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Abstract. We introduceanexpressive yet semanticallycleancoreJava-like lan-
guage,JavaJr., andprovideit with aformaloperationalsemanticsbasedontraces
of observableactionswhich representinteractionacrosspackageboundaries.A
detailedexamplebasedon theObserver Patternis usedto demonstratethe intu-
itivecharacterof thesemanticmodel.Wealsoshow thatoursemantictraceequiv-
alenceis fully-abstractwith respectto a naturalnotionof testingequivalencefor
objectsystems.This is the �rst suchresult for a full class-basedOO-language
with inheritance.

1 Intr oduction

Operationalsemanticsasamodellingtool for programbehaviour originatedin theearly
1960sin early work of McCarthy [19] andfound somepopularity in modellingpro-
gramminglanguagessuchasALGOL andLISP [20,30,13] andthe lambda-calculus,
[18]. Later, this approachto modellingwaschampionedby Plotkin [25,26] andhas
sincebeenappliedextensively andsuccessfullyfor providing semanticdescriptionsof
simpleprogramminglanguagesandcomputationalmodels[31,21,22,15,29,1,11,8].
As thesemodellingtechniquesbegan to be appliedto to larger scalelanguages,their
semanticdescriptionsbecamemorecomplex [27,28,4,9,6,3].

Therehasbeena considerableresearcheffort towardsformalisingoperationalbe-
haviour of JavaandJava-likelanguages,for example[4,11,16,6,9,24,3]. Indeed[3] is
a specialvolumejournaldedicatedto semantictechniquesfor theJava languagewhich
collectstogethermuchof theinterestingwork onthis topic to date.Noneof these,how-
ever, addressthe issueof programequivalenceandextensionaldescriptionsof object
behaviour. Thepaperscitedabove tendto analysesubsetsof theJava languagefor is-
suesrelatedto typesafetyratherthanequivalence.BanerjeeandNaumann[5] provide
a denotationalsemanticsfor a subsetof Java, but do not prove a correspondencewith
anoperationalmodel.With this in mind we proposeanexperimentalclass-basedJava-
likelanguage,designedto haveastraightforwardsemanticdescriptionof theinteractive
behaviour of its programs.Wecall this languageJavaJr.

To addressthe issueof programequivalencein JavaJr. we make useof Morris'
theoryof testing[23], later re�ned by Hennessy[15]. It is a robust theorybasedon
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observability of basiceventsduring computationin context and hasbeenappliedto
many languages,including modelsof functionalprogrammingsuchasthe l -calculus
[2] andPCF[25], concurrentlanguagessuchasthep-calculus[10], andobject-oriented
languagessuchasthes-calculus[17].

Thede�nition of testingequivalenceinvolvesauniversalquanti�cationoverall pos-
sibletestharnessesfor programs,whichoftenmakesestablishingequivalencesdif�cult.
For thisreasonit is commonplaceto investigatealternativecharacterisationsof semantic
equivalencewhichoffer simplerproof techniques.Weprovideanalternativecharacter-
isationof testingequivalencein JavaJr. by describingsequencesof interactionswhich
programsmayengagein with arbitrarytestharnesses.Thesearede�ned astracesde-
rived from a labelledtransitionsystem[7]. The key resultwe prove is that programs
whichexhibit thesamesetof tracesareexactly thosewhicharetestingequivalent.This
propertyof our tracemodelis known asfull abstraction.

For the remainderof the paper, we will presentan overview of the JavaJr. lan-
guagefollowedby its formalsyntaxandoperationalmodel.Wewill thendiscussissues
of typeability and how well-typed object componentscan groupedtogetherto form
larger, well-typedsystems.In Section4, we de�ne our notion of testingequivalence
for JavaJr. andin thefollowing sectionintroducethetracemodel.Thefull abstraction
resultis outlinedin Section6 andwe thenclosewith remarksaboutfuturework.

2 The Java Jr. language

JavaJr. is a small, single threaded,subsetof the Java languagewhich allows for the
declarationof classesand interfacesin packages.It includestwo extensionsof Java:
it allows for packagesto containobjectdeclarations(ratherthanrequiringthemto be
static�elds insideclasses),andit allows for explicit speci�cationof thesignatureof a
package.Weshalldiscussthesein moredetailbelow.

An exampleJavaJr. programis givenin Figure1: it providesasimpleimplementa-
tion of theObserverpatternfrom [12]. Observerobjectscanregisterthemselveswith a
Subject(in this case,we just provide a singletonSubject),andany calls to notify on
theSubjectresultin update callsonall theregisteredObservers.

Wewill usethefollowing terminologythroughoutthispaper:apackageconsistsof
a sequenceof declarationsanda componentconsistsof a sequenceof packages.We
usethemetavariablesC;P andD to representcomponents,packagesanddeclarations
respectively. We will alsousetheoverbarnotationto denotesequences,for exampleP̄
refersto a sequenceof packages.The metavariablev is usedthroughoutthe paperto
refer to a fully speci�edobjectreferenceincludingthepackagenameandobjectiden-
tity, usingtheusualJava p:o syntax.We alsousethemetavariablet to referto typesof
thelanguage,thatis, fully speci�edclassor interfacenames.For example,in Figure1,
observer.singleton is a fully speci�ed objectreference,andobserver.Subject
is a fully speci�edinterfacename.

