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SUMMAR Y

A powerful feature of the Java��� programming languageis its user-definableclassloading policy, which when combined
with the namespaceindependencebetween class loaders, allows portable implementation of semi-dynamic program
transformations. Suchtransformations canbeusedfor a rangeof purposes,including optimization and semanticextension.

In this paper wepresenta framework for semanticextensionsin Java. This framework consistsof a number of simplebut
powerful transformations that, amongother things, allow us to semanticallyextendJava to provide orthogonal persistence.

The use of semi-dynamic program transformations lends our orthogonally persistent Java a number of important
qualities, including simplicity, portability and a cleanmodel of persistence.Significantly, our implementationsare efficient
and can outperform in somecasesPJama��� , a well-known orthogonally persistent Java, which is basedon a modified
virtual machine.

In addition to describing the application of thesetransformations to orthogonally persistentJava, we foreshadow their
usein a number of other contexts,including dynamic instanceversioning and instrumentation. Copyright c

�
1999John

Wiley & Sons,Ltd.

Introduction

In this paperwe describea framework for portably and transparentlyextendingstandardJava semantics.
While such extensionshave a numberof interestingapplicationsincluding parametricpolymorphism
andinstanceversioning,they aredescribedherein the context of realizinga fast,portable,orthogonally
persistentJava.

A critical issuein the designof orthogonallypersistentJava (OPJ) is the choiceof meansby which
the Java languagesemanticsareextendedto includepersistence.While MossandHosking[21] outlinea
numberof choices,the approachof modifying the underlyingvirtual machinehasbeendominantin the
literatureuntil now [2, 17, 10]. In this paperwe show that OPJcanbe realizedwithout modificationto
theJava virtual machineor compiler, andfurthermorethatwhile this approachis relatively simple,it can
outperformanOPJbasedonamodifiedJavavirtual machine.

After briefly introducingthe conceptsof semanticextensionsandorthogonalpersistence,we go on in
section to describea framework for semanticextensionsin Java. This framework forms the practical
foundationfor our approachto orthogonalpersistencefor Java, in section. The paperconcludeswith a
brief discussionof otherapplicationsfor thesemanticextensionsandsomeoutstandingproblems.

SemanticExtensionsto Java

A systemthat extendsthe semanticsof Java must maintain fundamentalpropertiesof the language
andruntimesystemincluding: separate compilation, dynamicclasslinking, modularity, andportability.
Original languagesemanticsmustbemaintainedin orderto preservethepropertiesof separatecompilation
anddynamicclasslinking. New properties,suchasfields andmethods,may be addedto a classonly if
theexisting API contractsarerespected.Furthermore,any semanticextensionsmustcomplimentexisting
semanticchangemechanisms,i.e. inheritanceandoverloading.

To adequatelyexploresemanticextensionsfor Java,it is importantto understandsomeof thefundamental
limitations of the Java languageand runtime system.Theselimitations include the lack of multiple
inheritance,the frozensemanticsof the systemclasses,and the difficulties of makingsemanticchanges
thatextendbeyondtheencapsulationboundaryof asingleclass.Thelastof theselimitationsis commonto
mostobjectorientedprogramminglanguages,andis illustratedby thefollowing examples:
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2 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

� A modelcould statethat the securitylevel of a ‘manager’objectmustbe at leastashigh asthat of
any ‘subordinate’object’s securitylevel—a policy enforcedby raisingthe manager’s securitylevel
whenever necessary. To implementsucha model a significantamountof low-level codemust be
written. Codeto enforcethis invariantmust be addedto multiple classesin an ad hoc, piecemeal
manner.� Theadditionof a sideeffector semanticextensionovera field in a classcouldinvolveanerrorprone
processof changingany simple referencesto that field. Enforcing the JavaBeansTM encapsulation
convention[23] in thedevelopmentprocesswill not help if thesemanticchangeis dependenton the
placewherethefield is referenced,assuchchangeswill still beadhocandpiecemeal.

In both cases,we seethat implementingeven relatively simple semanticschangecan be complex in a
languagelike Java, which hasa strongnotion of encapsulationbut provides no high-level supportfor
change.

PreviousWork onSemanticExtensionsto Java

Recently, papersapplying programtransformationtechniquesto Java have addedto the large body
of literatureon programtransformations.Semanticextensions,suchas runtime type dependentmethod
invocation [7] and type polymorphism[24], augmentthe Java languagethus requiring a non-standard
compiler. Two type parameterization[1, 6] apply byte-codetransformationat classloading time, these
transformationsareappliedby usinga specializedclassloader. In both cases,specialsymbolswithin the
classnameareusedto denoteparameterizedclasses(’C<p>’ and‘C$p$’). Parameterizedclassdeclarations
andreferencesaretrappedduring the transformationprocessandthe appropriateclassesaredynamically
constructed.This is achieved entirely through a customclassloader in [6], and by the use of both a
customclassloaderand compiler in [1] (enablingthe useof customclassfile formats).Sometoolkits
andframeworksfor otherformsof byte-codetransformationsincludeJOIE[9] andBCA [15].

Portability andDynamicCompositionof SemanticExtensions

The‘write once,run anywhere’philosophyhasbeencentralto thesuccessof Java.Theapproachtaken
to semanticextensionsis in keepingwith this philosophyof portability. While this could be viewed as
a limitation (restrictingthe programmerto the mechanismsofferedby standardJava) it enablesportable
implementationsto exploit thebestJava technologyavailable(asit canrunon any virtual machineanduse
any compiler).

An importantobjective is that the semanticextensionscanbe dynamicallycomposed.Many semantic
extensionssuchasprograminstrumentationandprofiling arevolatileby nature.Thesesemanticextensions
shouldbeapplicableto othermorepermanentsemanticextensions,suchasorthogonalpersistenceor object
instanceversioning.Consequently, thespecificsetof semanticextensionsto beappliedmayonly beknown
at runtime,emphasizingtheneedfor dynamiccompositionof semanticextensions.In fact,it couldevenbe
of interestto dynamicallyextendthesemanticsof classesalreadyloaded(e.g.thedynamicinstrumentation
of a programalreadyrunning).However, the JVM specificationforbids modificationsof alreadyloaded
classes,so theonly possiblesolutionin this caseis theuseof a modifiedJVM with advancedsupportfor
introspection.

Therearea numberof waysin whichstandardJavasemanticscanbetransparentlyextended,including:
� Modifying the virtual machineto directly implementthe semanticextensionseither through the

existingbyte-codeset[2, 10], or via additionalbyte-codes[17].� Modifying thevirtual machineto implementextendedreflectioncapabilitiesthroughwhichsemantic
extensionscanbeimplemented[17].
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� Preprocessingsourcecode[7].� Modifying thecompiler[1, 24].� Preprocessingbyte-codes(statically)[13].� Transformingbyte-codesat classloadtime [6, 1].

The first two approachesclearly violate the goal of portability as they dependson a modified virtual
machine.Thenext threeapproachesproduceportablebyte-codes,but requireeachproducerof semantically
extendedcodeto have accessto a modifiedcompileror preprocessor. Moreover, thecompilationapproach
precludesthe dynamiccompositionof semanticextensions.Only the last methodis compatiblewith our
goalsof dynamiccompositionandportability. Consequently, wehaveadoptedthelastapproachto semantic
extensionsasthebasisfor oursemanticextensionframework andourOPJimplementation(asemi-dynamic
approach).

Orthogonal Persistence

Thesemanticextensionsproposedin thispaperandthemethodsfor applyingthemcanbeusedfor many
differentpurposes.Oneof theprincipleapplicationsof thesesemanticsextensionsis orthogonalpersistence.

Orthogonallypersistentsystemsaredistinguishedfrom otherpersistentsystemssuchasobjectdatabases
by anorthogonalitybetweendatauseanddatapersistence.This orthogonalitycomesastheproductof the
applicationof thefollowing principlesof persistence[3]:

PersistenceIndependenceThe form of a programis independentof the longevity of the datawhich it
manipulates.

Data Type Orthogonality All datatypesshouldbe allowed the full rangeof persistence,irrespective of
their type.

PersistenceIdentification The choiceof how to identify andprovide persistentobjectsis orthogonalto
theuniverseof discourseof thesystem.

Theseprinciplesimparta transparency of persistencefrom theperspectiveof theprogramminglanguage
which obviatestheneedfor programmersto maintainmappingsbetweenpersistentandtransientdata.The
samecodewill thusoperateoverpersistentandtransientdatawithoutdistinction.

While the value of orthogonalpersistenceas a technologyfor managingcomplex persistentdatahas
long beenacknowledged,difficulties in efficiently implementingorthogonallypersistentsystemsseemto
haveretardedits uptake in thecommercialsetting.Of thevariouschallengesassociatedwith implementing
orthogonalpersistence,one of the most important is that of transparentlyand efficiently introducing
persistencesemanticsinto theprogramminglanguageruntimesystem.It is thischallengethatthetechniques
describedin this paperaddress.

PreviousWork onOrthogonalPersistencefor Java

A comprehensive overview of the orthogonalpersistenceresearchfield, its goalsand its challenges,
canbe found in AtkinsonandMorrison’s major review paper[3]. ThebiennialPersistentObjectSystems
workshopsare the primary forum for presentationof work relating to orthogonalpersistence,while the
seriesof InternationalWorkshopsonPersistenceandJava(PJAVA) areparticularlyfocusedonJava.

