly
diminishingperformanceoverheads[2]. In the context of the ABS-BR theseusability concernsaresignificantwith
respectto thedevelopmentandmaintenanceof theABS-BR application.At presentenormousresourcesaredevoted
to developmentandmaintenance,andissuessuchasthe lack of automaticmemorymanagementin C++ areamong
thegreatestconcerns.

Portability Anotherof Java’smostoutstandingfeaturesis portability. Not only maycompiledJavacodebeexecuted
on any platformfor which a JVM implementationexists,but micro-applications(‘applets’)maybetransmittedfrom
client to server acrossthe internet,executingon any client platform that hasa JVM. This featureis particularly
significantin the ABS-BR context, wherethe executionenvironmentis stronglyheterogeneous,rangingfrom large
Unix serversto desktopPCs,andis distributed(throughthe ABS WAN) acrossAustralia. In suchan environment,
a server-orientedJVM couldberun at theserver [2], while clientscouldsimply utilize Java implementationswithin
their browsers. The ABS-BR implementationcould be built purely in Java, from the businesslogic right the way
throughto theGUI presentedto desktopusers.This would short-circuitthe impedancethatcurrentlyexistsbetween
theUnix-basedC++/OODBMSserverapplicationandtheWindows-basedclient-sideGUI application.

Concurrency Java’s supportfor concurrency is anotherkey featurein the context of the ABS-BR. Concurrency
is essentialto deliveringserver-sideperformance,both in termsof throughputandresponsiveness.In this setting,a
languagesuchasJavawhichhasstrongsupportfor concurrency is amajoradvantage.Thedemandfor highly scalable
JVMs for justsuchapplicationshasleadto majorresearchefforts within industryto develophigh performanceserver
JVMscapableof exploiting hardwareandoperatingsystemsupportfor concurrency throughthreads[2], amovewhich
seemsdestinedto deliversuchJVMscommerciallyin theverynearfuture.
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3.2.2 Java’sCapacity for ExtendedSemantics

In section3.1 we discussedthe importanceof abstraction as a tool for resolvingcomplexity, and introducedthe
conceptsof orthogonalpersistenceandorthogonalversioningaspowerful applicationsof thisprinciple.Bothof these
compriseorthogonalsemanticextensionsto theprogramminglanguage.In otherwords,thesemanticsof theprogram-
ming languagemustbeextendedto orthogonally(transparently)supportadditional,semantics(in ourcasepersistence
andversioning).Theorthogonalpersistenceliterature[4] includesnumerouspapersaddressingthequestionof how
thesemanticsof persistencecanbeorthogonallyintegratedinto aprogramminglanguage.

Oneof the key breakthroughsin our questto build an orthogonallypersistentJava wasthe realizationthat Java
hasan extremely powerful capacityfor semanticextensionin its provision for user-definableclass-loaders. This
mechanismallowsacustomclassloaderto bewritten (in Java), thatintercepts(andpossiblymodifies)classesasthey
areloaded.Thisallowsthelanguageto besemanticallyextendedthroughtheuseof customclassloaders.Significantly,
this approachis portableasit doesnot dependon modifying thecompileror thevirtual machine.

4 EngineeringA Solution

Having outlinedour approach,we cannow discussthe technologywe developedandappliedto our implementation
of a BR ‘demonstrator’.We begin by discussingour implementationsof orthogonalpersistencefor Java (OPJ)and
orthogonalversioningfor Java (OVJ). Centralto thedevelopmentof eachof thesewasthesemanticextensionframe-
work (SEF)for Java,thesubjectof thenext section.Finally wediscussouruseof PSIto abstractoverstorageconcerns
which allowedusto implementOPJin astorageplatformneutralmanner.

4.1 Orthogonal Persistenceand VersioningThrough SemanticExtensionsto Java

In section3.1wearguedfor orthogonalpersistenceandorthogonalversioningaspowerful examplesof simplification
throughabstraction.The realizationof eachof thesein the context of Java dependson orthogonally extendingthe
semanticsof Java. Thatis, thenormalsemanticsof Javamustbepreservedbut transparentlyextendedto supportnew
semantics(in our casepersistenceandversioning).In the following sectionswe describethenatureof thesemantic
extensionswe have madeto Java in orderto realizeorthogonallypersistentJava (OPJ)andorthogonalversioningfor
Java (OVJ). Section4.2explainsthetechnologyusedto semanticallyextendJava in anefficientandportableway.

4.1.1 Orthogonally PersistentJava

Theprimaryfunctionof orthogonalpersistenceis to abstractoverstorage, allowing thesemanticsof objectpersistence
to becomeorthogonalto all otherobjectsemantics.This leadsto thefirst-ordergoalfor OPJof makingtransparentthe
movementof databetweenprimary andsecondarystorage,providing the userwith the illusion of a singlecoherent
level of storage.Of coursetherearemany second-ordergoalsandrequirementsfor anorthogonallypersistentsystem,
but a detaileddiscussionof theseis beyondthescopeof this paper. Theinterestedreaderis directedto Atkinsonand
Morrison’sreview of orthogonalpersistence[4], andadetailedaccountof ourOPJimplementation[21].

While our OPJimplementation(ANU-OPJ)is not thefirst implementationof OPJ[3, 13], a numberof important
featuresmake it unique: our implementationstrategy basedon the semanticextensionframework givesour imple-
mentationportability andaccessto the fastestJVM technology;ANU-OPJ is fully transactional;ANU-OPJhasa
naturalandcleanapproachto identifying persistentobjects. Thesedifferentiatingcharacteristicscomewith strong
performanceresults(section5.1.2). In theremainderof this sectionwe briefly discussfour aspectsof theANU-OPJ
implementationbeforeaddressingits limitations.

Read and Write Barriers At the core of any orthogonalpersistenceimplementationmust lie mechanismsthat
transparentlyfetch datafrom storageon demandand transparentlywrite updatesback to storagewhen necessary.
Suchmechanismsdependon readandwrite barriers—trapsthat transparentlycatchuserattemptsto reador update
data.Efficientandtransparentimplementationof readandwrite barriersarethusessentialto any OPJimplementation.
Theapproachtakenby ANU-OPJis in keepingwith our themeof transparentsemanticextension.Java semanticsare
transparentlyextendedby theinsertionof byte-codesthatimplementthebarrierseachtimeanattemptis madeto read
an object(e.g. throughthe getfield byte-code)or updatean object(putfield ). Theseadditionalbyte-codes
areaddedin a stack-neutralmannerat class-loadtime, a modifiedclassloadertransformingevery getfield and
putfield byte-codeaccordingly. Theefficiency of this approachis largely a functionof thevirtual machine(VM)
technologyon top of which it is used—acompilingVM will fold thesechecksinto asmallnumberof machinecodes,
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while aninterpretiveVM will besomewhatinefficient. Thebasicreadbarrierimplementationcomprisedof acheckto
seewhethertheobjecthadalreadybeenread.If theobjecthadalreadybeenreadthennothingwasdone,otherwisea
call wasmadeto thestoragelayerto readtheobjectin from storage.Thebasicwrite barrierconsistsof thesettingof
a ‘dirty flag’ which wascheckedat transactioncommit time. Any ‘dirty’ objectsarewritten backto thestoreaspart
of transactioncommit. Implementingreadandwrite barriersfor all classes,includingsystemclasseswasnot trivial,
nor wasit trivial to implementthebarriersefficiently. Detailsof thevariousapproachesusedandtheir performance
areincludedin [21].

