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Abstract. We introduceanexpressve yet semanticallycleancoreJava-like lan-
guageJava Jr., andprovideit with aformal operationasemanticbasedntraces
of obserableactionswhich represeninteractionacrosspackageboundariesA
detailedexamplebasedon the Obsenrer Patternis usedto demonstratéhe intu-
itive characteof thesemantianodel.We alsoshaow thatour semantidraceequiv-
alencdis fully-abstractwith respecto a naturalnotion of testingequivalencefor
objectsystemsThis is the rst suchresultfor a full class-base@®O-language
with inheritance.

1 Intr oduction

Operationakemanticasamodellingtool for programbehaiour originatedn theearly
1960sin early work of McCartty [19] and found somepopularityin modelling pro-
gramminglanguagesuchasALGOL andLISP [20,30,13] andthe lambda-calculus,
[18]. Later, this approachto modellingwas championedy Plotkin [25,26] and has
sincebeenappliedextensvely andsuccessfullyfor providing semantiadescriptionsof
simple programminganguagesndcomputationamodels[31,21,22,15,29,1,11,8].
As thesemodellingtechniquesegan to be appliedto to larger scalelanguagestheir
semantidescriptiondecamemorecompl [27,28,4,9,6,3].

Therehasbeena considerableesearcheffort towardsformalising operationabe-
haviour of JavaandJava-like languagesfor example[4, 11,16,6,9,24,3]. Indeed3] is
aspecialvolumejournaldedicatedo semantidechniquegor the Javalanguagevhich
collectstogethemuchof theinterestingwork onthistopicto date.Noneof these how-
ever, addresghe issueof programequivalenceand extensionaldescriptionsof object
behaiour. The paperscited above tendto analysesubsetof the Java languageor is-
suesrelatedto type safetyratherthanequivalence BanerjeeandNaumann5] provide
a denotationabemanticdor a subsebf Java, but do not prove a correspondenceith
anoperationamodel.With thisin mind we proposean experimentaklass-basedava-
likelanguagedesignedo have a straightforvardsemantidescriptiorof theinteractve
behaiour of its programsWe call this languagelasa Jr.

To addresghe issueof programequialencein JasaJr. we make useof Morris'
theory of testing[23], later re ned by Hennessy{15]. It is a robust theory basedon
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obsenability of basiceventsduring computationin context and hasbeenappliedto
mary languagesincluding modelsof functional programmingsuchasthel -calculus
[2] andPCF[25], concurrentanguagesuchasthep-calculug[10], andobject-oriented
languagesuchasthes-calculug[17].

Thede nition of testingequivalencenvolvesauniversalquanti cationoverall pos-
sibletestharnessefor programswhich oftenmalkesestablishingequivalencedlif cult.
Forthisreasorit is commonplaceo investigatealternatve characterisationsf semantic
equialencewhich offer simplerprooftechniquesWe provide analternatve character
isationof testingequivalencein Java Jr. by describingsequencesf interactionswhich
programsmay engagein with arbitrarytestharnesseslhesearede ned astracesde-
rived from a labelledtransitionsystem[7]. The key resultwe prove is that programs
which exhibit the samesetof tracesareexactly thosewhich aretestingequivalent. This
propertyof ourtracemodelis known asfull abstraction.

For the remainderof the paper we will presentan overview of the JavaJr. lan-
guagefollowedby its formal syntaxandoperationamodel. We will thendiscusdssues
of typeability and how well-typed object componentsan groupedtogetherto form
larger, well-typed systemslin Section4, we de ne our notion of testingequivalence
for Java Jr. andin thefollowing sectionintroducethe tracemodel. The full abstraction
resultis outlinedin Section6 andwe thenclosewith remarksaboutfuture work.

2 The JavaJr. language

JavaJr. is a small, single threaded subsetof the Java languagewhich allows for the
declarationof classesandinterfacesin packageslt includestwo extensionsof Java:
it allows for packagego containobjectdeclarationgratherthanrequiringthemto be
static elds insideclasses)andit allows for explicit speci cationof the signatureof a
packageWe shalldiscusshesein moredetailbelow.

An exampleJava Jr. programis givenin Figurel: it providesa simpleimplementa-
tion of the Observempatternfrom [12]. Obsener objectscanregisterthemseleswith a
Subject(in this casewe just provide a singletonSubject),andary callsto notify on
the Subjectresultin update callsonall theregisteredObserers.

We will usethefollowing terminologythroughouthis paper:a padkage consistsof
a sequencef declamtionsanda componentonsistsof a sequencef packagesWe
usethe metavariablesC; P and D to representomponentspackagesinddeclarations
respectrely. We will alsousethe overbarnotationto denotesequencedpr exampleP
refersto a sequencef packagesThe metavariablev is usedthroughoutthe paperto
referto afully speci ed objectreferencencludingthe packagenameandobjectiden-
tity, usingthe usualJava p:o syntax.We alsousethe metavariablet to referto typesof
thelanguagethatis, fully speci ed classor interfacenamesFor example,in Figurel,
observer.singleton is afully speci ed objectreferenceandobserver.Subject
is afully speci edinterfacename.

