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SUMMARY

A powerful feature of the Java™ programming languageis its userdefinable classloading policy, which when combined
with the namespaceindependencebetween class loaders, allows portable implementation of semi-dynamic program
transformations. Suchtransformations canbe usedfor a range of purposesjncluding optimization and semanticextension.

In this paper we presenta framework for semanticextensionsn Java. This framework consistsof a number of simple but
powerful transformations that, amongother things, allow usto 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 foreshadav their
usein a number of other contexts,including dynamic instanceversioning and instrumentation. Copyright © 1999John
Wiley & Sons,Ltd.

Introduction

In this paperwe describea frameawvork for portably andtranspaently extendingstandardJava semantics.
While such extensionshave a numberof interestingapplicationsincluding parametricpolymorphism
andinstanceversioning,they are describecherein the context of realizinga fast, portable,orthogonally
persistenflava.

A critical issuein the designof orthogonallypersistentava (OPJ)is the choice of meansby which
the Java languagesemanticsare extendedto include persistenceWhile MossandHosking[21] outlinea
numberof choices the approachof modifying the underlyingvirtual machinehasbeendominantin the
literatureuntil now [2, 17, 10]. In this paperwe showv that OPJcan be realizedwithout modificationto
the Java virtual machineor compiletr andfurthermorethat while this approachs relatively simple,it can
outperforman OPJbasedn a modifiedJava virtual machine.

After briefly introducingthe conceptsof semanticextensionsand orthogonalpersistencewe go onin
section to describea framework for semanticextensionsin Java. This framework forms the practical
foundationfor our approachto orthogonalpersistencdor Java, in section. The paperconcludeswith a
brief discussiorof otherapplicationgfor the semanticextensionsandsomeoutstandingoroblems.

SemanticExtensionsto Java

A systemthat extendsthe semanticsof Java must maintain fundamentalpropertiesof the language
and runtime systemincluding: sepaate compilation dynamicclasslinking, modularity, and portability.
Originallanguagesemanticsnustbe maintainedn orderto presere the propertief separateompilation
and dynamicclasslinking. New properties suchasfields and methodsmay be addedto a classonly if
the existing API contractsarerespectedFurthermoreany semanticextensionanustcomplimentexisting
semanticchanganechanismsg,e. inheritanceandoverloading.

To adequatelgxploresemantiextensiondor Java, it is importantto understandomeof thefundamental
limitations of the Java languageand runtime system. Theselimitations include the lack of multiple
inheritance the frozen semanticof the systemclassesand the difficulties of making semanticchanges
thatextendbeyondthe encapsulatiooundaryof a singleclass.Thelastof thesdimitationsis commonto
mostobjectorientedprogrammindanguagesandis illustratedby the following examples:
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2 A. MARQUEZ, J. ZIGMAN, S. BLACKBURN

e A modelcould statethat the securitylevel of a ‘manager’objectmustbe at leastashigh asthat of
ary ‘subordinate’objects securitylevel—a policy enforcedby raising the manages securitylevel
whenever necessaryTo implementsucha model a significantamountof low-level code must be
written. Codeto enforcethis invariantmust be addedto multiple classesn an ad hoc, piecemeal
manner

e Theadditionof a sideeffect or semanticextensionover afield in a classcouldinvolve anerrorprone
processof changingary simple referencedo that field. Enforcing the JavaBean$V encapsulation
cornvention[23] in the developmentprocesswill not helpif the semanticchangeis dependenbn the
placewherethefield is referencedassuchchangeswill still beadhocandpiecemeal.

In both caseswe seethat implementingeven relatively simple semanticschangecan be comples in a
languagelike Java, which hasa strongnotion of encapsulatiorbut provides no high-level supportfor
change.

PreviousWork on SemanticExtensiongo Java

Recently papersapplying programtransformationtechniquesto Java have addedto the large body
of literatureon programtransformationsSemanticextensions suchas runtime type dependentnethod
invocation[7] and type polymorphism[24], augmentthe Java languagethus requiring a non-standard
compiler Two type parameterizationil, 6] apply byte-codetransformationat classloading time, these
transformationsare appliedby usinga specializectlassloader In both casesspecialsymbolswithin the
classnameareusedto denoteparameterizedlasseg’ C<p>" and'cs$ps$’). Parameterizedlassdeclarations
andreferencesretrappedduring the transformatiomprocessandthe appropriateclassesare dynamically
constructed.This is achieved entirely througha customclassloaderin [6], and by the use of both a
customclassloaderand compilerin [1] (enablingthe use of customclassfile formats). Sometoolkits
andframeworksfor otherformsof byte-coddransformationgncludeJOIE[9] andBCA [15].

Portability and DynamicCompositiorof SemanticExtensions

The‘write once,run anywhere’ philosophyhasbeencentralto the succes®f Java. The approacttaken
to semanticextensionsis in keepingwith this philosophyof portability. While this could be viewed as
a limitation (restrictingthe programmetrto the mechanism®ffered by standardlava) it enablegportable
implementationso exploit the bestJavatechnologyavailable(asit canrun onary virtual machineanduse
ary compiler).

An importantobjective is that the semanticextensionscan be dynamicallycomposedMany semantic
extensionssuchasprograminstrumentatiorandprofiling arevolatile by nature. Thesesemanticextensions
shouldbeapplicableto othermorepermanensemantiextensionssuchasorthogonapersistencer object
instanceversioning.Consequentlthe specificsetof semantiextensiongo beappliedmayonly beknown
atruntime,emphasizinghe needfor dynamiccompositionof semantiextensionsin fact,it couldevenbe
of interestto dynamicallyextendthe semantic®f classeslreadyloaded(e.g.the dynamicinstrumentation
of a programalreadyrunning). However, the JVM specificationforbids modificationsof alreadyloaded
classessothe only possiblesolutionin this caseis the useof a modifiedJVM with advancedsupportfor
introspection.

Therearea numberof waysin which standardlara semanticeanbetransparenthextendedjncluding:

e Modifying the virtual machineto directly implementthe semanticextensionseither through the
existing byte-codeset[2, 10], or via additionalbyte-code$17].

e Modifying thevirtual machineto implementextendedreflectioncapabilitiesthroughwhich semantic
extensionsanbeimplemented17].
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FAST PORTABLE ORTHOGONALLY PERSISTENT JAVA'™ 3

Preprocessingourcecode[7].

Modifying thecompiler[1, 24].
Preprocessinpyte-codegstatically)[13].
Transformingbyte-codesit classloadtime [6, 1].

The first two approacheglearly violate the goal of portability asthey dependson a modified virtual
machine Thenext threeapproacheproduceportablebyte-codesbut requireeachproducernf semantically
extendedcodeto have accesgo a modifiedcompileror preprocessoMoreover, the compilationapproach
precludeghe dynamiccompositionof semanticextensionsOnly the last methodis compatiblewith our
goalsof dynamiccompositiorandportability. Consequentlywe have adoptedhelastapproacho semantic
extensionsasthebasisfor our semantiextensionframenork andour OPJimplementatior{asemi-dynamic
approach).

Orthogonal Persistence

Thesemantiextensiongroposedn this paperandthe methodgor applyingthemcanbe usedfor mary
differentpurposesOneof theprincipleapplication®f thesesemanticextensionss orthogonapersistence.

Orthogonallypersistensystemsaaredistinguishedrom otherpersistensystemssuchasobjectdatabases
by anorthogonalitybetweerdatauseanddatapersistenceT his orthogonalitycomesasthe productof the
applicationof thefollowing principlesof persistencé3]:

Persistencelndependence The form of a programis independenbf the longevity of the datawhich it
manipulates.

Data Type Orthogonality All datatypesshouldbe allowed the full rangeof persistenceirrespectve of
theirtype.

Persistenceldentification The choiceof how to identify and provide persistenbbjectsis orthogonalto
theuniverseof discoursef the system.

Theseprinciplesimpartatranspareng of persistencérom the perspectie of the programmindanguage
which obviatesthe needfor programmers$o maintainmappingsbetweerpersistenandtransientdata.The
samecodewill thusoperateover persistenandtransientdatawithout distinction.

While the value of orthogonalpersistences a technologyfor managingcomplex persistentdatahas
long beenacknavledged difficultiesin efficiently implementingorthogonallypersistensystemsseemto
have retardedts uptale in thecommerciaketting.Of thevariouschallengesassociateavith implementing
orthogonalpersistencepne of the most importantis that of transparentlyand efficiently introducing
persistenceemanticinto theprogramminganguageuntimesystemit is thischallengehatthetechniques
describedn this paperaddress.

PreviousWbrk on Orthogonal Persistencdor Java

A comprehensie overvien of the orthogonalpersistencaesearckhfield, its goalsand its challenges,
canbefoundin AtkinsonandMorrison’s major review paper[3]. The biennial PersistentObjectSystems
workshopsare the primary forum for presentatiorof work relating to orthogonalpersistencewhile the
seriesof International\Workshopson Persistenceand Java (PJAVA) areparticularlyfocusedon Java.

