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Abstract

The ability to storeobjectstatespersistentlyin a convenientandflexible way is
animportantrequirementfor middlewareenvironments.In this paperwe propose
a languageindependentframework for flexible andextensiblepersistentstorage
servicesfor object-orientedmiddleware. The framework is specifiedby interface
definitionsandtherationaleof their interplay. To supportapplication-specificre-
quirementslike particulardatarepositoriesanddistribution aspects,differentper-
sistenceservicesarefeasiblewithin theproposedframework. Theseservicesare
easyto use,sinceobjectsarestoredpersistentlyby inheritingfrom a singleclass;
additionalauxiliary classes–like, for instance,factoryor sessionclassesin related
approaches–arenot required.Weremarkthatinter-objecttransactionalbehavior is
not in thescopeof apersistentstorageservice;theseissuesareaddressedby trans-
actionalservices.To show theopendesignof theproposedframework, we sketch
how theframework canbeintegratedwith theTransactionServiceproposedby the
ObjectManagementGroup.
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1 Intr oduction

Theability to storearbitrarily structuredobjectsin persistentstoragein a flexible way
with little effort is an important requirementfor enhancingthe reliability and fault
toleranceof object-orientedmiddleware[13, 14, 5, 20]. If therepresentationof a per-
sistentobjectin volatilestorageis lost,e.g.,dueto aservercrash,thepersistentstorage
serviceis responsiblefor restoringa consistentobjectstateafter the systemrestarts.
Recovery from failuresshouldbetransparentto theuser. In addition,applicationpro-
grammersshouldconcentrateon application-specificpropertiesand leave issuesre-
latedto thepersistentstorageof objectstatesto thepersistenceservice.In this paper
�
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weproposeaflexible, extensible,andlanguageindependentpersistenceframework for
object-orientedmiddleware.

Theframework is specifiedby interfacedefinitions.Implementationsof theframe-
work resultin persistenceservicesthatareusedto storeapplicationobjectspersistently.
We stressthatwithin theframework, a varietyof implementationsarefeasibleto sup-
portdifferentapplicationrequirements,for instancedifferenttypesof datarepositories
(e.g.,file systems,relationalandobject-orienteddatabasesystems),datarepresenta-
tions (e.g., definedby binary streamingor complex schemamapping). In addition,
theframework is languageindependent,meaningthatall programminglanguagessup-
portedby themiddlewarecanbeusedto implementpersistenceservicesbasedon the
proposedframework. It is importantto remarkthat different implementationsof the
framework aretransparentfor theusersof theservice,i.e.,applicationobjects.There-
lationshipbetweentheproposedframeworkandparticularimplementationsis shown in
figure1: Thepersistenceframework is specifiedby interfacedefinitionsusingInterface
DefinitionLanguage(IDL) andby their semantics,which is describedtextually.

We like to clarify thefollowing point: In this paperwe proposea framework for a
persistentstorageservice,not a particularimplementation.Sincethetermframework
is oftenused(andsometimesmisused),westatethatwemeanby framework thespeci-
ficationof asetof interfacesaswell asthespecificationof theirmeaningandinterplay.
To this end,we discussin somedetail theobjectsinvolvedin persistentstorage,what
theseobjectsaresupposedto doandhow they interactto reachtheirgoalof persistently
storingstatesof applicationobjects.

Thispaperis organizedasfollows: In Section2, theapplicationmodelis character-
ized,andwesketchaspectsnotcoveredin thispaperin detail.Section3 introducesthe
persistenceframework by presentingits designgoals,its overallstructureincludingthe
classesinvolved, the interfacedefinitionsof theseclassesandtheir interplay. Imple-
mentationaspectsof aparticularpersistenceservicebasedon theproposedframework
arediscussedin Section4. A sectionon relatedwork andconcludingremarkson an
integrationwith the TransactionServicespecifiedby the ObjectManagementGroup
(OMG) andremarkson someoptimizationscompletethis paper.
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2 Preliminaries

This sectionintroducesthe environmentof the persistenceframework, andit charac-
terizesthescopeof this paperby sketchingissuesnot addressed.

2.1 Application Model

In object-orientedsystems,applicationsare designedand implementedby objects,
which aresoftwarerepresentationsof real-world entitieslike customers,orders,and
invoices.Objectsarecharacterizedby structure(asetof attributes)andbehavior (aset
of methodswith signaturesattached).Objectscommunicateby messagepassing.Once
anobjectreceivesamessage,it determineswhethertherespectivemethodis available,
in which casethemethodis invokedandthereturnvaluesaresentbackto thecalling
object.If thereis no suchmethod,thesystemraisesanexception.

In distributedcomputingenvironments,objectsof a givenapplicationmay reside
in differentcomputingnodes.As a result,methodcallsarenonlocalin general.This
meansthatanobjectin site � maysenda messageto anobjectin site � , andthelatter
objectreturnsthe resultof the methodinvocationto the calling object. The software
systemthat handlesthe communicationis calledmiddleware. Object requestbroker
area well known andwidely usedmiddlewarethat is basedon the CommonObject
RequestBroker Architecture(CORBA) specifiedby OMG. In CORBA environments,
messagesbetweenobjectsaretransferredby anobjectrequestbroker. Objectlocations
aretransparentto applicationobjects,which meansthatcalling objectsdo not needto
know in which sitetherequestedobjectis located.As a result,sitechangesof objects
donot requiremodificationsof theapplication:CORBA objectidentifiersareresolved
to sitesby themiddleware.

The persistenceframework proposedis conceivedfor theseenvironments;it pro-
videsa convenientandflexible way to storeobjectstatespersistently, with theaim of
enhancingthe fault-toleranceof object-orientedapplications.Generallyspeaking,at
eachinstance,an object is characterizedby its stateand its behavior. While object
behavior is specifiedby methods,thestateof an objectis representedby the object’s
currentattributevalues.Consequently, a persistentstorageservicedealswith storing
attributevaluespersistently, with theaim of enhancingfault-toleranceandavailability.
It is designedfor client/serverapplicationswith specialfocuson businessapplications
in heterogeneousenvironments. Given the myriad of approachesto addpersistence
to Java (the most relevant onesare discussedbelow), our approachis languagein-
dependent.In fact, the specificationcanbe implementedin C++, C, Java, or other
programminglanguagesthataresupportedby CORBA.

Thereare two groupsof personswho make useof the resultspresentedin this
paper. Firstly, the systemdesignersandsystemprogrammerswho usethe proposed
persistenceframework to implementspecificpersistenceservices.For instance,classes
representingdatabaseobjectshave to be implementedfor eachdatabasesystemto be
usedto storeobjectstates.The secondgroupof personsareapplicationdevelopers,
who usethepersistenceservicesduringapplicationdevelopment.For instance,in an
orderprocessingapplication,theapplicationclassorderconsistsof a varietyof order
objects. To storetheseobjectspersistently, applicationprogrammerscall a method
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provided by the persistenceservice. Notice that any changesto the implementation
of theservicesis transparentfor theapplicationprogrammers,andhence,transparent
for the application. For instance,it may be requiredto changethe datarepository
from a file systemto a relationaldatabasesystem. This can be doneconveniently
by modifying thepersistenceserviceimplementations.Applications,however, do not
haveto bemodifiedatall.

2.2 Aspectsnot Covered

Sinceobjectpersistenceis relatedto a varietyof conceptsandtechniques,this section
discussestheissuesthatarenotaddressed,namelyinter-objecttransactionalproperties
andperformanceevaluations.However, sincetheserviceis extensibleandopento co-
operatewith otherservices,thisdoesnot restricttheusageof theproposedpersistence
framework. In thecontrary, by its limited scope,thespecificationandimplementation
is ratherlight-weight.