Therehave beena numberof efforts to extendJava with orthogonalpersistence[2, 25, 17, 10]. Most
prominentamongthesearePJama[2] andGemStone/JTM [10]. Both of thesetry andprovide the users
with anorthogonallypersistentJava environment.In bothcasesthis is achievedby replacingthestandard
JVM with onethatextendsstandardbyte-codesemanticsto includepersistence.In bothcases,thevirtual
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4 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

machine,althoughenhanced,remainsJava compliant,allowing non persistentJava programsto execute
normally. In their taxonomyof approachesto implementingOPJ,Moss and Hosking [21] indicatethe
possibilityof extendingthebyte-codesetto includeexplicit readandwrite barriers†. Thisapproachis fore-
shadowedin theOPJdesigndescribedby Kutlu andMoss[17], andis implicit to thebyte-codeoptimization
techniquesdescribedby [13]. Kutlu andMoss[17] alsodescribeabyte-codemodificationtechniquewhich
dependson the implementationof an extendedreflectionmechanismfor Java. Tjasink andBerman[25]
describea very light weight approachto addingpersistenceto their customvirtual machine,which is
targetedat extremely small applications.Preprocessingapproachessuchas JSPIN[14] and POET [22]
replacethestandardjavac compiler. Eachuserclassthatdirectly extendsjava .lang .Object is modified
to extenda PersistentObject class.Additionally, the userclassesaremodifiedto incorporatereadand
write barriers.

Hosking,Nystrom,Cutts,andBrahnmath[13] have exploredtechniquesfor eliminatingredundantread
and write barriersfrom Java byte-codes.The byte-codetransformationtechniquesthey describeare of
relevanceto this paper, howevercurrentlytheir approachis static(they usea byte-codepreprocessor),and
dependsonextendingtheJavabyte-codesetto makereadandwrite barriersexplicit.

A Framework for SemanticExtensionsin Java

Java supportsthe useof user-definedclassloaders.A user-definedclassloadercan modify the content
of a classfile beforecalling the defineClass method,which finally loadsthe classinto the JVM. The
virtual machinewill applyall theusualchecksto themodifiedclass.By usinga user-definedclassloader
to introducesemanticchange,standardcompilersandvirtual machinesmaystill beused.

The semanticextensionof classesin Java is similar to the processof schemaevolution, where the
semanticsof someclassesare modified.Using this analogy, our interestlies in an almost ‘incremental
evolution’, wheretheoriginal semanticsform thebasisof theextendedsemantics.Our objective therefore
has a similarity to proposalsfor schemaevolution in object oriented databases,where special Data
DescriptionLanguage(DDL) operatorsare definedthat representhigh level transformations,such as
splitting a classor modifying theclasshierarchy. Returningto theJava context andthebroaderobjectives
of this paper, thereis a needfor a family of transformationsthatallow suchincrementalextensionsto be
readilyintroducedgloballyandconsistently. Thedevelopmentof suchtransformationsis thesubjectof the
remainderof this section.

‘SchemaEvolution’ Transformations

Weareinterestedin semanticextensionsthatpreservetheoriginalsemanticsof theprogram.Therefore,a
semanticlyextendedclassmustrespecttheAPI andthesemanticsof theoriginalclass’attributes(i.e.it must
maintaintheAPI contract).Asynchronousschemaevolution in adistributedenvironmenthasmotivatedthe
definitionof binarycompatibilityin theJavalanguagespecification(JLS)[11]. Binarycompatibilitydefines
a setof changesthat developersarepermittedto make while preservingcompatibility with existing Java
binaries.In additionto theconceptof Javabinarycompatibilitywealsointroduceasimilar conceptof API
compatibility.

Definition 1 (API Compatibility) A classC’ is API compatiblewith respectto anotherclassC iff:
� For each nonprivatefield f in C (local or inherited),there existsa field (local or inherited)with thesame

nameandmodifiers.Additionally, thefield typemustbeAPI Compatibleaswell (referencesto C replaced

†Theterms‘readbarrier’ and‘write barrier’ areusedto refer to residency checksandupdatenotificationsrespectively. Readandwrite barriersof
someform areessentialto extendingprogramminglanguagesemanticsto persistence.
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by referencesto C’).� For each nonprivatemethodm in C (local or inherited),there existsa methodin C’ with thesamename
andmodifiers.Additionally, thereturntypeandsignaturemustbeAPI Compatible.� For each methodm in C’ (local or inherited) that doesnot havea correspondingmethodwith the same
nameandsignature in C (a new method),there existsa namingconventionthat ensuresa similar method
will not beredefinedin anysubclass.� TheC’ superclassmustbeAPI compatiblewith respectto theC superclass.A similar constraint appliesto
all interfacesimplementedbyC.

The previous definition is independentof the class name. Therefore, it is possible to define a
transformationthatreplacesoneclassfor anotherwith adifferentname,packageor classloader, aslongas
all referencesto thereplacedclassaremodified.In general,to replaceoneclassfor anotherandmaintain
binarycompatibilitywe only needto ensurethattheexternalAPI is consistent.Now we wantto beableto
replaceaclass(C) by a new version(C’) thatrepresentthesemanticextensionof theoriginal class.

Definition 2 (‘Class Replacement’Transformation) Givena binarycompatibleprogramP, a classC and
a new API compatibleclassC’, the‘ClassReplacement’transformationreplaceseveryreferenceto C in P
with a referenceto C’ (exceptin theclassesC andC’).

After applyingthis transformation,theoriginalclassmaybediscardedfrom thetransformedprogramif it is
no longeraccessible.It is trivial to extendthepreviousdefinitionto replaceasetof classes(asubprogram).
In general,given a programP, the ‘class replacement’transformationof C for C’ makes surethat the
transformedprogramwill be binary compatible.From the point of view of byte-codemodification,the
only changeneededis the replacementof all referencesto classC for referencesto thenew classC’. For
example,agetfield ‡ instructionlike:

getfield C/f1 Ljava/ lang/String ;

will bereplacedby

getfield C’/ f1 Ljava /lang /String ;

ThebinaryandAPI compatibility rulesaresimply syntactic,so they do not take semanticchangesinto
account,allowing two binary compatibleclassesto have incompatiblesemantics.The conceptof binary
compatibilitycouldbeseenasa very limited caseof classevolution,which doesnot accountfor semantic
compatibilityandmoregeneralschemaevolution.Binary compatibilityandAPI compatibilityonly ensure
thatthereis consistency betweentheuseandthedefinitionof fieldsandmethods.Wearegoingto limit the
useof the‘classreplacement’transformationto semanticallysoundcases,wherethenew classis asemantic
extensionof theold one,in which casethesemanticextensionsarecompatible.Moreover, if thesemantic
extensionsdonotmodify thesemanticsof any previouslydefinedmethodsor fields,wecanassumethatthe
transformedprogramis semanticallyequivalentto theoriginal program.However, it is not alwayseasyto
avoid modificationsto methodsemantics,evenwhenanAPI compatibleclassdoesnot modify theoriginal
methodbyte-code(otherthanthroughtheapplicationof the‘classreplacement’transformation).Themost
obvious causeof suchimplicit semanticside effects is with respectto introspectionoperationssuchas
getClass () , which mayreturna classwith a differentname,packageor classloader. Fortunately, theuse
of thesemethodsis not commonandcanbeautomaticallydetectedandintercepted,allowing theproperty
of semantictransparency to bepreservedin thesemanticextensiontransformation.

‡Wehaveadoptedthenotationusedby JASMIN (Java AssemblerInterface)[19] for ASCII descriptionsof Javaclasses.
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6 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

‘JavaBeansCompliance’Transformation

The ‘JavaBeans’specification[23] describesthe form andstyle of a JavaBeanscompliantobject.The
form includesa descriptionof themethodsfor retrieving andsettingtheproperties(fields)of a JavaBeans
compliant object (section8.3 of [23]). Limiting direct accessto fields by methodsexecutingover the
object owning thosefields enforcesthe JavaBeansspecification,greatly enhancingthe level of object
encapsulation.

The transformationof a classinto a ’JavaBeans’style allows the implementationto be manipulated
without breakingtheAPI contract.This providesa significantdecouplingof the implementationfrom the
form of anobject.We usethis transformationto simplify theprocessof semanticextensions.

Thetransformationmustaccountfor thesecuritylevel of thefieldsconsidered.Thesecuritylevel of the
field itself is thusgivento theaccessormethodsthatreplaceit. Thefieldsin thetransformedclassbecomes
private,thusrestrictingaccessto thefield via theaccessormethods.

