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Abstract

We presenta soundandcompletemethodfor reasoningaboutcon-
textual equivalencebetweerdifferentimplementationsf classesn
animperatie subsebf Java. To the extentof our knowledgethisis
the rst suchmethodfor a languagewith unrestrictednheritance,
wherethecontet canarbitrarily extendclasseso distinguishother
wise equivalentimplementationsSimilar reasoningechniquegor
class-basethnguagegl, 12] don't considerinheritanceat all, or
forbid the context from extendingrelatedclassesOthertechniques
thatdo considerinheritancd3] studywhole-progranmequialence.
Ourtechniquealsohandlegublic, private,andprotectednterfaces
of classesjmperatve elds, andinvocationsof callbacks.Using
ourtechniqueve wereableto prove equivalencesn exampleswith
higherorderbehaior, whereprevious methodsfor functionalcal-
culi admitlimitations[21, 24].

Addinginheritanceto a class-basethnguagencreaseshe dis-
tinguishingpawer of the context. Herewe shawv how this extra dis-
tinguishingpower is re ected in the conditionsfor equivalenceof
our technique Furthermoreve shav thataddinga castoperatoris
aconserative extensionof thelanguage.

1. Intr oduction

The classis a facility to divide programsinto small units thaten-

code different parts of the entire programbehaior. This makes
classesattractize for reuseand re-implementationBut changing
theimplementatiorof a classthatis beingusedin anumberof pro-

gramscomeswith the responsibilitythat the new implementation
will notalterthebehaior of theseprograms.

Theeffectthata changean theimplementatiorof a classhason
thebehaior of a programthatusesit dependgreatlyontheways
that the programinteractswith the class.In a Java-like language
(and in the absenceof re ection) the surroundingprogramcan
interactdirectly with the classby creatingnew instancesinvoking
its publicmethodsandchanginghe stateof its public elds. It can
alsointeractmoreindirectly with theclass.It cande ne subclasses
thatinherit from the original classandinstantiateobjects,invoke
methodsandchangethe stateof elds of theseclassesMoreover
thesubclassemayoverridemethod=f the original classandhave
accesdo its protectednterface.

To formalize the notion of equialent implementationsof
classeswe adaptthe standardnotion of contetual equivalence
betweenexpressiondrom functional languageg20] to an equiv-
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alencebetweenclassesn class-basedanguagesclassesC and
C° are contectually equivalent, if andonly if, for all classtable
contets CT [ ], expressiong, andthe emptystore; , the program
con gurations(CT [C]; ; ; €) and(CT [CY);; ; €) have thesameop-
erationalbehaior.

Usingthisde nition directly for proving theequivalenceof two
sufciently differentimplementationsof a classis not possible.
This is becausef the quanti cation over all classtable contexts,
but also becausat is not strongenoughto supportan inductive
proof which would requireus to considernot just equal,but also
relatedstores CIU theoremg17] easethe quanti cation over con-
texts by consideringonly the evaluation contexts, but they simi-
larly arenotstrongenoughin generato supportaninductive proof.
Moreover CIU theoremshave not beenappliedto class-basethn-
guages.

Anotherway of reasoningaboutthe behaior of classimple-
mentationss by usingdenotationamethodgsee[6, 14]). Denota-
tionsareusuallycompositionain thesensehatthey give themean-
ing of programfragmentswithout the quanti cation over contexts.
Neverthelessheusualdenotationamethoddistinguishequivalent
classmplementationshathave adifferentlocal storebehaior. For
examplethetwo implementation®f a Cell classin Figurel would
have differentdenotationdecausehey have different elds. Such
equivalencescan be dealtwith by methodsthat build logical re-
lationsof denotationg5], or exploit propertiesof someprograms,
suchasownershipcon nement[3]. Thesemethodsthough arestill
notcompletewith respecto contetual equivalence.

A morenaturalwayto reasoraboutthebehaior of two program
fragmentss by usingbisimulationsBisimulationswereintroduced
by HennessyandMilner [10] for reasoningaboutthe behaior of
concurrentprograms.They were appliedin sequentiakalculi by
Abramsky [2] andHowe [11] gave away of proving thatthey are
a congruenceSumii andPiercelater gave a big-stepbisimulation
proof techniquewhich is soundandcompletewith respecto con-
textual equivalencein a languagewith dynamicsealing[23] and
in a languagewith recursve and polymorphictypes[24]. Their
key innovation wasto split the setsinto parts,and associateeach
partwith the conditionsof knowledgeunderwhich thatpartholds.
Building on thatideawe were ableto devise a techniquefor de-
riving soundandcompletede nitions of setsfrom a contet-based
semantic$8]. Weappliedthismethodto derive de nitions of sound
andcompletebig-stepbisimulationfor alambdacalculuswith store
[16] andfor animperatie objectcalculug15]. We usedthesetech-
niguesto prove non-trivial equivalenceghatinvolve local storeand
higherorderprocedure$18].

Herewe applythe sametechniqueto derive a methodfor prov-
ing equivalencebetweenclassesn a subsetof Jasa. One of the
differencedrom our previouswork is that,in contrastwith expres-
sionsclassesrestaticentities.Thecontets of classesreclassta-
bleswhich arealsostatic. Thesestaticentitiesareconnectedo the
dynamicbehaior of the programby the instantiationsof classes
to objects.As aresultthe conditionsthatwe derive for two classes
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class Cell extends Object { class Cell extends Object {
private Object c; private  Object cl, c2;
private int n;
Cell() {this.c = null;} Cell() {this.cl = null; this.c2 = null; thisn = 0;}
public void set(Object o) {this.c = 0;} public void set(Object o0) {this.cl = o; this.c2 = 0;}
public Object get() {this.c;} public Object get() {
} this.n = this.n + 1;
if  ((this.n) %2) == 0 then this.cl; else this.c2;
P}

Figure 1. Two implementation®f aCell class

to be equivalentaremostly conditionson the possibleinstanceof
theseclasses.

Another differenceis that the languagewe considerhere has
runtimeerrors.Wetreaterrorsasconstantshatbelongto all types:
we requirethatif anoperationon aninstanceof a classresultsin
anerror, thenthe sameoperationon the correspondingnstanceof
arelatedclassshouldalsoresultin the sameerror.

Inheritanceis the mostinterestingfeatureof the languagethat
we studyhere.It increaseshedistinguishingpower of the context:
by extendinga class,the context canhave accesgo the protected
interfaceof the class,but moreimportantlyit canoverride some
methodf theclassandthentestthebehaior of therest.We shaw
how this extra distinguishingpower is re ected in the conditions
for equivalenceof ourtechnique.

We startby consideringa class-basethnguagewith imperatie

elds and public and private interfacesof classesbut without
inheritance.We develop our methodfor deriving conditionsfor

adequag betweertlassesor thislanguagendshav thatadequag

coincideawith classequivalence We thenextendthelanguagewvith

inheritanceanddynamicdispatchandderive oncemoreconditions
for adequag. By comparingthe two setsof conditionswe areable
to give anaccouniof haw inheritanceaffectsclassequivalence By

extendingthelanguagencemorewith acastoperatorandshaving

thatthe conditionsfor adequag remainunchangedye prove that
castingis a conserative extensionof our languageMoreover we
usethe Cell exampleasa casestudyof proving equivalencein the
variousversionsof thelanguagdahatwe study

Throughtheseextensionsof the languagewe shav how our
methodcan be usedincrementally We also shav that in all the
extensionswe presentherethe dif culty of proving equivalences
doesnot changesigni cantly.