Thenotionof packagesarecentraltoJavaJr.They delimit oursemanticdescriptions
by identifying theboundariesof observableinteractions.Statically, only interfacesand
publicobjects(andnotclassesor privateobjects)arevisibleacrosspackageboundaries;
dynamically, only publicly visible methodcalls(andnot �elds, constructors,or private
methods)arevisibleacrosspackageboundaries.In particular, codeplacedin apackage
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f package observer;
interface Subject extends e f

System.void addObserver (observer.Observer o);
System.void notify ();

g
interface Observer extends e f

System.void update ();
g
class SubjectImpl extends Object implements Subject f

observer.List contents;
SubjectImpl (observer.List contents) f super (); this.contents = contents; g
public System.void addObserver (observer.Observer o) f

return (this.contents = new observer.Cons (o, this.contents), System.unit);
g
public System.void notify () f return this.contents.updateAll (); g

g
class List extends Object implements e f

observer.List () f super (); g
public System.void updateAll () f return System.unit; g

g
class Cons extends List f

observer.Observer hd; observer.List tl;
Cons (observer.Observer hd, observer.List tl) f super (); this.hd = hd; this.tl = tl; g
public System.void updateAll () f return (this.hd.update(), this.tl.updateAll ()); g

g
object observer.SubjectImpl singleton implements observer.Subject f

contents = observer.list_nil;
g
object observer.List list_nil implements e f g

g

Fig.1. De�nition of theobserver packagein JavaJr.

p, cannotcreateinstancesof objectsusingclassesin adifferentpackageq. Nor canthis
codeaccess�elds of objectscreatedin q directly. In line with softwareengineeringgood
practice,eachof theseoperationsmustbe provided by factory, accessorandmutator
methods.Moreover, all packagesin JavaJr. aresealed, that is new classes,objectsand
interfacesmaynotbeaddedto existingpackages.

WhereJavaJr. differssigni�cantly from Java is in theprovision for staticallyavail-
able methodsand members.Ratherthan modelling the intricaciesof Java's static
modi�er, weallow packagesto containexplicit objectdeclarationsof theform:

objectt o implements̄t f f1 = v1; ; : : : ; fn = vn;g

Sucha declarationindicatesthatanobjectwith identity o is aninstanceof classt with
initial �eld assignmentsfi = vi ; which maychangeduringprogramexecution.Object
declarationsalsocontainalist of interfacetypest̄ whichtheobjectis saidto implement.
Theseare the externally visible typesfor the object,asopposedto the classnamet,
whichis only internallyvisiblewithin thepackage.If thelist of interfacetypesis empty,
thentheobjectis consideredprivateto thepackage.For example,in Figure1 wehave:

– Objectsingleton is declaredashaving classSubjectImpl , and implementing
Subject , so within the observer packagewe have singleton:SubjectImpl
but externallyweonly have singleton:Subject .

– Objectlist_nil implementsno interfaces,sowithin theobserver packagewe
have list_nil:List but externallyit is inaccessible.
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f package observer;
interface Subject extends e f

System.void addObserver (observer.Observer o);
System.void notify ();

g
interface Observer f

System.void update ();
g
extern observer.Subject singleton;

g

Fig.2. Externalview of of theobserver package

In Java,all packagesareexport packages,that is they containboththesignatureof the
packageandits implementation:in contrast,languageslike C allow for importationof
externally de�ned entities,andfor the importer to give the signatureof the imported
entity. In de�ning a notion of equivalencefor Java programs,we found it necessary
to be formal aboutthe notion of packageinterface,sincethe externalbehaviour of a
packagecruciallydependson thetypesof externalentities.

For thisreason,ourotherextensionof Javais toallow for importpackages,whichdo
not containclassor objectdeclarations,andinsteadonly containinterfacedeclarations
andexterndeclarations,of theform:

externt̄ o;

Suchandeclarationwithin animportpackagep declaresthatany exportpackagewhich
implementsp must provide an object namedo with public typest̄. For example,in
Figure2 wegive theexternalview of theobserver package.

2.1 Formal syntaxand semanticsof JavaJr.

We presenta formal grammarfor the JavaJr. languagein Figure3. For the mostpart
this syntaxis importeddirectly from Java.

The only novel JavaJr. expressionis of the form E in p which hasno effect upon
runtimebehaviour but is usedsimply asanannotationto assisttypechecking.This op-
eratoris effectively a typecoercionof thefollowing form:

If theexpressionE is well-typedto run in packagep with returntypet, then
theexpressionE in p is well-typedto run in any packageq with returntypet,
aslongast is avisible typein q.

In orderto presentthedynamicandstaticsemanticsof our languagewefoundit useful
to make recourseto a numberof auxiliary, syntacticallyde�ned functions.The def-
initions of theseare largely obvious and are too numerousto list here.One of the
most importantof theseis the updatingfunctionC+C0 which is an asymmetricop-
eratorin which eachdeclarationf packagep;Dg within C0 overridesany declaration
with thesamefull namepresentin C, is includedin packagep of C if C containsthis
package,and is simply appendedto C otherwise.We write C:p:n for the declaration
f packagep;Dg wherepackagep in C declaresD with namen. Anothercrucialde�ni-
tion is
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Components: C ::= ÅP
Packages: P ::= f packagep; ÅDg
Declarations: D ::= classc extendst implementsÅt f K ÅG ÅMg

j interfacei extendsÅt f ÅNg
j object t o implementsÅt f ÅFg
j externÅt o; (Åt 6= e)

Constructors: K ::= c(Åt Åf ; Åu Åg) f super(Åf ); this: Åg = Åg;g
Fields: F ::= f = v;
Field types: G ::= t f ;
Methods: M ::= public t m(Åt Åx) f return E;g
Methodtypes: N ::= t m(Åt Åx);
Expressions: E ::= v j x j E:m( ÅE) j E: f j E: f = E

j newt ( ÅE) j (E == E ?E : E) j E;E j E in p
Compoundnames: p; : : : ;w ::= Åa

SimplenamesrangeoverObject, anda; : : : ;o andVariablesrangeover this andx; : : : ;z. Wealso
assumethat sequencesof �eld identi�ers andvariables, Åf and Åx, andnamesin ÅP; ÅD; ÅF; ÅG; ÅM; ÅN
arealwayspairwisedistinct.

Fig.3. Syntaxof theJavaJr. language.

– C:p is anexport package if thereis a n suchthatC:p:n = f packagep;Dg whereD
is eitheraclassor anobjectdeclaration.

– C:p is animportpackage if it is notanexportpackage.