An importantissuerelatedto persistenceis transactionalsupportfor object-oriented
applications. The transactionconceptis well-known from databasesystems,where
concurrency controlandrecovery issueshave beenaddressedfor sometime, generat-
ing theoreticalandpracticalsolutionsof considerableimpact[2, 7]. In general,con-
currency controldealswith synchronizingconcurrentaccessesof a setof transactions
to shareddata,storedin a database.Importantproblemsin this context aredirty read,
lost update,and inconsistentretrieval [2]. It canbe shown that theseissuescan be
solved with locking protocols. In transactionprocessingterminology, locking proto-
cols generateexecutionsthat obey certaincorrectnesscriteria, for instance,conflict
serializability. It is worthmentioningthattransactionalissuesandpersistenceissuesin
object-orientedprogrammingareratherindependent.In particular, concurrentlyactive
objectsinvoking methodson eachotherwill run into lost updateproblemsif trans-
actionalcapabilitiesarenot presentto control their interaction. Hence,transactional
issuesmayoccurevenwithout any persistence.On theotherhand,objectsin volatile
storagemaybe lost dueto the lossof mainmemorycontent,which is a problemthat
persistencesupporthasto handle— transactionalpropertiesof objectsarenot involved
in this case. While this paperfocuseson persistence,it alsodiscusseshow the pro-
posedpersistentstorageservicecanbe integratedwith a specifictransactionservice
(cf. Section6.1). However, on thestoragelevel, transactionalsupportis requiredfor
theproposedservice.Objectstatesarestoredin persistentstoragetransactionally, i.e.,
eachobjectis eitherwritten completelyor not at all. Hence,transactionalproperties
of the underlyingdatarepositoryareusedin the storagelevel. However, inter-object
transactionalbehavior is not in thescopeof a persistentstorageserviceandtherefore,
consequently, is not addressedin this paper. We remark,however, that a transaction
servicecanmakeuseof thepersistentstorageservice,asis discussedin somedetail in
Section6.1.

Sincethe mainobjective of this paperis to introducethe conceptualdesignof an
extensiblepersistentstorageservice,wedonotprovideaperformanceevaluation.Per-
formancecanonly be analyzedfor particularimplementations.As will be discussed
below, an interestingaspectof theproposedserviceis theability to cover a varietyof
differentimplementations,in the sensethatwithin the proposedspecification,imple-
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mentationsfocusingon differentaspectscanbeprovided. For instance,integrationof
legacy applicationsandsupportfor large,unstructuredmultimediaobjectslikeaudioor
videodata.We mention,however, that theperformanceof theproposedserviceis ef-
fectedby thestoragepolicy used,which is discussedin moredetailbelow. In addition,
Section6.3presentssomeideasto optimizetheservice.

3 PersistenceFramework

Theconceptualdesignof thepersistentstorageserviceis basedonasetof designgoals,
discussedbelow. Theconceptualdesignof the persistentstorageserviceis presented
by its generalstructureandthe interfacesof theclassesinvolved. An exampleshows
theusageof theservice.

3.1 DesignGoals

Sincethe maingoalof this paperis theconceptualdesignof a persistentstorageser-
viceandnot its implementation,therearedistinctdesigngoalsfor implementorsof the
serviceandfor usersof theservice.Implementorsarepersonsinvolvedin developing
codeto implementtheservice.Usersof theservicearetypically applicationprogram-
mers,who make useof implementationsof the persistentstorageserviceproposed.
Thefollowing goalswereidentifiedfor theconceptualdesignof thepersistentstorage
service.

� Ease-of-Use:For efficient softwaredevelopmentandmaintenance,application
programmers,i.e.,usersof theservice,shouldconcentrateon thebusinesslogic,
ratherthanon technicaldetailslike thepersistentstorageof applicationobjects.
Incurringconsiderableadditionalcodingto storeapplicationobjectspersistently
is not anattractive featureof a persistentstorageservice.In particular, it seems
inappropriateto requireapplicationprogrammersto develop additional inter-
facesandclassesfor providing persistencefor applicationobjects. In contrast,
providing methodsfor storingobjectvaluespersistentlyandfor loadingobject
valuesfrom persistentstoragein volatilestorageis a moreappropriatechoice.

� ClassEvolution: Given the dynamicnatureof todaysbusinessenvironments,
thestructureof applicationobjectsis likely to changedueto new requirements
imposedby theapplication.For example,objectsmayrequirenew attributesor
givenattributesareno longerneeded.In theformercase,therespectiveattribute
valueshave to be storedpersistentlyto properly representobjectstates. As a
result,it is an importantdesigngoal for usersof persistentstorageservicethat
evolutionof bothclassesandobjectsis supported.

� DataIntegrity: In presenceof systemfailuresinvolving thelossof volatilemem-
ory content,the systemshouldbe ableto recover datafrom persistentstorage,
i.e., to loadpersistentdatainto objectattributes.Dataintegrity andconsistency
have long beenstudiedin the context of databasesystems,wherethe transac-
tion conceptwasintroduced[7]. In the context of a persistentstorageservice,
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writing objectsto persistentstorageandloadingobjectsfrom storageshouldbe
performedtransactionally, i.e.,eithercompletelyor not at all.

� Data Repositories,Distribution andHeterogeneity: In today’s organizationsin
commerceandpublic administration,typically a varietyof datarepositoriesare
present,due to evolving information systeminfrastructures.Consequently, it
is an importantrequirementof a persistentstorageservicethat objectscanbe
storedin differentdatarepositories.A persistentstorageservicethat is limited
to a singledatarepository(or that requiresconsiderablecodingwhenit comes
to usingan alternative datarepository)is not an attractive choice. In addition,
changingthe underlyingdatarepositoryshouldbe possiblewithout changing
objectsin the the applicationlevel. In contrast,it shouldsuffice to changethe
implementationof thepersistentstorageservice.

Distribution and heterogeneityare also found in most real-world information
systeminfrastructures.Hence,a persistentstorageserviceshouldallow to store
objectsin differentdatarepositoriesthatmayevenbelongto differenttypes,for
instance,relationaldatabases,POSIXfile systems,andobject-orienteddatabase
systems. Sincethesedifferent datarepositoriesare typically run on different
computersystems,distribution aspectsalsohave to besupported.In particular,
it shouldbe possibleto storeobjectsin differentdatarepositoriesthat run in
differentmachinesin a distributedfashion.

� Data Representations:Differentapplicationsmay requiredifferentdatarepre-
sentationsof object valuesin persistentstorage. For instance,when existing
domain-specificapplicationsystems(legacy systems)andobject-orientedappli-
cationsaccessa commondatarepository, carehasto be taken in mappingat-
tributesof persistentobjectsto structuresof thedatarepository. For example,if
thelegacy applicationstoresdatain a relationaldatabasetable,thenmappingat-
tributevaluesto columnsof existing tablesin therelationaldatabaseis required.

Differentdatarepresentationswithin a given interfacedefinition is alsouseful
for softwaredevelopmentprojects. During prototypingphasesit may be rea-
sonableto storeobjectsin binaryformat,which canbe implementedsimply by
streamingobjectstatesto persistentstorage.While thesemanticsof thepersis-
tent object‘sattributesarelost in this representation(the completeobjectstate
is representedby large binary objectwith no internalstructure),this datarep-
resentationis easyto implement,which mayenhancetheefficiency of software
developmentprojects.

� Storage Policy and Granularity: When dealing with persistencein object-
orientedapplications,the questionon whento write objectvaluesto persistent
storageis crucial from a performancepoint of view. Performingwrite opera-
tions for eachmanipulationof an object’s attributescanamountto a consider-
able overhead,if thereare many modificationoperationsof individual object
attributes.On theotherhand,performingwrite operationsonly after long peri-
odsof timehaveelapsedmayresultin corrupteddata,sincethedatain persistent
storagedoesin generalnot reflect the currentobject state. Dependingon the
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requirementsof theapplication,thepersistentstorageserviceshouldprovidethe
flexibility to supportdifferentstoragepolicies. In particular, it is advisableto
supportthe writing of partial objects,i.e., only of attributesof an object that
really havechangedsincetheobjectvaluewaslastmadepersistent.

We remarkthat implementorsof the servicecanmake useof distributed,hetero-
geneousdatarepositoriesandstoragepoliciesto developefficient andflexible service
implementations,while theseinternalsof theserviceimplementationsaretransparent
for usersof theservice,i.e., for applicationprogrammers.

3.2 GeneralStructure

Thegeneralstructureof thepersistenceframework is shown in figure2, wherea per-
sistentobjectand the relevant objectsof the persistenceservicearedisplayed. The
persistenceserviceis implementedby a persistenceserver thatcontainsobjectsrepre-
sentingadatarepositoryandatransaction,respectively. In particular, adatabaseobject
representsa datarepository, anda transactionobject is createdby a databaseobject.
Communicationbetweenthe objectsis facilitatedby the object requestbroker. The
internalstructureof theobjectsinvolvedandtheir interplaydescribedby thefollowing
interfaces:

� InterfacePersistentObject:Eachpersistentobjectinheritsfrom thePersistentO-
bject interfacethat containsthe attributesandmethodsto storeobjectspersis-
tently. To fulfill this task,a persistentobjectcommunicateswith databaseand
transactionobjectswithin thepersistenceserverusingtheobjectrequestbroker.