PersistenceIdentification Themeansof identificationof persistentobjectsis anotherimportantfacetof anorthog-
onally persistentsystem. In mostsystems,known ‘roots’ areusedasthe basisof persistenceby reachability—any
objectstransitively reachablefrom the ‘roots’ are implicitly persistent.While other OPJimplementationsaccom-
plish this by introducingexplicit user-definableandretrievable‘namedroots’ [3, 13] , ANU-OPJtakesanalternative
path,makingnon-transientclassstaticmembersimplicit roots.Any objecttransitively reachablefrom thestaticclass
memberof a classis implicitly madepersistent. This approachseemsto be truer to the principle of persistence
independence(section3.1.1)as it allows any Java codeto becometransparently, implicitly, persistentwithout any
modificationwhatsoever. The valueof this featureis borneout in our experiencewith the ABS-BR demonstrator
(section4.4)whichwasbuilt from scratchwithoutexplicit concernfor persistencein aconventionalJavadevelopment
environment,andyet ranpersistently, asintended,without modificationoncethenon-persistentJava wasreplacedby
ANU-OPJ.

Concurrencyand Transactions Concurrency is of utmostimportanceto ourmotivatingexample,theABS-BR,and
yet theintermixof concurrency andpersistencehasbeena majorstumblingblock for orthogonalpersistence[7]. The
rootof theproblemlies in theconflictingapproachesto concurrency traditionallytakenin theprogramminglanguage
anddatabasefields.Ononehandprogramminglanguagestypically adopt,for reasonsof flexibility andexpressibility,
a cooperativeconcurrency modelcenteredon theuseof sharedvariables.On theotherhand,for reasonsassociated
with theneedfor coherentstability, databasesystemstypically adopta concurrency modelcenteredon theuseof iso-
lation throughtransactions.The‘chainandspawn’ transactionmodelpresentedin [7] providesawayoutof adifficult
problem4 thatariseswhentrying to makeanorthogonallypersistentenvironmentfully transactionalandcapableof in-
ter (andintra) transactionalconcurrency. Thismodelis providedby ANU-OPJ,allowing usersto work in aconcurrent
andyet fully transactionalenvironment.Transactionalisolationis cheaplyensuredby ANU-OPJby leveragingJava’s
existing class-loaderisolation. ANU-OPJensuresthateachnew transactionis run in thecontext of a differentclass
loaderandJava ensuresthatJava objectsremainisolatedon a transactionalbasis.Transactionalguaranteesprovided
by theunderlyingstorearealsoleveragedby ANU-OPJto ensurethatcorrecttransactionalsemanticsareobserved.

Implementation Strategy Thekey to theANU-OPJimplementationstrategy liesin its useof thesemanticextension
framework, SEF (section4.2). The semanticextensionsembodiedby ANU-OPJ are injectedinto classesat class
loadingtime, thusgiving normalJava programsorthogonalpersistencesemantics.This contrastsstronglywith the
dominantapproachof modifying theJava virtual machine,which is motivatedby theperformancegainsto bemade
by building the semanticextensionsinto the virtual machineat the lowestlevel. Interestingly, ANU-OPJis ableto
outperforman OPJbuilt usingthis approach(section5.1.2). This appearsto be theproductof two factors.First, in
a compilingJVM, suchasonewith a just in time compiler(JIT), thebyte-codesaddedby theSEFarecompiledand
optimizedjust asthey are in the ‘built-in’ approach.Second,for the ‘built-in’ approachto maintainits advantage,
the semanticextensionsmustbe ‘built-in’ to eachnew releaseof the parentJVM—a demandingtaskgiventhat the
semanticextensionsmust be addedto the componentof the virtual machinemost targetedfor improvement(the
interpreterand/orcompiler).

Limitations ANU-OPJis relatively young,andsoholdsplentyof scopefor improvement.Asidefrom performance
improvements,ANU-OPJin its currentform alsoembodiesa numberof limitations. While mostof theseareminor,
its currentincapacityto make threadspersistentis at oddswith its claim to orthogonalpersistence5. However, we
believe that this problemcanbe relatively easilyovercomeby borrowing an approachusedin the context of thread
migration[15].

4The problemarisesbecausewhenall computationis transactionaland inter transactionalconcurrency is desired,someform of nestingis
required. Yet, the basicbuilding block of transactions—theACID transaction[14]—cannotbe nestedbecauseof a contradictionbetweenthe
atomicityof theparentandtheirrevocability of thechild. For furtherinformation,see[7].

5This limitation is commonto thetwo othermajorOPJefforts [3, 13].
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4.1.2 Orthogonal Versioning in Java

Objectversioningis a naturalconceptin many object-orientedapplications.Versioningbecomesimportantin appli-
cationswhereanexploratoryor iterativeapproachover theobjectstorestateis needed.In theABS-BR demonstrator,
we utilize objectversioningbothasa meansof facilitatingqueriesandupdatesagainsthistoricaldata,andasa prac-
tical meansof efficiently implementinglong transactions.This is all donethroughour implementationof orthogonal
versioningfor Java (OVJ), thesubjectof theremainderof this section.

As with OPJ,OVJ consistsof semanticextensionsto Java, and like OPJ,OVJ utilizes the semanticextension
framework, SEF(section4.2) to realizethesesemanticextensions.Herewe describeOVJ asimplementedon top of
ANU-OPJ(section4.1.1above),althoughOVJ canbeintegratedinto othermodesof persistencesupportfor Javasuch
asanODMG-3transparentpersistenceimplementation(section5.2).OurOVJ doesnotdependonexplicit supportfor
versioningwithin theunderlyingobjectstore.In fact,ourfirst implementationof OVJ wasbuilt on top of theSHORE
OODBMS[11], whichhasno supportfor versions.

Configuration
1.0

Configuration
3.0

Configuration
9.0

Configuration
2.1

Versioned object O

Abstract view of O
(In the context of configuration 3.0)

Figure2: A versionedobjectin OVJ.Theuser’sperspective(left) abstractsoverthecomplex versionhierarchy(right).
Theparticularversionof theobjectseenby theuseris animplicit functionof context (in this caseconfiguration3.0).

Figure2 illustratesthe abstractionprovidedby OVJ, anddepictsthe relationshipbetweenversionsand‘config-
urations’(section3.1.2). In this example,the global environmentincludesmany differentconfigurations,while the
depictedobjectonly hasversionsin four of these.Thepowerof theabstractionoverversionsprovidedby OVJ is seen
in the left sideof thedigram,which presentsa simpleview of theobjectin a particularconfigurationcontext, while
theunderlyingsituation(which OVJ abstractsover) is thecomplex versiontreedepictedat theright. Theimportance
of a configurationcontext is that it allows the denotationof versionsto be implicit ratherthanexplicit, which is es-
sentialto our goalof transparency. Having establisheda configurationcontext (perhapsimplicitly), usercomputation
proceeds,obliviousto theissueof versions,overa normalobjectgraphwhich in factcorrespondsto someprojection
of aversionedobjectgraphinto theJavaheapspace.In theremainderof this sectionwediscussfour majoraspectsof
ourOVJ implementation.