2.2 Dynamic semantics

A JavaJr. componentC, will exhibit no dynamicbehaviour until a threadof execution
is provided. As JavaJr. is a single threadedlanguagewe neednot concernourselves
with threadidentitiesandsynchronisationandwe maymodelthesingleactive thread
simplyby aJavaJr. expressionE. Giventhis, it is notdif�cult to de�ne a relation! of
theform

(C ` E) ! (C0` E0)

to modelthe evaluationof the threadE with respectto the componentC. In orderto
de�ne thereductionrelationit is usefulto identify whatis typically referredto aseval-
uationcontexts [32]. Thegrammarof all possibleevaluationcontexts of the language
is givenby

E ::= ¢j E :m(Ē) j v:m(v̄;E ; Ē) j E : f j E : f = E j v: f = E j newt (v̄;E ; Ē)
j (E == E ?ET : EF) j (v == E ?ET : EF) j E ;E j E in p

We alsolist, in Figure4, theproof ruleswhich de�ne thereductionrelationitself. For
themostpart,theserulesarereasonablystraightforward.Two pointsof interestare:

– In the rule for generatingnew objects,the new objectis alwaysstoredwithin the
samepackageastheclassit is instantiating.

– Theresultof a methodcall is to inline themethodbodyE, say, within thecurrent
evaluationcontext. Note that beforedoing this E is wrappedwith the coercion
E in p wherep is thepackageof thereceiver. This facilitatestype-safeembedding
of externalcodewithin apackageat runtime.
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C:v = f packagep;object t o implementsÅt f ÅFgg
public u m( Åu Åx) f return E;g 2 C:t:methods

(C ` E [v:m( Åv)]) ! (C ` E [E[v=this; Åv=Åx] in p])

C:v = f packagep;object t o implementsÅt f ÅFgg f = w;2 ÅF
(C ` E [v: f ]) ! (C ` E [w])

C:v = f packagep;object t o implementsÅt f ÅFgg ( f = u; ) 2 ÅF
C′ = C+ f packagep;object t o implementsÅt f ÅF ′gg ÅF ′ = ÅF + ( f = w;)

(C ` E [v: f = w]) ! (C′ ` E [w])

C:p:c:¯elds = Åt Åf ; p:o =2 dom(C)
C′ = C+ f packagep;object p:c o implementsef Åf = Åv;gg

(C ` E [new p:c( Åv)]) ! (C′ ` E [p:o]) (C ` E [vin p]) ! (C ` E [v])

(C ` E [(v == v?E : E′)]) ! (C ` E [E])
v 6= w

(C ` E [(v == w?E : E′)]) ! (C ` E [E′])

Fig.4. Rulesfor reductions(C ` E) ! (C′ ` E′)

Note that the statically de�ned componentC is modi�ed during reductionas it also
modelstheruntimeheapaswell astheprogramclasstable.

2.3 Static semantics

As with Javaitself,JavaJr. is astaticallytypedclass-basedlanguage.It usesthepackage
mechanismto enforcevisibility: in JavaJr., classesarealwayspackageprotected,and
interfacesare always public, conformingto the commondiscipline of programming
to an interface. In order to checkthat a JavaJr. programrespectspackagevisibility,
the type systemtracksthe currentpackageof eachclass,methodandexpression,for
examplethetypejudgementfor anexpressionis:

C ` E : t in p

This indicatesthat the expressionE could potentiallyaccessall protected�elds and
methodsin p but cannotaccessanything outsideof p exceptpublic methodsdeclared
in interfaces.

We closethis sectionby con�rming thatJavaJr. satis�esSubjectReductionfor the
runtimetypesystem.

Proposition1 (Subject Reduction).For anywell-typedcomponent̀ C : component
such that C ` E : t in p and (C ` E)! ¤(C0` E0) we havethat ` C0 : component and
C0` E0: t in p.

3 Linking and Compatibility
A fundamentalpropertyof componentsoughtto bethatthey shouldbecompositional:
it shouldbe possibleto replacea subcomponentwith an an equivalentsubcomponent
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withoutaffectingthewholesystem.In Section4 wewill discussthedynamicproperties
of equivalence,andin this sectionwe will discussthestaticproperties.Our goal is to
provide a characterisationfor whenwe canreplacea subcomponentof a well-typed
systemandensurethatthenew systemis still well-typed.

When�rst needto discusswhat linking meansin the context of JavaJr. Consider
two componentsC1, which containsan import packagep, andC2, which containsan
export packagep. As long asC1 andC2 arelinkable, we shouldbeableto �nd a com-
ponentC1 ! C2 whereC1's importof p is satis�edby C2's export.

Wecannow de�ne whenit is possibleto link two declarations.DeclarationsD1 and
D2 arelinkableif oneof thefollowing casesholds:

– D1 is objectt o implements̄t f F̄g andD2 is externt̄ o;
– D2 is objectt o implements̄t f F̄g andD1 is externt̄ o;
– D1 = D2 andareinterfaceor externdeclarations.

We de�ne whenit is possibleto link two packagesof thesamename.Givenpackages
P1 andP2 wesaythatthesearelinkableif oneof thefollowing casesholds:

– P1 is an export packageand P2 is an import package,and for eachv suchthat
P2:v= f packagep;D2g wehave thatP1:v= f packagep;D1g whereD1 andD2 are
linkable.

– Symmetrically, whenP1 is animportpackageandP2 is anexportpackage.
– P1 andP2 arebothimportpackages,andfor eachvsuchthatP1:v= f packagep;D1g

andP2:v = f packagep;D2g wehave thatD1 = D2.

Wede�ne whenit is possibleto link two components:C1 andC2 arelinkableif

– for any P1 2 C1 andP2 2 C2 with name(P1) = name(P2) we have that P1 andP2
arelinkable.

Theabovede�nitions outlinetheformal requirementsfor two componentsC1 andC2 to
belinkedto form thelargercomponentC1 ! C2 givenby:

C1 ! C2 = (C1:imports+C2:imports)+(C1:exports+C2:exports)

whereC:exports is thecomponentcontainingall of theexport packagesof C, andsim-
ilarly for C:imports.

Proposition2. If ` C1 : componentand` C2 : componentandC1 andC2 are linkable
then` C1 ! C2 : component.