Thenotionof packagesrecentralto Java Jr. They delimit our semanticlescriptions
by identifying the boundarie®f obsenableinteractions Statically only interfacesand
publicobjects(andnotclasse®r privateobjects)arevisible acrospackagdoundaries;
dynamically only publicly visible methodcalls (andnot elds, constructorsor private
methodshrevisible acrospackageéoundariesln particular codeplacedin apackage



f package observer;
interface  Subject extends e f
System.void addObserver (observer.Observer 0);
System.void notify  ();

9
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);
9
public System.void notify () f return this.contents.updateAll 0; 9

g
class List extends Object implements e f
observer.List () f super (); g
public System.void updateAll () f return System.unit; g

9
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 =t g
public System.void updateAll () f return (this.hd.update(), this.tl.updateAll 0, g

g
object observer.Subjectimpl  singleton implements observer.Subject f
contents = observer.list_nil;

g
object observer.List list_nil implements e f g

Fig. 1. De nition of theobserver packagen JavaJr.

p, cannotcreateinstance®f objectsusingclassesn adifferentpackagey. Nor canthis
codeaccesselds of objectscreatedn qdirectly. In line with softwareengineeringyood
practice,eachof theseoperationamustbe provided by factory accessoand mutator
methodsMoreover, all packagesn Java Jr. aresealed thatis new classespbjectsand
interfacesmaynotbe addedo existing packages.

WhereJava Jr. differssigni cantly from Javais in the provision for staticallyavail-
able methodsand members Ratherthan modelling the intricaciesof Java's static
modi er, we allow packageso containexplicit objectdeclaration®f theform:

Sucha declarationndicatesthatan objectwith identity o is aninstanceof classt with
initial eld assignmentd; = v;; which may changeduring programexecution.Object
declarationslsocontainalist of interfacetypest whichtheobjectis saidto implement
Theseare the externally visible typesfor the object,asopposedo the classnamet,
whichis only internallyvisible within the packagelf thelist of interfacetypesis empty
thentheobjectis consideregrivateto the packageFor example,in Figurel we have:

— Objectsingleton is declaredas having classSubjectimpl , andimplementing
Subject , so within the observer packagewe have singleton:Subjectimpl
but externallywe only have singleton:Subject

— Objectlist_nil implementsno interfaces,so within the observer packagewe
have list_nil:List but externallyit is inaccessible.



f package observer;
interface  Subject extends e f
System.void addObserver (observer.Observer 0);
System.void notify  ();

9
interface  Observer f
System.void update ();

g
extern observer.Subject  singleton;

Fig. 2. Externalview of of theobserver package

In Java, all packagesreexport packagesthatis they containboththe signatureof the
packageandits implementationin contrastlanguagesik e C allow for importationof
externally de ned entities,andfor the importerto give the signatureof the imported
entity. In de ning a notion of equivalencefor Jasa programswe found it necessary
to be formal aboutthe notion of packagenterface,sincethe external behaiour of a
packagecrucially depend®n thetypesof externalentities.

Forthisreasonpurotherextensionof Javais to allow for import packagesyhichdo
not containclassor objectdeclarationsandinsteadonly containinterfacedeclarations
andexterndeclarationsof theform:

externt o;

Suchandeclaratiorwithin animport packagep declareshatary exportpackagevhich
implementsp mustprovide an objectnamedo with public typest. For example,in
Figure2 we give theexternalview of the observer package.

2.1 Formal syntaxand semanticsof JavaJr.

We presenta formal grammarfor the Java Jr. languagen Figure 3. For the mostpart
this syntaxis importeddirectly from Java.

The only novel Java Jr. expressionis of the form E in p which hasno effect upon
runtimebehaiour but is usedsimply asanannotatiorto assistypecheckingThis op-
eratoris effectively atype coercionof thefollowing form:

If the expressiorE is well-typedto run in packagep with returntypet, then
the expressiorE in p is well-typedto runin ary packageg with returntypet,
aslongast is avisibletypein g.

In orderto presenthe dynamicandstaticsemantic®f our languageve foundit 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
mostimportantof theseis the updatingfunction C + C° which is an asymmetricop-
eratorin which eachdeclarationf package p; Dg within C° overridesary declaration
with the samefull namepresentn C, is includedin packagep of C if C containsthis
packageandis simply appendedo C otherwise.We write C:p:n for the declaration
f paclkagep; Dg wherepackagep in C declaredD with namen. Anothercrucialde ni-
tionis



Components: ci=R
Packages: P ::= f packagep; Iﬁg
Declarations: D ::= classc extendst implementst&i K (ﬁl\ﬁg
j interfacei extendséf
j objectt oimplementst%
j externfo;, (%6 e
Constructors: K = c(AA A &) fsuped;this: A= A;g
Fields: F:i=f=v
Fieldtypes: G:=tf;
Methods: M ::= publict m(M)freturn E;g
Methodtypes: N = t m(BA);
Expressions: E: = vjXxj E:m(F_E)j EfjE:f=E
i newt(#)j(E== E?E:E)jE;EjEinp
Compounchames: p;iiwi= A

assumehat sequencesf eld identi ers andvariables,f&and A, and namesinlﬂ,\lﬁs F&é v
arealwayspairwisedistinct.

Fig. 3. Syntaxof the Java Jr. language.

— C:pis anexportpadkage if thereis an suchthatC:p:n = f packagep; Dg whereD
is eithera classor anobjectdeclaration.
— C:pisanimportpadkage if it is notanexportpackage.