Runtime overhead An importantgoal in designingOVJ wasminimizing the performanceimpacton objectsthat
arenaturallytransientandsoareunaffectedby versioning.This is achievedby only applyingversioningto objectsat
thetime that they first becomepersistent.Any objectthatbecauseof its transiencenever becomespersistent,avoids
mostof theoverheadassociatedwith versioning.However, someoverheadis unavoidable,evenfor transientobjects.
UnderOVJ all instances6 includeanadditionalfield thatis usedfor storinga referenceto versioninformationfor that
object,regardlessof whethertheparticularinstanceis sufficiently long livedto besubjectto versioning.Additionally,
the readandwrite barriersof OPJareextendedslightly (all objectsaresubjectto the barrieroverhead).In addition
to theseoverheadswhich areimposedon all instances,thoseinstancesthataresufficiently long-livedto beversioned
aresubjectto a small spaceoverheadthat is usedto link instancesthat correspondto differentversionsof the same
object. A runtimeoverheadmustalsobepaidon thefirst accessto an instancethatcorrespondsto a specificversion
of anobject.

Orthogonality With Respectto Versioning and Persistence In order to ensurethe persistenceof all versioned
objects,in the context of OVJ, OPJ’s approachto defining persistentroots is extendedby making all versionsof

6AlthoughunderOVJ all classesaresubjectto versioningin orderto maintainorthogonality, theunderlyingversioningframework, which we
describehere,allows versioningto bescopedwith respectto somepartor partsof theJava classhierarchy.
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non-transientstaticclassmembersroots(in OPJpersistenceis definedin termsof reachabilityfrom the staticclass
members).In orderto meaningfullyfulfill theprincipleof versionindependence,OVJ mustprovide transparentsup-
port for configurationmanagement.In otherwords,theremustbemeansfor transparentlyaccessingandmanipulating
a consistentcollectionof componentversionsof a complex object. This approachprovidesa transparentandsimple
abstractionover versioningby allowing thebasicversioningclassesto beextendedandcustomized.Theversioning
framework on which OVJ is constructedalsoprovidesa very generalandpowerful approachto versioningthat has
applicationto many differentcontexts,andthatneednot beastransparent.

The Configuration Hierar chy A configurationrepresentsa setof versionedobject versions,eachconfiguration
containingno more thanoneversionof a given object. Eachconfigurationexcept the first hasa parent,andeach
may have any numberof children. Thus, a linked set of configurationscorrespondsto a n-ary tree, and a linear
sequenceof configurationscorrespondsto a branch. In figure 2 a subsetof the nodescomprisinga configuration
treecanbeseenin theversiontreeof objectO. While thevery purposeof OVJ is to provide a meansof abstracting
over versions,it is necessaryto provide theuserwith someway of explicitly controllingtheconfigurationhierarchy.
Minimally, suchcontrolmight just involve a meansfor instantiatingnew configurations(akin to ABS-BR historical
snapshots).OVJ alsoprovidesa muchmorepowerful facility which allows the userto generateandmanipulatea
configurationhierarchyin quite generalways, including branchgenerationandconfigurationtreenavigation. The
current implementationdoesnot supportautomaticconfigurationmerging (which derives a new configurationby
merging two or moreexisting configurations).However, a specialclassof configurationexists,whoseinstancesmay
havemorethanoneparentconfiguration(configurationmergescreatecross-linksin theconfigurationn-arytree).OVJ
alsosupportstheconceptof configuration‘freezing’. A configurationmaybelabeledasfrozen,with any attemptto
write to amemberof thatconfigurationtriggeringanexception.

OVJ’ sUnderlying Object Model In thissectionwedescribesomethingof themodelunderlyingOVJ’s implemen-
tation. While this detail is not exposedto theuserof OVJ, it mayserve to give the readera betterunderstandingof
someof the issuesfacedin implementingOVJ. Thebasisfor OVJ is a versioningframework which is implemented
by semanticallyextendingJava classesat classloadingtime throughuseof thesemanticextensionframework. For a
classto beversioned,it mustbe(transparently, by theSEF)eithermadeto inherit (directlyor indirectly) from theclass
VersionView (or madeto implementtheinterfaceObjectVersioning ). Eachinstanceof VersionView includes
a referenceto a configurationinstanceandto the specificversioninstanceassociatedwith the givenconfiguration7.
(Suchaninstancecorrespondsto theobjectat theleft of figure2, which in practicewould alsoreferto theconfigura-
tion instancecorrespondingto 3.0.) Eachof thespecificversioninstancesareinstancesof anautomaticallygenerated
classcorrespondingto thebaseclassof theobject,but containingonly thosefields thatmustbemadepersistentand
with theadditionof fieldsthatlink thevariousversionsof theinstance(theseinstancescorrespondto thegrayobjects
at theright of figure2). This approachof dynamicallycreatingnew classesin a mannerthatis transparentto theuser
is commonto OPJ,andalthoughbeyondthescopeof thispaper, is describedin somedetail in [21].

VersioningAPI OVJ providesa versioningAPI for all objects,which includesthefollowing methods:

public ObjectVersioning getClosestVersion (String name);
public ObjectVersioning getCreateVersion (String name);
public void deleteCurrentVersion ();
public ConfigurationInterface getConfiguration ();

Thefirst two, getClosestVersion () andgetCreateVersion () , bothreturnaninstanceof theobjectcorrespond-
ing to thegivenconfiguration.(If theconfigurationdoesnot exist anexceptionis thrown.) If suchaninstanceversion
doesnot exist the first methodwill returnthe closestancestorandthe secondwill createa new version. The third
methodseparatestheassociatedspecificversionfrom theotherversionsof theobject.Thelastreturnstheconfigura-
tion associatedwith theinstanceit is calledover.

4.2 SEF: The SemanticExtensionFramework

Fundamentally, bothOPJandOVJ constitutesemanticextensionsto Java, in onecaseto supportpersistence,in the
otherto supportversioning.Weimplementtheseextensionsthroughuseof theSemanticExtensionFramework (SEF).

7An instanceof VersionView may alsoreferencea virtual configuration. A virtual configurationrepresentsthe setof versionedobject
versionsthatsatisfyagivencondition.Virtual configurationstypically spanaconfigurationsub-branch.
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TheSEFis a general framework thatwasdevelopedafterour experiencewith ad-hocapproacheswhich we usedin
our initial implementationsof OPJandOVJ. Aside from its generality, the SEFis distinguishedby its useof Java’s
classloadingmechanism,which allows the extensionsto be applieddynamicallyandgivesthe processportability.
Despiteits generality, simplicity andportability, we show in section5.1.2that it canoutperforma solutionbasedon
directmodificationof theJava virtual machine.