We cannow addressour goalof providing a characterisationfor whenwe canreplace
a subcomponentC1 of a well-typedsystemC1 ! C by a replacementcomponentC2
andbe surethatC2 ! C is still well-typed.We shall call suchcomponentsC1 andC2
compatible, de�ned as:

for all C; C andC1 arelinkable
if andonly if C andC2 arelinkable
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Thisde�nition, althoughappealingfor its intuitive character, maybea little intractable
dueto theuseof thequanti�cation over all componentsC. For this reasonwe seekto
provideadirectsyntacticcharacterisationof compatibility. Two componentsC1 andC2
areinterfacecompatiblewhen:

for all t; C1:t = f packagep; interfacei extends̄t f N̄gg
if andonly if C2:t = f packagep; interfacei extends̄t f N̄gg

Two componentsC1 andC2 areexterncompatiblewhen:

for all v; C1:v = f packagep;externt̄ o;g
if andonly if C2:v = f packagep;externt̄ o;g

Two componentsC1 andC2 areobjectcompatiblewhen:

for all v andt̄ 6= e; C1:v = f packagep;objectt1 o implements̄t f F̄1gg
if andonly if C2:v = f packagep;objectt2 o implements̄t f F̄2gg

Two componentsC1 andC2 arepackage compatiblewhen:

for all p; p 2 dom(C1) andC1:p is anexportpackage
if andonly if p 2 dom(C2) andC2:p is anexportpackage

For readersfamiliar with Java's notionof binary compatibility[14, Chapter13], these
arestrongerrequirements,justi�ed by thefollowing result.

Proposition3. Components̀ C1 : componentand` C2 : componentare compatible
if andonly if they are interface, extern,objectandpackage compatible.

4 Contextual equivalence

Thequestionof whethertwo programsareequalliesattheheartof semantics.An initial
requirementfor equivalenceclearlyshouldbethattheprograms,or components,areat
leastcompatible.Furtherto this,weadoptanestablishedmeansof de�ning equivalence
by makinguseof contextual testing[15,23]; programsareconsideredequalwhenthey
passexactly thesametests.

In thecaseof JavaJr., a testis any componentwhichcanbelinkedagainstthecom-
ponentbeingtested,andthe resultingsystempassesa testby printing an appropriate
messageusingachosenmethodSystem.out.print(Object) . Theremainderof this
sectionwill now formalisethisnotionof testing.

De�ne aspecialcomponentSystemas:

{ package System;
interface Output { Object print(Object msg); }
extern System.Output out;

}

WesaythatacomponentC acceptsSystemif C andSystemarelinkableandC:System
isnotanexportpackage.Notethatif System62dom(C) thenC trivially acceptsSystem.
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For compatiblecomponents̀ C1 : component and ` C2 : component which accept
System, de�ne C1 . C2 as:

for all ` C : componentlinkablewith C1 andC! C1 ` E : Object in ¤ andfor all
C ` v : Object in ¤ wehave

(C! C1 ` E) ! ¤ (C0
1 ` E1[System:out :print (v)]) implies

(C! C2 ` E) ! ¤ (C0
2 ` E2[System:out :print (v)])

Wesaythatwell-typedC1 andC2 arecontextually equivalent,C1 ' C2 whenever both

C1 . C2 and C2 . C1:

Althoughthis de�nition is appealingin thesenseof beingextensionalandrobust, it is
ratherintractableasa meansof identifying equivalentprograms,dueto the quanti�-
cationover all well-typedcomponentsC. We will now establisha simplertrace-based
methodfor establishingcontextualequivalencefor JavaJr.

5 Tracesemantics

We will now discussthe tracesemanticsof JavaJr., which providesa descriptionof
the external behaviour of a componentas a seriesof methodcalls and returns.The
semanticsof a componentdescribesall possibleinteractionsit could engagein with
someunknown testingcomponent.Eachinteractiontakes the form of a sequenceof
basicactionsa givenby:

g::= v:m(v̄) j returnv j new(v) : g
a ::= g?j g! a ::= a j t

Eachvisibleactioniseitheramethodcall v:m(v̄) ormethodreturnv. They aredecorated
g? if themessagegoesfrom theenvironmentto theprocess,or g! if themessagecomes
from theprocessto theenvironment.Moreover, actionsmaymentionnew objectswhich
have not previously beenseen:theseareindicatedby new(v) : g. The �nal actiont is
usedto representinteractioninternalto thecomponentundertest.

We de�ne tracesassequences̄a of visible actions,consideredup to alphaequiva-
lence, viewing new(v) : ā asabinderof v in ā:

ā: new(v̄) : b̄ ´ ā: new(w̄) : b̄[w̄=v̄] whenw̄ 62̄b

We will now describetheruleswhich generatetracesfrom thecomponentsyntax.Be-
forewecando this thoughit is usefulto presentanauxiliarynotion.

Thedowncastingof importednamesC+externt v; is givenby:

C+externt v; = C (whenC ` v : t in ¤)

C+externt v; = C+ f packagep;externt̄;t o;g

(otherwise,whereC:v = f packagep;externt̄ o;g

andC:t̄:headers[ C:t:headersarecompatible)

9



Similarly, thedowncastingof exportednamesC+objectt v; is givenby:

C+objectt v; = C (whenC ` v : t in ¤)

C+objectt v; = C+ f packagep;objectu o implements̄t;t f F̄gg

(otherwise,whenC:v = f packagep;objectu o implements̄t f F̄gg

andC ` u < : t in p andt̄ 6= e)

Noticethatdowncastingwith t v hasno effect in casetheobjectreferencev is already
known to the componentat the (public) type t. Otherwise,the appropriateimport or
exportdeclarationis updated.