� InterfaceDatabase:TheDatabaseinterfacerepresentsdatarepositories.In par-
ticular, for eachdatarepositoryused,a databaseobjectis created.Hence,incor-
poratingnew datarepositoriesamountsto creatingnew objectsof theDatabase
class. We remarkthat for eachtype of datarepository, an implementationof
the Databaseinterfaceis requiredto capturethe specificpropertiesof the sys-
tem used. As a part of a persistenceserver, eachdatabaseobject representsa
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datarepositoryandimplementsmethodsfor accessingthe datarepository, for
instanceby providing methodsfor thecreationof transactions.

� Interface Transaction: The interface Transactionrepresentstransactionsas
atomicunits of work; in particular, accessesto the datarepositoryhave to be
executedtransactionally. Justas databaseobjectsrepresentdatarepositories,
transactionobjectsrepresentdatabasetransactions.Again, for eachtypeof data
repository, therehasto be an implementationof the Transactioninterface,to
capturethespecificpropertiesof dataaccessin thedatarepositoryused.

Transactionobjectsarepartof thepersistenceserver. They implementmethods
to storeandrestoredatafrom the datarepositoryrepresentedby the database
objectthatcreatedthem.Persistentobjectsstore(restore)attributesin (from) the
datarepositoryby communicatingwith transactionobjects.

Theinterplayof theintroducedinterfacesis explainedby thetwo maintaskstheframe-
work hasto fulfill: storingobjectsin persistentstorageandloadingvaluesfrom persis-
tentstorage.

Requeststo CORBA objectsareprocessedasshown in figure 3. The requestis
triggeredby anobject � thatcallsapublicmethodof apersistentobject � . In CORBA
environmentsthismeansthat � executesa local requestontherepresentativeIDL stub
of � . The occurrenceof this event is markedby (1) in figure3. We assumethat the
requestedobject � is in volatile storage.In this case,the middlewaremarshallsthe
requestandtransfersthe requestto the objectadapter(2) andfinally to object � (4).
� processestherequestandtransfersthereturnvaluesvia thestaticIDL skeleton(5)
to theIDL stub(6) andto client object � eventually(7). Noticethatthis is thedefault
behavior of CORBA calls.

If, however, persistentobject � is not in volatile storage,the currentobjectstate
of � hasto be loadedfrom persistentstorage.Thestepsinvolving the processingof
this requestareshown in figure4. Steps(1) and(2) areequivalentto thepreviouscase.
Whenprocessingtherequest,however, theobjectadapterfiguresout thatobject � is
not in volatile storage.As a result,it passesthe requestto a loader. The loaderfunc-
tionality canbe provided, for example,by the PortableObjectAdaptor, asdetailed,
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e.g.,in [16]. Theloadertriesto re-initializetheobjectby contactingthedatabase(3a)
andcreatinga transaction(3b). Usingthetransactionobject,theloaderdeterminesthe
structureof the persistentobject(3c). Knowing the structureandclassof the persis-
tent object � the loaderis ableto createthe objectin volatile memory(3d). At this
instant,object � is in the initial state.Dueto theobject-orientedapproach,object �
is responsiblefor restoringits actualstate.To do so, � usesthe transactionobjectto
restoreitself (3e). In the next step,the actualattribute valuesarerestoredin � , the
middlewarecomponentsendsthe original methodrequestto the now restoredobject
� (4) thatperformsthemethodandreturnsthevaluesvia themiddleware(5, 6) to the
callingobject(7).

Theprocessof storingpersistentobject � is shown in figure5: In thefirst stepthe
objectcontactsthe database(1) to obtaina transactionon the datarepository(2). �
usesthedataaccessmethodsof thetransactionto storeall of its attributes(3). Finally
the transactionis commitedandclosedby � . This discussiondescribesthe general
structureof thestoringandloading,respectively, of a persistentobject;the interfaces
of theclassesinvolvedarediscussedin somedetailnext.

3.3 Interface PersistentObject

TheclassPersistentObjectis themainclassof thepersistenceframework. An excerpt
of its interfaceis shown in figure6. In orderto maketheobjectsof aclass� persistent,
� inherits from the PersistentObjectclass. Obviously, � then inherits the behavior
with respectto persistencefrom thePersistentObjectclass.Eachpersistentobjecthas
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a dedicateddatarepositoryasa default storagelocation. The referenceto this object
is returnedby the getDatabase()methodof the PersistentObjectclass. To load and
storeobjectstates,the PersistentObjectclasshasthe methodssaveMe(), saveMeT(),
loadMe(),andloadMeT(),which arediscussedin turn.

module CosPersistency {
interface PersistentObject {

void saveMe(in boolean undo_when_failed)
raises(Failed);

void saveMeT(in Transaction t) raises(Failed);

void loadMe() raises(Failed);
void loadMeT(in Transaction t) raises(Failed);

Database getDatabase();
}
interface Database {...};
interface Transaction {...};

};

Figure6: Excerptof InterfacePersistentObject.

ThemethodsaveMe()is responsiblefor writing theobjectstate,representedby its
attribute valueaspresentin volatile storage,into a persistentstoragelocation. This
involvescreatinga transaction,calling saveMeT() (discussedbelow) andclosingthe
transactionas well as error handling. In caseof an error—for instanceif the data
repositoryis out of memory—thismethodhasdifferentoptionsto react,dependingof
the booleanvalueundowhen failed. If it is falsethenthe methodjust raisesan ex-
ception,theobjectstateis not saved,andtheobjectkeepsits local values.As a result,
the object statesin volatile and in persistentmemoryare different,which clearly is
an unsatisfactorysituation,to be handledby the application. Otherwise,the method
reloadstheoriginal datafrom persistentstorageby calling loadMeT()thatundoesat-
tributechangesbeforeraisinganexception.As aresult,objectvaluesin volatileandin
persistentstorageareidentical.

Thepersistentstorageservicecanbeusedto storemultiple objectsin onetransac-
tion. In this case,saveMeT() is called. Ratherthanopeninga transactionon its own
(like saveMe() does),it writes the objectvaluesby usinga transaction,passedto it.
This rendersfeasibledeeppersistenceof anobject,i.e., thestoringof multiple objects
relatedto eachother by object referencesin a single transaction. On the technical
level, saveMeT()analyzestheobjectto gethold of its structure,i.e., its attributesand
their respective datatypes. This metainformationis usedto call a write methodfor
eachattributeto save; thewrite methodsareimplementedwithin transactionsobjects,
discussedbelow.

ThemethodsloadMe()andloadMeT()mirror saveMe()andsaveMeT(),to restore
objectattributes;loadMe()createsan transactionandcalls the methodloadMeT()to
readtheattributevaluesof a persistentobject. After thereadmethodshave beenper-
formed,it closesthetransaction.LikesaveMeT(),themethodloadMeT()alsoanalyzes
theobjectstructure.This informationis usedto call readmethodswithin thetransac-
tion objectto retrieve theattributevaluesfrom persistentstorage.JustassaveMeT()is
usedto storemultipleobjectsin a singletransaction,loadMeT()allows to loadasetof
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objectsfrom persistentstoragein asingletransaction.

3.4 Interface Database

Thedatabaseinterface(figure7) describesthestructureandbehavior of datareposito-
ries. It alsospecifieshow datarepositoriescanbeusedto storepersistentobjects.The
interfacedefinitionis genericin thesensethatdifferentdatabasemanagementsystems
aswell asotherdatarepositorieslike file systemscanbeusedto storeobjectspersis-
tently. For eachtype of datarepository, an implementationof the databaseinterface
hasto beprovided. For example,thereis animplementationof thedatabaseinterface
for theOracle8 [9] relationaldatabasesystem,andthereareimplementationsfor IBM
DB2 UDB [3] andfor POSIXfile systems.As is explainedin detailbelow, this feature
allows to distributethesetof persistentobjectsof anapplicationamongmultiple data
repositoriesthatmayevenhavedifferenttypes.

interface Database {
Transaction allocateTransaction() raises(Failed);
void freeTransaction(in Transaction t)

raises(Failed);

string getNewObjectmarker() raises(Failed);

PersistentObject bindMarker(in string marker)
raises(Failed);

};

Figure7: Excerptof InterfaceDatabase.