4.2.1 SemanticExtension: Goalsand Implementation Constraints

The ‘write once,run anywhere’ philosophyhasbeencentralto the successof Java. The approachwe have taken
to semanticextensionsis in keepingwith this philosophyof portability. While this could be viewed asa limitation
(restrictingtheprogrammerto themechanismsofferedby standardJava ratherthanextendingJava) it enablesimple-
mentationsto exploit thebestJava technologyavailable(asit canrunon any virtual machineanduseany compiler).

A systemthatextendsthesemanticsof Java shouldmaintainfundamentalpropertiesof thelanguageandruntime
systemincluding: separate compilation, dynamicclasslinking, modularity, andportability. Original languagese-
manticsmustbe maintainedin order to preserve the propertiesof separatecompilationanddynamicclasslinking.
New properties,suchasfieldsandmethods,maybeaddedto a classonly if theexisting API contractsarerespected.
Furthermore,any semanticextensionsshouldcomplimentexisting semanticchangemechanisms,i.e. inheritanceand
overloading.

An importantobjective is that thesemanticextensionscanbedynamicallycomposed.Many semanticextensions
suchasprograminstrumentationandprofiling arevolatileby nature.Thesesemanticextensionsshouldbeapplicable
to othermore‘permanent’semanticextensions,suchasorthogonalpersistenceor objectinstanceversioning.Conse-
quently, thespecificsetof semanticextensionsto beappliedmayonly beknown at runtime,emphasizingtheneedfor
dynamiccompositionof semanticextensions.In fact,it couldevenbeof interestto dynamicallyextendthesemantics
of classesalreadyloaded(e.g. thedynamicinstrumentationof a programalreadyrunning).However, theJVM spec-
ification forbidsmodificationsof classesafter they have beenloaded,sotheonly possiblesolutionin this caseis the
useof a modifiedJVM with advancedsupportfor introspection.

4.2.2 SemanticExtensionThr oughByte-codeModification at Class-LoadTime

Until now, efforts to extendJava’s semanticsto supportpersistencecould be classifiedin termsof two approaches:
thosethatmodify theJava virtual machine[3, 13, 17], andthosethatusea modifiedcompileror post-processingto
producemodifiedbyte-codes[16] (in somecasesbothapproacheshave beenemployed). The first approachclearly
violatesour the goalof portability—thesemanticswill only be availableon modifiedvirtual machines.Thesecond
approachproducesportablebyte-codes,but requireseachproducerof semanticallyextendedcodeto have accessto
a modified compiler or preprocessor. Moreover, the compilationapproachprecludesthe dynamiccompositionof
semanticextensions.Byte-codesproducedunderthesecondapproachindelibly embedthesemanticextension,andso
areno longerableto exhibit their original semantics.

Theapproachwe have takenis to transformbyte-codesat classloadtime,a techniquethathasbeenusedin other
contexts[8, 1], but until now hasnotbeenappliedin thecontext of persistence.Theapproachhasnumerousadvantages
includingportability with respectto the targetmachineandportability of theusers’byte-codes.(Unlike the second
approachlistedabove, thebyte-codemodificationshappeninsidetheJVM andsoarenot visible to the useranddo
notaffect thesourcebyte-codes).Thebasisfor thetechniqueis Java’ssupportfor theuseof user-definedclassloaders
whichmaymodify thecontentof aclassfile beforeloadingtheclassinto theJVM. Thevirtual machinewill applyall
of theusualchecksto themodifiedclass.By usinga user-definedclassloaderto introducesemanticchange,standard
compilersandvirtual machinesmaystill beused.

4.2.3 A DeclarativeSemanticExtensionLanguage

As wehavesaidalready, our initial implementationsof OPJandOVJ weremadeby constructingcustomclassloaders
thatmadead-hocbyte-codetransformations.This experiencewith anad-hocapproachdirectly motivatedthedevel-
opmentof theSEF, which hasbeenusedasthebasisfor our subsequentOPJandOVJ implementations.Our distaste
for thead-hocapproachwasdrivenby many factors,but thefundamentalonewasthatbyte-codetransformationsare
difficult anderrorprone.A simplemistakeduringthetransformationprocesscandestroy typesafetyor thesemantics
of theprogram,andmayleadto thebyte-codemodifiedclassbeingrejectedat classloadingtime. Sojust asa com-
piler raisesthelevel atwhich theprogrammeris ableto specifyaprogram’ssemantics(throughtheuseof ahigh level
language),the SEFraisesthe level at which semanticextensionsmaybe specified.In eachcasethe programmeris
ableto avoid thecomplexity andhazardsof working at too low a level.
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The declarative languageof the SEF is characterizedby a class-basednamingprotocol for defining the scope
of semanticextensionsandthe useof Java to specifythe semanticsof the extensions.Thususersencodesemantic
extensionsin Javaclasses,andthenamingof theclassesreflectsthescopeof theextension.For example,thesemantic
extensionsspecifiedin a classnamedjava$lang$Object$ will beappliedto all classesthat inherit from the Java
classjava .lang. Object .

Semanticextensionscanincludetheadditionof new fieldsand/ornew methodsto themodifiedclass(es).TheSEF
hasa conventionfor addingspeciallynamedmethodsthat functionas‘triggers’. Triggermethodsareautomatically
invokedon theoccurrenceof certaineventssuchasfield accesses,arrayaccesses,methodinvocations,andparameter
loading. Both ‘pre’ and‘post’ triggersaresupported,allowing thetriggermethodto beexecutedeitherimmediately
beforeor immediatelyafter executionof the triggering event. Trigger methodsare definedthroughthe useof a
simplenamingconvention—pre$getfield$ () identifiesa methodwhich will beinvokedprior to any executionof
a getfield byte-codein classesfalling within thescopeof theextensiondefinition(similarly post$putfield$ ()

will beinvokedafterany executionof aputfield ).

public class java$lang$Object$ {
protected final java .lang .Object pre$getfield$ () {
if(Tracer .showAccess ( this))

System .out .println ("Going to access object "+ this);
return this;

}
}

Figure3: A declarationof aparametricsemanticextensionto achievetrivial instrumentation.

Theseconceptsareillustratedin figure3. Thenameof theclass(java$lang$Object$ ) indicatesthat thescope
of thesemanticextensionis theclassjava. lang.Object andall of its sub-classes.Thesemanticsof theextension
are limited to a singlemethodpre$getfield$ , which, asa specialtrigger method,will be invoked immediately
prior to theoccurrenceof any getfield byte-codein any classwithin the scopeof theextension.In this example,
thetriggerinstrumentsa tracemessage,with theshowAccess methodof theclassTracer dynamicallydetermining
whetheror not themessagewill appear.

The semanticextensionframework is invoked eachtime a userclassis loaded. This action triggersa special
semanticextensionclassloaderto searchfor andloadany semanticextensionclassesthatareapplicableto theuser
classbeingloaded(accordingto thescopingrulesalreadydescribed).Thesemanticextensionclassloaderrelieson
thesamevisibility rulesasall otherJava classloaders.This meansthata wholesuiteof semanticextensionsmaybe
‘turnedon’ or ‘turnedoff ’ by simply includingor excludingthepathcontainingextensionclassesfrom theclasspaths
visible to theJVM (whichcanbedonetrivially eitherby changingtheCLASSPATHenvironmentvariableor by setting
the-classpath optionon theJVM commandline).