2.2 Dynamic semantics

A JavaJr. component, will exhibit no dynamicbehaiour until athreadof execution
is provided. As Java Jr. is a single threadedanguagewe neednot concernoursehes
with threadidentitiesand synchronisatiorand we may modelthe singleactive thread
simply by a Java Jr. expressiorE. Giventhis, it is notdif cult to de ne arelation! of
theform

(C* E)! (Cc* EY

to modelthe evaluationof the threadE with respecto the componentC. In orderto
de ne thereductionrelationit is usefulto identify whatis typically referredto aseval-
uation contets[32]. The grammarof all possibleevaluationcontets of the language
is givenby

E:=¢EmE)jvum(V;E;E)jE:fjE:f=Ejvf=E jnewt(v,E;E)
j(E==E?Er:Ef)j(Vv==E?Er:Ef)jE;EjEinp

We alsolist, in Figure4, the proof ruleswhich de ne thereductionrelationitself. For
themostpart, theserulesarereasonablytraightforvard. Two pointsof interestare:

— In therule for generatinghew objects,the new objectis alwaysstoredwithin the
samepackagestheclassit is instantiating.

— Theresultof a methodcall is to inline the methodbody E, say within the current
evaluationcontext. Note that before doing this E is wrappedwith the coercion
E in p wherep is the packageof therecever. This facilitatestype-safeembedding
of externalcodewithin a packageatruntime.



C.v= fpackagep;objectt o implementstaf ngg
publicum( A A)freturn E;g2 C:t:methods
(C* Elvm(A)]) ! (C" E[E[v=this; A=A]in p])

C:v= f packagep; objectt oimplementstéf Ilagg f=w2 A
(C" E[vf)! (C" EW])

C.v= fpackagep;objectt mmplementsﬁ Fégg p&f =u)2
C’' = C+ f packagep;objectt mmplementsﬁf ag (f = w)
(CT Enf=w])! (C'" EW])

C:pcelds= &2  p:o2dom(C)
C’' = C+ f packagep; object p:c o implementsef s A;gg
(C E[newpc(A)]! (¢ E[p:0]) (C* E[vinp])! (C* E[V)

vé w
(C* E[(v== v?E:E)]! (C  EI[E]) (C  E[(v== w?E:E)])! (C" E[E])

Fig. 4. Rulesfor reductionC" E)! (C'" E)

Note that the statically de ned componenC is modi ed during reductionasit also
modelstheruntimeheapaswell asthe programclasstable.

2.3 Static semantics

Aswith Javaitself, Java Jr. is a staticallytypedclass-basel&nguagelt useshepackage
mechanismo enforcevisibility: in Java Jr., classesarealwayspackageprotectedand
interfacesare always public, conformingto the commondiscipline of programming
to an interface In orderto checkthat a JavaJr. programrespectgackagevisibility,
the type systemtracksthe currentpackageof eachclass,methodand expression for
examplethetypejudgemenfor anexpressions:

C  E:tinp

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

We closethis sectionby con rming thatJava Jr. satis esSubjectReductionfor the
runtimetype system.

Proposition1 (Subject Reduction). For anywell-typedcomponent C: component
suhthatC® E:tinpand(C" E)! %(C% E® wehavethat™ C°: componentand
c% ECtinp.

3 Linking and Compatibility

A fundamentapropertyof component®ughtto bethatthey shouldbe compositional:
it shouldbe possibleto replacea subcomponentvith anan equivalentsubcomponent



withoutaffectingthewholesystemIn Sectiord we will discusghedynamicproperties
of equivalence andin this sectionwe will discussthe staticpropertiesOur goal is to

provide a characterisatiofior whenwe canreplacea subcomponendf a well-typed
systemandensurghatthe nen systemis still well-typed.

When rst needto discusswhatlinking meansin the contet of Java Jr. Consider
two component€;, which containsanimport packagep, andCy, which containsan
export packagep. As long asC; andC, arelinkable we shouldbe ableto nd acom-
ponentC;! C, whereC;'simportof pis satis ed by Cy's export.

We cannow de ne whenit is possibleto link two declarationsDeclarationd1 and
D, arelinkableif oneof thefollowing casesolds:

— D; is objectt oimplements f Fg andDy is externt o;
— Dy is objectt oimplements f Fg andD; is externt o;
— D; = D, andareinterfaceor externdeclarations.

We de ne whenit is possibleto link two package®f the samename.Given packages
P, andP, we saythatthesearelinkableif oneof thefollowing casesolds:

— Py is an export packageand P, is an import packageandfor eachv suchthat
P,:v = f paclkagep; D».g we have thatP;:v = f packagep; D1g whereD; andD, are
linkable.

— SymmetricallywhenP; is animport packageandP; is anexport package.

— Py andP; arebothimportpackagesandfor eachv suchthatP;:v = f packagep; D19
andP,:v = f packagep; D>g we have thatD; = D».

We de ne whenit is possibleto link two componentsC; andC; arelinkableif

— for ary P, 2 C; andP, 2 C, with name(P;) = name(P,) we have that P, and P,
arelinkable.

Theabove de nitions outlinetheformal requirement$or two component€; andC, to
belinkedto form thelargercomponen€C; ! C; givenby:

Cy! Cy = (Cyiimports + Cyiimports) + (Cq:exports + Cp:exports)

whereC:exports is thecomponentontainingall of the export package®f C, andsim-
ilarly for C:imports.