Eachdatarepositoryavailable for storingpersistentobjectsis representedby an
objectof the classDatabase.This classis ableto createtransactionsby the allocate-
Transaction()method. Notice that the differencesin how to createa transactionin
differentsystemsis hiddenby the databaseinterface– it is provided by the respec-
tive implementationsof that interface,for example,for theOraclerelationaldatabase
system. Transactionscan be consideredinterfacesbetweenthe object and the data
repository. After objectvalueshave beenwritten (or read)the transactionis released
by the freeTransaction()method.We mentionthat for eachnew object,a uniqueob-
ject identifier hasto be fetchedby calling the getNewObjectmarker() methodfor the
respectiveobject.

3.5 Interface Transaction

TheTransactioninterface(figure8) providesmethodsfor storingattributevaluesand
object information. The interfaceis generic,in the sensethat its methodsare inde-
pendentfrom the internaldatarepresentations.We experimentedwith the following
representations:onerelationperclass,objectflattening,andbinarystreaming.

In thefirst alternative, all objectsof a givenclassarestoredin a specificdatabase
structure,e.g.,arelationaltable.In thiscase,attributesaremappedto rowsof matching
type.As a result,datamanipulationlanguages(suchasSQL in therelationaldatabase
context) canbeusedto accessobjectattributes.Dataaccessis typically fast,sincethe
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queryoptimizationfacilities of the databasesystemcanbe usedand, furthermore,a
singlerelationhasto betouchedto accessany givenobject.

Theobjectflatteningtechniqueusesonegenericstructurewithin thedatarepository
to representobjectsof all classes.Stayingwith the relationaldatabasesystemdata
repository, eachattributetypeis representedbyonededicatedrelation.Thisapproachis
veryflexible, sinceclassmodificationshaveno impacton thedatabasestructure.SQL
canbeusedto storeandretrievedata,typically doneby joining relations.Dataaccess
is typically slower thanin thefirst representationtechnique,sincejoin operationscan
berathercostlyin databasesystems.

In binary streaming,object informationis storedasa binary stream,for example
generatedby a memorydumpor—in casethe Java programminglanguageis used—
by the serializationinterface,provided by Java. Implementationsof the transaction
interfaceusingbinarystreamingarerathersimple,but they donotallow dataaccessby
datamanipulationlanguages.In addition,selectionof resultvalueshasto bedonein
theapplication,ratherthanin thedatabase,which mayalsoincur additionaloverhead.

interface Transaction {
void start() raises(Failed);
void commit() raises(Failed);
void abort() raises(Failed);

void pushWorkingObjectMarker(in string marker)
raises(Failed);

void popWorkingObjectMarker();

void writeObject(in string type,
in string server,
in string host) raises(Failed);

void readObject(out string type,
out string server,
out string host) raises(Failed);

void writeAttrLong(in string name,
in long value) raises(Failed);

void writeAttrFloat(in string name,
in float value) raises(Failed);

[...]

long readAttrLong(in string name) raises(Failed);
float readAttrFloat(in string name) raises(Failed);

[...]

void deleteObject() raises(Failed);
};

Figure8: Excerptof InterfaceTransaction.

Thetransactioninterfaceis explainedasfollows. A transactionhasto beinitialized
with thestart()method.Thenext stepis thepushWorkingObjectMarker()methodthat
tellsthetransactionwhichobjectdatawill beaccessed,i.e.,storedor loaded.Thetrans-
actionimplementsa stackdatastructure:Theobjecton top of thestackis theworking
object. UsingthepopWorkingObjectMarker()methodpopstheobjectfrom thestack.
Thisstackfunctionalityis usefulif multipleobjectshaveto stored,asdiscussedabove.

The writeObject()and readObject()methodsare usedto accessthe object meta
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informationlike its class,thenameof theserverprocess,andthemachinenameof the
object.Theobjectattributesareaccessedby the

writeAttr 	�

������� () andreadAttr	�

������� ()

methods,for instancewriteAttrlong()andreadAttrlong().In particular, for eachsimple
datatype (e.g., byte, short, long, float, double,string), a methodis provided. The
transactionis closedby calling a commit()or abort()methodthatmakesthe changes
persistentor rolls themback. If the objecthasto be destroyed, the objectvaluesare
deletedfrom thedatastorageby thedeleteObject()method.

To concludethe discussionof the interfacetransaction,we mentionthat transac-
tions representedby objectsof the classTransactionare usedas interfacebetween
the persistentstorageandapplicationobjectsthat want to storetheir attribute values
persistently. Thesetransactionsare responsiblefor the storing (and loading) of at-
tributevaluesto (from) datarepositories.Hence,transactionobjectsdo not implement
a specifictransactionservice,for instancetheTransactionServiceSpecificationof the
OMG, which is usedto synchronizeresourceallocationbetweenCORBA objects.

3.6 SamplePersistentObject Interface

This sectionexplainsthe functionality anduseof the persistentstorageserviceby an
example. For the time being,we will remainat the IDL level whendiscussinghow
to usethe persistentstorageservice;the way this serviceworks is explainedwithout
specificimplementationdetails.

#include "CosPersistency.idl"

module Example {
interface Person : CosPersistency::PersistentObject {

string get_name();
void set_name(in string value)

raises(CosPersistency::Failed);

short get_yearOfBirth();
short set_yearOfBirth(in short value)

raises(CosPersistency::Failed);

void delete() raises(CosPersistency::Failed);
};

interface PersonFactory {
Person create(in string name, in short yearOfBirth)

raises(CosPersistency::Failed);
};

};

Figure9: IDL Specificationof SamplePersistentObject.

Thesampleapplicationobjectsareof classPerson;objectsof thatclasshave two
attributes:nameandyearOfBirth.Theseattributesareaccessedby four methods:Each
attribute hasa methodto setand to get the respective value. Sinceobjectsof class
Personshouldbepersistent,they inherit from theclassPersistentObject.Theinterface
definitionof thePersoninterfaceis shown in figure9.
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The usageof the persistentstorageserviceis very easyat the interfacedefinition
level: Persistentobjectsjust inherit form the classPersistentObject.Methodsthat
changethe object‘sstatejust needthe ability to raisethe CosPersistency::Failed ex-
ceptionif they do nothandlestoragefailuresautonomously.

The life cycle of a Personobjectis investigated,from creationto deletion:When
creatingan objectof the Personclass,the createmethodof the PersonFactoryobject
createstheobjectin volatilestorage,andit initializesaccordingto its definition. In the
next step,anew objectidentifieris fetchedby thegetNewObjectmarker()methodof the
databaseobjectthatrepresentsthedatarepositoryin which theobjectshouldbestored.
Theidentifieris assignedit to thepersistentobject.Thenthedatabaseobjectallocates
a transactionby allocateTransaction()andcalls the saveMeT() methodof the object.
The creationis finishedby freeingthe transactionand– if a CORBA middlewareis
used– registeringtheobjectto theobjectrequestbroker.

The saveMeT() methodof a Personobject analyzesthe object itself or usesthe
objectsmetainformationandgeneratesin our exampletwo write operations:writeAt-
trString()andwriteAttrShort().Now theobjectis readyandwecandistributetheobject
referenceto otherobjectsandservers. If requeststo theobjectappear, themethodsof
theobjectareexecutedin normalmanner, i.e., independentlyfrom thepersistentstor-
ageservice.While theget name()andtheget yearOfBirth()methodsarenot affected
by thepersistentstorageservice,they justreturntheattributevaluesfrom volatilemem-
ory, thesetname()andsetbirthdate()methodshave to call thesaveMe()methodafter
thechangesbeforeexiting themethod.If therequestedobjectis not in volatilestorage,
however, loadingtheobjectfrom persistentstorageis required.Now assumethat the
server processholdingtheapplicationobjectgoesdown, involving thelossof volatile
objectdata.In this case,theobjecthasto bereloadedinto thevolatile memorybefore
the processingof the object request.This happensasdescribedin Section3.2; it is
totally transparentfor theobjectuserandobjectimplementor. Thedelete()methodof
thePersonclassunregisterstheobjectfrom theobjectrequestbroker, createsantrans-
action,callsthedeleteObject()methodof thetransactionandfinally removestheobject
from thevolatilememoryspaceafterasuccessfulclosingof thetransaction.