Definition 3 (JavaBeansTransform) Each field that is visibleor potentiallyvisibleoutsidetheclassthat
containsit is transformedinto a JavaBeanslike form,i.e. non-privatemembers.For a particular fieldof the
form:

<protection> [static] <type> <field>;

where thefield is a classor instancefield with typetype, field namefield, anda protectionlevel of either
package, protected or public, the transformationof thefield resultsin the following field andaccessor
methoddefinitions:

private [static] <type> <field>;

<protection> [static] final <type> get$<classname>$<field>() { return <field>; }
<protection> [static] final void set$<classname>$<field>(<type> arg$<field>) {
<field> = arg$<field>;

}

Theexamplein figure1 definesasimpleclass‘Example ’ in package’AU.edu. cs ’ beforetransformation,
andfigure 2 specifiestheclassresultingfrom theJavaBeanstransformation.

package AU.edu. cs;
public class Example {

public Example ( int a ) { this.aField = ( double)a; }

protected double aField ;
}

Figure 1. ClassExamplebefore JavaBeansTransformation

To accommodatethis transformation,all codethat directly refers to a field within an object is itself
transformedinto theappropriatemethodcall. Themanipulationof thecodecaneasilybedoneat thebyte-
codelevel.

A methodin oneclassmight accessa field in an object instanceor classof a differentclassdirectly.
Thecodewhichperformsthisoperationmustbetransformedto usetheappropriateaccessormethods.This
changeis easilymadeat theJavabyte-codelevel andmustbemadein all classesthatperformthis typeof
access.Only two casesareconsidered:instanceandclassfield accesses.

Eachinstancefield access(getfieldor putfield) is replacedby amethodcall (invokevirtual) to thegetor set
accessormethod.Eachclassfield access(getstaticor putstatic) is replacedby a methodcall (invokestatic)
to thegetor setaccessormethod.Thisreplacement(alongwith thecorrectconstantpoolmethoddescriptor)
is stackneutral.
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package AU.edu .cs;
public class Example {
public Example ( int a ) { this. aField = ( double)a ; }

protected final double get$AU$edu$cs$Example$aField ( ) { return aField ; }
protected final void set$AU$edu$cs$Example$aField ( double arg$aField ) {

this.aField = arg$aField ;
}

private double aField ;
}

Figure2. ClassExampleafter JavaBeansTransformation

‘AbstractClassReplacement’Transformation

Simple extensionof the semanticsof a classmay not be sufficient to encapsulatethe variation in
behaviours desiredby the semanticextension.To facilitate the encapsulationof differentbehaviours for
the sametype of objectan ‘abstractclassreplacement’techniquecanbe used.A particularclasscanbe
replacedby anabstractclassandoneor moresubclassescanimplementthedifferentdesiredbehaviours.

Definition 4 (Abstract API Compatibility) AnabstractclassAc is AbstractAPI Compatiblewith respect
to a classC that conformsto theJavaBeansencapsulationconvention[23] iff:

� For each nonprivate, nonstatic,nonconstructormethodmin C (local or inherited),thereexistsa non-final
methodin Ac with thesamenameandaccessmodifier. Moreover, thereturntypeandsignature of m must
beAbstractAPI Compatibleaswell (referencesto C replacedby referencesto Ac).� There doesnot exist a methodin Ac withouta correspondingmethod(of thesamenameandsignature) in
C.� Acdoesnothaveanynon-privatefields.

The ‘ClassReplacement’transformationis extendedwith a replacementof a classfor an abstractAPI
equivalentclass.

Definition 5 (‘Abstract Replacement’Transformation) Givena binarycompatibleprogramP, a classC
that conformsto the JavaBeansencapsulationconvention[23] anda new abstract API Compatibleclass
Ac, the ‘Abstract Replacement’transformationreplacesevery referenceto C in P with a referenceto Ac
(exceptfor referencesto classconstructorsandsuperclasses).TheclassesC andAcarenot modified.

It is trivial to extend the previous definition to replacea set of classesfor a set of abstractclasses.
In general,given a programP, the ‘AbstractReplacement’transformationof C for Ac ensuresthat the
transformedprogramwill alsobebinary compatible.This transformationenablesthe possibility of using
morethanoneimplementationclassfor thesameabstractclass.In fact,theoriginal classdoesnot needto
disappearfrom theoriginalprogram.As such,it is possibleto simulatesomecasesof dynamicevolution.

‘ProxyHierarchy’ Transformation

The generationof proxy objectsfor eachreal objectcanenablea decouplingof theseobjectsfrom the
applicationthatmanipulatesthem.Thusthe ‘Proxy Hierarchy’ transformationenablesthereplacementof
oneclasshierarchyby anotherclasshierarchythatreproducestheoriginal classhierarchysemantics.

Definition 6 (Proxy Hierar chy) Givena binary compatibleprogramP anda classhierarchyH, for each
classA belongingto H, a newproxyclassA$proxyis generated.If A is thehierarchyroot,a newprivatefield
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8 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

proxy$ of classA is generated.Additionally, for each methodm belongingto A, a new methodwith thesame
name, modifiers,signatureandreturntypeis implementedin A$proxy. Thisnew methodis implementedas
a straight call to the original methodover the proxy field. All the constructors are extendedin a similar
way.

A DeclarativeSemanticExtensionLanguage

Byte-codetransformationsare error prone.A simple mistake during the transformationprocesscan
destroy type safetyor the semanticsof the program,andmay leadto the byte-codemodifiedclassbeing
rejectedatclassloadingtime.Therefore,atype-safeanddeclarativewayto specifyprogramtransformations
is essentialto thepracticalapplicationof byte-codetransformations.To thisend,wehavedefinedasyntactic
convention for specifying the most commontransformationsusing an independentlydefinedclassthat
specifiesall of thesemanticchanges.

Our framework allows for both semanticextensionof methodsand the inclusionof special‘triggers’
(similar in conceptto databasetriggers)that areactivatedon the occurrenceof particulareventssuchas
theexecutionof getfield or putfield byte-codes.Theconceptof triggersis illustratedin figure3, where
a specialmethodpre$getfield$ is definedinsideclassjava$lang$Object$ which specifiesthata ‘pre-
trigger’ be executedprior to eachexecutionof a getfield instruction for all classesthat inherit from
java. lang.Object . In this example,the trigger instrumentsa tracemessage.The showAccess methodof
theclassTracer coulddynamicallydeterminewhetheror not thetracemessageshouldappear.

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;

}
}

Figure 3. A declaration of a parametricsemanticextensionto achievetrivial instrumentation.

Our approachis to producea ‘black box’ framework where the user definessemanticextensions
simply by implementingspecialextensionclasses.Thespecialextensionclassesmustfollow a particular
namingconvention (like the JavaBeansframework), and usethe following syntacticconvention: where

class EXTENSION_CLASS_NAME{
// new fields
// new methods

}

Figure 4. Syntaxof specialextensionclasses.

EXTENSION_CLASS_NAMEis thenameof the targetclass,C, terminatedwith a ‘$’ andwith ‘.’s replacedby
‘$’s:

EXTENSION_CLASS_NAME=C.getName ().replace (’.’,’ $’) + "$"

In order to avoid semanticconflicts,semanticextensionclassescannotcontainabstractmethodsasall
methodsmust have a body. New methodsmay be either normal methods(as neededby the semantic
extension)or specialtrigger methodstriggeredby field accesses,array access,methodinvocationsand
parameterloading.Theframework supportsboth‘pre-triggers’(triggeredprior to executionof therelevant
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byte-code)and‘post-triggers’(triggeredimmediatelyafter the executionof the relevantbyte-code).‘pre-
triggers’include:pre$getfield$ , pre$putfield$ , pre$aaload$ , pre$invokevirtual$ , etc.,while ‘post-
triggers’ include: post$getfield$ , post$putfield$ , etc. All fields and methodsof the class to be
manipulatedareautomaticallyincludedin thetransformedclass(seesection).

Thesemanticextensionframework is invokedwhena userclassis loaded.This actiontriggersa special
semanticextensionclassloaderto searchfor andloadany semanticextensionclassesthatareapplicableto
theuserclassbeingloaded.Thesemanticextensionclasseswhich areapplicableto theuserclassarethen
usedto applythefollowing transformsover theuserclassbeingloaded:

� Add any new fields.� Apply the‘JavaBeanscompliance’transformationthatallowsall fieldsto bemadeprivate(section).� Add any new methods.New methodnamesaresuffixed with $+EXTENSION_CLASS_NAMEto ensure
thatconflictswith existingmethodsof thetransformedclassandits subclassesareavoided.� Add any triggers.

The mechanismfor addingnew fields andmethodsdependson the classbeingtransformed.If the class
to be transformedis a systemclassor inheritsfrom a systemclass,thena proxy (section) mustbe used,
otherwisethe classitself is modified.The framework doesnot propagatetriggersinto systemclasses,as
the systemcodecannotbemodified.However, the framework usercanredefineany systemclassmethod
andsopropagatethesemanticextension.Triggersarepropagatedto all subclassesof thetransformedclass.
In particular, any new field, methodor trigger introducedin a systemclasswill be propagatedto all the
descendents.If asubclassof theextendedclassis asystemclass,thesubclasswill beextendedaswell. For
example,thepre-triggerpre$getfield$ declaredin figure3 will bepropagatedto all userclasses.