In orderto generatetraceswe needto describeall possibleinteractionsof compo-
nentswith anunknown testingcomponentandunknown thread.We build theseinter-
actionsup from sequencesof singlebasicactionswhich thecomponentcanengagein.
Thereareessentiallytwo modesof interactionweneedto considerhere.Oneis thesit-
uationin which theunknown testingcomponentandthreadis executingin its codeand
maycall in to amethodof thecomponentundertest.Theotheris thesituationin which
thecomponentundertesthasbeencalledandis executingsomeof its known code.We
representthesetwo scenariosusingthefollowing states:

S ::= (C ` E : t B Ē : t̄ ! ū) j (C ` blockB Ē : t̄ ! ū)

whereblock representsunknown codebeingexecutedby thetestingenvironmentandĒ
representsthecomponentC's view of theevaluationstack.In fact this stackis formed
from a sequenceof evaluationcontexts astheview of the full evaluationstackis only
partial. The typesof theseevaluationcontexts is alsorecordedandusesthe notation
E : t ! u to indicatethat theholein E is to be�lled with anexpressionof typet, and
doingsowill yield anexpressionof typeu.

We now de�ne a relationS ===
Åb

) S0 between(well-typed)stateswhich describes
thesequencesof actionsacomponentcanengagein. Thede�ning rulesfor this relation
arepresentedin Figure5. Fromherewe arenow in a positionto de�ne thesemantics
of acomponentas

Traces(C) = f ā j (C ` blockB e: e) ===
Åb
) S andā ´ b̄g

In Figure6, we show anexampleof our Observer exampleabove.We de�ne a compo-
nentTestwhichcontains(anexternaldeclarationof) anobjectwhichwill beregistered
with theobserver service:
f package observer.test;

interface Test f void run (); g
extern observer.test.Test test;

g

Note that during this examplethe type of the test objectchanges:initially it is just
observer.test.Test , but afterthe�rst actionit alsohastypeobserver.Observer .

6 Full Abstraction
Having built our tracemodelof componentswe now needto verify that thenotionof
equivalenceinducedby themodel(equalityon tracesets),doesactuallycoincidewith
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(C ` E) ! (C′ ` E′)

(C ` E : t B ÅE : Åt ! Åu)
t- (C′ ` E′ : t B ÅE : Åt ! Åu)

Silent transitions

C:v is anexport C ` v : u in ¤ sm( Ås Åx);2 C:u:headers C′ = C+ extern Ås Åv;

(C ` blockB ÅE : Åt ! Åu)
v:m( Åv)?- (C′ ` v:m( Åv) : sBÅE : Åt ! Åu)

C′ = C+ externt v;

(C ` blockB E ; ÅE : t ! u; Åt ! Åu)
return v?- (C′ ` E [v] : uB ÅE : Åt)

Input transitions

C:v is animport C ` v : u in ¤ sm( Ås Åx);2 C:u:headers C′ = C+ object Ås Åv;

(C ` E [v:m( Åv)] : t BÅE : Åt ! Åu)
v:m( Åv)!- (C′ ` blockB E ; ÅE : s ! t; Åt ! Åu)

C′ = C+ object t v;

(C ` v : t B ÅE : Åt ! Åu)
return v!- (C′ ` blockB ÅE : Åt ! Åu)

Output transitions

C:p is animportpackage p:o 62dom(C) p:o 2 fn(g?)
C′′ = C+ f packagep;externObject o;g

(C′′ ` blockB ÅE : Åt ! Åu)
g?- (C′ ` E′ : t ′ B ÅE ′ : Åt ′ ! Åu′)

(C ` blockB ÅE : Åt ! Åu)
new(p:o):g?- (C′ ` E′ : t ′ B ÅE ′ : Åt ′ ! Åu′)

C:p:o = f packagep;object u o implementsef ÅFgg p:o 2 fn(g!)
C′′ = C+ f packagep;object u o implementsObjectf ÅFgg

(C′′ ` E : t B ÅE : Åt ! Åu)
g!- (C′ ` blockB ÅE ′ : Åt ′ ! Åu′)

(C ` E : t B ÅE : Åt ! Åu)
new(p:o):g!- (C′ ` blockB ÅE ′ : Åt ′ ! Åu′)

Freshnametransitions

S ===
e

) S

S ===
Åa
) S′ ===

Åa0
) S′′

S ===
Åa Åa0

) S′′

S
t- S′

S ===
e

) S′

S
a- S′

S ===
a

) S′

Concatenatingactions

Fig.5. Generatingrulesfor labelledtransitions
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(C0`blockB e:e)

=====================
singleton :addObserver(test )?

) (C1`singleton :addObserver(test ):void B e:e)

===) (C3`unit :void B e:e)

========
return unit !

) (C3`blockB e:e)

==============
singleton :notify ()?

) (C3`singleton :notify () :void B e:e)

===) (C3`test :update () ;list test nil :tl :updateAll () :void B e:e)

=========
test :update () !

) (C3`blockB ·;list test nil :tl :updateAll () :void →void )

========
return unit ?

) (C3`unit ;list test nil :tl :updateAll () :void B e:e)

===) (C3`unit :void B e:e)

========
return unit !

) (C3`blockB e:e)

C0 = ComponentsSystem, Test andthatde®nedin Figure1.

C1 = C0 + {package observer.test; extern Test, Observer test; }

C2 = C1 + {package observer; object Cons list_test_nil { hd=test; tl=list_nil; }}

C3 = C2 + {package observer; object SubjectImpl singleton ... { contents = list_test_nil; }}

Fig.6. Exampletraceof observer

the intuitive notionof testingequivalence' de�ned earlier. This is thecontentof the
Full AbstractionTheorem.

Theorem1 (Full Abstraction). For all well-typedcomponentsC1 andC2, wehave

Traces(C1) = Traces(C2) if andonly if C1 ' C2

Theproofof thistheoremisnon-trivial andunfortunatelytoolongtopresentin full here.
It breaksin to two parts,soundnessand completeness,which togetherare suf�cient
to show full abstraction.For the remainderof this sectionwe will outline the proof
technique.