Therehave beena numberof efforts to extend Java with orthogonalpersistencg2, 25, 17, 10]. Most
prominentamongtheseare PJama[2] and GemStonel™ [10]. Both of thesetry and provide the users
with anorthogonallypersistentlara ervironment.In both caseghis is achieved by replacingthe standard
JVM with onethatextendsstandardoyte-codesemanticgo include persistenceln both casesthe virtual
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4 A. MARQUEZ, J. ZIGMAN, S. BLACKBURN

machine,althoughenhancedremainsJava compliant,allowing non persistentlava programsto execute
normally. In their taxonomyof approacheso implementingOPJ, Moss and Hosking [21] indicatethe
possibility of extendingthe byte-codesetto includeexplicit readandwrite barriers. This approactis fore-
shadevedin theOPJdesigndescribedy Kutlu andMoss[17], andis implicit to thebyte-codeoptimization
techniqueslescribedy [13]. Kutlu andMoss[17] alsodescribea byte-codanodificationtechniquewhich
dependson the implementatiorof an extendedreflectionmechanisnfor Java. Tjasink and Berman[25]

describea very light weight approachto adding persistencdo their customvirtual machine,which is
taigetedat extremely small applications.Preprocessingpproachesuchas JSPIN[14] and POET [22]

replacethe standardavac compiler Eachuserclassthatdirectly extendsjava .lang .Object is modified
to extend a PersistentObject class.Additionally, the userclassesare modifiedto incorporatereadand
write barriers.

Hosking,Nystrom, Cutts,andBrahnmath13] have exploredtechniquedor eliminatingredundantead
and write barriersfrom Java byte-codesThe byte-codetransformationtechniqueshey describeare of
relevanceto this paper however currentlytheir approachs static(they usea byte-codepreprocessoriand
depend®n extendingthe Java byte-codesetto make readandwrite barriersexplicit.

A Framevork for Semantidcextensionsn Java

Java supportsthe use of userdefinedclassloaders.A userdefinedclassloadercan modify the content
of a classfile beforecalling the defineClass  method,which finally loadsthe classinto the JVM. The
virtual machinewill apply all the usualchecksto the modifiedclass.By usinga userdefinedclassloader
to introducesemanticchange standarccompilersandvirtual machinesnaystill be used.

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’, wherethe original semanticgorm the basisof the extendedsemanticsOur objective therefore
has a similarity to proposalsfor schemaevolution in object oriented databaseswhere special Data
Description Language(DDL) operatorsare definedthat representhigh level transformationssuch as
splitting a classor modifying the classhierarchy Returningto the Java context andthe broaderobjectives
of this paper thereis a needfor a family of transformationghatallow suchincrementalextensionsto be
readilyintroducedglobally andconsistently The developmeniof suchtransformationss the subjectof the
remainderof this section.

‘SchemakEvolution’ Transformations

We areinterestedn semantiextensionghatpresere theoriginal semantic®f theprogram.Thereforea
semanticlyextendedclassmustrespecthe APl andthesemantic®f theoriginal class’attributes(i.e. it must
maintainthe API contract) Asynchronouschemaevolutionin adistributedernvironmenthasmotivatedthe
definitionof binary compatibilityin theJavalanguagespecification(JLS)[11]. Binary compatibilitydefines
a setof changeghat developersare permittedto make while preservingcompatibility with existing Java
binaries.In additionto the concepiof Java binary compatibilitywe alsointroducea similar conceptof API
compatibility

Definition 1 (API Compatibility) AclassC’ is APl compatiblewith respecto anotherclassC iff:

For eadh nonprivatefield f in C (local or inherited),there existsa field (local or inherited)with the same
nameand modifiess. Additionally, the field typemustbe APl Compatibleaswell (refelencedo C replaced

TTheterms‘readbarrier’ and‘write barrier areusedto referto resideng checksandupdatenotificationsrespeciiely. Readandwrite barriersof
someform areessentiato extendingprogramminganguagesemanticgo persistence.
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FAST PORTABLE ORTHOGONALLY PERSISTENT JAVA'™ 5

byrefeencego C).

For ead non private methodm in C (local or inherited), there existsa methodin C’ with the samename
andmodifiers. Additionally, thereturntypeandsignatue mustbe API Compatible

For eadh methodm in C’ (local or inherited) that doesnot havea correspondingmethodwith the same
nameandsignatue in C (a new method) there existsa namingcornventionthat ensuesa similar method
will notberedefinedn anysubclass.

TheC’ supeclassmustbe API compatiblewith respecto the C supeclass.A similar constiaint appliesto
all interfacesimplementedby C.

The previous definition is independentof the class name. Therefore,it is possibleto define a
transformatiorthatreplacesoneclassfor anothemwith a differentname packageor classloader aslongas
all referencedo the replacedclassare modified.In generalto replaceoneclassfor anotherandmaintain
binary compatibilitywe only needto ensurehatthe external API is consistentNow we wantto be ableto
replacea class(C) by anew version(C’) thatrepresenthe semantiaxtensionof the original class.

Definition 2 (‘Class Replacement'Transformation) Givena binary compatiblegorogramP, a classC and
anew APl compatibleclassC’, the‘Class Replacementiransformatiorreplaceseveryreferenceto C in P
with areferenceto C' (exceptin theclasse<C andC’).

After applyingthistransformationtheoriginal classmaybediscardedrom thetransformedgrogramif it is
nolongeraccessiblelt is trivial to extendthe previousdefinitionto replacea setof classega subprogram).
In general,given a programP, the ‘class replacementtransformationof C for C' makes surethat the
transformedprogramwill be binary compatible.From the point of view of byte-codemodification,the
only changeneededs the replacementf all referencego classC for referencego the new classC'. For
example,aget fi el d ¥ instructionlike:

getfield C/fl Ljava/ lang/String ;
will bereplacedoy
getfield C/ f1 Ljava /lang /String ;

The binaryand AP compatibility rulesare simply syntactic,so they do not take semanticchangesnto
account,allowing two binary compatibleclassedo have incompatiblesemanticsThe conceptof binary
compatibility could be seenasa very limited caseof classevolution, which doesnot accountfor semantic
compatibilityandmoregeneralschemaevolution. Binary compatibilityand APl compatibility only ensure
thatthereis consisteng betweerthe useandthe definitionof fieldsandmethodsWe aregoingto limit the
useof the‘classreplacementtransformatiorio semanticallysoundcaseswherethenew classis asemantic
extensionof the old one,in which casethe semanticextensionsarecompatible Moreover, if the semantic
extensionglo not modify the semantic®f ary previously definedmethodsr fields,we canassumehatthe
transformedprogramis semanticallyequivalentto the original program.However, it is not alwayseasyto
avoid modificationsto methodsemanticsevenwhenan APl compatibleclassdoesnot modify the original
methodbyte-codgotherthanthroughthe applicationof the ‘classreplacementtransformation) The most
obvious causeof suchimplicit semanticside effectsis with respectto introspectionoperationssuchas
getClass () , which mayreturna classwith a differentname packageor classloader Fortunately the use
of thesemethodss not commonandcanbe automaticallydetectedandinterceptedallowing the property
of semantidransparengto bepreseredin the semantiextensiontransformation.

*We have adoptedhe notationusedby JASMIN (Jara Assembleiinterface)[19] for ASCII descriptionsf Javaclasses.
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6 A. MARQUEZ, J. ZIGMAN, S. BLACKBURN

‘JavaBeansCompliance Transformation

The ‘JavaBeans’specification23] describeghe form and style of a JastaBeanscompliantobject. The
form includesa descriptionof the methoddor retrieving andsettingthe propertieqfields) of a JavzaBeans
compliant object (section8.3 of [23]). Limiting direct accesgto fields by methodsexecuting over 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 breakingthe API contract.This providesa significantdecouplingof the implementatiorfrom the
form of anobject.We usethis transformatiorto simplify the procesof semantiextensions.

Thetransformatiormustaccountfor the securitylevel of the fields consideredThe securitylevel of the
field itself is thusgivento theaccessomethodghatreplaceit. Thefieldsin thetransformedtlassbecomes
private,thusrestrictingaccesgo thefield via the accessomethods.

Definition 3 (JavaBeansTransform) Ead field thatis visible or potentiallyvisible outsidethe classthat
containsit is transformednto a JavaBeandike form, i.e. non-privatemembes. For a particular field of the
form:

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

whetre the field is a classor instancefield with typetype, field namefield, and a protectionlevel of either
package, pr ot ect ed Or publ i ¢, the transformationof the field resultsin the following field and accessor
methoddefinitions:

private [static] <type> <field>;

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

<protection> [static] final void set$<classnane>$<fiel d>(<type> arg$<fiel d>) {
<field> = arg$<fiel d>;

}

Theexamplein figure 1 definesa simpleclass Example ' in packag€AuU.edu. cs’ beforetransformation,
andfigure 2 specifieghe classresultingfrom the JavaBeangransformation.

package AUedu. cs;
public class Example {
public Example ( int a ) { this.aField = (doubl e)a; }

protected double aField ;
}

Figure 1. ClassExamplebefore JavaBeandransformation

To accommodatehis transformationall code that directly refersto a field within an objectis itself
transformednto the appropriatenethodcall. The manipulationof the codecaneasilybe doneat the byte-
codelevel.