The contritution of this work is twofold: it givesa soundand
completemethodof proving equivalencebetweerclassimplemen-
tationsin a subsetf Java, andalsousesthis methodto studythe
effectof inheritanceandcastingon proving contextual equivalence.
More speci cally:

To the extent of our knowledge this is the rst soundand
completemethodfor proving equivalencebetweenclassesn

alanguagevherethe context canuseinheritanceo distinguish
differentimplementationsf the sameclass . Similartechniques
for class-basethnguageitherdon't considerinheritanceat

all [1], or don't allow the context to extendthe relatedclasses
[12]. Othertechniqueghat do considerinheritance[3] study
whole-progranequialence.

Theprooftechniquene presenherecanbeusedto shav equiv-

alentclassewith differentstorebehaior, wherethe usualde-
notationalmethodsadmit limitations, and classegshat invoke
callbacks,a higherorder featureof object-orientedorogram-
ming.

We alsogive anaccounif how inheritanceaffectsequivalence

checkingof classesn our technique We do this by applying

ourtechniqueo aclass-basethnguagevithoutinheritanceand

to its extensionwith inheritanceandby deriving the necessary
conditionsthatclasseseedto satisfyin orderto be equivalent

in theselanguagesEquivalencecheckinghasnot beenstudied

beforein alanguagewith inheritance.

Finally we shav in asimilarway thataddinga castingoperator
is aconsenrative extensionof thelanguage.

Thestructureof thepaperis asfollows: in Section2 we give the
semanticof a baselanguagewith classesbut without inheritance
andcasting.In Section3 we apply our methodof deriving condi-
tionsfor equivalenceto thebaselanguageln Section4 we give an
exampleof proving equivalencebetweertwo implementationsf a
Cell classhy constructinganappropriatesetandproving thatit sat-
is es the derived conditions.In Section5 we extendthe language
with inheritanceandprotectedelds andin Sectioné we shov how
the conditionsfor equivalencechangedueto this extension.Sec-
tion 7 shaws thatthe Cell exampleis still provablein the second
languageshawing thatinterestingequivalencesstill hold afterthe
additionof inheritance Section8 addscastingto the languageand
Section9 shaws that this doesnt affect the conditionsfor equiva-
lence.In Section10we shaw how to prove the equivalenceof two
classeghat invoke callbacks.Finally, in Sectionsl1 and 12, we
discusgelatedwork andconclude.

2. Ji: A BasicClass-Based.anguage

We startby de ning a small class-basetanguagewhich we call
J1. This languagss a subsebf Java containingclassde nitions,
imperatve private and public elds, private and public methods,
groundtypes,constantsgonditional andalet expressionHowever,
it doesnot allow classedo inherit behaior from otherclassesand
to overridemethodsThesyntaxof J 1 is shavn in Figure2.

Themaindifferencebetween] ; andotherimperatie Java cal-
culi, likeMiddleweightJava[4] andClassiclava[9], isthatJ ; does
not have inheritanceand casting.We later extend J 1 with inheri-
tanceto createthelanguagel », andthenwe adda castingoperator
to created 3. J3 hasthe sameconstructsas Middleweight Jasa,
with the addition of constantsand accessmodi ers. J 3 doesnt
have theexplicit interfacesandmixingsof ClassicJava.

Thevaluesof thelanguageareconstant®r locationsin thestore
whereobjectsarestored.Storedobjectsarestructureghatcontain
thenameof theclasswhich they instantiateanda bindingfor each

eld of theclassto avalueof the appropriateype.A programcan
testfor pointerequivalenceof objectswith the operatoreq.

The typesof J1 are classtypes,aswell asthe groundtypes
void , int , andbool . Thereis a unit constantof type void ,
true andfalse of typebool , andtheintegersof typeint . The
constannull hasary classtype.
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PROGRAM CONFIGURATIONS: pconf 2 CT  STORES

EXPRESSIONS

CLASS TABLES: CT 2 P(CLASSDEFINITIONS)
CLASS DEFINITIONS: C:= class Cfmodtf;KM g
CONSTRUCTOR DEFINITIONS: K = C(fthis :f ;= cg
METHOD DEFINITIONS: M ::= mod tm(tx)feg
TYPES: t = void jint jbool jC

MODIFIERS: mod ::= public j private

EXPRESSIONS: edi=vjx

newC j e:m(€)

VALUES. V;u;w cjl
CONSTANTS: c:
LOCATIONS: I;k
STORES: s 2
STORED OBJECTS: o:= objCff = vg
ERRORS: "= nerr

ef jef .= ejop(ejeq(l;l)
let x=-ein ejif ethen eelse e

unit jnull jtrue jfalse jOj 1j 2j:::

Values denti ers

ObjectInstantiation MethodInvocation
Field LookupandUpdate Operators
Let ExpressionConditional

Unit, Null, Booleans|ntegers

LocATIONS #" STORED OBJECTS

Null Error

Figure2. Syntaxof J1

J1 hasalsoanull error(nerr ) for the casethata programtries
to performanoperationronanull value.

Classde nitions statethe nameof a class,its elds andmeth-
ods, and also its constructar The public and private access
modi ers in thede nitions of elds andmethodsspecifythescope
of thesenamesPublicmethodsand elds arevisibleto all classes,
while private methodsand elds arevisible only from within the
sameclass.To aid type-checkingve assumean annotationof ev-
erymethodcall and eld usagewith thenameof theclassin which
the methodcall or eld usages performed,n the style of Classic
Java[9]. This annotationis evidentin the typing rulesfor method
calls, eld updateand eld dereferencingandis left implicit in all
otherplacesThemeta-functioraccessibleeturnsthe setof names
(elds andmethods)f the classgiven asits secondargumentthat
arevisible from within the classgivenasits third agument.

Classtablesaresetsof classesWell-formedclasstablescontain
classewvith distinctnamesWe testthewell-formednes®f aclass
tableby thepredicatenfClassHiearchy(CT ). Whenwe addinher
itanceto the languagethis predicatewill checkfor a valid class
hierarchy

We will use meta-operationsind the dot notationto perform
staticlookupon classtablesandclassest-or exampleCT :C returns
the de nition of the classnamedC from the classtableCT , and
CT :C: elds returnsa sequencef all the eld de nitionsin C. A
completetableof thesemeta-operationanda descriptionof their
functionality is shavn in Figure 7 of the Appendix. We will also
write FV (e) andLocs(e) to denotethe setof free variablesand
the setof locations respectiely, mentionedn e.

Storesare nite partial functionsfrom locationsto storedob-
jects.A programcon guration is atuplecomposef aclasstable,
astore,andaclosedexpression(writtenCT * s; ). An initial con-
gur ationis acon gurationthatcontaingheemptystore(; ).