The ByteCodeVisitor Hook

The declarative approachoutlined above limits the number of program transformationsavailable.
Consequently, a moregeneralhook is providedby the classtransformationframework. By extendingthe
default semanticsof theByteCodeVisitor class,theusercanspecifymorecomplex classtransformations.
This class correspondsto the implementationof a visitor pattern§ which is applied to all the class
MyClassFile (a Java classthat representsa classfile at anabstractlevel). In additionto its applicationto
theByteCodeVisitor , thevisitor patternhasbeenusedextensively in theimplementationof theframework
itself.

public class ByteCodeVisitor {
public init (ConstantPool cp);
public boolean isByteCodeModifiableMethod (Instruction ins);
public LinkedListIns replaceByteCode (

Instruction nextInstruction ,
LinkedListIns outputInstructions );

public Field replaceField (Field f);
public Method replaceMethod (Method m);

}

Figure 5. TheByteCodeVisitor hook.

Framework Implementation

§A visitor patternappliesa transformobjectto all thenodesin astructure.
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10 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

A first prototypeof theframework hasbeenimplemented.It hasbeenappliedto theimplementationof a
portableOPJ(section) anda portableobjectversioningframework. We have implementedtheframework
usingthe‘PoorMan’ library thatprovidesfacilitiesfor classfile parsingandbasicclasstransformations[6].

We will assumein therestof thepaperthat the ‘JavaBeanscompliant’ transformationhasbeenapplied
overall userclasses.

JavaByte-codeModification

We are interestedin portablesemanticextensionsthat introducea minimum of programexecution
overhead.A family of byte-codetransformationscan be defined by replacing patternsof byte-code
instructionswith semanticallyequivalentinstructionsequences.It is essentialthatany suchtransformations
arestackneutral(preservestackconsistency). For example,thegetfield byte-codeinstructionoveranon-
primitive field couldbereplacedby any methodinvocationthatreturnsanobjectof acompatibletype.

SinceJava byte-codeis tightly coupledwith the languageitself, we can associatevery simple byte-
codepatternswith particularinstructionsin theJava language.For example,theinvocationof any instance
methodcorrespondsto the byte-codeinstruction invokevirtual , an invocation to a static methodto
invokestatic , etc.

Trigger Implementation

In generalmodifying the byte-codeof a methodis quite simple.For example,the insertionof a post-
trigger for an operationthat leavesan object referenceon the stackonly requiresthe duplicationof that
referenceandtheinvocationof thetriggermethod(with anobjectreferenceasits only argument).Similarly
for pre-triggers.

Themanipulationof thebyte-codefor amethodmeansthatotherissuessuchasrelativebranchdistances
andexceptionrangesmayneedto be modifiedto accountfor the increasednumberof instructionsin the
methodcode.However, theseissuesaretakencareof by thetoolsusedto manipulatetheclassfiles,suchas
the‘PoorMan’ library.

SemanticExtensionsOverUserClasses

It is alwayspossibleto extendthesemanticsof classesloadedusingthesemanticextensionclassloader.

SemanticExtensionsOverNon-userClasses

The JVM loads systemclasses,such as java .lang .Object , by using the systemclassloader. This
fundamentalconstraintprecludesthe byte-codetransformationof systemclasses.Additionally, the array
classis generatedinternallyto theJVM andnot loadedfrom aclasslibrary.

To introduceorthogonalpersistence,ideally, it wouldbepossibleto modify java. lang.Object (theroot
object).This canbe achievedby generatinga completesetof modifiedsystemclassesin advancein the
filesystem.However, this solutionis notsatisfactoryasit cannotbeappliedto Applets.

If thesemanticextensiononly involve staticattributes,we do not needto replacethesystemclassby its
semanticextensions.Only the referencesto extendedattributesneedto be modifiedto make referenceto
theextendedclassmethods.However, if thesemanticextensioninvolvesinstanceattributes,we will need
to replacethesystemclasshierarchyby a ‘Proxy Hierarchy’ (section) addingany semanticextensionsto
theproxies,andreplacethesystemclasshierarchywith theproxyhierarchy.
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Interfering with Java’s Intr ospection

Applying the ‘JavaBeanscompliance’transformation(and others)to a classmodifiesthe API of the
class.As a result,someof the java. lang.Class methodssuchasinstanceof andgetfield will need
modification.Thesemethodsmustmaskthemodificationmadeto theuserclasses.Thesystemclassesmust
alsobe modifiedto returnthemodified java .lang. Class classjava$lang$Class$ . Thesemodifications
canbeintroducedusingthepre-triggersandpost-triggersdescribedearlier, seefigure6.

public class java$lang$Class$ {
private java .lang .Class realClass ;
private java .lang .Class proxyClass ;
public String getName() {

return realClass (). getName ().replace (’ $’,’.’);
}
public Object newInstance () {

return proxyClass .newInstance ();
}
...

}

Figure 6. SemanticExtensionto java.lang.Class

Framework Overhead

The class transformationoverheadfor most applicationsis not significant. The initial overheadof
applyingthebyte-codetransformationto a hundredor soclassesis only a few seconds.

The runtime overheadis dependentupon the transformationsapplied. The ‘JavaBeanscompliance’
transformationdoesnot generateany real overhead.This is dueto the accessormethodsbeingfinal and
theconsequentinlining of thesemethodsby theJVM. Thereplacementof aclassfor asubclassof thatclass
addslittle to theoverhead.However, theoverheadof usinga systemclasswith a trigger is significant,asa
resultof thecallsthroughtheassociatedproxyobject.

A PortableOrthogonallyPersistentJava

Onceequippedwith a mechanismfor transparentlyinsertingreadandwrite barriersinto Java byte-code
at classload time, it is possibleto build a portableOPJ.Therearea wide rangeof issuesthat must be
addressedin makingsuchan implementation.However, the focusof this paperis on the useof program
transformationsto gainportability, sowegiveonly cursorytreatmentto thebroaderimplementationissues
here.Theinterestedreaderis referredto otherpublishedpapers[5, 4] for adetailedaccountof otheraspects
of our approachto orthogonalpersistencefor Java, including the developmentof a scalablearchitectural
foundationandthecleanandefficient integrationof transactionalconcurrency control into OPJ.

Implementation Issues

Beforedescribingour first andsecondimplementationsof OPJ(calledANU-OPJ),we briefly outlinea
numberof importantissuesthatimpactonany OPJimplementationandthathaveinfluencedourkey design
decisions.
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12 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

Barrier Implementation Strategies In section we describeda techniquefor insertingreadandwrite
triggers,but did notaddressthequestionof how thebarrierswereimplemented.Therearemany dimensions
to thisquestion,includingachoiceof barrieralgorithms,andimplementationcontexts(Javaor nativecode).
Although the choiceof barrieralgorithmsis somewhat interrelatedwith the issuesof objectswizzling ¶

strategy, meta-datamaintenance,andJava’s systemclasses(which areseparatelyaddressedbelow), some
aspectsaresufficiently fundamentalto bedivorcedfrom thoseissues.

A basicchoicebetweenunpackinglazinessandeagernessunderliestheimplementationof readbarriers.
Barriersmayeitherbeinsertedbeforea call to getfield (‘pre-barrier’),or aftera call to getfield (‘post-
barrier’). A pre-barrierchecksfor the presenceof the object containingthe field to be accessed,while
a post-barrierchecksfor the presenceof an object referred to by the field that wasaccessedby the call
to getfield . The pre-barrierrepresentsa lazier approach,and requiresbarriersover both primitive and
referencefields,while thepost-barrierneedonly beappliedto referencefieldsandis moreeager.

Swizzling Strategy The choiceof swizzling strategy is a significantdesigndecisionfor implementers
of persistentsystems[20, 16] and has had a major impact on the way we have approachedour OPJ
implementations.For the purposesof this discussion,four broadoptionsexist: eager swizzling, where
all referencesareswizzledassoonasan object is faultedinto memory;lazy swizzling, wherereferences
are swizzledwhen they are first traversed;no swizzling, wherereferencesremainin storeformat anda
conversionis madeeachtime sucha referenceis traversed;andeager swizzlingto handles, wherehandles
hold referencesto OIDs andanin-memorypointerto thereferencedobjectis establishedthefirst time the
handleis traversed.

For eachof the first threestrategies,the relevantOID must,by definition,beavailableat swizzletime.
This is trivial wheneagerswizzling is employed—theswizzle takesplacewhile the persistentobject is
beingunpackedfrom storeformat.If no swizzlingis employed,theOID canbestoredin placeof a native
referencein theobject,in which caseit will alwaysbeavailablewhenthereferenceis traversed.If a lazy
strategy is employed, the OID mustbe somehow associatedwith the referencefield up until the point at
which it is swizzled.This canbe doneby storingit in placeof the objectreference,by associatingextra
storagewith theobjectfor accommodatingOIDs,or by usingsomestructureexternalto theobjectsuchas
a lookuptable.

Thesealternativesbecomeseverely restrictedwhenJava’s strongtyping andour decisionto maintain
portability aretakeninto account.Strongtyping preventstheoverloadeduseof a referencefield asbothan
OID andaJavaobjectreference,whichmakesefficientimplementationof alazyswizzlingstrategydifficult.
Similarly, usingreferencefieldsto accommodateOIDs for thenon-swizzlingstrategy is problematic.Both
can be easily overcomeif portability is sacrificed.The useof handlesis also problematicwith respect
to typing asobject referencesmustbe replacedwith referencesto handles,which is difficult to achieve
efficiently andtransparently.

