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Abstract

Thispaperprovidesa fully abstract semantic$or a vari-
antof theconcurentobjectcalculus.We de ne maytesting
for concurent objectcomponents&nd then characteriseit
usinga trace semanticsnspired by UML interaction dia-
grams. The main resultof this paperis to showthat the
tracesemanticss fully abstract for maytesting Thisis the

r stsud resultfor a concurentobjectlanguage.

1. Intr oduction

AbadiandCardelli's[1] objectcalculusis aminimallan-
guagefor investigatingfeaturef objectlanguagesuchas
encapsulatedtate,subtyping,and self variables. Gordon
andHankin[7] addedconcurrenfeaturego the objectcal-
culus,to producethe concurrenbbjectcalculus.

Priorwork ontheobjectcalculushasconcentratednthe
operationabehaiour of objectsystemsandtype systems
which provide type safety guarantees.The closestpaper
to oursis Gordonand Reess [8] fully abstractsemantics
for the immutablesingle-threadeabject calculus. There
hasbeenno work on providing fully abstracsemanticgor
concurrenimutableobjects.

In this paper we presentthe rst fully abstracttesting
semanticgor a variantof GordonandHankin's concurrent
object calculuswithout subtyping. The lack of subtyping
here affords a simpler presentatiorof the labelledtransi-
tionsandtracesbut we anticipatethatthe proof techniques
usedherearerobustenougtto caterfor subtypingalso. This
semanticavasinspiredby UML interactiondiagrams4],
which area commontool for visualisinginteractionswith
objectsystems.

1.1 Interaction diagrams
Interactiondiagrams(in particularsequencealiagrams)

weredevelopedby Jacobsonandarenow partof the Uni-
ed ModelingLanguagestandard4]. Interactiondiagrams
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recordthe messagesentbetweerobjectsof acomponenin
anobjectsystem.Thesemessagemcludemethodcallsand
returns(interactiondiagramsinclude other forms of mes-
sagebut we will notusethesein this paper).

A simpleinteractionwith aninteger referenceobject
of type hasit receve two incoming methodcalls
and , for which it producesappropriatere-
turnvalues:

r: IntRef

set (5) '

4

get() !

B

A more comple interactionallows a methodcall on one
objectto call methodson otherobjects:

Here, the object has one incoming call to ,
malkes one outgoingcall to , recevesthe result

back,thenreturns itself. This illustratesthe
four messagewhich maybe sentduringaninteraction:in-
comingandoutgoingmethodcalls,andmatchingoutgoing
andincomingreturns.

In this paperwe useatextual representationf aninter-
action,asatrace,whichis just a sequenc®f messagesin



theabove example, hasthetrace:

wherewe mark incoming messagesvith ? and outgoing
messagewith !. Theobject hasthe matchingtrace:

?

andsocomposinghesetwo tracestogetheywe getthatthe
wholesystemhasthetrace:

Therearetwo additionswe will maketo the UML message
notation:addingthreadidenti ers, andmakingnamescope
moreexplicit.

Sequenceliagramscanbe usedfor multithreadedappli-
cations for example:

r: IntRef

set (5) :

get 0
1
.‘__.__

- - - - -

Here,two threadsndependenticall methodsof the object

, Creatinga racecondition. In our textual representation,
we give the threadsnames andwe decorateeachmessage
with thethreadresponsibldor the message:

The otheradditionwe malke to the notationis to make the
scopeof namesmore explicit. For example,considerthe
following interactionwith a factory object, which builds
new integerreferenceobjects:

factory : IntRefFactory

build () !

«create»

result : IntRef

In the textual representationf this trace,we needto make
clearthatthe objecthasnot beenseenbefore by
theenvironment(it is agenuinelynew object,notarecgycled
object). We dothisby decoratinghelabelwith v to indicate
thatthe objectis new:

As well asallowing the systemto generatenew hameson
outgoingmessagesye allow the ervironmentto generate
new nameson incoming messages.This style of dealing
with freshnamescomesoriginally from the t-calculus[19,
18], andhassincebeenusedin otherlanguagesnotablythe
v-calculus[23].

We have now presentednformally all of the machinery
requiredby our semanticgor objects:

The semanticof a systemis givenby a setof traces,
whereatraceis asequencef messagesorresponding
to oneinteraction.

Messagesreincomingor outgoingmessagealls, or
matchingoutgoingor incomingreturns.

Messagesredecoratedvith threadidenti ers.
Messagesnayincludefreshnames.

We have only useda very small subsetof sequencalia-
grams,whichin turnis avery smallsubsebf UML, butin
thispapemvewill shaw thatthissmallsubsets veryexpres-
sive,andin particularprovidesa fully abstracsemantics.

1.2 The object calculus

The objectcalculusis a minimal languagdor modelling
object-basedorogramming. Abadi and Cardelli [1] pro-
videdatypesystemandoperationakemanticgor a variety
of objectcalculi, and provedtype safetyfor them. Gordon
andHankin[7] have sinceextendedhislanguagéo include
concurrenfeatures.

In this paper we shall investigatea variant of Gordon
andHankin's concurrenbbjectcalculus whichincludes:



A heapof namedobjectsandthreads.

Threadscan call or updateobject methods,cancom-
pare object or threadnamesfor equality can create
new objectsand threadsand can discover their own

threadname.