The typing rules of J; are shawvn in Figure 3. The typing
judgmentsfor expressionave theform CT; ; s et. isthe
type environment. The stores is usedto type-checklocations;
the value storedin a location hasthe type s:l:type. In J1 this
is the classtype mentionedin the object itself, but, when we

addinheritancelater on, this may be the superclas®f the object
currentlystoredin a location.In this way storesare usedas store
typingsin thetyping judgmentsThe constantull hasary class
typede ned in theclasstable.Therestof thetyping judgmentsor
expression@arethe expectedonesfor alanguagdike J 1.
Thetyping judgmentsor method class,andclass-tablele ni-
tionsareCT * M :OKin C,CT * C:OK, andCT :OK, respectiely.
(CT ° s;e):0K isthetypingjudgmentfor programcon gurations.
In Figure 4 we give a small-stepsemanticgor J1. A small-
stepCT ~ s;e ! s;; e describes transitionfrom the program
con gurationCT ° s;etothecon gurationCT * s;1;e;. We also
dene! tobethere exiveandtransitveclosureof! ,and! <«
there exiveanduptok 1 stepdransitive closureof! .Wealso
write CT ° s; e## iff thereexistsss, w, suchthatCT ™ s;e!  si;w.
We use calligraphicfont for the meta-identi ersthat denote
class table, class, constructor or method de nitions. We also
use an overbar notationto denotesyntacticsequencewith arbi-
trary length. When expanded,all the meta-identi ersin the se-
guenceareannotatedvith theappropriatesubscriptsg.g.we write

We also usethe notationf = vnf; = u to denotethe sequence
fi=vi, fia=vi ofi = ufia = Vi,

3. Equivalenceand Adequacyin J 1

We wantto studycontextual equivalenceof classde nitions in J 1
andits extensionsTo dothiswe neecdto de ne classtablecontexts,
relationson classesandtheir extensionto classtables.

De nition 3.1. A classtablecontext, CT [], is a setof classde ni-
tions.Placinga classde nition, or a sequencef classde nitions,
in theholeof a classtable contet correspondgo setunion:

CT[O% cr[ oy

De nition 3.2. R is a relationon classesdff it is a setof pairs
of classde nitions, such thatfor all (C;C% 2 R, andall class-
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Xt 2

c 2 ftrue ;false g c2f 1, 22 ¢ class Cf g2 CT
CT;; s xit CT; ; s unit :void CT; ; s  cbool CT;; s cint CT;: s nul :C
C 2 CT :classnames CT;; s ety CT;; s et
sil:type= C C 2 CT :classnames op:itype= to! t CT; ;xiti1;s et
CT;; s I:C CT;; s” newC:C CT;; s op(e:t CT;; s let x=e1in et
CT;; s eC CT;; s eC
CT;; s eC f 2 accessibléCT ; C; Co) m 2 accessibleCT ; C; Co) CT: : s’ e;:bool

f 2 accessibléCT ; C; Co) modtf 2 CT:C:elds modito! tm 2 CT:C:methods CT;; s ext
modtf 2 CT:C: elds CT;; s eyt CT;; s epto CT;: s esit
CT;; s efCot CT:; s ef® := e:void CT:; s em®(g):t CT;; s’ if erthen e;else es:t
CT° M:OKinC CT ° COK CT:OK (CT © s;€):0K
K = C()fthis :f := cg L
CT;;;; ¢t fCg® COK CT:0K
CT; Xty ;this :C;; et CT > M:OKinC wfClassHiearchy(f Cg) CT:::s et
CT * mod tm(t; x)f eg:OK in C CT ° class Cftf;KMg :0K f Cg:OK (CT ° s;e):0K

Figure 3. TypingofJ i

CT " s;e! s;;e@
sl = objCff = vg CT:C:m = mod t m(tx x)feg sl = objCff = vg
CT ' slifi ! sy CT " s;Iim(v) ! s;[v=x;I=this ]e  CT > s;l:ifi:=u! sl objCff = vnf; = ug];unit
CT * s;null :fi ! s;nerr CT * s;null :m(Vv)! s;nerr CT " s;null :fj :=v! s;nerr
CT :C:constr= C()fthis :f := cg
| 62Dom(s) (c;i) 2 f(true ;1); (false ;2)g
CT " s;newC ! s[l= objCff = cg;! CT " s;let x=vine! s;[v=x]e CT ° s;if cthenerelse ex! s;g

EvaluationContets |
E:=EjE[E]

Ex=[]1j[1fjll:m@Ejvm;[];8j[]f:=ejv:if:=[]jlet x=[]inejif [] then eelse ejop(V;[];®)

‘CT‘ s;E[e]! sl;E[el]‘

CT " s;e! s;;e

CT ° s;E[€e]!

s1; Ele1]

CT " siE[']! s1;"

Figure4. Small-stepOperationaSemanticof J 1

tablecontetsCT [ ]:
CT[C:OK () CT[CY:0K

The abore de nition requiresthat we relateonly classde ni-
tions that are interchangeablat compiletime; i.e. replacingone
with theotherin aclass-tableontet doesnt affectthetypingjudg-

mentof the program.In practicethis meanghattherelatedclasses
have the samenameandthe samepublic interface.

De nition 3.3. If R is a relationon classesthenthefollowing
is its extensiorto classtables:

CT[R™ 1% f(CT[CLCT[CY) | (CO) 2 R%;
CT [C:OKg
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We give the following de nition of contetual equivalencefor
Ji:

De nition 3.4 (Contextual Equivalence( )). ( ) is thelargest

relationon classesud thatfor all (CT;CT") 2 CT[ ], expres-
sionse, andtypest, sudh thatCT ;;;; ~ et, wehave:
CT et () CT® ;e

Thisde nition is hardto usedirectly to shav two classegquiv-
alent. To discover more speci ¢ conditionsthat assumecdequiva-
lent classesieedto satisfywe follow the methodwe developedin
[16, 15] to derive a usableproof techniqueof equivalencefor im-
peratve higherorderlanguagesThis methodrelieson the de ni-
tion of adequateelationsthatimply contetual equivalence anda
proofconstructiorschemeo discover asetof necessargonditions
for adequag. Herewe shawv how to applythis methodto J 1.

Wewill de ne adequag asapropertyof thefollowing relations.

De nition 3.5. AJ -relation is a setof tuples(s;s® R ; R®S),

whee s, s° are stores, R is a relation on objectrefeences and
R isarelationon classes.

For thede nition of adequag we alsoneedto de ne R-related
answersandexpressions.