AssociatingPersistentMeta-data with Objects Theimplementationof readandwrite barriersdepends
on the barriersbeing able to determineand record the stateof the referencedobject—whetherit is in
memory and whetherit is dirty. An important questionis how meta-datadescribingthis statecan be
associatedwith eachobject.Without theconstraintof portability, the solutionis simple—recordthestate
internallyto thevirtual machine,eitheraspartof theinternalobjectrepresentation,partof anobjecthandle,
or in someotherinternalstructure.However, portability dictatesthatthis informationberecordedeitherin
anexternalstructuresuchasa hashtable,or asadditionalfieldsandmethodsin eachpersistentobject.

¶Theterm‘swizzle’ is usedto referto thetranslationbetweenpersistentpointers(OIDs) andin-memorypointers(references).
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Limitations of the Default Constructor Thefaultingandreification� processinvolvesthegenerationof
new Java objects.Theseobjectscould be createdthroughthe default constructorusingthe newInstance

methodin java .lang .Class class.However, in many casesthedefaultconstructoris privateor notdefined
in theclass.Moreover, introspectionmethodslike newInstance arequiteexpensive��� . Onesolutionto this
problemis to createaspecialconstructorfor eachuserclassfor useby thereadbarrier. This is typicalof the
sortof problemsthatmotivateourdevelopmentof mechanismsfor parametricchanges(like theadditionof
new methods)oversetsof classes(section).

A First Portable Orthogonally PersistentJava

Thefirst portableapproachto implementingorthogonallypersistentJava (the ‘shell’ approach)is based
on a simplemodelfor theimplementationof field accessbarriers.Themechanismsusedto implementthis
approacharedescribedbelow.

SwizzlingandFaulting Method

The analysisof swizzling strategiesoutlined in the previous sectionlead to the adoptionof an eager
swizzling strategy for the first implementationof ANU-OPJ. An eagerswizzling strategy requiresthe
immediateswizzlingof OIDs to objectreferenceswhenanobjectis faultedinto memory. This caneasily
beachievedif all necessaryinformationis availableat thetime theobjectis faulted.If aparticularobjectis
alreadyin memory, andanOID referringto thatobjectis loadedwhentheobjectis faultedinto memory,
thenthatOID canbe translatedinto the correctobjectreference.If an objectthat is faultedinto memory
containsa OID referringto anobjectthat is not currentlyin memory, thenthatreferencemustberesolved
to thecorrectobject.In thiscaseanactualrepresentationof theobjectmustbecreated,(thatobjectis called
a ‘shell’).

The creationof a ‘shell’ object actsas a placeholder for the final object.The ‘shell’ object remains
uninitialized until it is necessaryto fault in the object. This is an eagerswizzling and lazy unpacking
mechanism.At the point the object is faulted,all the fields of the objectsareinstantiated.A shell object
consumesasmuchmemoryastheinstantiatedobjectit represents,andin thecaseof largeobjectsthis may
representa largeamountof wastedspace.

At the time a shell object is createdits type must be known. The shell createdmust be of the type
referenced(andasthis may be a subtypeof the type of the field containingthe reference)the field type
itself cannotbeusedto determinethetypeof shellto becreated.A referenceto anobjectwhenpacked(into
thepersistentstorerepresentation)specifiestheOID andthetypeidentifier, this reducestheoverheadwhen
thereferencesareswizzled—eliminatinga lookupto determinethetypeof theobjectbeingreferredto.

To facilitatetheconstructionof a shell representationof anobjecta specialConstructoris generatedfor
eachclass.Meta-datamustbeassociatedwith eachshellindicatingits OID andwhetherit hasbeenfaulted
in or madedirty (this datamustbe initialized whenthe shell is instantiated).A new constructortaking a
typehiddenfrom theuseris definedto eliminateany conflict with thedefault constructorfor thattype.

The faulting of an object is triggeredby readingor writing to a field of the object.The readandwrite
barriersinsertedbeforethegetfield andputfield operations.Everyfield access,whetherit is accessinga
field in thecurrent(this) objector anexternalobjectrequiresareador write barrierbeforethefield access.
Theimplementationof thereadandwrite barriersaredescribedin thefollowing section.

�
Weusetheterm‘reify’ (‘to make real’) to referto thetranslationof anobjectfrom anexternalstoreform to aninternalJava form.	�	
Our experimentswith JDK1.2suggestthattheoverheadcanbeup to onethousandtimesthatof �����
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14 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

Barrier, FaultingandSwizzlingImplementation

The previous sectionintroducedthe generalprocessby which the readandwrite barriersareachieved
and indicated the supportingmeta-datafor those processes.Here, the read barrier and write barrier
transformationsaredescribedin moredetail.

Thereadandwrite barriersareappliedto all operationsthataccessa field in anobject.In particular, the
useof getfield andputfield mustaccompany theappropriatereadandwrite barrierrespectively.

getfield MyClass /field Ljava /lang / int ; a.field
;
; translates to
;
dup
invokevirtual MyClass /readBarrier ()V ; a.fault ( )
getfield MyClass /field Ljava /land / int ; a.field

Figure 7. Translatinggetfield to IncorporateReadBarrier

Whena field in anobjectis read,thedatacontainedin thatfield mustbevalid. To ensurethatvalid data
is read,a readbarrieris insertedprior to thereadingof thefield. Thereadbarriertakesthefollowing steps
to ensurethatvalid datais read:

1. Fault theobjectif necessary.
2. Executegetfield .

Faultinganobjectrequiresall thefield valuesto beinstantiated.For primitivefieldsthis is simplyamatter
of decodingthestorevaluesandwriting themto thecorrespondingfields.

Non-primitivefields(objectreferences)mustreferto avalid object.Theobjectreferencedmustbeeither
anemptyshell(yet to befaulted)or acompleteobject.An in memorymappingis maintainedbetweenOID
andobjectsto facilitatethelookupprocess.In theeventanew shellmustbecreated,thetypeid of theshell
is maintainedwith eachreferencein thestore,reducingtheneedfor a lookup.Thisprocessis asfollows:

1. LookupOID to referencemapping.
2. If theobjectis not residentthencreateashell.
3. Setreferenceto theobjectin memory.

Theexamplein figure7 showstheinsertionof areadbarrierbeforeagetfield operation.Eachclasshas
codeinsertedto allow it to fault in thedataandsetthe initial faultedandnot dirty status.Thereadbarrier
codeis encapsulatedin amethod,anda call to thatmethodis insertedprior to thegetfield operation.

putfield MyClass /field Ljava /lang / int ; a.field = v
;
; translates to
;
swap ; swap objref and value
dup
invokevirtual MyClass /writeBarrier ()V ; write barrier
swap
putfield MyClass /field Ljava /land / int ; a.field = v

Figure 8. Translatingputfield to IncorporateWrite Barrier

Similarly to thatof thereadbarrier, thewrite barriermustensurethat theobjectis faultedinto memory
prior to any modificationof theobject’sfields.Thewrite barriermusttakethefollowing stepsto ensurethat
theobjectto bewritten to is valid, andthatthesystemknowstheobjecthasbeenmodified:
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1. If necessaryfault in theobject.
2. Make theobjectdirty.
3. Executeputfield .

Theexamplein figure8 shows the translationof a simplefield write operation(putfield ) into a write
barrierandwrite operation.Thisoperationis notasstraightforwarddueto thestackmanipulationthatmust
takeplaceto ensurethatthemethodinvocationis correctandtheadditionsarestackneutral.

A dirty list is maintainedto facilitate the updateof the objects.As the JVM has its own internal
representationfor the objects,it is necessaryto translatethe objectsfrom the persistentstoreform to the
JVM form. Thecopy outnatureof this interactionnecessitatesthedirty list beingusedto packthemodified
objectsinto thepersistentstoreform beforethetransactionis committed.

Thewrite barriermechanismcanalsobeusedto incorporatesomeform of concurrency control.Prior to
writing thedatato theobject,thewrite barriercanattemptto obtaina write lock from theunderlyingstore
for thatobject.If thewrite lock is granted,thentheremainderof thewrite barrieris executedasnormal.If
a write lock is notgrantedthenanexceptionis thrown, possiblyresultingin anabortedtransaction.

SystemClasses

Thebyte-codeof thesystemclassescannotbemodified.As a resulttheway in which thesystemclasses
aredealtwith mustbedifferentto thatof theuserclasses.Theintroductionof theOID andothermeta-data
fields into the systemclassesis quite expensive, as it necessitatesthe introductionof proxy classes,see
section.

However, mostof the systemclassesarefinal and immutable,(suchas java. land.String ). For final
andimmutableclassesit is not necessaryto introduceany write barrier, astheobjectscannot bemodified.
Furthermore,by eagerlyfaultingfinal andimmutablesystemclassobjectstheneedfor readbarriersandthe
supportingmeta-datacanberemoved.Thissimplifiesthetreatmentof theseobjectsby eagerlyfaultingand
reifying themduringtheprocessof reifying otherobjects.

In the implementationof ANU-OPJtheSwing library classesweredeclaredtransientin orderto avoid
unnecessaryoverheadsfor objectswhichwedid not wantto bepersistent.

Arraysareauniquemutableclassthatcannotbeextended.In theinitial implementationarraysareeagerly
faultedin orderto simplify their manipulation.In orderto avoid theoverheadof proxies,a pre-triggerwas
implementedover arrayupdateoperations.Thewrite barrierwould invoke a native methodwhich would
maintainthedirtinessstateof thearray. This methodresultedin a doublingof theexecutiontime for some
of theOO7benchmarkqueries.