4.2.4 Further Implementation Issues

A detailedaccountof the SEF and its implementationis beyond the scopeof this paper—the interestedreaderis
referredto [21]. However, we will briefly mentiontwo implementationissues.Thefirst of theseis the way that the
SEFdealswith systemclasses.BecauseJava systemclassesarenot directly modifiable,the SEFusesa proxying
approachwherebyreferencesto the target systemclassaretransparentlyredirectedto a proxy for the systemclass.
AlthoughtheSEFcannotmodifyany of thesystemclassmethods,theproxy mechanismcanbeusedto redefineany
of the methods,calling backto the unmodifiedsystemclassif desired.Extensionsdefinedwith respectto a system
classare,of course,appliedto any classthat inheritsfrom thesystemclass(asseenin theexamplein section4.2.3,
wherethepre$getfield$ triggerwill bepropagatedto all userclasses).Thesecondimportantissueis the impact
of theSEFon Java’s introspectionmechanisms.BecausetheSEFrewritesclassesandin many casesgeneratesnew
classes,methodssuchasgetClass () mayreturnunexpectedresults.Fortunatelysuchconfusingside-effectscanbe
automaticallyrectifiedby the SEFby semanticallyextendingJava’s introspectionmechanismsto reflectthe desired
behavior.

4.3 PSI: Abstracting Over Storage

By abstractingover storage,the applicationdeveloperis freed from explicit concernfor the characteristicsof the
underlyingstoragearchitecture—whetherthesystemis scalable,distributed,whattheinterfaceof theparticularsystem
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is, etc. Furthermore,asthedemandsof theapplicationchangethechoiceof mostsuitablestorageplatformmayalso
change.If theapplication,througha layerof abstraction,hasbecomeindependentof theparticularstorageplatform,
thestoragesystemmaybechangedwithout perturbingapplicationcode.In this sectionwe identify PSI,which is an
instantiationof thetransactionalobjectcachearchitecture.

Centralto thearchitectureis thecache, to which theunderlyingstore,the languagerun-timeandtheapplication
may have direct access.A transactionalinterfacemediatesthe movementof datain andout of the cache,giving
thelanguagerun-time(andthroughit theapplication)transactionalguaranteesof atomicity, isolation,coherency and
durability with respectto its accessesto the cache. A layeringof storageandprogramminglanguageconcernsis
explicit in thearchitecture.

The explicit acknowledgementof the centralityof the cacheand the provision for mediateddirect accessto it
contrastswith otherarchitecturesfor persistentsystems[22, 23] which provide theabstractionof a ‘persistentheap’,
implementedwith arelativelyexpensiveprocedurecall interfacefor dataaccess.Thisaspectof thetransactionalobject
cachearchitecturemakesit farmoreconduciveto highperformanceimplementationsthansuchalternatives.

By providing anabstractionovertheobjectstorethroughlayering,thearchitectureis transparentto thedistribution
of theunderlyingstore,andcoupledwith theconcurrency controldeliveredby thetransactionalinterface,facilitates
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Figure4: Client server (left) andclient peer(right) realizationsof theunderlyingobjectstore. Theabstractionover
storearchitectureprovidedby thetransactionalobjectcachearchitecturegivesdistribution transparency to theclient
applicationandrun timesystem.PSIis aninstantiationof theRTS/storeinterfacevisible ateachnode.

the implementationof multi-userclient-server or highly scalablemulti-processorimplementationsindependentlyof
thelanguagerun time/application[6]. We characterizethis propertyof distribution transparency from theperspective
of therun timeandapplicationwith thetermsingleimagestore.

4.3.1 PSI: A TransactionalObject CacheInterface

At the heartof the transactionalobjectcachearchitectureis an interfacebetweenthe languageandstorelayersof a
persistentsystem.A realizationof thearchitectureis thusdependenton the identificationof a suitableinterface.To
this endwe havedevelopedPSI,asoftwareinterfacedefinition[6].

In designingPSI,wesoughtto balanceanumberof objectives:to flexibly supporttheneedsof persistentprogram-
ming languages(PPLs);to stronglyseparatestorageandprogramminglanguageconcerns;andto admitsmallandfast
PPLimplementations.Thiscombinationof objectivespresentedaconstrainedtrade-off spacefor theinterfacedesign,
within which PSIrepresentsjustonepoint.

The underpinningfor the PSI definition is an abstractionof the transactionalobjectcachearchitecture[6]. The
abstractionis basedon threedistinct facetsof thebehavior of thetransactionalobjectcache:stability, visibility, and
availability. A numberof abstractoperationsover thestoresuchasReadIntention, WriteIntention, andCommit are
identifiedandtheir semanticsdefinedin termsof the threeabovementioneddomainsof behavior. The well-defined
semanticsof theseprimitiveswerethenusedasthebasisof a definitionof thesemanticsfor eachof thePSIcalls.

Having definedthe PSI interfaces,we have constructedbindingsto the SHOREOODBMS [11] andto Oracle’s
objectcacheandrelationalinterfaces.In addition,a high performanceobjectstoreunderdevelopmentwithin our lab
alsohasa PSI interface.Thusthescalabilityof theABS-BR demonstratoris in largeparta functionof thechoiceof
underlyingstoragesystem.
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4.4 Implementing the ABS-BR Demonstrator

Recallthatourgoalin theABS-BRprojectwasto exposeourselvesto alarge‘real-world’ problemandthento develop
andtestnew technologiesin thecontext of thatproblem.TheABS-BR andthechallengesthat it givesriseto arethe
subjectof section2, and in section3 we discussedan approachbasedon the useof abstractionasa methodology
andJava asan implementationcontext. In the precedingportion of this sectionwe have outlinedthe development
of technologieswhich put our approachinto practice. We cannow discussthe implementationof a first prototype
of the ABS-BR demonstrator, which is a realizationof key componentsof the ABS-BR usingthe abovementioned
technologies.

Figure5: Userinterfaceof the OPJ/OVJ-basedABS-BR demonstrator. Shown arethe startupwindow anda query
window displayingasetof company hierarchiesthatsatisfya userquery.

Thedemonstratoris built in JavaandusesOPJandOVJ for transparentsupportfor versioningandpersistenceand,
throughOPJ,usesPSI to gainportability with respectto, andleveragethe scalabilityof, thestorageback-end.The
applicationhasauserinterfacebuilt usingSwing(figure5),andallowstheuserto: navigatetheBR’scorebusinessunit
hierarchy;create,queryandupdatecompany information;usebothlong andshorttransactions;andaccesshistorical
snapshotsof thedatabase.

Thedemonstratorwasconstructedover a periodof four monthsby a singleprogrammer. The systemis written
entirelyin Javaandwasdevelopedusingapopularintegrateddevelopmentenvironment.Becauseof theorthogonality
of OPJandOVJ, thecodeis pureJava andis devoid of theexplicit persistenceandversionmanagementcodewhich
aredominantcontributorsto thecomplexity of theoriginalABS-BR.In theremainderof thissectionwediscussthree
significantaspectsof thedemonstratorimplementation.