A methodin one classmight accessa field in an objectinstanceor classof a differentclassdirectly.
The codewhich performsthis operatiormustbetransformedo usetheappropriateaccessomethodsThis
changes easilymadeat the Java byte-coddevel andmustbe madein all classeghatperformthis type of
accessOnly two casesreconsideredinstanceandclassfield accesses.

Eachinstancdield accesggetfieldor putfield is replacedy amethodcall (invokevirtual) to thegetor set
accessomethod.Eachclassfield accesggetstaticor putstatiq is replacedoy a methodcall (invokestatiq
to thegetor setaccessomethod.Thisreplacementalongwith thecorrectconstanipool methoddescriptor)
is stackneutral.

Copyright © 1999JohnWiley & Sons,Ltd. Softw Pract. Exper, 00(S1),1-5(1999)
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package AU.edu .cs;
public class Example {
public Example ( int a ) { this.aField = (double)a; }

protected final double get$AUSeduscs$Example$aField () { return aField ; }

protected final void set$AUSedusScs$Example$aField ( doubl e arg$aField ) {
t hi s.aField = arg$aField ;

}

private doubl e aField

Figure 2. ClassExampleafter JavaBeandransformation

‘Abstract ClassReplacementTransformation

Simple extensionof the semanticsof a classmay not be sufficient to encapsulateghe variation in
behaiours desiredby the semanticextension.To facilitate the encapsulatiorof differentbehaiours for
the sametype of objectan ‘abstractclassreplacementtechniquecanbe used.A particularclasscanbe
replacedoy anabstractlassandoneor moresubclassesanimplementthedifferentdesiredbehaiours.

Definition 4 (Abstract APl Compatibility) AnabstractclassAcis Abstract AP Compatiblewith respect
to a classC that conformsto the JavaBeanncapsulatiorcorvention[23] iff:

For each nonprivate nonstatic,nonconstructormethodmin C (local or inherited),there existsa non-final
methodin Ac with the samenameand accesanodifier Moreover, the returntypeand signatue of m must
be Abstract APl Compatibleaswell (refelencedo C replacedby referencego Ac).

There doesnot exist a methodin Ac withouta correspondingnethod(of the samenameand signatue) in
C.

Ac doesnot haveanynon-privatefields.

The ‘Class Replacementtransformationis extendedwith a replacemenof a classfor an abstractAPI
eguialentclass.

Definition 5 (‘' Abstract Replacement'Transformation) Givena binary compatibleprogramP, a classC
that conformsto the JavaBeansencapsulatiorconvention[23] and a new abstract AP Compatibleclass
Ac, the ‘Abstract Replacementtransformationreplacesevery refelenceto C in P with a refelenceto Ac
(exceptfor referencedo classconstructos andsupeclasses)Theclasse<C and Ac are not modified.

It is trivial to extend the previous definition to replacea set of classesor a setof abstractclasses.
In general,given a programP, the ‘Abstract Replacementtransformationof C for Ac ensureghat the
transformedorogramwill alsobe binary compatible.This transformatiorenableghe possibility of using
morethanoneimplementatiorclassfor the sameabstractlass.In fact, the original classdoesnot needto
disappeafrom the original program As suchi,it is possibleto simulatesomecasesf dynamicevolution.

‘ProxyHierarchy’ Transformation

The generatiorof proxy objectsfor eachreal objectcanenablea decouplingof theseobjectsfrom the
applicationthat manipulategshem.Thusthe ‘Proxy Hierarchy’ transformatiorenableshe replacemenof
oneclasshierarchyby anotherclasshierarchythatreproduceshe original classhierarchysemantics.

Definition 6 (Proxy Hierar chy) Givena binary compatibleprogramP and a classhierarchy H, for each
classA belongingto H, a new proxyclassA$proxyis genemted.If Aisthehierarchyroot,a new privatefield
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8 A. MARQUEZ, J. ZIGMAN, S. BLACKBURN

pr oxy$ of classA is geneiated.Additionally, for eadh methodmbelongingto A, a new methodwith thesame
name modifiess, signatue andreturntypeis implementedn A$proxy. Thisnew methods implementeas
a straight call to the original methodover the proxy field. All the constructos are extendedn a similar
way.

A Declarative SemanticExtensionLanguage

Byte-codetransformationsare error prone. A simple mistale during the transformationprocesscan
destry type safetyor the semanticof the program,and may leadto the byte-codemodified classbeing
rejectedatclasdoadingtime. Thereforeatype-safeanddeclaratve wayto specifyprogramtransformations
is essentiato the practicalapplicationof byte-coddaransformationsTo thisend,we have defineda syntactic
corvention for specifying the most commontransformationausing an independentlydefinedclassthat
specifiesall of thesemantiacchanges.

Our framework allows for both semanticextensionof methodsand the inclusion of special‘triggers’
(similar in conceptto databaseériggers)that are activatedon the occurrenceof particulareventssuchas
theexecutionof get fi el d or put fi el d byte-codesThe concepof triggersis illustratedin figure 3, where
a specialmethodpres$getfield$ is definedinside classjava$lang$Object$ which specifieghata ‘pre-
trigger’ be executedprior to eachexecutionof a get fi el d instructionfor all classeghat inherit from
java. lang.Object . In this example,thetriggerinstrumentsa tracemessageThe showAccess methodof
theclassTracer coulddynamicallydeterminewvhetheror notthetracemessagshouldappear

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

}
}

Figure 3. A declaation of a parametricsemantiextensionto achievetrivial instrumentation.

Our approachis to producea ‘black box’ framevork where the user definessemanticextensions
simply by implementingspecialextensionclassesThe specialextensionclassesnustfollow a particular
naming corvention (like the JavaBeansframenork), and usethe following syntacticcorvention: where

cl ass EXTENSION_CLASS_NAME
/'l new fields
/1 new et hods

}

Figure 4. Syntaxof specialextensionclasses.

EXTENSION_CLASS_NAMIS the nameof the tamgetclass,C, terminatedwith a‘$’ andwith ‘.’s replacedby
|$1S:
EXTENSION_CLASS_NAMiE.getName ().replace (. $) + "%

In orderto avoid semanticconflicts, semanticextensionclasseannotcontainabstractmethodsasall
methodsmust have a body. New methodsmay be either normal methods(as neededby the semantic
extension)or specialtrigger methodstriggeredby field accessesarray accessmethodinvocationsand
parametetoading.The framavork supportdoth ‘pre-triggers’(triggeredprior to executionof therelevant
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FAST PORTABLE ORTHOGONALLY PERSISTENT JAVA'™ 9

byte-code)and ‘post-triggers’(triggeredimmediatelyafter the executionof the relevant byte-code).pre-
triggers’include:presgetfields  , pre$putfields  , pre$aaload$ , pre$invokevirtual$ , etc.,while ‘post-
triggers’ include: post$getfield$ , post$putfield$ , etc. All fields and methodsof the classto be
manipulatedareautomaticallyincludedin the transformecdtlass(seesection).

The semanticextensionframeavork is invokedwhena userclassis loaded.This actiontriggersa special
semantiextensionclassloaderto searchfor andloadany semantiextensionclasseshatareapplicableto
theuserclassbeingloaded.The semantiextensionclassesvhich areapplicableto the userclassarethen
usedto applythefollowing transformsoverthe userclassbeingloaded:

e Add ary new fields.

e Apply the‘JavaBeansompliancetransformatiorthatallows all fieldsto be madeprivate(section).

e Add ary newv methods.New methodnamesare sufiixed with $+EXTENSION_CLASS_NAMED ensure
thatconflictswith existing methodsof thetransformedtlassandits subclasseareavoided.

e Add ary triggers.

The mechanisnfor addingnew fields and methodsdependsn the classbeing transformedIf the class
to be transformeds a systemclassor inheritsfrom a systemclass,thena proxy (section) mustbe used,
otherwisethe classitself is modified. The framavork doesnot propagatdriggersinto systemclassesas
the systemcodecannotbe modified. However, the framewvork usercanredefineary systemclassmethod
andsopropagatehe semantiextension.Triggersarepropagatedo all subclassesf thetransformedlass.
In particulayr any new field, methodor trigger introducedin a systemclasswill be propagatedo all the
descendentdf a subclas®f theextendedclassis asystemclass the subclassill be extendedaswell. For
example the pre-triggerpresgetfield$ declaredn figure 3 will bepropagatedo all userclasses.