A SecondPortable Orthogonally PersistentJava

The ‘shell’ approachof the first implementationhastwo key drawbacks.First, by allocatingspacefor
an objectat the point when the first referenceto that object is encountered,it eagerlyconsumesspace.
Secondly, it requiresreadbarriersto be placedbeforeall accessesto object fields—all getfield and
putfield operations(even if they refer to local instancefields).The initial executionof the readbarrier
faultstheobjectdatain, but subsequentexecutionsof thereadbarriersareredundant.

Theprimarydifferencebetweenour first andsecondOPJimplementationsis in theuseof proxyobjects
insteadof shells.Thefollowing sectionsgive a detailedaccounton theuseof proxiesin thesecondANU-
OPJimplementation.

Shells,HandlesandFaçades
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The useof shellsin the first implementationwasmotivatedby the needfor a portablesolution to the
problemof swizzling.At thepointof reifying anobject,OIDsmustbeswizzledto Javaobjectreferences.If
thereferencedobjectis alreadyin memorythis is trivial, but if thereferencedobjecthasnotyetbeenfaulted
in, theswizzlebecomesproblematic.In ourfirst implementationtheproblemwasresolvedby swizzlingthe
OID to a referenceto a new (uninitialized)objectof theappropriatetype (calleda shell),which is reified
(initialized) only whena readfault occursover thatshell.An OID to objectmappingis usedto ensurethat
all subsequentswizzlesof a givenOID areto thesameshell.

If one is preparedto modify the virtual machine,the swizzle problemcan be overcomesimply and
transparently(althoughwith someruntime overhead)by using indirection blocks called ‘handles’ [2].
Whenhandlesareused,the swizzling of OIDs to handlesandthe associationof handlesto real objects
canbetemporallydecoupled,allowing thereferencedobjectto befaultedin only whena readfault occurs
over thehandle.

A portablealternative to theuseof shellsandhandlesis theconceptof façadeobjects.A façadeobjectis
a light-weightrepresentationof thereal objectit masqueradesas,thefaçadestandingin for therealobject
until suchtime thattherealobjectis required.Thefaçadehastwo importantfunctions:it mustbehave like
theobjectthat it representsup until thepoint at which it is first accessed,andonceit is accessed,it must
transparentlyreplaceitself with therealobject.For thefaçadeto beableto standin for therealobject,the
two mustbetypeequivalent,anissuethatis addressedin section below.

Thereplacementoperationcomprisesthreesteps(seefigure9).

1. Faultingandreifying therealobject.
2. Replacingall referencesfrom referringobjectsto thefaçadewith referencesto therealobject.
3. Calling thecorrespondingmethodin therealobjectandreturningits result.

Sinceall referencesto thefaçadearereplacedwith referencesto therealobject,all subsequentexecutions
will call the real objectdirectly, thusavoiding redundantreadbarrierexecutions.Furthermore,by using

public class T {
// ...
public double calculateIntegral ( double x1, double x2 ) {

double result ;

// perform calculation

return result ;
}

}

public class T_F {
// ...
public double calculateIntegral ( double x1, double x2 ) {

T t = getRealObject$ ();
changeReferencesTo$ (t);
return t.calculateIntegral (x1, x2);

}
}

Figure9.ThecalculateIntegralmethodfor a ‘real’ object,aninstanceof classT (top)andfor a ‘façade’object,aninstance
of T_F (bottom).

façades,thewastageassociatedwith creationof shellsthatareneverreifiedis reducedto thatof thecreation
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of façadesthatareneveraccessed—whichis significantin thecasewheretheaverageshellsizeis anything
otherthansmall.

Theremainderof this sectionexaminesaspectsof theimplementationof façadesin moredetail.

Field References

Façadeobjectsdo not containany of the dataof the objectsthey represent—they must interceptany
attemptto referencetherealobjectandredirectsuchreferencesin themannerdescribedabove.While the
previoussectiondescribesamechanismfor trappingaccessesto therealobjectthroughmethodinvocations,
this mechanismcannotbedirectly appliedto field accesses.

Theproblemof directfield accessescanbeavoidedby hiding thevisible fields insideaccessormethods
or by constrainingthefaçadetransformationto classeswithoutpublicor protectedfields.

EnsuringSubstitutabilityof FaçadesbyUsingAbstractclasses

The useof façadesis premisedon façadesbeingtransparentlysubstitutablefor the ‘real’ objectsthey
masqueradeas.Theconformanceto theJavaBeansencapsulationconvention[23] reducestheproblemof
substitutabilityto thatof ensuringthatthefaçadeimplementsthesamemethodsastherealobject.

Thispropertyallowsaninterfaceor abstractclassto begeneratedfor eachclass(or abstractclass)which
includesall themethodsthatareimplementedby boththefaçadeandtherealobject.Theuseof interfaces
or abstractclassesgivesthefaçadeandtherealobjecttypeequivalence,allowing thesamereferencetypes
to referto bothfaçadesandrealobjects.The’Proxy Hierarchy’transformationis usedto generatea façade
hierarchy. The’AbstractClassReplace’transformationovertheoriginaluserclasshierarchyandthefaçade
hierarchyis usedto generatea Javabinarycompatibleprogram.We donot needto modify any constructor
calls.Only thenew triggermethodscouldgeneratenew façadeinstances.

A

B_F
B_R

A_R

B

A_F

A_A

B_A

Figure 10.Transformationof a simplehierarchy to implementfaçades.

Figure10 representsa classhierarchyconsistingof two classesA andB, andthe transformedhierarchy.
ClassA is usedto definean abstractclassA_A and two implementationsA_R and A_F. A_F is the façade
classfor thereal implementationA_R. ClassB hasa similar translation.TheimplementationB_R of classB

inheritsits functionalityandfieldsfrom theimplementationA_R of classA.

Copyright c
�

1999JohnWiley & Sons,Ltd. Softw. Pract.Exper., 00(S1),1–5(1999)
Preparedusingspeauth.cls



18 A . MARQUEZ, J. ZIGMAN, S. BLACKBURN

FaçadeImplementationandOperation

The basicoperationof façadeobjectswas describedin section. Implicit in that descriptionwas the
façade’scapacityto maintainandusesufficient informationto beableto fault andreify therealobjectand
replaceall referencesto the façadewith referencesto the real object.By including an oid field (which

proxy

BR BBR A BR C

A
B

C

Figure 11.Three‘real’ objectsreferencinga façade, which referenceseach of themvia a linked-listof back-references.

containstheOID of therealobject)in the façadeobject,theprocessof faultingandreificationof thereal
objectbecomesstraightforward. By further including a linked list of back-referencesto the objectsthat
referto thefaçade,thetaskof replacingall referencesto thefaçadewith referencesto therealobjectis also
straightforward.Theelementsof the linked list will eitherback-referto objectreferences(representedby
anobject,field tuple)or arrayreferences(object,index). An eagerapproachoverstaticvariablesavoidsthe
necessityof staticreferences.All classesimplementmethodsthatallow outgoingreferencesto beupdated
by back-referringfaçades.Figure11 depictsthree‘real’ objects(labelledA, B, andC) which refer to the
façadeobject(proxy). Thefaçadehasa linkedlist of back-references(BR A, BR B, andBR C) to eachof
thereferringobjects.

After beingfaultedfrom thestore,anobjectis reifiedandeachOID is swizzledto anobjectreference.A
‘swizzle map’ mappingOIDs to objectsis usedto determinethe target objectreference.If, at the time of
swizzling thetargetobjectis a façade,a backreferenceto theobjectbeingreified is addedto the façade’s
linkedlist of backreferences.If nomappingexistsfor anOID atswizzletime,anew façadeobjectis created
in placeof therelevantobjectandtheOID andreferenceto thefaçadeareaddedto theswizzlemap.When
a façadetakesa readfault andfaultsandreifiesthe realobject,it alsoupdatesthe swizzlemapto ensure
thatsubsequentswizzlesof theOID will beto therealobjectratherthanthefaçade.

ReferenceLeakage

As describedin theprecedingsections,theoperationof façadesis dependenton eachfaçadebeingable
to transparentlyreplaceitself with the ‘real’ objectat the point at which the façadeis first accessed.The
processof transparentreplacementis dependenton the façademaintaininga list of back-referencesto
referringobjectssothatit canupdatethereferencescontainedin thoseobjects.Thisapproachhastheeffect
of maintainingtwo key invariants:†† at no time will referencesto bothfaçadeandrealversionsof thesame
objectco-exist, andthecostof the readbarrierwill only be incurredoncefor eachreferencedobject—all
subsequentreferenceswill be direct, avoiding the barrier. While the primary consequenceof the second
invariantis anefficiency gain,thefirst invariantensurescorrectnesswith respectto referencecomparisons.
Both invariantsdependon referenceleakagebeingavoided—referencesto façadesmustonly begenerated
in thereificationprocess,therebyensuringthatthefaçadeis awareof all referringobjects.

††For themomentwewill assumethatthereferenceupdatingprocessis atomic.
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Pointer leakagecan occur through the passingof referencesbetweenmethods(‘inter-method’), and
throughthestackwithin a givenmethodinvocationthrough(‘intra-method’).