Proposition2. If © C; : componentand™ C;: componentandC; andC; are linkable
then® Cy! Cp:component

We cannow addressour goal of providing a characterisatiofior whenwe canreplace
a subcomponen€; of a well-typedsystemC;! C by a replacementomponentC,
andbe surethatC,! C is still well-typed.We shall call suchcomponent€; andC,
compatiblede ned as:

for all C; C andC; arelinkable
if andonly if C andC; arelinkable



This de nition, althoughappealingor its intuitive charactermaybealittle intractable
dueto the useof the quanti cation over all component€. For this reasonwe seekto
provide adirectsyntacticcharacterisatioof compatibility Two component€; andC,
areinterfacecompatiblewhen:

for all t; Cy:t = f paclkagep;interfacei extendstj‘ Iigg
if andonly if Cy:t = f paclkagep;interfacei extends f Ngg

Two component€; andC, areexterncompatiblewhen:

for all v; C;:v = f packagep; externt:o; g
if andonly if C,:v = f paclkagep; externt o;g

Two component€; andC, areobjectcompatiblewhen:

for all vandt & e; Cy:v = f packagep; objectt; oimplementst f F199
if andonly if C,:v = f paclkagep; objectt, oimplementg f F,gg

Two component€; andC, arepadkage compatiblewhen:

for all p; p2 dom(C;) andC;:p is anexport package
if andonly if p2 dom(C;) andCy: p is anexport package

For readerdamiliar with Java's notion of binary compatibility[14, Chapterl3], these
arestrongerequirementsjusti ed by thefollowing result.

Proposition 3. Components C; : componentand™ C, : componentare compatible
if andonlyif they are interface extern,objectand padkage compatible

4 Contextual equivalence

Thequestiorof whethertwo programsareequallies atthe heartof semanticsAn initial
requiremenfor equivalenceclearly shouldbethatthe programspr componentsareat
leastcompatible Furtherto this,we adoptanestablisheeneanf de ning equivalence
by makinguseof contextual testing[15, 23]; programsareconsiderecgqualwhenthey
passexactly the sametests.

In the caseof Java Jr, atestis any componentvhich canbelinkedagainstthecom-
ponentbeingtested,andthe resultingsystempasses testby printing an appropriate
messageisinga chosemmethodSystem.out.print(Object) . Theremaindeiof this

sectionwill now formalisethis notionof testing.
De ne aspecialcomponentSystemas:

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

}

We saythatacomponen€ acceptsSystemif C andSystemarelinkableandC:System
is notanexportpackageNotethatif System62lom(C) thenC trivially acceptsSystem



For compatiblecomponents C; : componentand™ C, : component which accept
Systemde neC;. Cpas:

forall © C:componentlinkablewith C; andC! C; "~ E: Objectin & andfor all
C" v:Objectin awe have

(C! C1" E)! =(C?" Eq[Systemout:print (v)]) implies
(C! C° E)! °(CY" Ez[Systemout :print (v)])

We saythatwell-typedC; andC, arecontetually equivalent,C; ' C, whenerer both
C. G and C. Ci:

Althoughthis de nition is appealingn the senseof beingextensionalandrobust, it is
ratherintractableas a meansof identifying equivalentprograms,dueto the quanti -
cationover all well-typedcomponent£. We will now establisha simplertrace-based
methodfor establishingontextual equivalencefor Java Jr.

5 Tracesemantics

We will now discussthe tracesemanticof Java Jr., which provides a descriptionof
the external behaiour of a componentas a seriesof methodcalls and returns.The
semanticof a componentescribesll possibleinteractionsit could engagein with
someunknavn testingcomponentEachinteractiontakes the form of a sequencef
basicactionsa givenby:

g:=v.m(Vv)jreturnvjnewVv):g
a:i=ag?jd an=ajt

Eachvisibleactionis eitheramethodcall vm(v) or methodreturnv. They aredecorated
g?if themessaggoesfrom theervironmentto the processor ¢ if themessageomes
fromtheprocesdo theervironment.Moreover, actionsmaymentionnew objectswhich
have not previously beenseen:theseareindicatedby new(v) : g The nal actiont is
usedto represeninteractioninternalto the componentindertest.

We de ne tracesassequences of visible actions,consideredip to alphaequiva-
lence viewing new(v) : a asabinderof vin a:

a:newV):b~ a:neww):bw=y] whenw6xb

We will now describethe ruleswhich generatdracesfrom the componensyntax.Be-
fore we cando this thoughit is usefulto presenanauxiliary notion.
Thedowncastingof importednamesC + externt v; is givenby:

C+externtv; =C (whenC™ v:ting)

C + externt v; = C 4 f packagep; externt;t 0;g
(otherwisewhereC:v = f packagep; externt 0;g
andC:t:header§ C:t:headersarecompatible)



Similarly, the downcastingof exportednamesC + objectt v; is givenby:

C+objecttv; =C (whenC™ v:tinn)
C + objectt v; = C+f packagep; objectu o implementst;tf Fgg
(otherwisewhenC:v = f packagep; objectu o implements f Fgg
andC’ u<:tinpandt&e)

Notice thatdowncastingwith t v hasno effectin casethe objectreferencey is already
known to the componeniat the (public) type t. Otherwise the appropriatemport or
exportdeclarationis updated.