The ByteCodeMsitor Hook

The declaratve approachoutlined above limits the number of program transformationsavailable.
Consequentlya moregeneralhook s provided by the classtransformatioframework. By extendingthe
default semantic®f the ByteCodeVisitor ~ classtheusercanspecifymorecomple classtransformations.
This class correspondsgo the implementationof a visitor patterrf which is appliedto all the class
MyClassFile  (a Java classthatrepresents classfile at anabstractevel). In additionto its applicationto
theByteCodeVisitor  , thevisitor patternhasbeenusedextensiely in theimplementatiorof theframawvork
itself.

publi ¢ cl ass ByteCodeVisitor {
public init (ConstantPool cp);

publ i ¢ bool ean isByteCodeModifiableMethod (Instruction ins);
publ i ¢ LinkedListins replaceByteCode (

Instruction nextinstruction

LinkedListins outputinstructions );

public Field replaceField (Field f);
publ i ¢ Method replaceMethod (Method m);

}
Figure5. TheByt eCodeVi si t or hook.

Framework Implementation

8A visitor patternappliesa transformobjectto all thenodesin astructure.
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10 A. MARQUEZ, J. ZIGMAN, S. BLACKBURN

A first prototypeof the framewnork hasbeenimplementedit hasbeenappliedto theimplementatiorof a
portableOPJ(section) anda portableobjectversioningframenork. We have implementedhe frameavork
usingthe‘PoorMan’ library thatprovidesfacilitiesfor classfile parsingandbasicclasstransformation$g].

We will assumen therestof the paperthatthe ‘JavaBeansompliant’ transformatiorhasbeenapplied
overall userclasses.

JavaByte-codeModification

We are interestedin portable semanticextensionsthat introducea minimum of program execution
overhead.A family of byte-codetransformationscan be defined by replacing patternsof byte-code
instructionswith semanticallyequivalentinstructionsequencest is essentiathatarny suchtransformations
arestackneutral(presere stackconsisteng). For example thegetfield  byte-coddnstructionoveranon-
primitive field could be replacedoy any methodinvocationthatreturnsanobjectof acompatibletype.

Since Java byte-codeis tightly coupledwith the languageitself, we can associatevery simple byte-
codepatternswith particularinstructionsin the JavalanguageFor example theinvocationof ary instance
method corresponddo the byte-codeinstruction invokevirtual , an invocationto 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 leaves an objectreferenceon the stackonly requiresthe duplicationof that
referenceandtheinvocationof thetriggermethod(with anobjectreferenceasits only agument) Similarly
for pre-triggers.

Themanipulationof thebyte-codgor a methodmeanghatotherissuessuchasrelative branchdistances
andexceptionrangesmay needto be modifiedto accountfor the increasechumberof instructionsin the
methodcode.However, theseissuesaretakencareof by thetoolsusedto manipulateheclassfiles, suchas
the'PoorMan’ library.

SemantidExtension®©OverUserClasses

It is alwayspossibleto extendthe semantic®f classedoadedusingthe semanticextensionclassloader

SemantidExtension®©ver Non-userClasses

The JVM loads systemclassessuchasjava .lang .Object , by using the systemclassloader This
fundamentakonstraintprecludeghe byte-codetransformationof systemclassesAdditionally, the array
classis generatednternallyto the JVM andnotloadedfrom aclasslibrary.

To introduceorthogonabpersistencedeally, it would be possibleto modify java. lang.Object  (theroot
object). This canbe achieved by generatinga completesetof modified systemclassesn advancein the
filesystem However, this solutionis not satishctoryasit cannotbe appliedto Applets.

If the semanticextensiononly involve staticattributes,we do not needto replacethe systemclassby its
semanticextensions Only the referencedo extendedattributesneedto be modifiedto make referenceo
the extendedclassmethodsHowever, if the semanticextensioninvolvesinstanceattributes,we will need
to replacethe systemclasshierarchyby a ‘Proxy Hierarchy’ (section) addingany semanticextensionso
the proxies,andreplacethe systemclasshierarchywith the proxy hierarchy
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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 thejava. lang.Class methodssuchasi nst anceof andgetfield  will need
modification.Thesemethodanustmaskthe modificationmadeto theuserclassesThesystenclassesnust
alsobe modifiedto returnthe modifiedjava .lang. Class classjava$lang$Class$ . Thesemodifications
canbeintroducedusingthe pre-triggersandpost-triggersiescribecdearlier seefigure 6.

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

)

publ i c Object newlinstance () {
return proxyClass .newlnstance ();
}

Figure 6. SemanticExtensiorto java.langClass

Framework Overhead

The class transformationoverheadfor most applicationsis not significant. The initial overheadof
applyingthe byte-coddransformatiorto a hundredor soclassess only afew seconds.

The runtime overheadis dependentupon the transformationsapplied. The ‘JavaBeanscompliance’
transformationdoesnot generateary real overhead.This is dueto the accessomethodsbeingfinal and
theconsequenitlining of thesemethodsy the JVM. Thereplacemenof a classfor asubclas®f thatclass
addslittle to the overheadHowever, the overheadf usinga systemclasswith atriggeris significant,asa
resultof the callsthroughthe associategroxy object.

A PortableOrthogonallyPersistendava

Onceequippedwith a mechanisnfor transparentlyinsertingreadandwrite barriersinto Java byte-code
at classloadtime, it is possibleto build a portableOPJ.Thereare a wide rangeof issuesthat mustbe

addressedh makingsuchanimplementationHowever, the focusof this paperis on the useof program
transformationso gainportability, sowe give only cursorytreatmento the broaderimplementatiorissues
here.Theinterestedeadelis referredto otherpublishedpaperd5, 4] for adetailedaccouniof otheraspects
of our approachto orthogonalpersistencdor Java, including the developmentof a scalablearchitectural
foundationandthe cleanandefficientintegrationof transactionatoncurreng controlinto OPJ.

Implementation Issues

Beforedescribingour first and secondmplementation®f OPJ(called ANU-OPJ),we briefly outlinea

numberof importantissueghatimpacton any OPJimplementatiorandthathave influencedour key design
decisions.
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12 A. MARQUEZ, J. ZIGMAN, S. BLACKBURN

Barrier Implementation Strategies In section we describeda techniquefor insertingreadand write
triggers,but did notaddresshequestiorof how thebarrierswereimplementedTherearemary dimensions
to this questionjncludingachoiceof barrieralgorithms andimplementatiorcontexts (Javaor native code).
Although the choiceof barrieralgorithmsis somavhat interrelatedwith the issuesof objectswizzling T
stratgy, meta-datanaintenanceand Java’s systemclassegwhich areseparatelyaddressethelon), some
aspectaresufiiciently fundamentato be divorcedfrom thoseissues.

A basicchoicebetweerunpackingazinessandeagernesanderliegheimplementatiorof readbarriers.
Barriersmay eitherbeinsertedbeforea call to getfield  (‘pre-barrier’),or afteracall to getfield  (‘post-
barrier’). A pre-barrierchecksfor the presenceof the object containingthe field to be accessedwhile
a post-barrierchecksfor the presencenf an objectreferredto by the field that wasaccessedby the call
to getfield . The pre-barrierrepresents lazier approachand requiresbarriersover both primitive and
referencdields,while the post-barriemeedonly be appliedto referencdieldsandis moreeager

Swizzling Strategy The choiceof swizzling stratey is a significantdesigndecisionfor implementers
of persistentsystems[20, 16] and has had a major impact on the way we have approachedur OPJ
implementationsFor the purposesof this discussion four broad optionsexist: eager swizzling where
all referencesre swizzledassoonasan objectis faultedinto memory;lazy swizzling wherereferences
are swizzledwhenthey arefirst traversed;no swizzling wherereferencesemainin storeformatanda
corversionis madeeachtime suchareferencas traversed;andeager swizzlingto handles wherehandles
hold referencego OIDs andanin-memorypointerto thereferencedbjectis establishedhefirst time the
handleis traversed.

For eachof thefirst threestrataies, the relevant OID must,by definition, be available at swizzletime.
This is trivial when eagerswizzling is emplojed—theswizzle takes placewhile the persisteniobjectis
beingunpaclkedfrom storeformat. If no swizzlingis employed,the OID canbe storedin placeof a native
referencen the object,in which caseit will alwaysbe availablewhenthe referencds traversedlIf alazy
stratgyy is employed, the OID mustbe somehav associatedvith the referencefield up until the point at
which it is swizzled.This canbe doneby storingit in placeof the objectreferenceby associatingextra
storagewith the objectfor accommodatin@IDs, or by usingsomestructureexternalto the objectsuchas
alookuptable.