4.4.1 Implementation of Long Transactions

Long transactionsarevery importantto theABS-BR becauseupdatesto largecompaniescantake daysof data-entry
time. As discussedin section2.1.4,in theabsenceof supportfrom theunderlyingOODBMS,thisneedis addressedin
theABS-BRby copying dataoutof thedatabaseinto anexternalspacecalledthework in progress(WIP) storefor the
durationof theupdates.This pragmaticapproachis far from idealbecauseit doesnot scalewell (all datausedmust
becopied),andit bypassesthedatabase’s transactionalmechanisms.

Our solution is to view long transactionsas an applicationof object versioning. Looked at this way, a long
transactionscorrespondsto a branchin aconfigurationhierarchyandthecommitof a long transactioncorrespondsto
a configurationmerge(bringing the branchbackinto the main-line). Becausea branchin a configurationhierarchy
is a logical duplicationof thedatabase,(short)transactionsoperatingover the mainlineandbranchwill not conflict
andsocanoperateconcurrently. Yet becausetheduplicationis logical ratherthanphysicalno unnecessarycopying
occurs.Operationswithin the long transactionarecomposedof normaltransactionswith respectto the appropriate
configurationbranchof theobjectdatabase.Usingthisapproach,auserquerycanoccurconcurrentlyto along-running
updateto oneof thecompaniesqueriedwithout conflict. While in generalbranchmergescangenerateconflict which
must be manuallyresolved, conflict resolutionis avoided in the ABS-BR prototypeby using a simple systemof
high-level locksto ensurethat(rare)conflict-generatingtransactionsdo not executeconcurrently.
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Becausethis solution is basedon the useof versioningthroughOVJ, asidefrom calls to start andend a long
transaction,it is completelyorthogonalto usercode.

4.4.2 Implementation of Historic Versioningand DependentSourceFeedback

Theneedfor historicalversioningis a key requirementof theABS-BR (section2.1.3andfigure1). In particular, the
ABS-BR hastheconceptof ‘historic snapshots’(globally consistenthistoricalviews of thedatabase),and‘common
frames’ (meansfor retrospectively updatinghistorical data). Both historical snapshotsand commonframeswere
trivially implementedthroughtheapplicationof OVJ’s configurationmanagementfeatures.Branchedconfigurations
area naturalsolutionfor theimplementationof historicsnapshots.Any configurationin theinitial branch(main-line)
is a historicsnapshot,exceptfor thelastone.A configurationstatusis frozenoncea descendentconfigurationin the
samebranchis created.A commonframecorrespondsto anew branchcreatedto allow changesto ahistoricsnapshot.

OVJ’s configurationmanagementalso provides a solution to the problemof dependentsourcefeedback(sec-
tion 2.1.3). ‘V irtual configurations’allow configurationsto bedefinedconditionally, andsoin thecaseof dependent
sourcefeedback(DSF),virtual configurations(section4.1.2)canbeusedto exclude(or include)objectversionswhich
areaffectedby DSFfrom any query8.

5 Analysis

The goal of the ABS-BR demonstratorwasto provide a context for evaluatingthe technologieswe have developed
andtheapproachesthatthey embody. Thissectionfocuseson thatevaluationandconcludeswith abrief discussionof
alternativeapproachesanddirectionsfor futurework.

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

An evaluationof theABS-BRdemonstratormustincludebothqualitativeandquantitativeaspectsof boththedemon-
stratordevelopmentandtheunderlyingtechnologies.

5.1.1 Productivity

In largepartABS-BR productivity concernsstemmedfrom a high degreeof codecomplexity inducedby persistence,
versioning,andexplicit memorymanagement.We briefly analyzetheABS-BR andthedemonstratorwith respectto
two aspectsof overallproductivity—development andmaintenancecosts.

Development TheABS-BR wasdevelopedusingstateof theart commercialOODBMStechnology. Thedevelop-
ment,includinga detailedanalysisphase,took a teamof aroundfifteenprogrammersthreeyears(45 personyears).
Thebusinesslogic of theapplicationcomesto morethan90,000linesof C++ (not includingthegraphicaluserinter-
face). Much of this is accountedfor by the useof templatesfor the generationof an objectversioningmechanism,
maintenanceof explicit persistentto transientmappingsandexplicit memorymanagementthroughalloc /free .

By contrast,the developmentof the ABS-BR demonstratorprototypetook oneprogrammerfour months. The
demonstratorimplementsthe coreABS-BR schemaandabout25% of the total functionality in just 3,400lines of
Java. An additional3,050linesof JavaimplementanadvancedgraphicaluserinterfaceusingSwing(theGUI includes
supportfor draganddrop,hierarchicaldisplaysetc.). Theeaseof developmentwashighlightedby the fact that the
first versionof thedemonstratorwasdevelopedasanon-persistentJavaapplicationentirelyindependentlyof OPJand
yet ranpersistentlywithoutmodificationonceOPJbecameavailable9. Althoughthedemonstratordoesnot implement
userhelp,datamigrationandothersuchperipheralfunctionality, the simplicity of thedemonstratorimplementation
indicatesthattheuseof Java,OPJandOVJ facilitatesasubstantiallysimpler(andthuscheaper)developmentprocess.

Maintenance While it is not possibleto make meaningfulcomparisonsaboutthe actualmaintenancecostsof the
respective systems,two characteristicsstandout as indicatorsthat maintenancecostsfor the demonstratorwould
likely besubstantiallylower thanfor theABS-BR.First, thecomplexity of thecodeis dramaticallyreduced,yielding
substantiallyshorterandsimplercode.For example,theclasscoreu which implementstheimportantCoreUnitin the
BR application,is 3113linesof C++ codein theABS-BRand1213linesof Java in thedemonstrator. Sincecodesize

8At thetime of writing, supportfor DSF-freequeriesthroughvirtual configurationsis still underdevelopment.
9OPJwasbeingdevelopedconcurrentlyandsowasnotavailableuntil afterthefirst demonstratorprototypewasready.
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andcodecomplexity arekey factorsin softwaremaintenancecosts,it seemslikely that thedemonstratorcodewould
have appreciablylower maintenancecosts.Second,theimplementationof versioningat thelevel of applicationcode
throughtemplatesaddsa greatdealto the complexity of the ABS-BR codeand,again,is likely to be a significant
ABS-BR maintenancecostthatwill not beincurredby thedemonstrator.

5.1.2 Performance

Ideallywewouldpresentresultsdirectlycomparingtheperformanceof theABS-BRwith thatof acompleteABS-BR
demonstratorimplementation.However, while thedemonstratorcurrentlyimplementsthemostimportantfunctional-
ity for sucha comparison,it is not possibleto accessABS-BR sourcedata,andfor a varietyof reasonsit would not
be practicalto benchmarkthe ABS-BR againstsomeotherdatasource.Insteadwe evaluatetheperformanceof the
key underlyingsystem—OPJ.Theprimaryrole of OPJis asa persistentobjectsystem,sowe compareit hereagainst
a numberof alternativesuchsystemsusinga standardOODBMSbenchmark,OO7[9].