In orderto generatdraceswe needto describeall possibleinteractionsof compo-
nentswith an unknowvn testingcomponentandunknavn thread.We build theseinter-
actionsup from sequencesf singlebasicactionswhich the componentanenggein.
Thereareessentialljtwo modesof interactionwe needto considethere.Oneis the sit-
uationin which the unknavn testingcomponentindthreadis executingin its codeand
may call in to amethodof thecomponentindertest. Theotheris the situationin which
thecomponentundertesthasbeencalledandis executingsomeof its known code.We
representhesetwo scenariosisingthefollowing states

Su=(C  E:tBE:t! U)j(C" blockBE :t! 0)

whereblock representsinknovn codebeingexecutedoy thetestingernvironmentandg

representshe componentC's view of the evaluationstack.In factthis stackis formed
from a sequenc®f evaluationcontets asthe view of the full evaluationstackis only
partial. The typesof theseevaluationcontexts is alsorecordedand usesthe notation
E :t! utoindicatethattheholein E isto be lled with anexpressiorof typet, and
doingsowill yield anexpressiorof typeu.

We now de ne arelationS =) SPbetween(well-typed)stateswhich describes
thesequencesf actionsacomponentanengagein. Thede ning rulesfor thisrelation
arepresentedn Figure5. From herewe arenow in a positionto de ne the semantics
of acomponents

_ ) — =
Trace§C)=faj (C" blockBe:e) =) Sanda” bg

In Figure6, we shav anexampleof our Obserer exampleabore. We de ne acompo-
nentTestwhich containganexternaldeclaratiorof) anobjectwhichwill beregistered
with theobsener service:
f package observer.test;

interface  Test f void run (); ¢

extern observer.test.Test test;
g

Note that during this examplethe type of thetest objectchangesinitially it is just
observer.test.Test , butafterthe rst actionit alsohastypeobserver.Observer .

6 Full Abstraction

Having built our tracemodelof componentsve now needto verify thatthe notion of
equialenceinducedby the model(equalityon tracesets),doesactuallycoincidewith

10



(C'E)! (C"E)
€ E:tBA:& Al)—t' € E:tBRA:A A
Silent transitions
Cwisanexport C* v:uing sm(A A);2 C:u:headers ‘G- C+ extern A A
" blockB A& A7 ym(A) :sBA A A)

C'= C+ externt v;

(C° blockBE::t1 ull &)U

Input transitions

Cwvisanimport C* v:uina sm(A& A);2 C:u:headers G- C+ object & A;
€ Evm(A)] B & &)Y (o plockBEA:s! bR A)

" EM:uBBA:d

C' = C+ objectt v;
€ v:tBAA &Y™ (¢ plockB A A A)

Output transitions

C:pisanimportpackage p:06dom(C) p:o2 fn(g?)
C" = C+ fpackagep; externObject 0;g

" blockBRA: & A)-L " EBE:A A
(C blockB B : 1 A)"MPOLE (o pr g ALy

C:p:o= f packagep;objectu o implementsef Ilggg p:o2 fn(g)
C" = C+ f package p; object u o implementsObjectf Ilggg

€ EtBAA A)-L (C blockBE Al A&
C E:tBA A AU o pockB VAL A

Freshnametransitions

a

A A
s=) §=) ¢ s-L g st g
e A% e a
S:) S S:) g S:) g S:) g

Concatenatingactions

Fig. 5. Generatingulesfor labelledtransitions
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(Cot-blockB ee)

singleton :addObserver(test )?
(CyF-singleton :addObserver(test ):void B e:e)

=) (Cstunit :void B ee)
return unit !
=== (CstblockB e€)
singleton :notify ()?
_— (Cstsingleton :notify ():void B e€)
=) (Csi-test :update ();list _test _nil :tl :updateAll ():void B e:€)
test :updateS)!

return unit ?

(Csk-blockB -;list _test _nil :tl :updateAll ():void —void)

(Cslunit ;list _test _nil :tl :updateAll ():void B ee)

=) (Cstunit :void B e:¢)
return unit !
_— (Cst-blockB e€)

Cy = ComponentSystem, Testandthatde®nedin Figurel.

C; = Cp+ {package observer.test; extern Test, Observer test; }
C, = Cy + {package observer; object Cons list_test_nil { hd=test; tl=list_nil; B
C3; = C,+ {package observer; object Subjectimpl singleton ... { contents = list_test_nil; B

Fig. 6. Exampletraceof observer

the intuitive notion of testingequivalence’ de ned earlier This is the contentof the
Full AbstractionTheorem.

Theorem1 (Full Abstraction). For all well-typedcomponent€; andC,, we have
TraceqC;) = TracegCy) if andonlyif Ci' C

Theproofof thistheorermis non-trivial andunfortunatelytoolongto presentn full here.
It breaksin to two parts,soundnessnd completenessyhich togetherare sufcient
to shaw full abstractionFor the remainderof this sectionwe will outline the proof
technique.