Thesealternatves becomeseverely restrictedwhen Java’s strongtyping and our decisionto maintain
portability aretakeninto accountStrongtyping preventsthe overloadeduseof areferencdield asbothan
OID andaJavaobjectreferencewhich makesefficientimplementatiorof alazy swizzlingstrateyy difficult.
Similarly, usingreferencdieldsto accommodat®IDs for the non-swizzlingstratey is problematic Both
can be easily overcomeif portability is sacrificed.The useof handlesis also problematicwith respect
to typing as objectreferencesnustbe replacedwith referencego handleswhich is difficult to achieve
efficiently andtransparently

AssociatingPersistentMeta-data with Objects Theimplementatiorof readandwrite barriersdepends
on the barriersbeing able to determineand recordthe stateof the referencedobject—whetheiit is in
memory and whetherit is dirty. An importantquestionis how meta-datadescribingthis state can be
associatedvith eachobject. Without the constraintof portability, the solutionis simple—recordhe state
internallyto thevirtual machine githeraspartof theinternalobjectrepresentatiorpartof anobjecthandle,
or in someotherinternalstructure However, portability dictatesthatthis informationbe recordeceitherin
anexternalstructuresuchasa hashtablepr asadditionalfieldsandmethodsn eachpersistenbbject.

ITheterm‘swizzle’ is usedto referto thetranslatiorbetweerpersistenpointers(OIDs) andin-memorypointers(references).
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Limitations of the Default Constructor Thefaultingandreificatior processnvolvesthe generatiorof
new Java objects.Theseobjectscould be createdthroughthe default constructorusingthe newinstance
methodin java .lang .Class classHowever, in mary caseshedefaultconstructois privateor notdefined
in the class.Moreover, introspectiormethoddik e newinstance ~ arequite expensie**. Onesolutionto this
problemis to createa specialconstructorfor eachuserclassfor useby thereadbarrier Thisis typical of the
sortof problemsthatmotivateour developmenibf mechanism$or parametricchangeglik e theadditionof
new methodsver setsof classegsection).

A First Portable Orthogonally PersistentJava

Thefirst portableapproacho implementingorthogonallypersistentiava (the ‘shell’ approach)s based
on asimplemodelfor theimplementatiorof field accesdarriers.The mechanismsisedto implementthis
approacharedescribeelow.

Swizzlingand Faulting Method

The analysisof swizzling strateyies outlinedin the previous sectionleadto the adoptionof an eager
swizzling stratgy for the first implementationof ANU-OPJ. An eagerswizzling stratgy requiresthe
immediateswizzling of OIDs to objectreferencesvhenan objectis faultedinto memory This caneasily
beachievedif all necessarinformationis availableatthetime the objectis faulted.If aparticularobjectis
alreadyin memory andan OID referringto thatobjectis loadedwhenthe objectis faultedinto memory
thenthat OID canbetranslatednto the correctobjectreferencelf anobjectthatis faultedinto memory
containsa OID referringto an objectthatis not currentlyin memory thenthatreferencenustberesohed
to thecorrectobject.In this caseanactualrepresentationf theobjectmustbecreated(thatobjectis called
a‘shell’).

The creationof a ‘shell’ objectactsasa placeholderfor the final object. The ‘shell’ objectremains
uninitialized until it is necessaryo fault in the object. This is an eagerswizzling and lazy unpacking
mechanismAt the point the objectis faulted,all the fields of the objectsareinstantiatedA shell object
consumessmuchmemoryastheinstantiatedbjectit representsandin the caseof large objectsthis may
represena large amountof wastedspace.

At the time a shell objectis createdits type must be known. The shell createdmust be of the type
referencedandasthis may be a subtypeof the type of the field containingthe referencehe field type
itself cannotbe usedto determinghetypeof shellto becreatedA referenceo anobjectwhenpacked(into
thepersistenstorerepresentationgpecifiegshe OID andthetypeidentifier, thisreduceshe overheadvhen
thereferencesireswizzled—eliminatingalookupto determinehetype of the objectbeingreferredto.

To facilitatethe constructionof a shellrepresentationf an objecta specialConstructoiis generatedor
eachclass Meta-datamustbe associatedavith eachshellindicatingits OID andwhetherit hasbeenfaulted
in or madedirty (this datamustbe initialized whenthe shellis instantiated) A new constructortaking a
typehiddenfrom the useris definedto eliminateary conflict with the default constructorfor thattype.

The faulting of an objectis triggeredby readingor writing to a field of the object. The readandwrite
barriersinsertedbeforethegetfield  andputfield  operationsEveryfield accesswhetherit is accessing
field in thecurrent(t hi s) objector anexternalobjectrequiresareador write barrierbeforethefield access.
Theimplementatiorof thereadandwrite barriersaredescribedn thefollowing section.

Iwe usetheterm‘reify’ (‘to male real’) to referto thetranslationof anobjectfrom anexternalstoreform to aninternalJava form.
**Our experimentswith JDK1.2suggesthatthe overheaccanbe up to onethousandimesthatof ...
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14 A. MARQUEZ, J. ZIGMAN, S. BLACKBURN

Barrier, Faultingand Swizzlingimplementation

The previous sectionintroducedthe generalprocessby which the readandwrite barriersare achieved
and indicated the supportingmeta-datafor those processesHere, the read barrier and write barrier
transformationsredescribedn moredetail.

Thereadandwrite barriersareappliedto all operationghataccess field in anobject.In particular the
useof getfield  andputfield  mustaccompay the appropriateeadandwrite barrierrespectiely.

getfield MyClass /field Ljava /lang /i nt ; afield

l

translates to

dup
invokevirtual MyClass /readBarrier Ov ; a.fault ()
getffield MyClass /field Ljava /land /i nt ; afield

Figure 7. Translatingget f i el d to Incorporate ReadBarrier

Whenafield in anobjectis read,the datacontainedn thatfield mustbevalid. To ensurehatvalid data
is read,areadbarrieris insertedprior to the readingof thefield. The readbarriertakesthe following steps
to ensurehatvalid datais read:

1. Faulttheobijectif necessary
2. Executegetfield

Faultinganobjectrequiresall thefield valuesto beinstantiatedFor primitive fieldsthisis simply amatter
of decodingthe storevaluesandwriting themto the correspondindields.

Non-primitive fields (objectreferencesinustreferto avalid object. Theobjectreferencednustbeeither
anemptyshell(yetto befaulted)or acompleteobject.An in memorymappingis maintainedoetweerOID
andobijectsto facilitatethelookup processin theeventa new shellmustbe createdthetypeid of theshell
is maintainedwith eachreferencen the store reducingthe needfor alookup. This processs asfollows:

1. LookupOID to referencemapping.
2. If theobjectis notresidenthencreateashell.
3. Setreferencedo theobjectin memory

Theexamplein figure7 shavstheinsertionof areadbarrierbeforeagetfield  operationEachclasshas
codeinsertedto allow it to faultin the dataandsettheinitial faultedandnotdirty status.Thereadbarrier
codeis encapsulateth amethod,anda call to thatmethodis insertedprior to thegetfield ~ operation.

putfield MyClass /field Ljava /lang /i nt ; afield =v

translates to

:swap ; swap objref and value
dup

invokevirtual MyClass /writeBarrier Ov ; write  barrier

swap

putfield MyClass /field Ljava /land /i nt ; afield =v

Figure 8. Translatingput f i el d to Incorporate Write Barrier

Similarly to that of the readbarriet the write barriermustensurehatthe objectis faultedinto memory
prior to ary modificationof the objectsfields. Thewrite barriermusttake thefollowing stepso ensurehat
theobjectto bewrittento is valid, andthatthe systemknows the objecthasbeenmodified:
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1. If necessaryaultin the object.
2. Make the objectdirty.
3. Executeputfield

The examplein figure 8 shaws the translationof a simplefield write operation(putfield ) into a write
barrierandwrite operationThis operations notasstraightforwarddueto the stackmanipulatiorthatmust
take placeto ensurehatthe methodinvocationis correctandthe additionsarestackneutral.

A dirty list is maintainedto facilitate the updateof the objects.As the JVM hasits own internal
representatioffior the objects,it is necessaryo translatethe objectsfrom the persistenstoreform to the
JVM form. The copy out natureof thisinteractionnecessitatethedirty list beingusedto packthemodified
objectsinto the persistenstoreform beforethetransactioris committed.

Thewrite barriermechanisntanalsobe usedto incorporatesomeform of concurreng control. Prior to
writing the datato the object,thewrite barriercanattemptto obtainawrite lock from the underlyingstore
for thatobject.If thewrite lock is grantedthenthe remainderof thewrite barrieris executedasnormal. If
awrite lock is notgrantedthenanexceptionis thrown, possiblyresultingin anabortedransaction.

SystenClasses

Thebyte-codeof the systemclassesannotbe modified.As aresulttheway in which the systemclasses
aredealtwith mustbe differentto thatof the userclassesTheintroductionof the OID andothermeta-data
fields into the systemclasseds quite expensve, asit necessitatethe introductionof proxy classessee
section.

However, mostof the systemclassesare final and immutable,(suchasjava. land.String ). For final
andimmutableclassest is not necessaryo introduceary write barrier asthe objectscannot be modified.
Furthermoreby eagerlyfaultingfinal andimmutablesystemclassobjectsthe needfor readbarriersandthe
supportingmeta-data&anberemored. This simplifiesthetreatmenbf theseobjectsby eagerlyfaultingand
reifying themduringthe procesf reifying otherobjects.