In theresultsthatfollow, weincludeperformancefiguresfor ourfirst two implementationsof OPJ(ANU-OPJ-shell
andANU-OPJ-facade),eachof which useddifferentswizzlingpolicies[21]. Theresultsshow performanceproblems
for both systemwhenexecuting‘cold’ 10. In the caseof ANU-OPJ-shell,we attribute this largely to eagermemory
consumptionfor the allocationof shell objectsin the swizzling process.Whereasfor ANU-OPJ-facade,we believe
thatthepoorresultsarelargelydueto extensiveuseof theJavaNativeInterface(JNI) andthesubstantialcostincurred
on eachtransitionof the Java/C++interface. Additionally, someof the transformationsusedin the façadeapproach
mayreducetheopportunitiesfor codeinlining andoptimizationby thejust in time compiler(JIT) [21].

In both of theseimplementationsnative methodswereusedfor the time consumingtasksassociatedwith read
barriers,suchasobjectfaultingandreification.However, instrumentationof thesystemdemonstratedthatthebarriers
performedsubstantiallybetterwhenthekernelof thebarrierwasimplementedin Java ratherthanasnative methods.
This is attributed to the substantialoverheadof native methodinvocationand the capacityfor the JIT to optimize
frequentlyexecutedcode.In futureimplementationswehopeto substantiallyreduceour useof JNI andC++.

Benchmarking Envir onment We haveusedtheOO7benchmark[9] to evaluatethesystems.Theresultspresented
herecomparethe performanceof ANU-OPJ(ANU-OPJ-shellandANU-OPJ-facade),PJama[3] (versions0.5.7.10
and1.2),PSI-SSM(a SHORE-basedimplementationusingC++), andJava runningwithout persistence.ThePJama
implementationsareunableto take advantageof JIT technology, whereasANU-OPJcanleveragethis technologyto
producecompetitive performanceandportability. The ‘small’ OO7benchmarksareusedaswe werenot ableto run
the‘medium’ databaseoverany versionof PJamaor PSI-SSM.

It is possiblethat thehot 11 timescoulddegradeasthedatabasesizeis increased.In this case,techniquessuchas
objectcacheeviction andpromotionwill becomea necessity. Noneof our implementationssupportthesetechniques,
but this supportcouldbeeasilybuilt on top of thenormalJava garbagecollection(usingfinalizermethodsandweak
references),with thesupportof anobjectcachethatcanflushobjectsandstill maintaintheir locks.

ThesameJavacodewasusedfor theANU-OPJ,PJamaandJDK systemswith only minormodificationsrequired
for each. For the basecodeto run on eitherANU-OPJ-shellor ANU-OPJ-façadeit wasonly necessaryto inserta
call to Chain () at thepointwherethebenchmarkrequiredacommit.Thenon-persistentversion(JDK 1.2.2)needed
minor changesto allow the‘generation’and‘benchmark’phasesof OO7to occurin a singleexecution.For PJamait
wasnecessaryto addcodewhich openedthestore,retrievedthepersistentroots,andcalledstabilizeAll () at the
pointwherethebenchmarkrequireda commit.

For PSI-SSM,the OO7 benchmarkwasimplementedin C++. The implementationdoesnot useswizzling, but
insteadexplicitly translatespersistentreferencesto pointersat eachtraversal,andmakesexplicit updatenotifications.
‘Smartpointers’[20] wereusedto performthereferencetranslations,affordingadegreeof syntactictransparency.

Thebenchmarkswereexecutedon a singleSunUltra-170with 128MB of RAM andseparateharddisksfor the
persistentstoreandlog. Both version0.5.7.10(which requiredJDK 1.1.7)andversion1.2of PJamawereused.JDK
1.2.2(with the Hot SpotJIT) wasusedto executethe ANU-OPJ-shell,ANU-OPJ-façadeandnon-persistent(JDK)
versionsof theOO7benchmarks.ANU-OPJ-shell,ANU-OPJ-façadeandPSI-SSMusedtheShorestoragemanager.

PerformanceResults Eachimpulsereportedcorrespondsto thenormalizedaverageexecutiontime for tenexecu-
tionsof a particularbenchmark.Thebenchmarksreportedherearetraversalst1, t2c, t3b, t4, t5do, t5undo,t6 to t10

10Coldexecutiontimesarefor theinitial runwherethedatahasnotbeenfaultedinto memoryandmustberetrieved from theunderlyingstore.
11Hot executiontimesarefor runswherethedatahasalreadybeenfaultedinto memory.
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Figure6: Coldquery(top)andtraversal(bottom)timesrelative to correspondingANU-OPJ-shelltime.

andwu andqueriesq1 to q8, in this order12. The resultsarepresentedseparatelyfor the traversalsandquerieson
accountof markedlydifferentcharacteristicsof thetwo benchmarkgroups.

The cold executionresultsin figure 6 indicatethat ANU-OPJ implementationsperformsworsethanPJama1.2
whencold (2.2 timesslower thanPJamaversion1.2 on average).We attribute theseresultsto theexcessive context
switchingbetweenJava andC++ usingJNI.
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Figure7: Hot query(top) andtraversal(bottom)timesrelative to correspondingANU-OPJ-shelltimes.

Thehotexecutionresultsin figure7 indicatethatANU-OPJ-shellimplementationperformswell whenhot(5 times
betterthanPJamaversion1.2and3 timesbetterthantheANU-OPJ-façadeimplementationon average),outperform-
ing both PJamaimplementationsin almostall the operations.The ANU-OPJ-shellperformsbetterthanany other
implementationin readonly operations(almost8 timesbetterthanPJama1.2onaverage),evenoutperforminga C++
basedimplementationover thesamestore.We attributethestrengthof theseresultsto theJDK1.2.2JIT compilerand
to thecostof explicit referencetranslationin theC++ implementation.

12It wasnot possibleto presentresultsfor thecompletesuiteof OO7benchmarks.Benchmarkst2a,t2b andt3adid not run in eitherANU-OPJ
implementationnorPJama.Benchmarks‘i’ and‘d’ did not rundueto anunidentifiedfailurein theShorestoragemanager.
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Figure8: Hot query(left) andtraversal(right) timesfor anon-persistentimplementation(JDK) andANU-OPJ-façade
relative to correspondingANU-OPJ-shelltimes.

Readand Write barrier overhead Figure8 comparestheANU-OPJshellandfaçadeimplementationswith anon-
persistentimplementationof theOO7benchmarkoperations.This graphicdemonstratesa moderateoverheadfor all
queryoperations(150percentonaverage).However, traversaloperationsweremuchmoreexpensive(370percenton
average),largelyasa consequenceof greatertransactioncommitcostsfor thatgroupof benchmarks.We believe that
thequeryresultsaresignificant,becausethey suggestthat theruntimeefficiency of theJava languageenvironmentis
unlikely to beastumblingblock to theuseof Java in thecontext of persistentdatamanagement.

5.1.3 Scalability

We have not beenableto make a detailedscalabilityanalysisof theABS-BR, OPJor OVJ, althoughwe have shown
thatthedemonstratorwill scaleto at leasthalf amillion objects.