3.7 DesignGoalsRevisited

In thissection,wematchtheconceptualdesignagainstthedesigngoals.Whereappro-
priate,examplesareusedto clarify theargumentation.

� Ease-of-Use:Persistentstorageservicesbasedon the propsedframework are
easyto use,sinceno additionalclasseshave to bespecifiedandimplementedto
storeobjectspersistently. In particular, to storeobjectsof a class� persistently,
it sufficesthat � inherits from the PersistentObjectclass. By calling a single
methodsaveMe(),theobjectstate,i.e.,thevaluesof its attributes,arestoredper-
sistently. If theattributesof theobjectareof standarddatatypes,no additional
codingis required.Dueto its extensibility, attributesof complex datatypesare
alsostored,providedthetransactioninterfaceincludesrespective methods.We
sketchbelow how new methodscanbedefinedandimplementedto storecom-
plex values. In any case,no additionalclasseshave to be developedto store
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objectspersistently, which reducesthe amountof persistencesupportandsim-
plifies maintainabilityof thetheapplicationcode.

� Class Evolution: The proposedservice supportsmodifications of classes.
Changingthe classstructurewill not affect the existenceof an object,assum-
ing agivenclassis notdeleted.While changesof objectbehavior doesnoteffect
thepersistentstorageservice,changesof objectattributesmayhave.

Whenannew attributeis insertedin a class,a defaultvaluefor thenew attribute
hasto be defined,andall objectsof that classareprovidedwith that value. In
general,therearea numberof strategies following the definition of a new at-
tribute in a class.First, thedefault valuefor all objectswith respectto thenew
attributecanbedefinedatbuild time. Thismeansthatthedatastoredpersistently
hasto be changedafter the objectdefinition is changed.This alternative is not
veryelegant,becausethemodificationcanbedoneonly by directdatabasecalls,
which requirean understandingof the storagepolicy of the persistentstorage
servicefor the applicationprogrammer. The secondalternative is to definea
defaultValue()methodin thePersistentObjectclass,which is responsibleto set
thevalue.In this case,theloadMe()methodexecutesthedefaultValue()method
eachtime it findsanattributethatis not representedin thedatabase.Themethod
defaultValue()getsinformationaboutthemissingattributenameandreturnsthe
correctvaluefor thisattribute.

Deletingattributesmay result in deletionof storedvaluesof objectsregarding
this attribute. However, if storagespaceis not an issuethenvaluesof deleted
attributescanremainin thepersistentstorage.Loadingobjectstateswill simply
notaccessthesevalues,which is correct,sincethecorrespondingattributeshave
beendeleted. If, however, storagespacemattersthen obsoletevaluescan be
deletedphysically.

� Data Integrity: Themethodsto save andloadobjectsareexecutedtransaction-
ally. To storeacompleteobjectpersistently, methodsto storeeachof its attribute
valuesareexecuted.Thetransactionalbehavior of thepersistentstorageservice
guaranteesthat eitherall write operationsaresuccessfulor noneis performed.
Dependingonthedatarepositoryused,thetransactionalbehavior comesfor free
(e.g., relationaldatabasesystem),or it hasto be implementedin the transac-
tion interface.Assumingarelationaldatabasesystemasadatarepository, theall
write operationsthatbelongto agivenobjectareexecutedasasingletransaction.
If thetransactioncompletessuccessfully, i.e., if it executesa commitoperation,
thenall attributevaluesof thatobjectarestoredcorrectlyin thedatabase.If the
datacannotbestoredsuccessfully, thedatabasemanagementsystemexecutesan
abortoperation,andthevaluesarerolled back,implementingtheall-or-nothing
semanticsof transactions.If a non-transactionaldatarepositoryis used(e.g.,a
POSIX file system),the respective functionality hasto be implementedin the
transactionclass.

Transactionalfeaturescanbe implementedby explicitly writing beforeimages
of all attributesthat arechanged,followed by writing the currentattribute val-
ues.If not all currentvaluescanbewritten successfully, thebeforeimageshave
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to be restoredfor all attribute valuesthat were alreadymodified. We believe
that for mostapplications,databasesystemsarethe appropriatechoiceasdata
repositories.

� Data Repositories,Distribution andHeterogeneity:
Different data repositoriescan be usedto store objectswithin the proposed
interfacedefinition, for instance,relationaldatabasesystems,object-oriented
databasesystems,andPOSIX file systems.We appreciatedthe possibility to
usedifferentdatarepositoriesduring a project,which in early stagessuffered
from run-timeissuesdueto poor performanceof the underlyingdatabasesys-
tem,which causedperformanceproblemson theapplicationlevel. We decided
to changetheimplementationto usea POSIXfile system.Thedatabaseandthe
transactionclasseswerere-implementedwithin a shortperiodof time, andthe
systemworked with increasedperformancewithout any changesin the appli-
cationclasses.This of courseis dueto the objectdesignandthe separationof
objectinterfacesandtheir implementations.However, this practicalexperience
demonstratedtheusefulnessof theobject-orientedparadigmin this context.

Thereisanotherreasonwhy thepossibilityto usedifferentdatarepositorieswith-
outaffectingtheapplicationclassesis attractive,dueto migrationaspects.When
an organizationdecidesto usenew datarepositories,complex migrationissues
might occur. Using the proposedservice,the specificdifferencesof the data
repositoriesinvolvedarehiddenby thetransactioninterface.For instance,sub-
stitutingOracle8 [9] with IBM DB2UDB [3] (or viceversa)canbedonewithout
any changesin theapplicationcode.

� DataRepresentations:As discussedabovein somedetail,theinterfaceTransac-
tion canbeimplementedto supportdifferentdatarepresentations.It is important
to noticethatthesealternativestoragerepresentationsareavailablewithin a sin-
gle interface,whichallowsto changethestoragestructureswithouteffectingthe
application.As mentionedabove,this featureof theproposedserviceis another
aspectof its extensibility. As discussedabove, this featurecanbeusedin soft-
waredevelopmentprojectsto usesimpleandinefficient datarepresentationsin
prototypingphasesandswitchingto moreelaboratedatarepresentationsin later
projectphases,without any changesto theapplicationobjects.

� Storage Policy and Granularity: As shown in the examplein Section3, calls
of saveMe() canbe usedwithin methodimplementations.For instance,in the
endof a setName()methodof anobjectof classpersona call to saveMe()stores
theeffectsof setName()in persistentstorage.If andwhensetName()terminates
successfully, i.e., and thereareno exceptions,we canbe surethat the call to
saveMe()wassuccessful,andthecorrectobjectvalueis storedpersistently.

Theconceptualdesignintroducedaboveprovidestheflexibility to storeindivid-
ual attributesof objects,i.e., just partsof objects.This featurecanincreasethe
overall systemperformanceconsiderably, sinceindividual attributesof objects
that did not changesincethe objectwaswritten previously do not needto be
updated. Exploiting this feature,however, requiresto recordwhich attributes
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have changedsincetheprevioussaveMe()methodwasexecuted.For example,
consideran imageor videostreamobjectwith a text field, representingtextual
remarks. If the binary attribute remainsunchangedfor long periodsof time,
while thedescriptionattributedoeschangefrequentlythenconsiderablegainsin
efficiency canbe achieved, sinceonly the textual attributeshave to be written
to persistentstorage,while the largebinaryattribute doesnot. Hence,depend-
ing on theapplication,aflexible persistentstorageservicewith thepossibilityto
storedifferentgranularities(i.e.,setsof attributesversusthecompleteobject)of
objectscanleadto considerableperformancegains.This showsanotherfacetof
theextensibility of theproposedservice.

4 Implementation Aspects

As aproveof concept,thepersistenceframework hasbeenusedto implementapersis-
tenceservice.Theservicewasusedasa fundamentalcomponentof anobject-oriented
workflow managementsystem[10, 22]. This sectiondiscussessomeimplementation
aspects.

The implementationis basedon Java and OrbixWeb, Iona’s CORBA object re-
questbroker implementation[8]. The OraclerelationaldatabasesystemandPOSIX
file systemsare usedas datarepositories. Thereare threemain componentsof the
implementation,discussedbelow: the loader, the persistentdatastoreand the com-
ponentthat is responsiblefor the collectionof the applicationobject‘sstructure.We
remarkthat theCORBA standardversion2.4 hasa standardizedinterfacefor loaders
thatarerepresentedby a specificinterface,calledServantActivator;it is definedin the
PortableObjectAdaptorinterface[16] of thestandard.It is importantto remarkthat
this interfaceis compatiblein its functionalitywith the OrbixWebLoaderClassinter-
face,so thatour sampleimplementationcanbe portedto any CORBA 2.4 compliant
implementation.