Inter -method leakage Inter-methodreferenceleakage,illustratedin figure12, canbeavoidedby byte-
codemodifyingmethodsto ensurethatonly referencesto ‘real’ objectsarepassed(bothasparametersand
returnvalues).This canbe doneby calling the get$this methodover the reference,which if ‘real’ will

getfield MyClass / a LMyClassA ; ;
getfield MyClass / b LMyClassB ; ;
invokevirtual MyClassA / method (LMyClassB )V ; a.method(b);

; ...
getfield MyClass / c LMyClassC ; ;
areturn ; return c;

Figure 12.Potentialfor inter-methodreferenceleakage throughthepassingof a referenceasa parameter.

reduceto ano-op,andif ‘f açade’will causetherealobjectto befaultedin. Figure13illustratesabyte-code
modifiedversionof thecodein figure12thatavoidsinter-methodreferenceleakage.Thisapproachis eager,

getfield MyClass / a LMyClassA ; ;
getfield MyClass / b LMyClassB ; ;
invokevirtual MyClassB / get$this ()LMyClassB ; ;
invokevirtual MyClassA / method (LMyClassB ;) V ; a.method(b.get$this());

; ...
getfield MyClass / c LMyClassC ; ;
invokevirtual MyClassC / get$this ()LMyClassC ; ;
areturn ; return c.get$this();

Figure 13.Passinga referenceasa parameterwhileavoidinginter-methodreferenceleakage.

asit may leadto the unnecessaryfaulting of an object in the casewherethe methodbeingcalled(or the
calling method)doesnot actuallyaccesstheobjectin question.

Intra-method leakage The problemof intra-methodreferenceleakage,illustratedin figure 14, occurs
whenreferencesareduplicatedon the stack.In both casesillustratedin the example,the referencemay
at first be a façade,the first invocationof the methodover the referencedobjectcausingthe referenceto

getfield MyClass /a LMyClassA ; ;
dup ;
invokevirtual MyClassA /methodX ()V ; a.methodX();
invokevirtual MyClassA /methodY ()V ; a.methodY();

; ...
getfield MyClass /b LMyClassB ; ;
dup ;
invokevirtual MyClassB /method ()V ; b.method();
if_acmpeq thenBranch ; if (b == b)

Figure 14.Multiple useof referencesin a methodleadingto potentialintra-methodreferenceleakage.

bereplacedwith a real reference.At thatpoint thestackmayhold an inconsistentreferenceto theobject,
causingsubsequentuseof that referenceto fail (first case),and/orgiving an incorrectcomparisonresult
(secondcase).Theproblemof intra-methodreferenceleakageis solvedby byte-codemodifying methods
to removeany useof dup thatmight leadto suchleakage.
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getfield MyClass /a LMyClassA ; ;
invokevirtual MyClassA /methodX () V ; a.methodX()
getfield MyClass /a LMyClassA ; ;
invokevirtual MyClassA /methodY () V ; a.methodY()

; ...
getfield MyClass /b LMyClassB ; ;
invokevirtual MyClassB /method () V ; b.method();
getfield MyClass /b LMyClassB ; ;
if_acmpeq thenBranch ; if (b == b)

Figure 15.Multiple useof referencesin a methodavoidingintra-methodreferenceleakage.

ANU-OPJ Characterization

The previous sectionsdescribein somedetail the implementationof both ANU-OPJ-shellandANU-
OPJ-façade.This enablesthe ANU-OPJimplementationsto be characterizedaccordingto the taxonomy
of approachesto orthogonallypersistentJava detailedin MossandHosking[21]. Below, eachfacetof the
taxonomyis describedalongwith thechoicesmadein our implementations.

Model Choice0 Is persistenceby reachability, or by someothermeansof designatingwhich objectsare
to persist?For orthogonalpersistenceit is notsensibleto consideralternatives.Thechoiceof whichobjects
aremadepersistenceis basedon thereachabilityof thoseobjectsfrom thepersistentroots.In ANU-OPJa
persistentroot is anon-transientclassvariable(i.e. astaticfield of aclass).

Model Choice1 Is (object)codepersistent?Is thecodemaintainedin thepersistentstore?Theclasses
aremadepersistent.That is, boththedeclarationof thefieldsandthemethodcodearemadepersistent.A
classnot heldin thepersistentstoreis loadedinto memoryandis madepersistent,sothat theclasswill be
retrievedfrom thepersistentstoreonsubsequentinvocationof ANU-OPJ.

Model Choice2 Is the programexecutionstatepersistent?Canan executingprogrampersistentin the
store and if sowhendoesit activate?Theprogramexecutionstateis currentlynot madepersistentin the
ANU-OPJimplementation.However, this is not a permanentlimitation. Subsequentversionsof ANU-OPJ
will incorporatethemechanismsoutlinedby Hohlfeld andYee[12] whichenablethetransformationof the
methodcodeto allow the executionstatesof threadsto be saved andrestored(althoughsomedetailsin
relationto systemclassesmuststill beaddresses).

Relatedissuessuchaswhendo the saved threadsbecomeactive again,the transactioncontext andthe
securitysettingsthatthethreadsareactivatedin areyet to bedealtwith.

Model Choice3 Whatis thetransactionmodel?Whenandhowdoesthedatabecomepersistent?When
doesthenew statebecomevisibleto others?A Chain-and-Spawn transactionmodel[5] is incorporatedinto
thesystemto allow transactionbasedupdatesto thepersistentstore.Thetransactionboundariesareinvoked
througha transactionclasslibrary andall codeexecutiontakesplacewith a transactionalcontext. A chain
point is a Commit-Begin point which canmaintainread/writesemanticsfrom onetransactionto thenext.
Thesechainpointsmakevisible throughthestorethemodificationof thedataheld.

Transparency Choice 1 Is the source language changed? The Java sourcecode languageremains
unchanged.
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TransparencyChoice2 Is theobjectlanguagechanged?If thestandard byte-codesareused(with their
normal semantics)thenimmediateportability benefitsare obtained(evenif the sourcecodeis modified).
Theobjectlanguageremainsunchanged.However, theobjectcodeis transformedatclassloadingtime(into
standardJava objectcodeandthe original objectcodeis maintained)andall introspectionappearsto see
theoriginal codeform. However, someissuesstill remainwith theinteractionof theoutsideworld andthe
JVM(s) that interactwith thestore.The transformationappliedusethe standardbyte-codesemanticsand
allow our implementationto beportable.

Implementation Choice 1 Is the Java compilerchanged?If the sourcecodeis changed then,either a
preprocessorof modifiedcompilermustbeprovided.TheJavacompilerremainsunchanged.

Implementation Choice 2 Is the Java interpreterand runtimesystemmodified?Doesthe JVM remain
unchanged?Do thesystemlibrariesremainunchanged?Whatotherruntimechangesaremade?TheJVM
andlibrariesremainunmodified.Persistenceis achievedwith theuseof a specialclassloader(written in
Java) to transformclasseson thefly sothatpersistencecanbeimplemented.

ANU-OPJ Evaluation

The first implementationof OPJ(ANU-OPJ-shell)usedthe shell approachdescribedin section. The
experimentalresults(next section)show performanceproblemsfor thecold‡‡ execution.This wasinitially
attributedto eagermemoryconsumptionfor theallocationof shellobjects.In orderto addressthis issue,a
secondimplementationusingthefaçade(ANU-OPJ-façade)approachdescribedin section wasdeveloped.
However, the resultsof thesecondimplementationwerenot asgoodasthefirst. We believe thata partial
explanationis the increasedswitching betweenJava and C in the façadeimplementation.Additionally,
someof thetransformationsusedin thefaçadeapproach,suchastheAbstractReplacementTransformation
(section), may reducethe opportunitiesfor codeinlining andoptimizationby the just in time compiler
(JIT). Moreover, thememorygainobtainedby theuseof a façadeis lessrelevantwhenmostof theobjects
aresmall(which is thecasein the007benchmark).

In both theseimplementationsnative methodswereusedfor the time consumingtasksassociatedwith
readbarriers,suchasobjectfaultingandreification.However, instrumentationof thesystemdemonstrated
thatthebarriersperformedsubstantiallybetterwhenthekernelof thebarrierwasimplementedin Javarather
thanasnative methods.This is attributedto thesubstantialoverheadof native methodinvocationandthe
capacityfor theJIT to optimizefrequentlyexecutedcode.Theresultsof the instrumentationalsoconfirm
thattheadditionaloverheadintroducedby readandwrite barriersis not relevantin thecold runs.

BenchmarkingEnvironment

TheOO7benchmark[8] is usedfor evaluatingourapproachesin awiderangeof datamanipulations.The
resultspresentedcomparethe performanceof ANU-OPJ(ANU-OPJ-shellandANU-OPJ-facade),PJama
[2] (versions0.5.7.10and1.2),PSI-SSM(a SHORE-basedimplementationusingC++), andJava running
without persistence.ThePJamaimplementationsareunableto take advantageof JIT technology, whereas
ANU-OPJcanleveragethis technologyto producecompetitive performanceandportability. The ‘small’
OO7benchmarksareusedaswewerenotableto runthe‘medium’ databaseoverany of thePJamaversions
or PSI-SSM.