De nition 3.6. If R is a relation on objectrefeencesCT, CT °
classtables,ands, s°stores,thenwede nethefollowingrelations:

relatedvaluesof typet:

MICT;CT%s;s5RTE £(1519 (519 2 R ;

CT;;;s Iit;

CT%:;s% 1%g
[ f(ciojCT;;;; ct;

CT%;;; " ctg

relatedanswes of typet:
ACT;CT%s;s%R'] % W[CT;CT%s;s%R ]
[ f(nerr;nerr)g

andrelatedexpression®f typet :

E(CT;CT%s;s%R ]
f((I=xle;[1=x]e) jFV(e) fxg;
;192 R;
Locs(e) = ;;
CT;;;s’ [I=x]et;
CTY%;;s% [I%=x]eitg

Theabove de nition describesvhentermsareconsideredo be
related.Valuesare relatedwhen they are R-relatedlocations,or
identicalconstants;nal answersarerelatedwhenthey arerelated
valuesor identical errors; expressionsare relatedwhen they are
constructedyy the sameexpressioncontect with relatedvaluesin
its holes(which boils down to justrelatedlocationssinceidentical
constantsaare subsumedy the identical contets €). Furthermore,
by requiringthat Locs(e) = ;, the above de nition forcesall R-
relatedexpressiongo useonly R-relatedreferences.

We now give thede nition of adequaté -relations.Theseare
J -relationsfrom which all derivedrelatedprogramcon gurations
have the sameoperationabehaior.

De nition 3.7 (Adequacy).
8(s;s%R ;R*)2 :
8(CT;CT9 2 CT[R®®
8t; 8(e;€) 2 E[CT;CT%s;s%R I:
851;W:
(CT " s;e! si;w)
=) 9s;wRy:
(cT s%elr  s%:wh
A ((w;w0) 2 A[CT; CT % 1583 Ry])
" ((s1istiRiR™) 2 )
A(RORi)

is adequatef andonly if:

andthereverse

In this de nition of adequay, the mostinterestingquanti ca-
tion is the oneon relatedexpression®f typet. This quanti cation
is generalenoughso that we cancarry out aninductionbasedon
thede nition. It coversthe casewhererelatedmethodsareinvoked
on related (and not just equal) objectsand are passedelatedar
guments.The quanti cation over classtablesplays a role in the
soundnessf this de nition, but notin the existenceof aninduc-
tion. It is thereto merelytype-checkhe quanti ed expressions.

Adequaterelationsare soundand completein the following
way.

Theorem 3.8 (Soundness). If
thenR™ ().

Proof. Immediateby the de nitions of adequag and contetual
equivalence. a

Theorem 3.9 (Completeness). If R®S () thenther exists

Proof. (Sketch)For ary R® | if thereis nosuch , thenit means
that thereare (CT;CT% 2 CT[R®] anda well-typed e that,
starting from the state(;;;;;; RCs ), invalidate De nition 3.7.
Then shav that we can always constructe® from e, such that
CT ° ;;e#andCT? ;:e", ortheopposite. O

Onecould shav the equivalencebetweentwo classimplemen-
tationsby constructinganappropriateset andthenprove its ad-
equay by aninductionbasecdon De nition 3.7.0ur goalis to im-
prove this by nding sufcient conditionson thatwould make
the proof of adequag go through.Theseconditionsactasa Veri-
cation ConditionGeneratoroneprovidesaninvariant(theset )
thatpresumablyprovesaparticularequivalence andtheconditions
saywhatpiecesneedto be provenin orderto checkthevalidity of
theinvariant. Theseconditionsencodethe distinguishingpower of
the contet.

We nd a sufcient setof suchconditionsby investigatinga
classof inductive proofsbasedon De nition 3.7.We abstracover
the concretestructureof  and attemptto prove adequag We
pushtheinductionasmuchaspossiblgjust by usingtheinduction
hypothesisandwhenthisis notpossibleve nd thepropertieshat

shouldsatisfyto completethe proof. Thesepropertiesbecome
the proof obligations or veri cation conditions for

Task 3.10. Givena relation , constructa proof that is ade-

quate

Proof ConstructionStheme Givenan , theadequayg proofwould
consistof two inductions,onefor the forward directionof De ni-
tion 3.7 andonefor thereversedirection. Theinductionhypothesis
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of theformeris:

IH (k) =
8(s;s%> R ;R™®)2
8(CT;CT9 2 CT[R®]:
gt: 8(e;e) 2 E([CT;CT%s;s%R |:
8S1;w:
(CT " s;e! * s;;w)
=) 9s;wRy:
(CTO s%ell  s2:wo
A ((w;w% 2 ACT; CT % 515893 Ry )
" ((s1:s1iR1;R™) 2 )
"(R Ry

We will shav that for all k, IH (k) holds. We assumethe
inductionhypothesidor k, andwewill shaw thatit holdsfor k + 1.

Let (e;e%) = ([v=x]eo;[vO=x]en), for someey;V;VC, such
thatFV(e)  fXg, Locs(e) = ;, (Viv) 2 R, CT;;;s"
[v=x]eo:t, CT % ;; s? [vO=x]ep:t. We proceecby casemney. We
pushthe proof in eachcaseasmuchaspossiblejust by usingthe
inductionhypothesisWhena caseis not provenentirelyby thein-
ductionhypothesisve nd theextra propertieshat mustsatisfy
to completethe proof of that case.Thesepropertieshecomethe
proof obligationsfor

Dueto limited spacewe do not shav the caseanalysisof this
proofwhichis similar to theonesin [15, 16]. a

In Theorem3.13we summarizeall proof obligationsfor  that
we found by the above proof constructionscheme First we give
a notationto write down the inductive casesand the induction
hypothesegonefor eachdirection).

De nition 3.11(Inductive Cases).

R;R%; ° (CT " sjet) vk (CTO" %et) &
8S1,W:
((e;€%) 2 E([CT;CT%s;s%R )
A(CT * sie!l ¢ s;;w)
=) 9swiRy:
(cT? s%e’1  s%;wo)
A ((w; w9 2 A([CT; CT % 51587 Ry])
M (sushRiR™) 2)
AR Ry)
andR ;RS : (CT * s;et) w (CT? s%et) for the
reverse

De nition 3.12(Inducti ve Hypotheses).

IH L (k) %
8(s;s>R ;R™®)2
8(CT;CT9 2 CT[R™[:
8t; (e;€) 2 E([CT;CT%s;s%R I:
R:;R%; * (CT" siet)v<k
(CT? s%e%)

andIH R (k) for thereverse
Ourmaintheoremis thefollowing.

Theorem 3.13 (Adequacy Conditions). A relation is ade-
quateif and only if for all states(s;s%R ;R®) of and for
all (CT;CT9 2 CT[R® ], thefollowing conditionsare satis ed:

1. (Sameinterfaces)For all (C; C%) 2 RS,
C= class Cfpublic tifq;private t>fy;
C()fthis :f1 := ci;this :f2 = cag;
public tzms(taxa)f g;
private tsms(teXe)f:::0g

C°= class Cfpublic t;f;;private t3f2;
C()fthis :f1:= c1;this :f9:= Qg;
public tzms(taxa)f g;
private  t2m2(t3x2)f:::gg
2. (Relatednstancesfor all (I;1% 2 R, there existst, suc that
CT;;;s Iit,CT%;;s% 1%,
3. (Enoughinstances}or all C 2 CT :classhnameswith
C=class Cf C(fthis :f :=cg; g

= class Cf C()fthis %= cg g
andall freshl, I°, therexistsR; R [ f(I;19g, sud that
(s[l = obj CfT = cg];sq1°= objCfFO0= cg]; Ry; R ) 2