6.1 Soundnessof trace inclusion for testing

Weshow thesoundnessof ourmodelwith respectto testingequivalence,thatis,

Traces(C1) µ Traces(C2) implies C1 . C2:

To demonstratethisweobservethatthetracesarede�ned in suchawayasto guarantee
that every (internal) interactionbetweenCi anda testcomponentcanbe decomposed
in to complementarytraces(traceswhich are identicalexcept for the reversalof the
! and ? annotations)and conversely that pairs of complementarytracescan also be
(re)composedto obtainan internalreduction.This is a not a straightforward property
to expressasthe resultof an active threadin C1 andC is typically an intertwining of
codefrom eachcomponent.To describethepossiblestatesof thesystemwe overload
thenotation! to de�ne how to merge complementarystatesof the labelledtransition
system.

De�ne t̄1 ! ū1 andt̄2 ! ū2 to bemergeablefor t as:

12



– eandearemergeablefor Object.
– If t̄2 ! ū2 andt̄1 ! ū1 aremergeablefor u

thent̄1 ! ū1 andt ! u; t̄2 ! ū2 aremergeablefor t.

De�ne (C1 ` E : t B Ē1 : t̄1 ! ū1) and(C2 ` blockB Ē2 : t̄2 ! ū2) aremergeablewhen

– C1 andC2 arelinkableandt̄1 ! ū1 andt̄2 ! ū2 aremergeablefor t

Wede�ne thepartialmergeĒ1 ! Ē2 of context stacksas

e! e = ¢

Ē1 ! (E2; Ē2) = (Ē2 ! Ē1)[E2]

WhenS1 andS2 aremergeablewede�ne S1 ! S2 asthestategivenby:

(C1 ` E1 : t1 B Ē1 : t̄1 ! ū1) ! (C2 ` blockB Ē2 : t̄2 ! ū2)
= (C1 ! C2 ` (Ē1 ! Ē2)[E1])

Proposition4. If ` S1 : stateand` S2 : stateare mergeableandS1 ! S2 = (C ` E),
then` C : componentandC ` E : Object in ¤.

We write ā¡ 1 for the traceā with the input andoutputannotationsreversed.We
alsode�ne theexternalordering, C v ext C0asthepreorderoncomponentsgeneratedby
C v ext C+objectt v;. NotethatwheneverC v ext C0 thenC0differsonly in that it may
containmoreexternalinterfacetypesfor objectde�nitions.

Proposition5 (TraceComposition/Decomposition).If S1 andS2 aremergeablesuch
thatS1 ! S2 = (C ` E) then

1. If S1 ===
Åa
) S0

1 andS2 ===
Åa¡ 1

) S0
2 then(C ` E)! ¤(C0` E0) whereeither

– S0
1 andS0

2 aremergeablesuch thatS0
1 ! S0

2 = (C00̀ E0) with C0v ext C00, or
– S0

2 andS0
1 aremergeablesuch thatS0

2 ! S0
1 = (C00̀ E0) with C0v ext C00.

2. If (C ` E)! ¤(C0` E0) thenthere existsā such that S1 ===
Åa
) S0

1 andS2 ===
Åa¡ 1

) S0
2

whereeither
– S0

1 andS0
2 aremergeablesuch thatS0

1 ! S0
2 = (C00̀ E0) with C0v ext C00, or

– S0
2 andS0

1 aremergeablesuch thatS0
2 ! S0

1 = (C00̀ E0) with C0v ext C00.

Theorem2 (Soundnessof tracesfor may testing). For compatibleC1 andC2 which
acceptSystem, if Traces(C1) µ Traces(C2) thenC1 . C2.

Proof:(Sketch) Supposethat Traces(C1) µ Traces(C2) and also supposethat C is a
testing componentsuch that C ! C1 prints the message“Hello” during evaluation.
We canuseTraceDecompositionon the interactionbetweenC andC1 which caused
this string to be produced.This givesa pair of complementarytraces.Now, because
Traces(C1) µ Traces(C2) we alsoknow thatC2 mustperformthe sametracesasC1.
Therefore,whenwe link C with C2, becausethesecomponentscanrespectively per-
form the given pair of complementarytraces,thesemay be re-composedusingTrace
Compositionto giveaninternalevaluationof C! C2 whichwill alsoprint themessage
“Hello”. This canbedonefor any testingcomponentandany message.So this serves
to demonstratethatC1 . C2 ¤
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6.2 Completeness

Theconverseproperty, completeness,

C1 . C2 if andonly if Traces(C1) µ Traces(C2)

alsorelieson the TraceComposition/Decompositionproperty(Proposition5). In ad-
dition to this thoughwe alsoneedto show a de�nability resultwhich statesthat for
every (odd length) tracefrom a well-typedcomponentwe can�nd a componentand
expressionwhich will exhibit this trace,andonly this trace(up to renamingof fresh
names).

Proposition6 (De�nability). If we have` C : component and (for ā of odd length)

(C ` blockB e: e) ===
Åa
) ¢¢¢thenwecan�nd C0, E such that ` C0: component, C and

C0 are linkable, C0` E : Object in ¤ and (C0` E : ObjectB e : e) ===
Åb

) ¢¢¢(for b̄ of
oddlength)if andonly if b̄ ´· ā¡ 1.

Theorem3 (Completenessof traces for may testing). For compatibleC1 andC2, if
C1 . C2 thenTraces(C1) µ Traces(C2).

Proof:(Sketch)SupposethatC1 . C2 andalsosupposethatC1 hasa traceā. We can
suppose(wlog) that ā is even length.We must show that C2 also hasthis trace.We
do this by �rst applyingour de�nability result to the complementof ā extendedwith
a visible actionof anoutgoingcall to System.print with message,“Hello”, say. This
yieldsacomponentC def . Giventhis,weuseTraceCompositionwith ā andits comple-
mentby linking C def andC1 to yield aninternalevaluationwhichwill ultimatelyprint
“Hello”. Because,C1 . C2 andbecauseC def actsasa test,we know thatC def ! C2
mustalsoevaluateandeventuallyprint themessage“Hello”. We useTraceDecompo-
sition to split this internalevaluationinto separatetracesto seethatC2 mustperform
sometracecomplementaryto thatof C def . But, giventhatC def performstheunique
(up to ´ ) traceā¡ 1, wemusthave thatC2 hasthetraceā also. ¤