However, the key scalabilitypropertiesof the ABS-BR lie in its architecture, andin large part are independent
of OPJor OVJ but dependinsteadon thescalabilityof the underlyingobjectdatabase.Theuseof thePSI interface
allows OPJto utilize any underlyingstorethat supportsthe interface—wehave trivially constructedbindingsfor a
numberof databases,includingOracle.Thefactthatusercodeis unaffectedby thechoiceof OODBMSliberatesthe
developer, enablingtheuserto choosetheOODBMSthatbestsuitstheir demandsat any time without impactingany
of their applicationcode(of coursea once-off datamigrationwill probablybenecessary).

5.2 Commercial Alter nativesand RelatedWork

Thefocusof thispaperhasbeenthechallengesof highperformanceobjectdatabaseapplicationsandthedevelopment
of technologiesthat addressthem. We have presentedsomequite specificsolutionsto theseproblemsanddemon-
stratedtheir utility. Althoughour solutionshave direct commercialapplication,at this stagethey lie in the realmof
academicresearch.However, therearealternative approachesavailable,includingcommercialones,someof which
wereindependentlydevelopedduringthecourseof ourwork. In thissectionwe briefly look atsomeof these.

5.2.1 OPJ Alter natives

To this point therehave beenno commerciallyavailablepersistentobjectsystemsthat fully implementorthogonal
persistencefor Java. Somewould arguethat this reflectsa long-heldcommercialperspective thatorthogonalpersis-
tenceis an impracticaltechnology[10], andit certainlyseemstrue thatorthogonalpersistenceresearchershave not
beensufficiently pragmaticin their efforts to have thetechnologycommercialized.Nonetheless,recentdevelopments
indicatethattechnologicaladvances(particularlywith respectto Java)andgrowing demandfor objecttechnologyare
bringingvendorsevercloserto theorthogonalpersistenceideal.Thisshift is mostnotablein a progressionof ODMG
standards,themostrecentof which,ODMG 3.0,hasledto theproposalof anew standardfor persistenceof objectsin
Java—theJava DataObjectsstandard[27]13. This specificationis expectedto play a fundamentalrole in theportable
implementationof container-managedpersistencein EnterpriseJavaBeans(EJB)[26] servers.ThusJavaDataObjects
implementationsprobablycorrespondto theclosestcommercialoffering to OPJ,andcouldserveasa closesubstitute
to OPJin developinga solutionsuchasthe onepresentedhere. Indeed,we have usedthe SEFto developour own
JDOimplementationandhavebuilt a versionof theABS-BR usingJDOratherthanOPJ.

UnfortunatelyJDOhasanumberof seriousdeficiencies.Notably, althoughJDOimplementspersistenceby reach-
ability, persistenceis not type-orthogonal.Thus an object may be reachablefrom a persistentroot but of a non-
persistenttype, leadingto danglingpointersin thepersistentobjectgraph.Furthermore,JDOdoesnot have thepure

13At the time of writing the JDO proposalhad just been‘approved for development’ under the Java CommunityProcess(JSR-12). See
http://java.sun.com/aboutJava/communityproce ss/jsr
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transactionalmodelof our OPJimplementation,but ratherintermixestransactionalandnon-transactionalcomputa-
tion. This hastwo significantconsequences:transactionalisolationis not enforcedwithin the JVM, andin orderto
implementabortsemanticsin a mannerthat is visible to non-transactionalcomputation,JDOimplementationsmust
explicitly restorecachedobjectswhich wereupdatedin any abortedtransaction.

5.2.2 OVJ Alter natives

SomeOODBMS,suchasOde[19], SOP[18] andONTOS [24], provide objectversioningsupportaspart of their
programminglanguageenvironment.Most of theseproductsdo this throughhard-codedversionsemanticsandlack
supportfor configurationmanagement.Thus programmersmust manageconfigurationsthroughthe useof basic
versioningfunctionalityanddynamicbinding.An exceptionis ONTOS,whichprovidestheconceptof ‘configuration
streams’whichcorrespondto configurationgraphs(section4.1.2)[24] but it still hasquiterigid versioningsemantics.
Noneof theseoffersthetransparency providedby OVJ,sononeareableto fill thesameroleof hidingobjectversioning
managementcomplexity from theapplicationprogrammer.

The conceptof ‘databaseversions’in multi-versiondatabases[25] is perhapsthe closestin the literatureto our
notion of transparency. A multi-versiondatabasemay beseenasa generalizationof a conventional(mono-version)
database,eachdatabaseversionbeingequivalentto a conventionaldatabase.The languageDML [25] includesthe
conceptof a ‘default databaseversion’ (configuration)which is similar to our conceptof an ‘implicit configuration
context’ in OVJ, but DML is limited to a querylanguage.

5.3 Dir ectionsfor Future Work

Thework presentedheredirectly addressessomeof themajorissuesfacingimplementersof high performanceobject
server technology. Nonethelessmany challengesremain.Perhapsthemostpressingof theseis schemaevolution and
schemaversioning. While we have discussedat somelengththe motivation for andimplementationof transparent
data (object instance)versioning(realizedasOVJ), schemaversioningconcernsmeta-data(class)versioning.This
is very importantbecausejust asdatachangesover time, so too doesmeta-data—bothbecausesystemsmodeledby
themeta-datachangeandalsobecausethewaysystemsaremodeledchanges(improvementsin algorithms,bugfixes,
etc). Thusdifferenthistoricalinstancesof a ‘single’ objectmayhave beencreatedby differentclasses,accordingto
whenthey werecreated.

Althoughwe have not reportedhereour work on schemaversioning,we have beenactively researchingthis area
andarein theprocessof implementingtransparentsupportfor schemaversioningwhich we will employ in theABS-
BR demonstrator. We arealsoworking on a numberof othertopicsrelatedto theABS-BR, includingextendingOPJ
to applets.
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7 Conclusion

Objectserver technologiesarebecomingincreasinglyimportant,however largeapplications—suchasour casestudy,
the ABS-BR—arebeing boggeddown by complexity and are strugglingto scale. The task of implementingthe
application’s businesslogic is cloudedby the needto manageconcernssuchaspersistence,transactions,versions,
heterogeneity, distribution,etc.Theconsequenceof this is complex code,largeapplications,longdevelopmenttimes,
andhighmaintenancecosts.

We have usedtheABS-BR casestudyasa forum for examiningtheseproblemsandplatformfor evaluatingnew
solutions.Theapproachwehavepresentedhereis deeplyrootedin theprinciplethatabstractionis thekey in thefight
againstsoftwarecomplexity, andhasbeenshapedby ouruseof Javaasadevelopmentcontext. In ourimplementations
of orthogonallypersistentJava (OPJ)andorthogonalversioningfor Java (OVJ) we have shown how effectively this
principle of abstractioncanbe appliedto the problemat hand,anddemonstratedthe utility of Java asa context for
implementingsuchsolutions.
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While the commercialviability of sucha pervasive applicationof the principle of abstractionhasat timesbeen
questioned[10], we view the emergenceof Java asa turning point in that quest. To us, the cleanness,efficiency,
generalityandportability of thesolutionswe have developedareindicatorsthat theapproachis on thecuspof being
commerciallyviable. The progressof the new Java Data Objects(JDO) standardsuggeststo us that industry is
beginningto think sotoo.
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