4. (Relatedpublic elds) For all (I;:1% 2 R, with sl =
objCff = vg and s®I° = objCffO= vi, and for all
public tif; 2 C: elds,

(vi;vh) 2 VW, [CT;CT%s;s%R ]

5. (Relatedupdates)orall (1;19 2 R ,withs:l = objCff = vg
ands®I® = objCffo= v, all public t;f; 2 CT:C:elds,
andall (u;u® 2 V, [CT;CT%s;s%R ],

([ objCff = vnfi = ug];
sT°  objCffo= vonf; = ug;
R : Rcls ) 2

6. (Relatedpublic methods)For all (C;‘CO) 2 R all refer
ences(I;1% 2 Vc[CT;CT%s;s% R ], all methodsm with
CT:Cm = public tnm(ixx)fesg CT%Cm =
public tm m(txx)fe3g, andfor all (v;v0) 2 VCT;CT%
s;s%R ],

IH" (k) =)
R;R%: * (CT" s;lm(¥)itm) v k™
(€T % 1%mV9):ty)
IHR (k) =)
R;RY: * (CT" s;lim(¥)itm) w*?

(€T % 1%m(V9):ty)

Proof. By recapitulatingheproofconstructiorschemef Task3.10.
|

The rst conditionof TheorenB.13requireshatrelatedclasses
have thesamepublicinterface.This ensureshattheclassesrenot
distinguishablatcompiletime. Thesecondconditionrequireshat
relatedobjectsrespectthe classtypes. The rest of the conditions
correspondo the primitive operationghatthe contet canperform
ontheobjectsin orderto distinguishthem.Thusthethird condition
correspondso instantiatinga new objectby the contet, thefourth
condition correspondso dereferencing public eld, the fth to
updatinga public eld, andthelastto invokinga public method.

The abore theoremcontainsa top-level quanti cation over all
possibleclasstablesthatcontainthe relatedclassesThis is neces-
saryin orderto specifythewell-typedvalues andto usethereduc-
tion relation.As we will seein theexamplethatfollows, this quan-
ti cation doesnotintroduceary dif culty in the proofsof equiva-
lence Thisis becauseve neverneedo reasoraboutthebehaior of
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methodsandclassesle ned in the class-tablecontets sincethese
casesarehandledby theinductionhypothesis.

4. The Cell Example

Herewe give two implementation®f a Cell classthat storeob-
jectsof someclassAthatis provided by the context. The rst im-
plementationof Cell is the usualone,while the other usestwo
private elds to keepthe storedobject, and a counterto decide
which oneto returnwhentheget methodis invoked. Theseimple-
mentationshave sufciently differentstorebehaior andthe usual
denotationaimodelswould assigndifferent denotationsand thus
distinguishthem[25, 19].

C =class Cell {
private A c;
Cell) f{this.c := null}
public void set(A o) {this.c := o}
public A get() {this.c}}
C’= class Cell {
private A cl, c2;
private int n;

Cell) {
this.cl := null;
this.c2 := null;
thisn = 0}

public void set(A o) {
this.cl := o;
this.c2 = o}

public A get() {
this.n = this.n + 1,

if even(this.n) then this.cl

else this.c2 } }

To prove the abore two classimplementationsquivalent we
constructthefollowing set:

= f(s;s%R ;R%) j9CT;CT%Ip;13;D;f1;vi; V3;
Is;135f2;v2;v3;le 12 m
s = [lp = objD ff1 = viq]
[|s = ObjAffz = Vzg]
[lc = objCell fc= Isq]
s%= I3 = objD ff, = V0g]
[12 = objAff, = viq]
[lc = objCell fc1=12;c2=12;n = mg]
R% = f(CC)g
R =1f(Io;13);Us;12);(Ic;12)g
(vi;V); (v2;V9) 2 K[CT;CT%s;s%R ]
(CT;CT9 2 CT[R™]g

We choosethis particular by inspectingthe conditions of
Theorem3.13. Condition 1 is obviously satis ed by C and % To
satisfyconditions2 and3weaddin R therelatedreferenceso ary
classof all possibleclasstables.Theseare objectsof the classes
Cell andA aswell as,objectsof ary otherclassD thatmay be
de ned andinstantiatedby the context. Thevaluesin the elds of
theinstance®f D andAarerelatedn V; [CT ; CT%s;s% R\], since
theseare elds of identicalclassesn the classtables.

We alsorequirethat the valuesstoredin the private elds of
Cell to berelatedreference®f A objects.This is aninvariantof
the equivalencebetweenthe two implementation®f Cell andis
goingto helpusprove condition6.

To prove condition 6 we consider an arbitrary tuple
(s;s% R ;R%) 2 , andanarbitrarypair of relatedclasstables
(CT;CT% 2 CT[R®]. The only pair of relatedclassde ni-

tionsin R is (C; C%. Forary (I;;19) 2 Veen [CT;CT%s;s% R ]
with sili = objCell fc = lIs;g, s%I? = objCell fcl =
Is%c2 = 1s%n = m;g, we considerall public tx! tm 2
CT :Cell :methods. Thesearethemethodgget andset .

In thecaseof get wehavets ! t = void ! A. Furthermore:

CT "~ s)liiget() ! s;ls;
CT% $%1%get()

I s objcell fel=Is%c2=Is%n = m+1g];ls?
Moreover:
(Isi;1sf) 2 VA[CT; CT % 55" R ]
and
(sis®R;R™) 2
where
sP= s7I°  objcCell fel= 1sc2= Is%;n = m+1g]

Similarly for thecaseof set wehavetx! t = Al void .Let
(Is;12) 2 VAICT ; CT % 5;s% R ]. We have:

CT ° s;oset(ls)
I s[li objCell fc= lsg]; unit
CT% s%a%set (19)
I sY°  objCell fcl=12;c2=12;n = mg]; unit
and

(s[li  objCell fc= Isq];
s"‘[li0 objCell fc1=1;c2=12;n = mq;
R ;RC|S) 2

5. J,: An Extensionof J 1 With Inheritance

We now extendJ ;1 by addingthe featureof classinheritance We
alsoaddthe protected accesanodi er for elds and methods.
Protectedelds andmethodsreaccessiblérom thesameclassand
its subclassedlVe do not yet adda castoperationto the language,
allowing, thus, only implicit (andtype-safe)upcastingof objects.
We assumehereis no shadaving of elds, somethinghatcanbe
accomplishedutomaticallyby addingthe nameof theclassaspart
of thenameof eacheld. Thedifferencesn thesyntaxtyping,and
operationakemantic®f J 1 andJ ; areshavn in Figure5.

To encodeinheritancewe have addedthe rule of subsump-
tion andthe subtypingjudgmentsimposedby the classhierarchy
and the re exive and transitve property The rest of the typing
rulesof theform CT; ; s et have only trivial changesassum-
ing that the implementationof the meta-functionaccessiblehan-
dlesprotected elds andmethodsn theright way. Furthermore
we have changedhe rule for type-checkingmethodde nitions to
checkthatsubclassesverrideonly public andprotected meth-
ods.A valid classhierarchyis now consideredo beatree,with an
emptyclassObject asits root. In the typing judgmentsof J 2, the
meta-functionwfClassHiearchy is true exactly whenthesecondi-
tionshold for a setof classes.