7 Conclusionsand further work
We have describeda novel coreJava-like language,JavaJr., whichallows packageand
class-basedde�nitions of objectsystems.The languageis speci�cally designedto be
semanticallycleanby usingthepackagingsystemto enforceall cross-packageinterac-
tion to be limited to methodinvocationandreturn.We provided JavaJr. with a static
typesystem,whosetypesactasinterfacesto componentsfor building largesystemsand
we presenteda simplenotionof linking for pluggingwell-typedcomponentstogether.
This notionof linking wasalsousedto give anextensionalde�nition of a component's
suitability for substitutionwith othercomponentsfrom a structural,or staticpoint of
view. We proceededto develop an extensionalde�nition of a component's suitabil-
ity for substitutionfrom a behavioural, or dynamicpoint of view, drawing on a body
of work in the literatureon processtesting[15]. Importantly, our tracesemanticsfor
JavaJr. componentsturnout to capturethenotionof behavioural testingprecisely. This
Full Abstractionpropertyis a majorresultof this work andis the�rst suchresultfor a
class-basedobjectlanguagewith packagesandsubtyping.
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Althoughthecorelanguageonly supportsa limited numberof Java features,it al-
readyhasenoughpower to encodesomeof themoresophisticatedcontrol-�ow opera-
tionsand,tosomeextent,is robustenoughtoallow theadditionof extrafeatureswithout
disruptingthehigher-level semantics,aslong asthesenew featuresdo not createnew
cross-packageinteraction.For instance,it is straightforward,but slightly cumbersome
to includeprimitive typesandconstantsin JavaJr. Thesewouldnotseriouslyaffect the
validity of the full abstractiontheorem.We alsoanticipatethat Java exceptionscould
readilybeincludedwithin our framework, althoughthis would requireexceptioninter-
facesin additionto Java'sexceptionclasses,if wewantJavaJr. exceptionsto bethrown
andcaughtacrosspackageboundaries.

Unfortunately, someof Java's featureshave signi�cant impact on our model: in
particular, explicit downwardstypecastsandconcurrency. Downwardscastsaffect our
tracesemanticsin afairly signi�cant way. At presentwemaintainstrictpublicinterfaces
to classesandonly releaseobjectsat giveninterfaces.This typesecurityis maintained
in JavaJr. asthereis no possibility for codeto usea receivedobjectat any lower type.
This is re�ected in the tracesemanticsby recordinglists of interfacetypesat which
componentandenvironmentobjectnameshavebeenleaked.Allowingdownwardscasts
wouldenablecodein agivenpackageto receiveobjectsdeclaredin adifferentpackage
anddiscover theirprivatetypes.Thisbreakstheprogrammingto aninterfacediscipline
of JavaJr.

Similarly, thetracemodelis built aroundthenotionof asinglethreadof control.The
straightforwardalternationof controlbetweencomponentandenvironmentin thetrace
semanticsis a direct consequenceof this. Fortunately, introducingnamedthreadsand
providing an interleavedtracemodelis achievable.Earlierwork of ours[17] provides
sucha modelfor a smallconcurrentobject-basedcalculus.Theextra complicationsof
classesandsubtypingpresentareunlikely to affect the integrationof the concurrent
threadmodelwithin JavaJr.
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A This appendix is only in the online version

Preliminary de�nitions and type rules

In orderto presentthesemanticsof JavaJr., weneedto makeuseof anumberof conve-
nientauxiliary(partial)functionsandrelationsde�nedontheJavaJr.syntax.Firstly, we
de�ne andequivalencerelationon programswhich identi�es thosewhich areidentical
up to reorderingof thedeclarationsandpackages:

De�ne D̄1 ´ D̄2 whenever theseareequalup to reorderingof declarations,that is,
theequivalencegeneratedby:

D̄1D̄2D̄3 ´ D̄2D̄1D̄3

De�ne P̄1 ´ P̄2 whenever theseareequalupto reorderingof packagesanddeclarations,
thatis, theequivalencegeneratedby:

P̄1P̄2P̄3 ´ P̄2P̄1P̄3

f packagep; D̄1gP̄ ´ f packagep; D̄2gP̄ if D̄1 ´ D̄2

De�ne dom(C) as:

dom(P1 : : :Pn) = dom(P1) [ ¢¢¢[ dom(Pn)

anddom(P) as:

dom(f packagep; D̄g) = f p:n j n 2 dom(D̄)g[ f pg

andname(P) as:

name(f packagep; D̄g) = p

anddom(D̄) as:

dom(D1 : : :Dn) = f name(D1); : : : ;name(Dn)g

andname(D) as:

name(classc extendss implementss̄f K ḠM̄g) = c

name(interfacei extendss̄f N̄g) = i

name(objectt o implements̄t f F̄g) = o

name(externt̄ o;) = o

(ditto for �elds andmethods).De�ne C:p as

C:p = f packagep; D̄g (whenf packagep; D̄g 2 C)

. De�ne C:p:n as:

C:p:n = f packagep;Dg (whenf packagep; D̄g 2 C, D 2 D̄ andname(D) = n)
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Wede�ne apartialfunctiononcomponentsC:t:supertypesas:

C:Object:supertypes= e

C:t:supertypes= s; s̄

(whenC:t = f packagep;classc extendss implementss̄f K ḠM̄gg )

C:t:supertypes= s̄

(whenC:t = f packagep; interfacei extendss̄f N̄gg )

WesaythatacomponentC is acyclicif C:t:supertypessatis�es

thereisnot1; : : : ; tn suchthatti+ 1 2 C:ti :supertypesfor 1· i < nandtn 2 C:t1:supertypes.