As a data representationwe choseobject flattening techniqueand an Oracle
databaseas datarepository. The connectionbetweenthe persistentstorageservice
andthedatabaseusesa Java DatabaseConnectivity (JDBC) interface.TheJDBCin-
terfaceallows anaccessto thedatabaseby usingSQL statementsthatarerepresented
by Java objects.EachSQL statementmaybeparameterized;it is compiledat creation
time of its representationobject. This featurereducesrun-time overhead,sincethe
databasesystemcanusethepre-compiledcodeto executeSQLqueries.As aresult,the
Transactioninterfaceis implementedby a setof precompiledandparameterizedSQL
statements.In particular, for eachmethodlike writeObject(),readObject(),writeAttr-
Long(), readAttrLong()etc.thereis at leastonestatement.Whena methodis invoked
(e.g., readAttrLong()calledby loadMe()) this methodsetsup the parametersof the
precompiledSQL statementandexecutesit. Finally the methodextractsthe output
parameterfrom theresultsetof thedatabasequeryandtransfersit to theobjectto be
restored.

Using binary streamingmakes the implementationof the Transactioninterface
much easier. We usedthe java.util.Hashtableclassas a basicstructure. All object
informationis storedin anobjectof thatclass.Thejava.util.Hashtableallows to store
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(key, value)-pairs,like (attribute name,attribute value). Consequently, methodslike
readAttrLong()or writeAttrLong() needonly to accessthe hashtable. At the begin-
ning of eachtransaction,a hashtablehasto be readfrom the file systemusing the
java.lang.serializableinterface.At theendof write transactions,thehashtablehasto
berewritten.

To save or restoreattribute values,the methodssaveMeT() and loadMeT()have
to analyzethe objectanddetermineits structure,i.e., its attribute names,datatypes
and valuesthat have to be stored,or loaded. The sampleimplementationusesthe
java.lang.reflectpackageto collect this information during run-time. This package
provides interfacesthat allow the collectionof objectmetainformationat run-time.
In particular, eachJava objectprovidesthe methodgetClass(),which returnsa meta
informationobject,which in turn containsthe methodgetDeclaredFields()to gather
attribute names,attribute types,andattribute values. We usethis informationto call
the transactionmethodsto storeor restoreobjectattributes.This approachprovidesa
high degreeof flexibility , asfar asclassevolution is concerned.For example,adding
new attributesto a classcanbe donewithout modificationsof the persistentstorage
service,sincethestructureof objectsaredeterminedby theJava packageat run-time.

CORBA aswell asJavauseinterfacesto specifyobjects.An interfaceis adescrip-
tion of methodsfor anobjectwithouttheactualmethodimplementations.In thesample
implementation,CORBA interfacesaremappedto Java interfacesthat arecalledop-
erationinterfaces.Theexactmappingalgorithmis describedin [17]. As a result,the
implementationfor aCORBA interfaceis describedin aJavaimplementationclassthat
inherits form the Java operationinterface,allowing multiple inheritanceof CORBA
interfaces,eventhoughJava doesnot supportmultiple inheritanceof classes.Object-
orientedprogramminglanguageswith full supportof multiple inheritancelikeC++are
ableto translateCORBA interfacesdirectly into nativeclasses[18].

5 RelatedWork

This sectionoverviewsapproachesandsystemsrelatedto objectpersistence.Generic
object-orientedpersistenceframeworks and Java-basedapproachesare discussedin
turn. To demarcateour work from relatedapproaches,we discusswhy inter-object
transactionalpropertiesarenot in thescopeof a persistentstorageserviceand,hence,
not in the scopeof a persistenceframework. We remarkthatOMG proposesdistinct
servicesfor transactionalbehavior andpersistence.

5.1 GenericObject-Oriented PersistenceFrameworks

Much effort hasbeenspentin recentyearsto provide persistenceto object-oriented
applications:TheObjectManagementGroup(OMG) aimsatproviding persistencefor
CORBA applicationsby specifyingPersistentStateService[5], supersedinga Persis-
tentObjectService[14] thatpeoplefoundtoocomplex andcumbersometo implement
anduse.

The OMG PersistentObjectServiceprovidesa high degreeof flexibility in man-
agingpersistentobjects. As a result, its designis rathercomplicated,which leadsto
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complex implementationandusageof theservice.To storeobjectsof agivenclassper-
sistently, a new DataObjectinterfacehasto beimplementedthat takescareof reading
andwriting objects.To createobjectsof a particularclass,a DataObjectFactoryclass
hasto bespecifiedandimplementedfor thatclass.To allow for a transparentcreation
of persistentobjects,a GenericFactoryhasto bedefinedthat is awareof theDataOb-
jectFactoryof theobjectsto create.To summarize,thePersistency Serviceasspecified
by OMG generatesconsiderableoverhead,becauseit requiresto implementmultiple
classesfor eachapplicationclass,whoseobjectsshouldbepersistent.We mentionthat
the PersistentObjectServiceis supersededby the PersistentStateService,discussed
next.

TheOMG PersistentStateServiceensuresdurability of objectdataby introducing
a new layer above the CORBA InterfaceDefinition Language(CORBA IDL) layer,
calledPersistentStateServiceDefinition Language,or PSSDLlayer. In the PSSDL
layer, thepersistencebehavior of datatypesis described.PSSDLis a supersetof IDL,
i.e.,PSSDLextendsIDL with semanticsfor persistence.Oncethepersistencebehavior
of a givenclassis definedin PSSDL,thatcodeis transformedby a compilerinto IDL
andprogramminglanguagecode,implementingpersistencefor objectsof theclass.

The main functionality of the PSSDLlayer is a storagetype specificationanda
storagehomespecification.Thestoragetypespecificationdescribesthedatatypesof
objects,storedin a database.This specificationsare translatedby the compiler into
databasequeriesthat createrequireddatabasestructuresand functionality to access
storeddata.For example,if relationaldatabasesareused,createtablecommandsand
selectstatementsaregeneratedby the compiler. The storagehomespecificationde-
scribesthestoragerelevantfunctions,for instancecreateor find by key name.During
run-time,accessto persistentobjectsis doneby creatingsessionsin which thepersis-
tentobjectsareincarnated(“loaded”)by usingkey searchmechanisms.At eachinstant,
theremaybe several sessions,in eachof which exactly onepersistentobjectmay be
incarnated.As a result,a given persistentobjectmay have several incarnationsthat
residein differentserver processes.Consequently, a persistentobjectmay have sev-
eraldifferentobjectidentifiers,which clearlyamountsto a problemin object-oriented
environments,whereeachobjectshouldhaveexactlyoneidentifierduringits life time.

Introducinganew layerdedicatedto persistenceresultsin ahighcomplexity of the
developmentsystemfor theapplicationdeveloper. On theonehand,shehasto learna
new specificationlanguage(PSSDL),on the otherhandshehasto dealwith anextra
layerof abstraction.As a result,applicationdevelopershave to copewith threelayers
of abstraction:PSSDL,IDL andimplementationcode.

5.2 Java PersistenceFrameworks

With thesuccessof theJava programminglanguage,a varietyapproachesto addper-
sistenceto Java have beenproposed.Althoughour approachis not restrictedto Java,
theseareimportantcontributionsto bediscussed.

With EnterpriseJavaBeans(EJB),SunMicrosystemsproposesacomponentmodel
for distributedobject-orientedbusinessapplications,developedin Java[20]. In theEJB
approach,businessobjectsaredesigned,implemented,anddeployedassoftwarecom-
ponents,known asenterpriseJava beans.EJBareimplementedby applicationservers.
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Making useof the standardization,applicationsareexpectedto run without changes
in applicationserversof differentvendors.As far aspersistenceis concerned,anEJB
applicationconsistsof two kindsof beans:entitybeansandsessionbeans.While entity
beansareusedto representpersistentobjectslikecustomers,contracts,andorders,ses-
sionbeansareusedto representtransientobjects.Sessionbeansaretypically usedto
modelactivities or setsof relatedactivities. For instance,a sessionbeanTravelAgent
may invoke operationslike reservations,orders,andcustomerbillings. Application
serversprovide persistencefor entity beans.Dependingon the implementation,tools
for mappingobjectattributesinto relationaltablesareprovided.