The operationakemanticof J , aremostlythe sameasof J 1,
with the exceptionof the stepsthatinvolve objectinstantiation.n
J2, whena new objectis createdthe elds from all the supef
classesnustbeinitialized.

6. Adequacyin J

In this sectionwe study adequag for J ;. The de nition of con-
textual equivalencewe gave earlier (De nition 3.4) still holdsfor

J». It concealsthoughthe fact that the context haswhat seems
to be moredistinguishingpower. It canextendrelatedclassesand
then usetheseextensionsto distinguishthe two sides.We apply
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CLASS DEFINITIONS: C;D == class C extends Dfmodtf;KM g
MODIFIERS: mod ::= j protected
CT;; s ets
CT ti<:t CT t1<:t CT " t2<:ts3 CT:C:super= D
CT;; s et CT " t<:t CT " t1<:t3 CT " C<:D
CT ° M:OKinC
CT; Xty ;this :C;; ~ et CT :C:super= D overridablg/CT ;modt;! tm; D)

CT * mod tm(t;x)feg:OKinC

CT " s;e! s;;e;

| 62Dom(s) c

lass C extends Df C()fsuper();this :f :=cg g2 CT

CT ° s;newObject ! s[l = objObjectfg];!|

CT * s;newC ! s;(newD;this :f := c)c

CT " s[l=objDffp = cog];(I;this :if ;= ¢)c !

EvaluationContets

E: j

s[l = objCffp = co;f = cg;l

([1;this :f :=¢)c

Figure5. Syntax,typing,andoperati

our methodfor deriving conditionsfor adequayg to studythis ex-
tra distinguishingability of the context. This revealsthe effect of
inheritanceto the equivalenceof classes.

The outline of our techniqueis the sameasbefore.We reason
aboutthe samesetsof tuples , andwe usethe samede nitions
for Vi, A¢, andE; (De nition 3.6). The latter sets,though,are
largerthanbefore.In J, the type of an objectis the nameof the
classit instantiatesbut, becaus®f subsumptionit mayalsobethe
nameof ary of its superclassedhisis the placewhereinheritance
appearsn ourtechnique.

Thede nition of adequay (De nition 3.7) remainsunchanged
for J», and, as a consequencethe induction hypothesisof the
correspondingproof constructionschemealso remainsthe same.
When unwinding this proof, andtaking caseson the structureof
€, We needto considersub-caseitroducedby inheritance For
examplewhenmethodm is de nedin aclassC, e = x:m(), and
x is substitutedoy an objectreferencethenthis objectmaybe an
instantiationof a subclas® of C. It alsomeanghatm mayhave
beenoverriddenbetweenC andD . More explicitly the conditions
for adequag thatwe derive for J , arethefollowing:

Theorem 6.1 (Adequacy Conditions for J,). A relation s
adequatdf andonly if for all states(s;s®% R ;R% ) of andfor
all (CT;CT9 2 CT[R® ], thefollowing conditionsare satis ed:

onakemantic®f J , (differencedrom J 1)

1. (Sameinterfaces)For all (C; C% 2 R,

C= class Cfpublic t;f;private t,fy;
protected tsfs;
C()fthis :f1 := c1;this :f, = c;
this :f3:= csQ;
public tama(tsxs)f g;
private teme(t7x7)f:::Q;
protected tsms(toXg)f:::0g

C’= class Cfpublic t;fy;private tIf9;
protected ts3fs;
C()fthis :f1 = c;;this :fQ:= cJ;
this :f3 := c3Q;
public tama(tsxs)f g;
private  t2m2(t9x9)f:::g;
protected tgmg(toXo)f:::0g

2. (Relatednstancesfor all (I;1% 2 R, there existst, such that
CT:::s” I:t,CT%::s% 1%,

3.
modtf and CT%C:elds = mod°t°f © and all freshly, 19,
thereexistsR; R [ f(I;19g sud that

(s[l = objCff = cg];sYI1°= objCffO= cg]; R,;R%) 2

wheet andcaretheinitial valuesofthe elds in theconstruc-
tors of C andits supeclasses.
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4. (Relatedpublic andprotectedelds) For all (1;19 2 R, with
s:l = objCff = vgands®®= objCffo= vig, andfor all
modt; fi 2 C: elds, withmod 2 f public ;protected g,

(vi;v) 2 W, [CT;CT%s;s%R ]:

5. (Relatedupdatesforall (1;1% 2 R ,withs:l = objCff = vg
ands®®= objCffo= vig, all modt; f; 2 CT:C: elds, with
mod 2 fpublic ;protected g, and all (u; uy 2
Vi, [CT;CT%s;s%R ],

([ objCff = vnfi = ug];
sT°  objCffo= vonf; = ug;
R ;R%) 2

6. (Relatedpublic andprotectednethods)or all (C, A 2 RS,
all refeences(l;19 2 Vc[CT;CT%s;s%R ], all methods
m dened in C with CT:C:m = mod tnm m(tx x)f esq,
CT%C:m = mod tm m(fxx)fe3g, and mod 2 fpublic ;
protected g, andfor all (v;v9 2 V[CT;CT%s;s%R ],

IH' (k) =)
R;R%: * (CT " s;Iim(V)itm) v k*
(CT? s%1%m(V0):tm)
IHR (k) =)
R;R%: ° (CT " s;I:m(V)itm) w *2

(CT® s%1%m(VO):tm)
Thedifferencesdetweertheseconditionsandthe conditionsof
Theorem3.13arethefollowing:

Condition 1 requiresthat relatedclasseshave the samepro-
tectedinterface.This is because¢he contet canextenda class
andhave accesdo its protectedelds andmethods.

In condition3 new objectscontainall the elds of their super
classes.

Condition4 requireghatalsoprotected elds containrelated
values.If we assumehatwe have two presumablyequivalent
classe<C and C° that containa protected eld f which may
not containrelatedvalues,thenthe context candistinguishthe
two implementationshy extending them with the following
class:

class D extends C {
public t getf() {this.f} }

Then by instantiatingD, invoking methodsof C until f does
notcontainrelatedvaluesin thetwo implementationsandthen
invoking the methodgetf , it candistinguishthe two sides.

Similarly condition5 requiresthat relatedupdatesshouldalso
apply to protected elds. If two implementation®f a classC
arenot operationallyequivalentwhenoneof their protected
elds (e.g.f) is updatedvith equivalentvalues thenthecontext
candistinguishtheseimplementationdy extendingthemwith
theclass:

class D extends C {

public void setf(t x) {this.f = x} }

In asimilar fashion,in condition6 we needto testthebehaior
of ary relatedprotected (in additionto public ) methodm
thatis de ned in ary (C;C%) 2 R® . Thesemethodsmay be
invoked on objectsthatinstantiatesubclassesf C andC’. The
casethatm is overriddenby asubclassle nedin thecontet is
handledby the inductionhypothesisThe only non-trivial case
is whenm is de ned in aclassin R® . Furthermoreit maybe
thecasehatm invokesinternallyanothemethodg of thesame
objectwhich hasbeenoverriddenby a subclassle ned in the
contet. Sinceg is overridden,it mustbethatg is apublic or

protected method,andinternalcallsto themarehandledby
theinductionhypothesisn our method.