6.1 Soundnesf trace inclusion for testing
We shav thesoundnessf our modelwith respecto testingequivalencethatis,

TraceqCi) p TraceqCy) implies C;. Cy:

To demonstrat¢his we obsene thatthetracesarede nedin suchaway asto guarantee
that every (internal) interactionbetweenC; anda testcomponentanbe decomposed
in to complementarytraces(traceswhich areidentical exceptfor the reversalof the

I and ? annotations)and cornverselythat pairs of complementarytracescan also be
(re)composedo obtainaninternalreduction.This is a not a straightforvard property
to expressasthe resultof an active threadin C; andC is typically anintertwining of
codefrom eachcomponentTo describethe possiblestatesof the systenwe overload
thenotation! to de ne how to meige complementargtatesof the labelledtransition
system.

Denet;! Uiandty! U,tobemergeablefort as:

12



— eandearemeigeablefor Object
- Ifp! U andt; ! g aremeigeablefor u
thenty! upandt! ujtp! U arememgeablefort.

Dene (C;" E:tB Eqi:fy! u1) and(Cz " blockB Ep:ify! Uz) aremeigeablewhen
— C; andC; arelinkableandt; ! 0p andty! U, aremeigeablefor t

Wede ne thepartialmemge E1! Ejof contet stacksas
el e=¢
Ei! (EzEj) = (E2! E1)[E2]
WhenS; andS; arememgeablewede ne S;! S, asthestategivenby:

(Cj_\ E,: 1B E_l_ﬂ' _U_l)! (Cy- b|OCkBE_2:E! U_2)
=(C! C° (Eq! Ez)[El])

Proposition4. If ° S; : stateand™ S, : stateare megeableandS;! S, = (C" E),
then” C:componentandC " E : Objectin @,

We write a  for the tracea with the input and outputannotationgeversed.We
alsode ne theexternalordering C v ® Clasthepreorderon componentgeneratedby
Cv ® C+ objectt v;. Notethatwheneer C v ® COthenCldiffersonly in thatit may
containmoreexternalinterfacetypesfor objectde nitions.

Proposition5 (Trace Composition/Decomposition)If S; andS; are meigeablesut
thatS;! Sp;=(C" E) then

1. 1fS; ﬁ O andS, _) S9 then(C E)! %(C% EO wheeeither
s? and 501 are megeablesud that S8| S% (C9% EOY) with COv & C%Por
SEj andS; are megeablesud that S ! (coe EO) with COv & C00

2.1f (C* E)! *(C® EY thenther existsa suc that S; —) S andS; —) 9
wheee either
— S? and S are megeablesud that S9! SB (C9% EOY with COv & C%or
ng andS8 are megeablesud that ng' S; = (C% EY with COv & C%

Theorem 2 (Soundnessf tracesfor may testing). For compatibleC; andC, which
acceptSystem if TraceqCy) p TracegCy) thenCy . Co.

Proof:(Sketch) Supposethat TracegC;) p TracegC,) andalso supposehatC is a
testing componentsuchthat C! C; prints the messagéHello” during evaluation.
We canuseTraceDecompositioron the interactionbetweenC andC; which caused
this string to be produced.This givesa pair of complementaryraces.Now, because
TraceqgC;) p TraceqCy) we alsoknow thatC, mustperformthe sametracesasC;.
Therefore whenwe link C with C,, becausdhesecomponentsanrespectiely per
form the given pair of complementaryracesthesemay be re-composedising Trace
Compositionto give aninternalevaluationof C! C, whichwill alsoprint themessage
“Hello”. This canbe donefor ary testingcomponentindary messageSo this senes
to demonstrat¢hatC; . Cp o

13



6.2 Completeness
Thecorverseproperty completeness,

Ci. C; ifandonlyif TraceqCi)p TraceqCy)

alsorelieson the Trace Composition/Decompositioproperty (Proposition5). In ad-
dition to this thoughwe also needto shav a de nability resultwhich statesthat for
every (odd length) tracefrom a well-typed componentwve can nd a componentand
expressionwhich will exhibit this trace,and only this trace (up to renamingof fresh
names).

Proposition6 (De nability). If we have™ C:componentand (for a of odd length)
(C" blockBe:e) =) ditthenwecan nd C° E sudithat™ C°: component, C and

Clarelinkable C** E : Objectin @ and (C°* E : ObjectB e: e) =) ¢t¢(for b of
oddlength)if andonlyifb”- a 1.

Theorem3 (Completenesf tracesfor may testing). For compatibleC; andCy, if
C1. CythenTraceqC) p TraceqCy).

Proof:(Sketch) SupposéhatC; . C, andalsosupposehatC; hasa tracea. We can
supposgwlog) thata is even length. We mustshav that C, also hasthis trace.We
do this by rst applyingour de nability resultto the complemenbf a extendedwith

avisible actionof anoutgoingcall to Systemprint with messageiHello”, say This
yieldsacomponen€.def . Giventhis,we useTraceCompositiorwith aandits comple-
mentby linking C_def andC; to yield aninternalevaluationwhichwill ultimatelyprint
“Hello”. BecauseC; . C, andbecause& def actsasatest,we know thatCdef! C,

mustalsoevaluateandeventuallyprint the messagéHello”. We useTraceDecompo-
sition to split this internal evaluationinto separatdracesto seethatC, mustperform
sometracecomplementaryo thatof C_def. But, giventhatC def performstheunique
(upto” ) tracea’ !, we musthave thatC, hasthetracea also. o