For theremainderof thepaperwewill alwaysassumethatC is acyclic.
De�ne C+C0as:

C+e = C

C+ f packagep; D̄gC0= Cf packagep; D̄g+C0 (whenp 62dom(C) )

(C1f packagep; D̄gC2)+ f packagep; D̄0gC0= (C1f packagep; D̄+ D̄0gC2)+C0

andD̄+ D̄0as:

D̄+e = D̄

D̄+(D0D̄0) = (D̄D0)+ D̄0 (whenname(D0) 62dom(D̄) )

(D̄1DD̄2)+(D0D̄0) = (D̄1D0D̄2)+ D̄0 (whenname(D) = name(D0) )

(ditto M̄ + M̄0, N̄+ N̄0, F̄ + F̄0andḠ+ Ḡ0).
De�ne C:t:methodsas:

C:Object:methods= e

C:t:methods= C:s:methods+ M̄

(whenC:t = f packagep;classc extendss implementss̄f K ḠM̄gg)

andC:t:headersas:

C:Object:headers= e

C:t:headers= C:s:headers+ M̄:headers

(whenC:t = f packagep;classc extendss implementss̄f K ḠM̄gg)

C:t:headers= C:s̄:headers+ N̄

(whenC:t = f packagep; interfacei extendss̄f N̄gg)

whereM:headersis:

(publict m(t̄ x̄) f returnE;g):headers= (t m(t̄ x̄);)

andt̄:headersis:

t1:headers+ t2:headers+¢¢¢+ tn:headers
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(similar for M̄:headers)
De�ne C:t:¯elds as:

C:Object:¯elds = e

C:t:¯elds = C:s:¯elds+ Ḡ

(whenC:t = f packagep;classc extendss implementss̄f K ḠM̄gg)

Wede�ne headers̄N arecompatibleas:

t m(t̄ x̄);2 N̄ and u m(ū ȳ);2 N̄ impliest = u and t̄ = ū

De�ne:

– C:p is anexport packageif thereis a n suchthatC:p:n = f packagep;Dg whereD
is eitheraclassor anobjectdeclaration.

– C:p is animportpackageif it is notanexportpackage.

De�ne C:exports to be thecomponentcontainingall of theexport packagesof C, and
similarly for C:imports.

Wede�ne theinternalordering, C v int C0asthepreorderoncomponentsgenerated
by C v int C+ f packagep;objectt o implements̄t f F̄ggwhereeither

– p:o 62dom(C) andt̄ = eor
– C:p:o = f packagep;objectt o implements̄t f F̄0gg.

Note that whenever C v int C0 thenC0 differs only in that it may containmoreobject
de�nitions andmayhave differentstoredvaluesfor �elds.

19



Well-typedclassC ` t : classin p:

C:t = f packagep;classc extendss implementsÅsf KÅG ÅMgg
C ` t : classin p C ` Object : classin p

Well-typedinterfaceC ` t : interfacein p:

C:t = f packageq; interfacei extendsÅsfÅNgg
C ` t : interfacein p

Well-typedtypeC ` t : type in p:

C ` t : classin p
C ` t : type in p

C ` t : interfacein p
C ` t : type in p

SubtypeC ` t < : u in p:

C ` t : type in p
C ` t < : t in p

C ` t : type in p
C ` t < : Object in p

C ` t < : u in p C ` u < : s in p
C ` t < : s in p

u 2 C:t:supertypes C ` t : type in p
C ` t < : u in p

Fig.7. Typerulesfor checkingvalid typesandsubtyping.
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Well-typedexpressionC;G` E : t in p:

C:v = f packagep;object t o implementsÅt f ÅFgg
C;G` v : t in p

C:v = f packagep;object t o implementsÅt f ÅFgg u 2 Åt
C;G` v : u in q

C:v = f packagep;externÅt o;g u 2 Åt
C;G` v : u in q

t x;2 G C ` t : type in p
C;G` x : t in p

C;G` E : u in p C;G` ÅE : Åt in p t m(Åt Åx);2 C:u:headers
C;G` E:m( ÅE) : t in p

C;G` E : u in p t f ;2 C:u:¯elds
C;G` E: f : t in p

C;G` E : u in p C;G` E′ : t in p t f ;2 C:u:¯elds
C;G` E: f = E′ : t in p

C ` p:c : classin p C;G` ÅE : Åt in p C:p:c:¯elds = Åt Åf ;
C;G` new p:c( ÅE) : p:c in p

C;G` E1 : u in p C;G` E2 : u in p C;G` ET : t in p C;G` EF : t in p
C;G` (E1 == E2 ?ET : EF ) : t in p

C;G` E : t in p C ` t < : u in p
C;G` E : u in p

Fig.8. Typerulesfor checkingvalid expressions.

Well-typedmethodC ` M : method in p:c:

C ` t : type in p C ` Åt : type in p C; Åt Åx; p:c this; ` E : t in p
C ` public t m(Åt Åx) f return E;g : method in p:c

Well-typedmethodheaderC ` N : headerin p:i:

C ` t : type in ¤ C ` Åt : type in ¤
C ` t m(Åt Åx); : headerin p:i

Fig.9. Typerulesfor checkingvalid methods.
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Well-typeddeclarationC ` D : declaration in p:

C ` s: classin p C ` Ås: interfacein p C ` Åu : type in p C `ÅM : method in p:c
C:t:headersµ C:p:c:headersfor all t 2 s; Ås C:s:¯elds =Åt Åf ;

C ` classc extendss implementsÅs
f c(Åt Åf ; Åu Åg) f super(Åf ); this: Åg = Åg;g Åu Åg;ÅMg : declaration in p

C ` Ås: interfacein p C ` ÅN : headerin p:i
C:t:headersµ C:p:i:headers for all t 2 Ås

C ` interfacei extendsÅsfÅNg : declaration in p

C ` t : classin p C ` t < : Åt in p C ` Åt : type in ¤
C:t:¯elds = ÅuÅf ; C ` Åv : Åu in p

C ` object t o implementsÅt f Åf = Åv;g : declaration in p

C ` Åt : type in ¤ C:Åt:headersarecompatible C:p is animportpackage
C ` externÅt o; : declaration in p

Well-typedpackageC ` P : package:

C ` ÅD : declaration in p
C ` f packagep; ÅDg : package

Well-typedcomponent̀ C : component:

C = ÅP C ` ÅP : package
` C : component

Fig.10.Typerulesfor checkingdeclarations,packagesandcomponents.
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