From the abore we concludethat adding inheritanceto J i
doesnot affect the local reasoningpf condition6 whenusing our
techniqueThisis becaus®f thewide applicationof theinduction
hypothesigo factorout mary of the sub-cases.

For classeghat don't useprotected elds and methodswe
obsere thatconditionsl-5 of Theoren3.13imply thecorrespond-
ing conditionsof Theoremé6.1. This is not true, though,for con-
dition 6, wherein Theorem6.1 methodinvocationsare testedon
objectgthatinstantiateary subclas®f relatedclasseswhile in The-
orem3.13aretesteconly on objectsof relatedclasseskor example
thefollowing two classesreequialentin J 1 butnotin J :

C =class C{

co {

public bool ml1() {true}

public bool m2() {this.m1()} }
C’=class C{

c

public bool ml1() {true}

public bool m2() {true} }

A contet containingthe following subclassof C candistin-
guishthetwo implementations:

class D extends C {

D() {super()}
public bool mi() {false}}

Therefore extendingthe languagewith inheritancegivesmore
distinguishingpower to the contet. By overriding methodsthe
contet canbreakinvariantsthathold for public andprotected
methodsaindareneededy othermethodsTheonly wayfor aclass
to maintaintheseinvariantsis to declarethe methodsthatneedto
satisfythemprivate .

7. The Cell Examplein J,

We adaptthe two implementation®f a Cell from Section4 to the
languagel 2, andwe shaw thatthe equivalencestill holds.

C =class Cell extends Object {

private A c;
Cell) {this.c := null}
public void set(A o) {this.c := o}

public A get() {this.c}}
C’=class Cell extends Object {

private A cl, c2;

private int n;

Cell) {
this.cl := null;
this.c2 := null;
thissn = 0}

public void set(A o) {
this.cl := o;
this.c2 = o}

public A get() {
this.n = this.n + 1;

if even(this.n) then this.cl

else this.c2 } }

To prove the abore two classimplementationsquivalent we
constructhefollowing set:
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= f(s;s%R ;R®) j9CT;CT%Ip;13;D;f1;vi; v,
I8;19:B;f2;v2; V8 Ic; 12, m; fa;va; vl ¢
s = [lp = objD ff1 = viq]

[ls = obj ffz= vaq]
llc=obj fc=lg; 3= ag
s’=[IY = objD ff1 = v0q]
[19 = obj ff, = vig]
| [Iczé)))bj fel=13;c2=19;n=m; 3= ;4]
R® = f(C, C)g

R = f(Io:13);(ls:13): (Ic:12)g ‘
(vi;vD); (v2;v9):( 3 3) 2 WK[CT;CT%s;s%R ]
(CT;CTY 2 CT[R® ]

A

Cell g

Again we constructedhis setby inspectingthe conditionsof
adequag for J ». Theresultingsetdiffersfrom theonein Sectiord
at the bold-facedparts.In this setwe needto take into account
the subclassesf A and Cell , which may have extra elds. Fur
thermore,whenwe prove condition 6 for set andget we must
considerthattherestof the methodsmay have beenoverridden.n
thecaseof Cell thisdoesnotaffectthe equivalence.

Evenwith consideringarbitrarysubclassesf Cell , proving the
adequayg conditionsfor J ; is notsubstantiallyharderthanproving
themfor J ;.

8. J3: Adding Downcastingto J ,

Our lastextensionaddsa castexpressiorto J 2, creatinglanguage
J 3. Thecastingoperatorallows both explicit upcastinganddown-

casting.The latter is a non type-safeoperationwhich introduces
onemoreerrortothelanguagecerr . Theextrasyntaxtypingrules
andoperationabemanticgor castingareshavn in Figure6.

9. Adequacyin Js

The addition of a casting operationhas minimal effect on the
technicalmachinerywe have setup sofar. The rst thingwe need
to dois to addthe new errorto the setof answerf typet.

De nition 9.1. If R is a relation on objectrefeencesCT, CT °
classtables,ands, s° stores,thenwe de ne thefollowing relation
onanswes of typet:
A(CT;CT%s;s% R 1% W [CT;CT%s;s%R ]
[ f(cerr ;cerr);(nerr;nerr)g

The rest of the de nitions remain the samethroughoutour
technique.

The secondandlastthing we needto dois to considerthe new
castexpressionis in the proof constructionschemeof Task 3.10
for J3. We needto considerone more casefor ep; namelythe
casewheney = (C)e:;. Ontheleft-handsidethis expressionwill
reduceto ananswerwhich meanghatalsoe; will reduceto some
answeiin lessstepsThus,by applyingtheinductionhypothesisata
smallerevaluationsequenceye concludethate; will terminateon
the right-handside aswell, andthe nal answerswill be related.
The nal stepon both sideswill either resultto relatedvalues
(successfutasting) prwill producehesameerror(becauseelated
objectshave thesameclassname andtheclasshierarchiehave the
samestructureon bothsides).

By the abore, we concludethatthe additionof the castexpres-
sionin thelanguagedoesnt changeTheorem6.1 which holdsalso
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for J 3. Theconditionsof thattheoremdistinguishinequivalentim-
plementationsf classeshatusethecastingoperationFurthermore
this meanghatcastingis a conserative extensionto thelanguage.

10. An Example With Callbacks

We considerthe adaptatiorto J 3 of an examplefrom Meyer and
Sieber[18]. We have two implementationof a Counter class,
one containinga private counterg, initialized to zero and then
increasedy two only by the methodinc . Thereis alsoa method
callP , whichtakesasanamgumentaninstanceof ansomeclassA

providedby thecontet. Ais assumedio have amethodPwhichcan
acceptas agumentsinstancesof the classCounter. By proving

this equivalencewe shawv thatg canbe accessednly throughthe
methodinc , andthusit will always containan even number To
do that we will needto reasonaboutthe behaior of callsto P,

theimplementatiorof whichis unknavn to us.We managethis by
usingtheinductionhypothesis.

C =class Counter extends Object {
private int g;

C() {this.g := 0}
public int callP(A o) {
0.P(this);

if even(this.g) then 0 else 1}
public void inc() {this.g := this.g
C’=class Counter extends Object {
co ¢
public int callP(A o) {o.P(this); 0}
public void inc() {unit}}

+ 2}}

We constructhefollowing set:
= f(s;8%R ;R™)j9CT;CT%Ip;19;D;f1;vi; VY,
Ig;19:B;fa;va; V3 lc ;12 n; fa;va; vl
s = [lp = objD ff1 = viq]
lle = objBff; = vaq]
[lc = objCfg= 2n;f3 = v3q]
s®=[I3 = objD ff; = vq]
[19 = objB ffz = viq]
[12 = objCffs = viq]
R = 1(CC)g
R =f(o:19):(Is;13);(Ic;12)g )
(v1;V9); (v2;v2); (va; V) 2 VE[CT;; CT % 5;s% R ]
(CT;CTY 2 CT[R® ]
CT " B<:A
CT ° C <:Counterg

The tuplesof  consistof relatedstoresthat contain related
objectsof theclassed, C, D. B representary possiblesubclass
of theclassAandC ary possiblesubclas®f classCounter. D are
all the otherclasseshatmaybede ned by the context.