In the implementatiorof ANU-OPJthe Swing library classesvere declaredransientin orderto avoid
unnecessargverheadgor objectswhich we did notwantto be persistent.

ArraysareauniquemutableclassthatcannotbeextendedIn theinitial implementatiorarraysareeagerly
faultedin orderto simplify their manipulationn orderto avoid the overheadf proxies,a pre-triggerwas
implementedover array updateoperationsThe write barrierwould invoke a natve methodwhich would
maintainthe dirtinessstateof the array This methodresultedin a doublingof the executiontime for some
of the OO7benchmarlqueries.

A SecondPortable Orthogonally PersistentJava

The ‘shell’ approacthof the first implementatiorhastwo key dravbacks.First, by allocatingspacefor
an objectat the point whenthe first referenceto that objectis encounteredit eagerlyconsumesspace.
Secondly it requiresread barriersto be placedbeforeall accesseso object fields—all getfield  and
putfield  operationgevenif they referto local instancefields). The initial executionof the readbarrier
faultsthe objectdatain, but subsequengxecutionsof thereadbarriersareredundant.

The primary differencebetweerour first andsecondOPJimplementationss in the useof proxy objects
insteadof shells.The following sectionsyive a detailedaccounton the useof proxiesin the secondANU-
OPJimplementation.

Shells,Handlesand Facades
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The useof shellsin the first implementatiorwas motivated by the needfor a portablesolutionto the
problemof swizzling.At the pointof reifying anobject,OIDs mustbeswizzledto Java objectreferencedf
thereferencedbjectis alreadyin memorythisis trivial, butif thereferenceabjecthasnotyetbeenfaulted
in, theswizzlebecomegproblematicln ourfirstimplementatiorthe problemwasresohedby swizzlingthe
OID to areferenceo a new (uninitialized) objectof the appropriatelype (calleda shell), which is reified
(initialized) only whena readfault occursover thatshell. An OID to objectmappingis usedto ensurethat
all subsequergwizzlesof agivenOID areto the sameshell.

If oneis preparedio modify the virtual machine,the swizzle problem can be overcomesimply and
transparently(althoughwith someruntime overhead)by using indirection blocks called ‘handles’ [2].
Whenhandlesare used,the swizzling of OIDs to handlesandthe associatiorof handlesto real objects
canbetemporallydecoupledallowing thereferencedbjectto be faultedin only whenareadfaultoccurs
overthehandle.

A portablealternatie to the useof shellsandhandleds the concepibof facadeobjects A facadeobjectis
alight-weightrepresentationf thereal objectit masqueradeas,the facadestandingn for thereal object
until suchtime thatthereal objectis required.The facadehastwo importantfunctions:it mustbehae like
the objectthatit representsip until the point atwhich it is first accessedandonceit is accessedt must
transparentlyeplaceitself with thereal object.For the facadeto be ableto standin for thereal object,the
two mustbetype equivalent,anissuethatis addresseth section below.

Thereplacemenbperationcompriseshreesteps(seefigure 9).

1. Faultingandreifying thereal object.
2. Replacingall referencegrom referringobjectsto the facadewith referenceso thereal object.
3. Callingthecorrespondingnethodin thereal objectandreturningits result.

Sinceall referenceso the facadearereplacedwith referenceso thereal object,all subsequerngxecutions
will call the real objectdirectly, thus avoiding redundanteadbarrier executions.Furthermoreby using

public class T {
...
publ i ¢ doubl e calculatelntegral (doubl e x1, double x2) {
doubl e result ;

/1 performcal cul ation

return result ;

}
}

public class T_F {
...
publ i ¢ doubl e calculatelntegral (doubl e x1, double x2) {
T t = getRealObject$ ();
changeReferencesTo$  (t);
r et urn t.calculatelntegral (x1, x2);
}
}

Figure9.Thecal cul at el nt egr al methodor a‘real’ object,aninstanceof classT (top) andfor a ‘fagade’ object,aninstance
of T_F (bottom).

facadesthewastageassociateavith creationof shellsthatareneverreifiedis reducedo thatof the creation
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of facadeghatarenever accessed—whicts significantin thecasewherethe averageshellsizeis anything
otherthansmall.
Theremaindeof this sectionexaminesaspect®f theimplementatiorof facadesn moredetail.

Field Refeences

Facadeobjectsdo not containany of the dataof the objectsthey represent—thg mustinterceptary
attemptto referencethe real objectandredirectsuchreferencesn the mannerdescribedabove. While the
previoussectiondescribesmechanisnior trappingaccesset® therealobjectthroughmethodnvocations,
this mechanisntannotbe directly appliedto field accesses.

The problemof directfield accessesanbe avoidedby hiding the visible fieldsinsideaccessomethods
or by constraininghe facadetransformatiorto classesvithout public or protectedields.

EnsuringSubstitutabilityof Facadesby Using Abstact classes

The useof facadesis premisedon facadesbeing transparentlysubstitutableor the ‘real’ objectsthey
masqueradas. The conformanceo the JavaBeansncapsulatiorcorvention[23] reduceghe problemof
substitutabilityto thatof ensuringthatthe facadeimplementshe samemethodsastherealobject.

This propertyallows aninterfaceor abstractlassto be generatedor eachclass(or abstractlass)which
includesall the methodghatareimplementedy boththe facadeandthereal object. The useof interfaces
or abstractlassegivesthe facadeandthereal objecttype equivalence allowing the samereferencaypes
to referto bothfacadesandrealobjects.The’Proxy Hierarchy'transformations usedto generatea facade
hierarchy The'AbstractClassReplacetransformatiorovertheoriginal userclasshierarchyandthefacade
hierarchyis usedto generatex Java binary compatibleprogram We do not needto modify any constructor
calls.Only thenew triggermethodscould generataew facadeinstances.

Figure 10. Transformatiorof a simplehierarchy to implemenfacades.

Figure10 represents classhierarchyconsistingof two classess andB, andthe transformechierarchy
ClassA is usedto definean abstractclassA_A andtwo implementations\_ R andA_F. A_F is the facade
classfor therealimplementatioms_R. ClassB hasa similar translation.Theimplementatiors_Rr of classB
inheritsits functionality andfieldsfrom theimplementatiora_R of classA.
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Facadelmplementatiorand Operation
The basicoperationof facade objectswas describedin section. Implicit in that descriptionwas the

facades capacityto maintainandusesuficientinformationto be ableto fault andreify thereal objectand
replaceall referencego the facgadewith referencedo the real object. By including an oid field (which

o
BR A [BRB [BRC

Figure 11. Three'real’ objectsrefeencinga facade which refeencesadt of themvia a linked-listof bad-refeences.

containsthe OID of thereal object)in the facadeobject,the proces=f faulting andreificationof thereal

objectbecomesstraightforvard. By further including a linked list of back-referenceto the objectsthat
referto thefacade thetaskof replacingall referenceso thefacadewith referenceso therealobjectis also
straightforvard. The elementf the linked list will eitherback-referto objectreferencegrepresentedtyy

anobject,field tuple) or arrayreferencegobject,index). An eagerapproactover staticvariablesavoidsthe

necessityof staticreferencesAll classesmplementmethodghatallow outgoingreferenceso be updated
by back-referringfacades Figure 11 depictsthree‘real’ objects(labelledA, B, andC) which referto the

facadeobject(proxy). Thefagadehasalinkedlist of back-reference@BR A, BR B, andBR C) to eachof

thereferringobjects.

After beingfaultedfrom the store,anobjectis reifiedandeachOID is swizzledto anobjectreferenceA
‘swizzle map’ mappingOIDs to objectsis usedto determinethe tamget objectreferencelf, atthetime of
swizzlingthe target objectis a fagade,a backreferenceo the objectbeingreifiedis addedto the facades
linkedlist of backreferencedf nomappingexistsfor anOID atswizzletime,anew facadeobjectis created
in placeof therelevantobjectandthe OID andreferencdo thefacadeareaddedo the swizzlemap.When
afacadetakesa readfault andfaultsandreifiesthe real object,it alsoupdateshe swizzlemapto ensure
thatsubsequergwizzlesof the OID will beto therealobjectratherthanthefagade.

RefeencelLeakaye

As describedn the precedingsectionsthe operationof facadesis dependentn eachfacadebeingable
to transparentlyeplaceitself with the ‘real’ objectat the point at which the facadeis first accessedlhe
processof transparenteplacemenis dependenbn the facade maintaininga list of back-referenceto
referringobjectssothatit canupdatethereferencegsontainedn thoseobjects.This approachastheeffect
of maintainingtwo key invariants'" atnotime will referenceso bothfacadeandrealversionsof thesame
objectco-exist, andthe costof the readbarrierwill only beincurredoncefor eachreferencedbject—all
subsequenteferencewwill be direct, avoiding the barrier While the primary consequencef the second
invariantis anefficiengy gain,thefirst invariantensuregorrectnessvith respecto referencecomparisons.
Both invariantsdependon refeilenceleakage beingavoided—referencet facadesmustonly be generated
in thereificationprocesstherebyensuringthatthe facadeis awareof all referringobjects.