‡‡Cold executiontimesarefor theinitial run wherethedatahasnotbeenfaultedinto memoryandmustberetrieved from theunderlyingstore.
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It is possiblethat thehot timescoulddegradeasthedatabasesizeis increased.In this case,techniques
suchasobjectcacheeviction andpromotionwill becomeanecessity. Noneof our implementationssupport
thesetechniques,but this supportcouldbeeasilybuilt on top of thenormalJava garbagecollection(using
finalizermethodsandweakreferences),with thesupportof anobjectcachethatcanflushobjectsandstill
maintaintheir locks.

The sameJava implementationwasusedfor the ANU-OPJ,PJamaandJDK systemswith only minor
modificationsrequiredfor each.For the basecodeto run on eitherANU-OPJ-shellor ANU-OPJ-façade
it wasonly necessaryto insert a call to Chain () at the point wherethe benchmarkrequireda commit.
Thenon-persistentversion(JDK 1.2.2)neededminor changesto allow the ‘generation’and‘benchmark’
phasesof OO7 to occurin a singleexecution.For PJamait wasnecessaryto addcodewhich openedthe
store,retrievedthepersistentroots,andcalledstabilizeAll () at thepoint wherethebenchmarkrequired
a commit.

For PSI-SSM,theOO7benchmarkwasimplementedin C++.Theimplementationdoesnotuseswizzling,
but insteadexplicitly translatespersistentreferencesto pointersateachtraversal,andmakesexplicit update
notifications.‘Smart pointers’[18] wereusedto performthe referencetranslations,affording a degreeof
syntactictransparency.
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Figure 16.Coldquery(top)andupdate(bottom)timesrelativeto correspondingANU-OPJ-shelltime.

Thebenchmarkswereexecutedon a singleSunUltra-170with 128MBof RAM andseparateharddisks
for thepersistentstoreandlog. Bothversion0.5.7.10(which requiredJDK 1.1.7)andversion1.2of PJama
wereused.JDK 1.2.2(with theHot SpotJIT) wasusedto executetheANU-OPJ-shell,ANU-OPJ-façade
andnon-persistent(JDK) versionsof the OO7 benchmarks.ANU-OPJ-shell,ANU-OPJ-façadeandPSI-
SSMusedtheShorestoragemanager.

PerformanceResults

The completesuite of OO7 benchmarkscould not be used.Benchmarkst2a, t2b and t3a did not run
in eitherANU-OPJ implementationnor PJama.Benchmarksi andd did not run due to a (unidentified)
failure in the Shorestoragemanager. Eachimpulsereportedcorrespondsto a particularbenchmark.The
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benchmarksreportedarequeriesq1 to q8andupdatest1, t2c,t3b, t4, t5do,t5undo,t6 to t10andwu, in this
order.

Cold time The cold executionresultsin figure 16 indicatethat ANU-OPJ implementationsperforms
worsethanPJama1.2whencold (2.2 timesslower thanPJamaversion1.2 on average).We attribute these
resultsto theexcessivecontext switchingbetweenJavaandC usingJNI.
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Figure 17.Hot query(top)andupdate(bottom)timesrelativeto correspondingANU-OPJ-shelltimes.

Hot time The hot executionresultsin figure 17 indicatethat ANU-OPJ-shellimplementationperforms
well when hot (5 times better than PJamaversion 1.2 and 3 times better than the ANU-OPJ-façade
implementationon average),outperformingbothPJamaimplementationsin almostall theoperations.The
ANU-OPJ-shellperformsbetterthan any other implementationin readonly operations(almost8 times
betterthanPJama1.2 on average),evenoutperforminga C++ basedimplementationover thesamestore.
We attributethestrengthof theseresultsto theJDK1.2.2JIT compilerandto thecostof explicit reference
translationin theC++ implementation.

Both ANU-OPJimplementationsandthe JDK 1.2 benchmarkshow a varianceover 15% in a third of
the benchmarks,reachinga maximumof 234% of variancewith respectto the averagevalue in bench
q3 of JDK-1.2.Eachbenchmarkwasrepetedten consecutive timeswithin the sameprogramexecution,
commitingat theendof eachrepetition.We attributethis erraticbehavior to becausedby theinterference
of thegarbagecollectorduringthebenchmarkingprocess.Thestandarddeviationof queriesspeedupin the
shellversionwith respectto PJama1.2is 66%of theaveragespeedup.

Read and Write barrier overhead The figure 18 comparesthe ANU-OPJ-shellanda non-persistent
implementationof the OO7 benchmarkoperations.This graphicdemonstratesa reasonableoverheadfor
all queryoperations(150percenton average).However, updateoperationsweremuchlessfavorable(370
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Figure 18.Hot query(left) andupdate(right) timesrelativeto correspondingANU-OPJ-shelltimes.

percenton average),asa consequenceof the transactioncommit costs.We believe that theseresultsare
significant,becausethey suggestthattheruntimeefficiency of theJavalanguageenvironmentis unlikely to
bea stumblingblock, for theuseof Java in thecontext of persistentdatamanagement.

OtherApplicationsfor SemanticExtensionsin Java

The previous sectiondescribesin detail the applicationof the semanticextensionframework to provide
a portableorthogonallypersistentJava. The semanticextensionframework (which forms the coreof this
work) canbeappliedto produceothertypesof semanticextensions,someof theseextensionsareoutlined
in this section.

A readbarriercanbeusedfor any numberof purposes.In apersistencecontext it is usuallyusedto assert
thepresenceof a referencedobjectin memory, faulting theobjectin from secondarystorageif necessary.
It may alsobe usedto effect someform of concurrency control (e.g.by acquiringa readlock over the
referencedobject).In a similar vein, a write barriercanbeusedboth to flag dataashaving beenupdated
(and thereforerequiringpropagationto secondarystorage)andasa concurrency control mechanism,by
acquiringawrite lock overa thereferencedobject.

Readandwrite barrierscanbe appliedto any context whereit is necessaryto trap readsandwrites to
objects.Anotherexampleis the extensionof Java semanticsto supportobjectversions.In this setting,a
readbarriercouldbeusedto assertthepresenceof a particularversionof anobject,while thewrite barrier
couldbeusedto ensurethat theupdateis propagatedto theappropriate‘release’or ‘configuration’.Other
examplesinclude the implementationof a simpleheapprofiler, wherethe barrierscould be usedto log
objectreadandwrite events.

We are exploring the use of dynamic byte-codemodification for the creation of other orthogonal
extensionsto the language.We have built an orthogonal object versioning (OOV) framework and
mechanismsfor schemaevolutionandversioning.

Orthogonal Object Versioning (OOV) Framework

The objectversioningframework is basedon OrthogonalObjectVersioningandis built on top of our
ANU-OPJprototype.The generalideaof OrthogonalVersioningis extendsthe principlesof Persistence
Independenceand Data Type Orthogonalityto the problemof deal with multiple versionsof the same
object.

CodeProfiling and Instrumentation

Another importantapplicationfor the classof transformationsdescribedhere is in trappingmethod
invocations.Sucha techniquecouldbeusedto transparentlyinstrumentbyte-codesfor call profiling. This
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could be appliedgenerally(trappingall methodinvocations)or selectively (to profile certainclassesor
methods).

Conclusions

Javaallowsuser-definedclassloadersto bedefinedwhich performbyte-codeto byte-codetransformations
overclassfilesat thepointwhenthey areloadedinto theJavaruntimesystem.Suchtransformationscanbe
usedto implementa rangeof interestingsemanticextensionsto Javaclassesin asemi-dynamicmanner.

Thisportableapproachto semanticextensionsin Javahasseveralkey advantages.Any Java to byte-code
compilercanbeused,andit doesnotrely onJavasourcebeingpreprocessed.Thiscontrastswith techniques
thatextendtheJava languagesyntax,suchasthosedescribedin [1, 24] et al. Becausethe transformations
areappliedat thebyte-codelevel, theframework is not tightly coupledto a particularJVM. This givesthe
userthefreedomto usethemostsuitableJVM andleveragerapidadvancesin Javatechnologyimmediately.
Our portableapproachthereforehasa significantadvantageover approachesto semanticextensionwhich
modify theJVM itself andsoaretied-down to aparticulartechnology.

Sucha framework hasanaturalapplicationin extendingthesemanticsof Java to orthogonalpersistence.
This paperreportson two implementationsof orthogonallypersistentJava usingthe semanticextension
framework. The first of theseis characterizedby the useof object ‘shells’ andeagerswizzling and lazy
reificationpolicieswith small readbarrieroverheads.Thesecondusestheconceptof ‘f açades’to remove
readbarriersandhaslazyswizzlingandslightly eagerfaultingandreificationpolicies.Bothapproachesare
novel insofar asthey representthefirst portableimplementationsof orthogonallypersistentJava,andeach
exploresquitedifferentimplementationstrategies.

Theframework andtoolsoutlinedprovidemechanismsfor semi-dynamicsemanticextensionswhichare
powerful, platformindependent,andthroughportability cantake immediateadvantageof improvementsin
JVM andJIT technologies.Significantly, aplatformindependent,efficient,orthogonallypersistentJavahas
beenpresentedandimplementedusingthesetechniques.
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