7 Conclusionsand further work

We have describeda novel coreJava-like language,Java Jr., which allows packageand
class-basede nitions of objectsystemsThe languages speci cally designedo be
semanticallycleanby usingthe packagingsystento enforceall cross-packagmterac-
tion to be limited to methodinvocationandreturn.We provided Java Jr. with a static
typesystemwhosetypesactasinterfaceso componentsor building largesystemsand
we presentedh simplenotion of linking for pluggingwell-typedcomponentsogether
This notionof linking wasalsousedto give anextensionalde nition of acomponeng
suitability for substitutionwith othercomponentdrom a structural,or static point of
view. We proceededo develop an extensionalde nition of a componens suitabil-
ity for substitutionfrom a behaioural, or dynamicpoint of view, drawving on a body
of work in the literatureon procesgesting[15]. Importantly our tracesemanticgor
Java Jr. componentsurn outto capturethe notionof behaiouraltestingprecisely This
Full Abstractionpropertyis a majorresultof this work andis the rst suchresultfor a
class-basedbjectlanguagewith packagesndsubtyping.

14



Althoughthe corelanguageonly supportsa limited numberof Java featuresijt al-
readyhasenoughpower to encodesomeof the moresophisticatedontrol- ow opera-
tionsand,to someextent,is robustenougtto allow theadditionof extrafeaturesvithout
disruptingthe higherlevel semanticsaslong asthesenew featuresdo not createnew
cross-packagmmteraction.For instancejt is straightforvard, but slightly cumbersome
to includeprimitive typesandconstants$n Java Jr. Thesewould not seriouslyaffectthe
validity of the full abstractiortheorem.We alsoanticipatethat Jasa exceptionscould
readilybeincludedwithin our framework, althoughthis would requireexceptioninter-
facedn additionto Java's exceptionclassesif wewantJava Jr. exceptiongo bethrown
andcaughtacrosgpackageboundaries.

Unfortunately someof Java's featureshave signi cant impacton our model: in
particular explicit dowvnwardstypecastandconcurreng. Downwardscastsaffect our
tracesemanticén afairly signi cant way. At presentve maintainstrictpublicinterfaces
to classesindonly releaseobjectsat giveninterfaces This type securityis maintained
in Java Jr. asthereis no possibility for codeto useareceved objectat ary lower type.
This is re ected in the tracesemanticdy recordinglists of interfacetypesat which
componenandenvironmentobjectnamesave beeneaked.Allowing dovnwardscasts
would enablecodein agivenpackageo receve objectsdeclaredn adifferentpackage
anddiscovertheir privatetypes.This breakghe programmingto aninterfacediscipline
of Java Jr.

Similarly, thetracemodelis built aroundthenotionof asinglethreadof control. The
straightforvardalternationof controlbetweercomponentindervironmentin thetrace
semanticss a directconsequencef this. Fortunately introducingnamedthreadsand
providing aninterleavedtracemodelis achievable.Earlierwork of ours[17] provides
sucha modelfor a smallconcurrenbbject-basedalculus.The extra complicationsof
classesand subtypingpresentare unlikely to affect the integration of the concurrent
threadmodelwithin Java Jr.
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A This appendixis only in the online version
Preliminary de nitions and type rules

In orderto presenthesemantic®f Java Jr., we needto make useof anumberof corve-
nientauxiliary (partial)functionsandrelationsde ned onthe Java Jr.syntax.Firstly, we
de ne andequialencerelationon programswhich identi es thosewhich areidentical
upto reorderingof thedeclarationgndpackages:

De ne D1~ D, whene&ertheseareequalup to reorderingof declarationsthatis,
theequialencegeneratedby:

D;D;D3° DyD;1D3

Dene P,” P, wheneertheseareequalupto reorderingof packagesnddeclarations,
thatis, theequivalencegeneratedby:

PiPPs " PPIPs -
f paclagep;D1gP = fpackagep; DogP if D1° D3
De ne dom(C) as:
dom(Py:::P,) = dom(Py)[ ¢ dom(P,)
anddom(P) as:
dom(f packagep; Dg) = f p:nj n2 dom(D)g[ f pg
andname(P) as:
name(f paclkagep; Dg) = p

anddom(D) as:

andname(D) as:

name(classc extendssimplementssf K GMg) = ¢
name(interfacei extendsst Ng) = i
name(objectt oimplements f F_g) =0
name(externt 0;) = o

(ditto for elds andmethods)De ne C:p as
C:p = fpackagep;Dg (whenf packagep; Dg 2 C)
.De neC:p:nas:

C:p:n = f paclkagep;Dg  (whenf packagep;Dg2 C, D 2 D andname(D) = n)
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We de ne apartialfunctionon component€:t:supertypesas:

C:Objectsupertypes= e
Cit:supertypes=s;s
(whenC:t = f packagep; classc extendss implementsst K él\ﬁgg )
C:t:supertypes=§
(whenC:t = f packagep;interfacei extendsst N_gg)

We saythata componencC is acyclicif C:t:supertypessatis es
thereisnoty;:::;t, suchthatt;, ; 2 C:tj:supertypesfor 1- i< nandt, 2 C:t1:supertypes

For theremaindelof the paperwe will alwaysassumehatC is agyclic.
De ne C+Clas:

C+e=C
C+f packagep; DgC’ = Cf packagep; Dg+C°® (whenp62iom(C))
(C1f packagep; DgC,) + f packagep; DYC® = (Cif packagep; D+ D%Cy) +C°

andD + DOas:

D+e=D
D+ (DDY = (DDY +D° (whenname(D?) 62om(D) )
(D1DD3) + (DDY = (D;0D,) +D° (whenname(D) = name(DY) )

(ditto M +M° N+ N F + FPandG + GY.
De ne C:t:methodsas:

C:Objectmethods = e
C:t:methads = C:smethods+ M
(whenC:t = f packagep; classc extendss implementsst K Cgl\ﬁgg)

andC:t:headersas:

C:Objectheaders= e
C:t:headers= C:sheaders- M:headers
(whenC:t = f packagep; classc extendssimplementssf K G_Mgg)
C:t:headers= C:Sheaders- N
(whenC:t = f packagep;interfacei extendsst l\_lgg)

whereM:headerss:
(publict m(t X) f return E; g):headers= (t m(t x);)
andt:headerss:

ti:headerstt,:headerst ¢i¢+ t,:headers
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(similar for M:headery
De ne C:t:" elds as:
C:Object’elds =e
Ct:elds = C:selds+G
(whenC:t = f packagep; classc extendss implementsst K G_Mgg)

We de ne headers\ arecompatibleas:
tm(tx);2N and um(ay);2 Nimpliest=u and t=0

De ne:

— C:pis anexportpackagef thereis an suchthatC:p:n = f package p; Dg whereD
is eithera classor anobjectdeclaration.
— C:pisanimportpackagsf it is notanexportpackage.

De ne C:exports to be the componentontainingall of the export package®f C, and

similarly for C:imports. .
We de ne theinternal ordering Cv int 0 asthepreorderon componentgenerated
by Cv '™ C +f packagep; objectt o implements f Fgg whereeither

— p:0o624om(C) andt = eor o
— C:p:0 = f packagep; objectt o implements f F&4g.

Note that whenever C v "t COthenCP differs only in thatit may containmore object
de nitions andmay have differentstoredvaluesfor elds.
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Well-typedclassC ™ t : classin p:

C:t = f package p; classc extendssimplements Af Kél\ﬁgg
C’ t:classinp C" Object: classin p

Well-typedinterfaceC * t : interfacein p:

C:t = f packageq;interfacei extends,&w@gg
C" t:interfacein p

Well-typedtypeC " t:typein p:

C  t:classinp C" t:interfacein p
C’ t:typeinp C’ t:typeinp

SubtypeC ™ t<:uin p:
C’ t:typeinp C’ t:typeinp C  t<:uinp C u<:sinp
C t<:tinp C’ t<:Objectinp C t<:sinp

u?2 Cit:supertypes C° t:typeinp
C t<:uinp

Fig. 7. Typerulesfor checkingvalid typesandsubtyping.
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Well-typedexpressiorC;G™ E:tin p:

C.v= f packagep;objectt o implementstaf P&gg
C;G" v:tinp

C:v= f package p; objectt oimplementstf Bgg u2 &
C;G" v:uing

Cv= fpackagep;externfo;g u2 &
C;G" v:uing

tx;2G C t:typeinp
C;G" x:tinp

C;G E:uinp CG B finp tm(RA);2 Cuheaders
C:G  Em(B) :tinp

C;G” E:uinp tf;2Cuelds
C;G" E:f:tinp

C,G" E:uinp C;G" E':tinp tf;2C:wu’elds
C,G" E:f=FE':tinp

C* pc:classnp C;G B:éinp Cpcelds= &A
C;G newpcc(B) : pcinp

C;G Ei:uinp C,G Ey:uinp C;G Er:tinp C,G Er:tinp
C;G" (E1== Ex?E7:Ef):tinp

C;G" E:tinp C t<:uinp
C,G E:uinp

Fig. 8. Typerulesfor checkingvalid expressions.

Well-typedmethodC ~ M : method in p:c:
C t:typeinp C &typeinp C;BL pcthis;” E:tinp
C" publict m(BA)freturn E;g: method in p:c

Well-typedmethodheadeiC * N : headerin p:i:

C" t:typeina C* Atypeino
C’ tm(BA);: headerin pii

Fig. 9. Typerulesfor checkingvalid methods.
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Well-typeddeclaratiorC * D : declaation in p:
C' s:classnp C° A:interfaceinp C° Ai:typeinp CM:methodin p:c
C:t:headersu C:p:c:headerdorallt2 s; & C:s’elds :N@
C" classc extendssimplements /&

fc(BA A &) fsuped;this: = A;g AMy : declaationin p

C* A:interfaceinp C M headerin pii
C:t:headersu C:p:i:headers forallt2 A&
C" interfacei extends &My : declaation in p

C t:classinp C t<:dinp C" A&typeino
Ctelds= AR C* A: Ainp
C" objectt oimplements = A;g: declaationin p

(o0 A’typeinn C:t@headersarecompatible C:pisanimportpackage
C" externfo;: declaation in p

Well-typedpackageC ° P : package

C" B declaation in p
C" fpackagep; Py : package

Well-typedcomponent C: component

c=R c & package
* C:component

Fig. 10. Typerulesfor checkingdeclarationspackagesndcomponents.
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