In theEJBapproach,therearea numberof additionalclassesto defineandimple-
mentfor eachpersistentapplicationclass. We sketchthe usageof persistencein the
EJBapproachby objectsof a classship[11]. A remoteinterfaceShip is requiredthat
representsthebusinessmethodsfor objectsof thatclass.To accessspecificobjects,a
primarykey classShipPKis required. In general,for eachapplication-specificclass,
a respective primarykey hashasto bespecifiedandimplemented.A classShipHome
actslikeafactoryfor shipbeans,i.e., it is responsiblefor creatinganddeletingshipob-
jects.Finally, ashipBeanclassis theimplementationclassthatimplementsload,store,
remove,amongothermethodsfor thepersistentstorageof shipbeans.Without going
into the detailsof programmingin the EJB componentmodel,this discussionshows
thatavarietyof additionalclassesarerequiredto storeobjectspersistently. In contrast,
theapproachpresentedin thispaperrequiresnoadditionalclasses.To someextent,the
complexity of persistencein EJBis introducedby themuchbroaderscopeof theEJB
componentmodel. As a consequence,usingenterpriseJava beansjust for the persis-
tent storageof applicationobjectseemsinadequate.EJB do make sense,however, if
additionalfunctionalityprovidedby applicationserversis requiredby theapplication.

In thecontext of enterpriseJava beans,thefollowing remarkson objectrepresen-
tationsarein order: While mappingtools provide differentrepresentationsof object
valuesin relationalor object-orienteddatabases,our approachis moreflexible, since
individual attributescanbe retrieved from persistentstorage,whereasin the EJB ap-
proachthe completeobject is written to or readfrom persistentstorage. In our ap-
proach,userscontrolif andwhenapersistentobjectis writtento or readfrom persistent
storage.For example,a numberof consecutive operationson a largepersistentobject
canbeperformedin memory, andonly afterthelastoperationis completed,theobject
valueis storedpersistently. Theseoperationscanbeexecutedin transactionalfashion,
to make sureintermediateresultsdo not corruptpersistentdata.In theEJBapproach,
however, the decisionon whento storepersistentobjectsis taken by the application
server, which mayleadto performanceissueswhentherearemultiple operationson a
givenlargeobjectthatareexecutedsequentially.

Gemstone/Jis a platformfor web-basedbusinessapplications.Theseapplications
areimplementedby Java serveletsthataccessdatabases,legacy systemsor otheren-
terpriseapplicationsby the Java DatabaseConnectivity (JDBC) interface. For per-
formancereasons,Gemstone/Jallows thedistribution of serveletson severalJava vir-
tualmachines.Gemstone/Jprovidesservicesfor distributionaspects,for instanceload
balancing,JDBCconnectionpooling,caching,andtransactionmonitoring[6]. Gem-
stone/Jaimsat supportingbusinessto businesscooperationby providing accessto the
applicationsof onebusinesspartnervia web-basedfront-ends. In contrast,CORBA
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aimsat supportingbusinessto businesscooperationby the integrationof information
systemsof bothbusinesspartners.Theintegrationis doneby wrappingbusinesslogic
into businessobjects.

Java Blend is a tool for the developmentof databaseapplicationsin Java. The
tool andits API encapsulaterelationaldatabasequeriesandupdatestatements.As a
result, the applicationprogrammerdealswith objectsand methodsratherthanwith
dataand queries. In particular, Java Blend allows the definition of classes,whose
objectsrepresentrows in a databaserelation. The applicationprogrammermay use
transactionsandOQL (ObjectQueryLanguage)queriesto accessobjects.The result
of a queryis anobjector a setof objectsthatcanbemanipulatedby methods,defined
for that object. Technically, a pre-compileranalysesthe applicationcodeandinserts
Java codefor classesand statementsthat are neededto accessdata. One problem
of Java Blend is the fact that eachrow of a databasetable is representedby several
transientobjects.However, a row in a databaserelationdoesnot naturallycorrespond
to a real-world object,which is disadvantageousfor the implementationof objectsin
distributedenvironments.

The main focusof Java Blend is the implementationof databaseapplicationsin
Java. Hence,the persistenceaspectsof Java Blend focuson dataretrieval andnot on
thethepersistentstorageof businessobjects,which is neededin businessto business
scenarios.

5.3 Non-Object-Oriented Approaches

Atkinson introducesthe principlesof orthogonalpersistencethat are tailored to the
persistentapplicationsystemdevelopementusingproceduralprogramminglanguages.
Thethreeprinciplesare[1]:

1. Persistenceindependence: Theform of aprogramis independentfrom thelong-
evity of thedatathat it manipulates.Programslook thesamewhetherthey ma-
nipulateshort-termor long-termdata.

2. Data typeorthogonality: All dataobjectsshouldbe allowed the full rangeof
persistenceirrespective of their type. Thereareno specialcaseswhereobjects
arenot allowedto belong-livedor arenot allowedto betransient.

3. Persistenceidentification: Thechoiceof how to identify andprovide persistent
objectsis orthogonalto theuniverseof dicourseof thesystem.Themechanism
for identifyingpersistentobjectsis not relatedto thetypesystem.

Theseprinciplesmake sensein proceduralapplicationprogramming;however, they
cannot be fully adoptedfor distributedobject-orientedenvironments. While persis-
tenceindependencemakessensein object-orientedenvironments,theotherprinciples
conflict eitherwith theobject-orientedparadigmor with thedistribution aspect.Data
type orthogonalitymakesno sensein object-orientedenvironments,becauseobject-
orientationmakesuseof inheritance,meaningthatobjectproperties(e.g.,persistence)
aredefinedby theclass,theobjectinheritsfrom. Thethird principle,persistenceiden-
tification, is easyto implementin nondistributedenvironments,for exampleby iden-
tification by reachability. This means,an objectis persistentif it is reachableform a
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persistentroot. Sinceobjectreferencesarenon-localin general,it is quite expensive
andhardto implementidentificationby reachabilityin distributedenvironments.As a
result,persistentobjectshave to be identifiedusingothertechniques.For instance,it
makessenseto identify persistentdistributedobjectsby their type,e.g,by inheritance
of thePersistentObjectclass.

To summarize,Atkinson proposesa setof importantpropertiesfor programming
environmentssupportingpersistence,mainly concernedwith proceduralandnon-dis-
tributedapproaches.Hence,thiswork is notdirectlyapplicableto ourapproach.How-
ever, theprincipleof persistenceindependenceis satisfiedby our approach.

The Grasshopperorthogonalpersistentoperatingsystemis an attemptto resolve
thestrict separationbetweenmainmemoryandbackingstorageby theintroductionof
an additionalabstractionlayer [4]. The ideaof Grasshopperis to provide an operat-
ing systemthatautomaticallymanagesthepersistenceof all programsexecutedin the
system.Froma program‘spoint of view, only one(partitioned)memoryspaceexist,
programsneednotdifferentiatebetweenvolatileandpersistentmemory. Thisapproach
makesin factall executedprogramspersistentwithout involving theprogrammer. The
Grasshopperoperatingsystempresentsa promisingapproachto a genericpersistent
storagesolution.However, somenon-trivial problemsneedto besolved: recoveryand
efficiency. Sinceprocessesareinherentlypersistent,thereareno transientprocesses,
resultingin performanceissues,sinceall processesarestoredpersistently.

6 Discussion

In thefinal sectionwe like to deliver our thoughtstowardsintegratingthepersistence
framework with theOMG TransactionServiceaswell asonoptimizingthepersistence
framework. Finally wepresentourconclusionsandplansfor futurework.

6.1 Integration with OMG Transaction Service

Transactionalpropertiesinvolvingmultipleobjectsisprovidedbydedicatedtransaction
services,for instancethe TransactionServicespecifiedby OMG [15]. Sinceobject-
orientedapplicationstypically requirepersistenceaswell astransactionalbehavior, it is
animportantrequirementthatatransactionservicecanmakeuseof apersistentstorage
service. In this sectionwe sketchhow the OMG TransactionServiceandpersistent
storageservicesbasedon theproposedpersistenceframework canbeintegrated.