We needto shav that  satis esTheorem6.1. Theinteresting
caseis to shav condition6 for methodcallP .

Considerarbitrary (s;s% R ;R®) 2, and(CT;CT9 2
CTI[R®]. Forary (Ici;12;) 2 Veouner[CT;CT %s;s% R ] with
sdlci = objCounterfg= 2n; g,s%2, = objCounterf g,
andary (lgj;13;) 2 VA[CT;CT%s;s%R ], we needto shaw for
ary k:

IH" (k) =)
R;R™; ~ (CT" s;lci:callP (Ig;):int )v <+t
(CT? s%12;:callP (Ig;):int )
andthereverse.
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EXPRESSIONS:. e::

j (C)e CastExpression

ERRORS: " j cerr  CastError
CT;; s eD CT;; s eD CT;; s eD
CT " D<:C CT " C<:D CcC6D CT"C :D CT°"D :C stupid-castvarning
CT;; s* (C)eC CT;; s* (C)eC CT;; s* (C)eC
[CT " siel siel|
sil= objCff = Ig CT " C<:D s:l = objCff = Ig CT"C :D
CT s (D) sl CT*s/(D)I! sicer CT s (D)null 1 s;null
|Eva|uationConte<ts|
Ex= J(C)I

Figure 6. Syntax,Typing,andOperationaSemanticof J 5 (differenceswith J )

WeassumaH " (k) andfor ary s; andc:
CT ° s;lcicallP (Igj) ! ™ si;¢
=) CT ° s;lgj:P(ci) ! % si;unit
Becausehelastderivation hasfewer thank stepsand
(s;s%R;R%)2 ‘
(Isj :P(Ici); 18, :P(121)) 2 Evoia [CT;CT%s;s%R ]
we canapply the inductionhypothesisandget that thereexist s?,
R suchthat:
CTO S%Ig;:(1g)) !
(s1;s%;R1;R®) 2
R R
Thustheinvariantthatthe eld g will containan even numberin

stores;, afterthe call to P, is maintainedand thereforec = 0.
Furthermore

CcT? %12:calP (13;)!  s3;0
andby thiswe aredone.
In this examplewe didn't needto worry abouttheimplementa-

tion of Aandits methodP, sinceour useof theinductionhypothesis
abstractover them.

sY: unit

11. RelatedWork

BanerjeeandNaumanrin [3] presentmethodfor reasoningabout
whole-progranmequivalencen asubsebf Java,similarto J 5. Their
techniqueis basedon a denotationamodelin which they build a
simulationrelation of denotationsThey usea notion of con ne-
mentto restrictcertainpointersto the heap,andshaw thatif two
classtablesarecon ned andthereis asimulationbetweertheir de-
notationsthentheseclasstablesareequialent.lt is notclearif this
techniqueis complete This is becausé¢he authorsdon't shav that
thereis a simulationrelationfor ary two equivalentand con ned
classtables,but also becausehe techniqueseemshelpful to rea-
sononly aboutcon ned classtables.Furthermorat is not obvious
how this techniquecan be extendedto contectual equivalenceof
classesa strongemropertythanwhole programequialence .Our
methodgivesasoundandcompleteprooftechniquefor exactly this
strongerproperty Using our techniquewe wereableto shav con-
textual equivalencefor all of their examples.
Anothertechniquefor reasoningaboutcontetual equivalence
in a class-basedanguageis the one from Jefrey and Rathle in
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[12], which follows their work on concurrentobjects[13]. They
studya Java-like languagefor which they de ne a semantidrace
equivalenceand shav thatit is soundand completewith respect
to testingequivalence.This is an eleganttechniquewhich canbe
usedto prove equivalencedik e the adaptatiorof our examplesto
theirlanguageDoingtheseproofswith theirmethodwould require
to shawv thattwo moduleshave the sametraceswhich we believe
would resultin introducingbisimulationssimilar to oursanddoing
afull-blown inductive proofastheoneshavn in Task3.10.Thedif-
ferencewith ourwork is thatthey studyasigni cantly differentlan-
guage.The mostimportantfeatureof thatlanguagethatoursdoes
nothave,is apackagesystenthatrestrictstheinteractionof classes
with their context. Classesrenotvisible throughthe packagebar
riers.Thereforegthey arenotextensibleby classeén otherpackages
andthe stateof eachclassis guaranteedo be private.Only inter
facesandinstanceof classeghatimplementtheseinterfacesare
sharetbetweerpackagesWith theserestrictionsthe interactionof
classesvith the context becomesninteractionof messagedVhen
packagesave the sameinterfaceandthey communicatethough
thesamemessagewith thecontext, thenthesepackagesreequv-
alent.This techniques notapplicableto J ;3 wheretheinteraction
of classeawith their context is more comple, and furthermoreit
doesnt studytheeffect of inheritanceon classequialence.

In thesamespirit asJefrey andRathle, Abrahametal. [1] give
a fully abstracttrace semanticswith respectto may testing, for
a concurrentclass-basethnguage Their work focuseson classes
thatdon't supportinheritancemuchlike our J 1 languageandall
elds andmethodsarepublic.

12. Conclusionsand Futur e Work

We have presentech soundand completemethodfor reasoning
aboutclassequialencein a subsetof Java. This is the rst such
methodthat dealswith inheritance aswell as public and private
interfacesof classeandimperatve elds. We wereableto usethis
methodto prove equivalencesn anumberof interestingexamples.

We have alsostudiedtheeffectof inheritanceontheequivalence
checkingof classeswith our technique Moreover we have shavn
that adding a castoperatorin a languagewith inheritanceis a
conserative extension,

We have seerthatour methodcandealwith the null-pointerand
castexceptionsof Java. We would lik e to investigatefurtherin this
directionandseeif ourtechniquecanprove contetual equivalence
in alanguagewith moreadwancedcontroleffects(e.g.[7]).
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In thefuturewe would alsolik e to seewhetherour methodcan
bene t from ideasin closelyrelatedareaslike SeparatiorLogic
[22].
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A. Appendix
I C.classname Returnsthe class name de- I
ned by theclassde nition C.
CT :C:super Returnsthe nameof the im-
mediatesuperclassf C.
CT :C:constr Returnsthe constructorde -

nition of classC.

Returnsthe constructortype
of classC

CT :C:constritype

CT :C:elds Returnsa sequenceof all of
the eld de nitions (public
andprivate)of classC andall
its superclasses.

CT :C:methods Returns a sequenceof all

the method de nitions (pub-
lic andprivate)thatcanbein-
voked on aninstanceof class
C.

Traversesup the classhierar
chy, startingfrom classC and
returnsthe rst nameof the
classin which methodm is
de ned.

CT .C:m:defclass

Figure7. Meta-Functions
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