TFor themomentwe will assumehatthereferencaipdatingprocesss atomic.
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Pointerleakagecan occur through the passingof referencesdbetweenmethods(‘inter-method’), and
throughthe stackwithin a givenmethodinvocationthrough(‘intra-method’).

Inter-method leakage Intermethodreferencdeakageijllustratedin figure 12, canbe avoidedby byte-
codemodifying methodgo ensurehatonly referenceso ‘real’ objectsarepassedbothasparameterand
returnvalues).This canbe doneby calling the get$this  methodover the referencewhich if ‘real’ will

getfield MyClass /a LMyClassA ;
getfield MyClass /b LMyClassB ; ;
i nvokevirtual MyClassA / method (LMyClassB )V ; a.nethod(b);

)

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

Figure 12. Potentialfor inter-methodrefelenceleakaye throughthe passingof a refelenceasa parameter

reduceto ano-op,andif ‘facade’will causaherealobjectto befaultedin. Figurel3illustratesa byte-code
modifiedversionof thecodein figure 12 thatavoidsintermethodreferencdeakageThis approachs eagey

getfield MyClass /a LMyClassA ;
getfield MyClass /b LMyClassB ;
i nvokevirtual MyClassB / get$this ()LMyClassB ; ;

i nvokevi rtual MyClassA / method (LMyClassB ;) V ; a.nmethod(b.get$this());

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

Figure 13. Passinga refeenceasa parameterwhile avoidinginter-methodrefelenceleakae.

asit may leadto the unnecessarfaulting of an objectin the casewherethe methodbeingcalled (or the
calling method)doesnot actuallyaccessheobjectin question.

Intra-method leakage The problemof intra-methodreferencedeakage,illustratedin figure 14, occurs
whenreferencesare duplicatedon the stack.In both casesllustratedin the example,the referencemay
atfirst be a facade,the first invocationof the methodover the referencedbjectcausingthe referenceo

getfield MyClass /a LMyClassA ;
dup ;
i nvokevirtual MyClassA /methodX ()V ; a. methodX();
i nvokevirtual MyClassA /methodY ()V ; a.nethodY();

)

getfield MyClass /b LMyClassB ;

dup ;
i nvokevirtual MyClassB /method )V ; b.nethod();
i f _acnpeq thenBranch ; if (b ==0b)

Figure 14. Multiple useof refelencedn a methodeadingto potentialintra-methodefeenceleakage.

bereplacedwith arealreferenceAt thatpoint the stackmay hold aninconsistenteferenceo the object,
causingsubsequentiseof that referenceo fail (first case),and/orgiving anincorrectcomparisorresult
(secondcase).The problemof intra-methodreferencdeakages solved by byte-codemodifying methods
to remove ary useof dup thatmightleadto suchleakage.
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getfield MyClass /a LMyClassA ; ;
i nvokevirtual MyClassA /methodX () V ; a.nethodX()
getfield MyClass /a LMyClassA ; ;
i nvokevirtual MyClassA /methodY () V ; a.nethodY()

getfield MyClass /b LMyClassB ;

i nvokevirtual MyClassB /method () V ; b. met hod();
getfield MyClass /b LMyClassB ; ;
i f _acnpeq thenBranch ; if (b ==0b)

Figure 15. Multiple useof refelencesn a methodavoidingintra-method-efeienceleakage.

ANU-OPJ Characterization

The previous sectionsdescribein somedetail the implementationof both ANU-OPJ-shelland ANU-
OPJ-hgade. This enablegshe ANU-OPJimplementationgo be characterize@ccordingto the taxonomy
of approacheso orthogonallypersistentlava detailedin MossandHosking[21]. Below, eachfacetof the
taxonomyis describedalongwith thechoicesmadein ourimplementations.

Model ChoiceO Is persistenceiy readability, or by someothermeansof designatingwvhich objectsare
to persist?For orthogonalpersistencet is notsensibldo consideralternativesThechoiceof which objects
aremadepersistencés basedon the reachabilityof thoseobjectsfrom the persistentoots.In ANU-OPJa
persistentootis anon-transientlassvariable(i.e. a staticfield of aclass).

Model Choicel Is (object)codepersistent?ls the codemaintainedin the persistentstore? The classes
aremadepersistentThatis, boththe declaratiorof the fields andthe methodcodearemadepersistentA
classnot heldin the persistenstoreis loadedinto memoryandis madepersistentsothatthe classwill be
retrievedfrom the persistenstoreon subsequerinvocationof ANU-OPJ.

Model Choice2 Is the program executionstatepersistent?Can an executingprogram persistentin the
store and if sowhendoesit activate?The programexecutionstateis currently not madepersistenin the
ANU-OPJimplementationHowever, this is not a permanentimitation. Subsequentersionsof ANU-OPJ
will incorporatehe mechanismsutlinedby Hohlfeld andYee[12] which enablethe transformatiorof the
methodcodeto allow the executionstatesof threadsto be saved andrestored(althoughsomedetailsin
relationto systemclassesnuststill beaddresses).

Relatedissuessuchaswhendo the saved threadsbecomeactive again,the transactiorcontext andthe
securitysettingsthatthethreadsareactivatedin areyetto bedealtwith.

Model Choice3 Whatis thetransactionrmodel?Whenand how doesthe databecomepersistentAVhen
doesthenew statebecomevisibleto others? A Chain-and-Span transactiormodel[5] is incorporatednto

thesystento allow transactiorbasedupdatego the persistenstore. Thetransactiorboundariesreinvoked
throughatransactiorclasslibrary andall codeexecutiontakesplacewith atransactionatontext. A chain
pointis a Commit-Beagin point which canmaintainread/writesemanticgrom onetransactiorto the next.

Thesechainpointsmale visible throughthe storethe modificationof the dataheld.

Transparency Choice 1 Is the source language changed? The Java sourcecode languageremains
unchanged.
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TransparencyChoice2 Isthe objectlanguage changed?If the standad byte-codesre used(with their

normal semanticsfthenimmediateportability benefitsare obtained(evenif the source codeis modified).
Theobjectlanguagegemainaunchanged-dowever, theobjectcodeis transformedat clasdoadingtime (into

standardJava objectcodeandthe original objectcodeis maintained)andall introspectionappeargo see
the original codeform. However, someissuesstill remainwith theinteractionof the outsideworld andthe
JVM(s) thatinteractwith the store.The transformatiorappliedusethe standardbyte-codesemanticsand
allow ourimplementatiorto be portable.

Implementation Choice 1 Is the Java compilerchanged?If the source codeis changedthen,eithera
preprocessof modifiedcompilermustbe provided.The Javza compilerremainsunchanged.

Implementation Choice2 Is the Javainterpreter and runtime systenmodified?Doesthe JVM remain
unchanged?Do the systeniibrariesremainunchanged?Whatotherruntimechangesare made?The JVM
andlibrariesremainunmodified.Persistencés achieved with the useof a specialclassloader(written in
Java) to transformclasse®nthefly sothatpersistenceanbeimplemented.

ANU-OPJ Evaluation

The first implementationof OPJ(ANU-OPJ-shell)usedthe shell approachdescribedn section. The
experimentaresults(next section)shov performanceroblemsfor the cold** execution.This wasinitially
attributedto eagermemoryconsumptiorfor the allocationof shellobjects.In orderto addresshisissuea
secondmplementatiorusingthefacade(ANU-OPJ-facade)approactdescribedn section wasdeveloped.
However, the resultsof the secondmplementationwere not asgoodasthefirst. We believe thata partial
explanationis the increasedswitching betweenJava and C in the facadeimplementation Additionally,
someof thetransformationsisedin thefacadeapproachsuchasthe AbstractReplacementransformation
(section), may reducethe opportunitiesfor codeinlining and optimizationby the just in time compiler
(JIT). Moreover, thememorygainobtainedoy the useof afagadeis lessrelevantwhenmostof the objects
aresmall(whichis thecasein the 007 benchmark).

In both theseimplementationsative methodswere usedfor the time consumingtasksassociatedvith
readbarriers,suchasobjectfaulting andreification.However, instrumentatiorof the systemdemonstrated
thatthebarriersperformedsubstantialljbetterwhenthekernelof thebarrierwasimplementedn Javarather
thanasnative methodsThis is attributedto the substantiabverheadof native methodinvocationandthe
capacityfor the JIT to optimizefrequentlyexecutedcode.The resultsof the instrumentatioralso confirm
thattheadditionaloverheadntroducedby readandwrite barriersis notrelevantin the cold runs.

BendimarkingErnvironment

TheOO7benchmark8] is usedfor evaluatingour approaches awide rangeof datamanipulationsThe
resultspresentedcomparethe performanceof ANU-OPJ(ANU-OPJ-shelland ANU-OPJ-ficade) PJama
[2] (versions0.5.7.10and1.2), PSI-SSM(a SHORE-basedmnplementatiorusing C++), andJava running
without persistenceThe PJamamplementationsre unableto take advantageof JIT technologywhereas
ANU-OPJcanleveragethis technologyto producecompetitive performanceand portability. The ‘small’
OO7benchmarksreusedaswe werenotableto runthe‘medium’ databaseverary of thePJamaversions
or PSI-SSM.