Assumean object that hasto be persistentand that hasto provide transactional
capabilities.Thatobjectinheritsboth from the PersistentObjectinterface(of theper-
sistentstorageservice)andfrom theTransactionalObjectandResourceInterfaces,pro-
videdby the TransactionService[15]. Essentialpartsof the TransactionServiceare
shown in figure10.

An objectthatinheritsfrom theTransactionalObjectinterfacehastheability to pro-
vide transactionalbehavior; theapplicationprogrammercanmake useof thatservice
without additionalprogramming.TheResourceinterfacedealswith theobjects’stor-
agepolicy, i.e.,thisinterfacedefinesunderwhichconditionsobjectattributesarestored
or recoveredto providetransactionalbehavior.
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interface Resource {
Vote prepare() raises(HeuristicMixed,

HeuristicHazard);
void rollback() raises(HeuristicCommit,

HeuristicMixed,
HeuristicHazard);

void commit() raises(NotPrepared,
HeuristicRollback,
HeuristicMixed,
HeuristicHazard);

void commit_one_phase() raises(HeuristicHazard);
void forget();

};

interface TransactionalObject {};

Figure10: Excerptof IDL for OMG TransactionService.

To implementa persistentand transactionalobject, the methodsspecifiedin the
Resourceinterfacehaveto beimplemented.Themethodrollback()canbeimplemented
easilywith thepersistentstorageserviceby calling theloadMe()method.Thatmethod
restorespersistentlyandconsistentattributevaluesof anobjectin orderto implement
the rollback. As shown in figure 10, the Resourceinterfacesupportsa one-phase-
commit. This meansthat all objectsinvolved in a transactionwill receive commit
requests.As opposedto the 2PCprotocol, thereis no voting on the successof the
transaction.However, sincethe Resourceinterfacesupportsthe 1PC,we sketchthis
approach.The commit onephase()methodhasto be overloadedthat way, that the
saveMe()methodis executedto storetheobjectvaluespersistently. Weremarkthatthe
methodforget()needsno specialcoding.

Theimplementationof thetwo phasecommitprotocol[2] is moreadvanced,thanks
to the more complicatedcommunicationmodel. The objecthasto opena database
transaction(usingtheCosPersistency::Transactioninterface),storetheobjectattribute
valuesasusualandfinally sendaprepare-to-committo thedatabase(in casethis func-
tionality is supportedby thedatastore).If theuseddatastoredoesnotsupportprepare-
to-commit,thepersistentstorageservicehasto simulatethetwo phasecommitproto-
col, for exampleby storing the object valuesin a persistentbuffer spaceduring the
preparationphaseuntil thecommit()methodis invoked. Finally thecommit()method
forwardsthecommitto thedatastore,in which casetheobjectvaluesin thedatastore
areoverwrittenby thebuffer data.In casethetransactionhasto beaborted,thebuffer
datacanbeneglected,andtheoriginal objectvaluesasstoredin thedatastoreremain
untouched.

6.2 Complex Data Types

We mentionthatcomplex CORBA datatypesandnon-CORBA datatypesarenot di-
rectly supportedby the proposedframework. However, due to its extensibility, the
proposedservicespecificationcanbeextendedto handlearbitrarydatatypes,includ-
ing complex CORBA datatypesandnon-CORBA datatypes.Thedesigndecisionnot
to supportavarietyof datatypesa priori is dueto theobjectparadigm,whichstipulates
thatcomplex datashouldbedescribedby objectsratherthanby complex datatypes.
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The proposedspecificationcanbe extendedto supportcomplex datatypes. The
modificationsto theinterfacedefinitionsof therelevantclassesandthemethodsto be
addedaresketched.Insteadof implementingrelationshipsby a list of pointersto the
relatedobjects,a relationshipshouldbe representedby objectsof a relationshipser-
vice, for instancetheonespecifiedby OMG. Extendingtheserviceto handlecomplex
CORBA datatypesis sketchedbelow.

In scenarioswhereonly a few differentcomplex CORBA datatypesarerequired
the most efficient way to extend the transactioninterfaceof the servicewith write-
Attr 	 Type� () methodsof the new datatypes. In the examplesketchedabove, the
typesequence	 Object� is requiredto handlerelationships.For example,by addinga
methodwriteAttrSequenceObject(),sequencesof objectscanbestoredwithin a single
methodinvocation.To implementthis method,eitherthesequenceof objectsis stored
in a relationaltable(in casedatais storedin a relationaldatabasesystem),or the im-
plementationmakesuseof sequencestoringmechanismsthatobject-orienteddatabase
systemsprovide. If supportfor arbitraryCORBA datatypesis needed,a more ad-
vancedimplementationhave to be provided. In this case,the transactioninterfaceis
extendedwith a writeAttrAny() methodthat at runtime analyzesthe datastructures
andstoresthem. Assuminga serializedstoragepolicy, this methodis quite easyto
implement.

6.3 Efficiency and Optimization Aspects

As statedabove, the efficiency of the proposedpersistentstorageserviceis not dis-
cussedin detail,becauseit dependsto a largeextenton thedatarepresentation.How-
ever therearethreegeneraloptimizationaspectsthatarefeasiblewithin thepersistent
storageservicespecification,motivatingits extensibility from anoptimizationpointof
view:

1. Minimize data to store: The persistentstorageserviceshould transferonly
changedattributesto the database.If an object consistsof large attributes it
may be useful to storethis attributesonly on requestof the programmer. An
alternative couldbeto backupobjectattributesandstoreonly theattributesthat
have changed.For largeobjectattributesit would beusefulto storea checksum
insteadof the whole attribute. The checksumcanbe usedto detectchangesto
the attribute value. If the storedchecksumequalsthe new checksumthen the
attributevaluewasnotchangedand,consequently, doesnot needto bewritten.

2. Minimizenumberof databasetransactions: If severalobjectshave to bestored
at the sametime, they shouldbe storedin onedatabasetransactioninsteadof
usingseveraldatabasetransactions.Especiallyin combinationwith atransaction
serviceit is a valid approachto storeall objectsinvolved in a high-level inter-
objecttransactionusingonly one(low-level) databasetransaction.

3. Avoid synchronizedcommunicationpoints: Thecommunicationbetweenanob-
ject andthe databaseobjectshoulduseas few methodcalls aspossible. This
meansfor exampleinsteadof usingseveralwriteAttr 	 Type� () methodsin the
transactioninterface,thetransactioninterfaceshouldbeenhancedwith amethod
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that is ableto dealwith a sequenceof (attribute,attributename)pairs. This ap-
proachwould improve theefficiency of the systembecausethe objectdatacan
bestoredusingonemessage.Thismeansonly onesynchronizationpoint instead
of severalsynchronizationpoint like before.

Again,theseoptimizationaspectscanbeimplementedwithoutany changesto theinter-
facedefinitionof thepersistentstorageservice,showing its extensibility in thecontext
of implementationandoptimizationaspects.

6.4 Final Remarks

Thispaperpresentsapersistenceframework for object-orientedmiddleware.While its
conceptualdesignis independentfrom aspecificmiddleware,asampleimplementation
usestheCORBA productOrbixWeb. Theserviceis easyto use,sinceit sufficesto in-
herit from thePersistentObjectclassin orderto makeobjectsof agivenclasspersistent.
As explainedabove,thepersistentstorageserviceprovidesahighdegreeof extensibil-
ity andflexibility , sinceit supportsdifferentdatarepositoriesanddatarepresentations,
evenwithin agivenapplication.By providing thepossibilityto storespecificattributes
of objects,i.e., the attributeswhosevalueshave changedrecently, performancegains
canbeachieved.

Futurework will centeraroundusingthe servicein real-world scenarios.We be-
lievethatfor high-performanceapplications,are-implementationof theservicein C or
C++will berequired.Anotherissueto beaddressedin thefutureis thedevelopmentof
aconfigurationtool for theservicethatcanmakeuseof theextensibilityof theservice
by allowing to tailor it to matchtherequirementsof a broadrangeof applications.

Finally we remarkthat thepersistentstorageservicewasdevelopedin thecontext
of aresearchprojectonflexible workflow management[22], whereit wasusedto store
workflow schemaobjects,workflow instanceobjects,and application,i.e., business
objects. Hence,it hasundergoneextensive checking,sincethousandsof persistent
objectsarerequiredfor complex workflow scenarios,all of whichwerehandledby the
proposedpersistenceframework andits sampleimplementation.
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