#Cold executiontimesarefor theinitial run wherethe datahasnot beenfaultedinto memoryandmustberetrieved from theunderlyingstore.
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It is possiblethatthe hot timescould degradeasthe databaseizeis increasedin this case techniques
suchasobjectcacheeviction andpromotionwill becomeanecessityNoneof ourimplementationsupport
thesetechniquesbut this supportcould be easilybuilt on top of the normalJava garbagecollection(using
finalizermethodsandweakreferences)ywith the supportof an objectcachethatcanflush objectsandstill
maintaintheirlocks.

The sameJava implementationwas usedfor the ANU-OPJ, PJamaand JDK systemswith only minor
modificationsrequiredfor each.For the basecodeto run on either ANU-OPJ-shellor ANU-OPJ-Bgade
it wasonly necessaryo inserta call to Chain () at the point wherethe benchmarkrequireda commit.
The non-persistentersion(JDK 1.2.2)neededminor changedo allow the ‘generation’and‘benchmark’
phasesf OO7to occurin a single execution.For PJamat wasnecessaryo add codewhich openedthe
store retrievedthe persistentoots,andcalledstabilizeAll 0 atthepointwherethebenchmarkequired
acommit.

For PSI-SSMtheOO7benchmarkvasimplementedn C++. Theimplementatiordoesnotuseswizzling,
butinsteadexplicitly translatepersistenteferenceso pointersateachtraversal,andmakesexplicit update
notifications.'Smart pointers’[18] wereusedto performthe referencdranslationsaffording a degreeof
syntactictranspareng
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Figure 16. Cold query(top) and update(bottom)timesrelativeto correspondingANU-OPJ-sheltime

Thebenchmarksvereexecutedon a singleSunUltra-170with 128MB of RAM andseparatéarddisks
for the persistenstoreandlog. Both version0.5.7.10(which requiredJDK 1.1.7)andversionl.2 of PJama
wereused.JDK 1.2.2(with the Hot SpotJIT) wasusedto executethe ANU-OPJ-shell ANU-OPJ-ficade
and non-persisten(JDK) versionsof the OO7 benchmarksANU-OPJ-shel ANU-OPJ-ficadeand PSI-
SSMusedthe Shorestoragemanager

PerformanceResults

The completesuite of OO7 benchmarksould not be used.Benchmarkg2a, t2b andt3a did not run
in either ANU-OPJimplementationnor PJamaBenchmarks andd did not run dueto a (unidentified)
failure in the ShorestoragemanagerEachimpulsereportedcorrespondso a particularbenchmarkThe
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benchmarkseportedarequeriesglto g8 andupdatedl, t2¢c,t3b, t4, t5do, t5undo,t6 to t10 andwu, in this
ordet

Cold time The cold executionresultsin figure 16 indicate that ANU-OPJ implementationgperforms
worsethanPJamal.2vhencold (2.2 timesslower thanPJamaversionl.2 on average) We attribute these
resultsto the excessve context switchingbetweenJavaandC usingJNI.
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Figure 17.Hot query(top) and update(bottom)timesrelativeto correspondingANU-OPJ-sheltimes.

Hot time The hot executionresultsin figure 17 indicatethat ANU-OPJ-shellimplementatiorperforms
well when hot (5 times better than PJamaversion 1.2 and 3 times better than the ANU-OPJ-ficade
implementatioron average) putperformingboth PJamamplementationsn almostall the operationsThe
ANU-OPJ-shellperformsbetterthan ary otherimplementationin readonly operations(almost8 times
betterthanPJamal.2 on average) even outperforminga C++ basedmplementatiorover the samestore.
We attribute the strengthof theseresultsto the JDK1.2.2JIT compilerandto the costof explicit reference
translationin the C++implementation.

Both ANU-OPJimplementationsandthe JDK 1.2 benchmarkshow a varianceover 15% in a third of
the benchmarksreachinga maximumof 234% of variancewith respectto the averagevaluein bench
g3 of JDK-1.2. Eachbenchmarkwas repetedten consecutre timeswithin the sameprogramexecution,
commitingat the endof eachrepetition.We attribute this erraticbehavior to be causedy theinterference
of thegarbageollectorduringthe benchmarkingrocessThe standardieviation of queriesspeedupn the
shellversionwith respecto PJamal.2s 66% of theaveragespeedup.

Read and Write barrier overhead The figure 18 compareghe ANU-OPJ-shelland a non-persistent
implementationof the OO7 benchmarkoperationsThis graphicdemonstratea reasonabl@verheadfor
all queryoperationg150 percenton average) However, updateoperationsveremuchlessfavorable(370
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percenton average),asa consequencef the transactioncommit costs.We believe that theseresultsare
significant,becausehey suggesthattheruntimeefficiency of the Javalanguagesrvironmentis unlikely to
be a stumblingblock, for theuseof Javain the context of persistentlatamanagement.

OtherApplicationsfor SemanticExtensionsn Java

The previous sectiondescribesn detail the applicationof the semanticextensionframework to provide
a portableorthogonallypersistentlava. The semanticextensionframewnork (which forms the core of this
work) canbe appliedto produceothertypesof semanticextensionssomeof theseextensionsareoutlined
in this section.

A readbarriercanbeusedfor any numberof purposesln a persistenceontext it is usuallyusedto assert
the presencef a referencedbjectin memory faulting the objectin from secondanstoragef necessary
It may also be usedto effect someform of concurreng control (e.g. by acquiringa readlock over the
referencedbject).In a similar vein, a write barriercanbe usedboth to flag dataashaving beenupdated
(andthereforerequiring propagatiorto secondarystorage)and as a concurreng control mechanismpy
acquiringawrite lock over athereferenceabject.

Readandwrite barrierscanbe appliedto ary context whereit is necessaryo trap readsandwrites to
objects.Anotherexampleis the extensionof Java semanticgo supportobjectversions.In this setting,a
readbarriercould be usedto asserthe presencef a particularversionof anobject,while thewrite barrier
couldbe usedto ensurethatthe updateis propagatedo the appropriatérelease’or ‘configuration’. Other
examplesinclude the implementationof a simple heapprofiler, wherethe barrierscould be usedto log
objectreadandwrite events.

We are exploring the use of dynamic byte-codemadification for the creationof other orthogonal
extensionsto the language.We have built an orthogonal object versioning (OOV) framework and
mechanism$or schemaevolution andversioning.

Orthogonal Object Versioning (OOV) Framework

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

Code Profiling and Instrumentation

Another importantapplicationfor the classof transformationsdescribedhereis in trapping method
invocations.Suchatechniquecould be usedto transparenthynstrumentoyte-codedor call profiling. This
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could be appliedgenerally(trappingall methodinvocations)or selectvely (to profile certainclassesor
methods).

Conclusions

Javaallows userdefinedclassloadersto be definedwhich performbyte-codeo byte-coderansformations
over classfiles atthe pointwhenthey areloadedinto the Javaruntimesystem Suchtransformationganbe
usedto implementarangeof interestingsemanticeextensiongo Java classesn a semi-dynamiananner

This portableapproacho semantiextensionsn Javahasseveralkey advantagesAny Javato byte-code
compilercanbeusedandit doesnotrely on Jarasourcebeingpreprocessed.his contrastavith techniques
thatextendthe Java languagesyntax,suchasthosedescribedn [1, 24] et al. Becausahe transformations
areappliedat the byte-coddevel, the framework is nottightly coupledto a particularJVM. This givesthe
userthefreedomto usethe mostsuitableJVM andleverageapidadwancesn Javatechnologyimmediately
Our portableapproactthereforehasa significantadvantageover approacheo semanticextensionwhich
modify the JVM itself andsoaretied-dovn to a particulartechnology

Suchaframenork hasa naturalapplicationin extendingthe semantic®f Javato orthogonabpersistence.
This paperreportson two implementation®f orthogonallypersistentlava using the semanticextension
framework. The first of theseis characterizedy the useof object‘shells’ and eagerswizzling andlazy
reificationpolicieswith smallreadbarrieroverheadsThe secondusesthe conceptof ‘facades’to remove
readbarriersandhaslazy swizzlingandslightly eageffaultingandreificationpolicies.Both approacheare
novel insofar asthey representhefirst portableimplementation®f orthogonallypersistentlava, andeach
exploresquite differentimplementatiorstrateyies.

Theframavork andtoolsoutlinedprovide mechanism$or semi-dynamicsemanticextensionsvhich are
powerful, platformindependentandthroughportability cantake immediateadvantageof improvementsn
JVM andJIT technologiesSignificantly a platformindependentefficient, orthogonallypersistendavahas
beenpresente@ndimplementedisingthesetechniques.
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