An operationasemanticbasedon the t-calculus[19,
18], anda simpletypesystem.

A tracesemanticasdiscussedh Sectionl.1.

We arenotconsideringnary of themoreadvancedeatures
of theobjectcalculusor theconcurrenbbjectcalculussuch
asrecursve types,objectcloning andobjectlocking. This
is just for simplicity, we do not seeary technicalproblems
with incorporatinghesefeaturesnto ourlanguage.

In anotherstrandof researchDi Blasio and Fisher[3]
alsodesigned calculusfor modellingimperative, concur
rent object-basedystems. As with Abadi and Cardelli's
objectcalculusandits variousextensions the emphasisn
Di Blasio and Fishers work is againon type systemsand
safetypropertiesor them.

1.3. Full abstraction

The problemof full abstractionwas rst introducedby
Milner [17], andinvestigatedn depthby Plotkin [24]. Full
abstractiorwas rst proposedor variantsof theA-calculus,
but has since beeninvestigatedfor processalgebras[9],
the tecalculus[6, 10], the v-calculus[23, 14], Concurrent
ML [5, 15], andtheimmutableobjectcalculus[8].

Oneway to de ne a semanticdor a programmingan-
guageis to de ne:

A languageof typedcomponent€ which canbecom-
posedC; Cp. (In this paper componentsare pro-
gramsin theconcurrenbbjectcalculus.)

A notion of whena componenis successful (In this
paper we usea special methodcall to indicate
a successfutomponenglthoughthe theoryis robust
enoughthat ary othersuitableobsenablewould suf-
ce).

We can then de ne the may testing preorder [21, 9] as
C1  ma C2 Wheneer:

for ary appropriatelytypedC

if C; CissuccessfulhenC, C issuccessful

Unfortunately althoughit is very simpleto de ne, andis
quite intuitive, may testingis often very dif cult to reason
aboutdirectly, becausef the quanti cation over “ary ap-
propriatelytypedC'. In practice,we requirea proof tech-
niguewhich we canuseto show resultsaboutmaytesting.

Oneapproachs to useatracesemanticsgivenby de n-

ing possibleexecutionsof component& C wheres
is asequencef messagedhNe thenwrite C forthe
setof all tracesof C. We saythat:
Tracesaresoundfor maytestingwhen
C C impIiesCl mayCZ-
Tracesarecompletdfor maytestingwhen
C may C implies C G .

Tracesarefully abstract for maytestingwhen
they arebothsoundandcomplete.

A fully abstractracemodelcanbe a usefultool in under
standinga behaioural equivalencein the sensehat, in or-
der to be sound,the tracesusedto build the modelmust,
at minimum, accountfor all of the possibleinteractionsa
systemof objectsmayhave with its environmentand,in or-
derto be complete the interactionsdescribedy thetraces
mustbegenuine.Thisis takento mearthatfor eachinterac-
tion describedy atracethereis anactualsystenmof objects
which canplay therole of the environmentin thatinterac-
tion. Thereforeto obtaina fully abstractracemodelit is
necessaryo describeall possibleinteractionsaccurately

Establishingfull abstractionfor a languagewhich in-
cludesfeaturessuch as higherorder programming, new
name generation,and heap-basedbjectsis often non-
trivial. For example, Pitts and Stark introducedthe v-
calculus[23], as a minimal higherorder languagewith
namegenerationby extendingthe simply typedA-calculus
with anabstractype of namestogethemwith a namegen-
eratorandan equalitytest. Eventhis minimal languages
remarkablydif cult to reasorabout,andthereis no known
fully abstracsemanticdor it [15].

1.4. Contrib ution of this paper

In this paper we presenta variantof Gordonand Han-
kin's concurrenbbjectcalculus,whichis in turn an exten-
sionof Abadi andCardelli's objectcalculus.The only sig-
ni cant departuresrom Gordonand Hankin's concurrent
objectcalculuss thatwe usenamedhreadswherethey use
anorymousthreadsandwe restrictthe calculusto disallow
subtypingandrecursve types. Whilst this latter restriction
doesmove usaway from theessencef object-orientegbro-
grammingit isimposedsoasto keepthetechnicalpresenta-
tion assimpleaspossibleat this stage.There-introduction
of thesefeaturesinto the type systemwould affect the be-
havioural theoryin whatwe expectto be a predictablevay
and anticipatethat techniquesemployedin [11] andthose
presentedierecanbe combinedto give a similar treatment
for aconcurrenbbjectlanguagewith subtyping.



We provide the calculuswith an operationakkemantics,
andatracesemanticsandthenshow thatthe traceseman-
tics is fully abstractfor may testing. This is the rst full
abstractiorresultfor a concurrenbbject-basethnguage.

2. Concurrent objects

In this section,we will presenthe syntax,staticseman-
tics anddynamicsemantic®of our concurrenbbjectcalcu-
lus. This is a variantof Gordonand Hankin's concurrent
objectcalculuswith namedratherthananorymousthreads.

2.1 Syntax

Thesyntaxfor theconcurrenbbjectcalculuswe will use
in this paperis givenin Figure 1. For the remaindef this
sectionwe will provide aninformal descriptionof thesyn-
tax.

In exampleswe will often make useof basetypessuch
asintegersand booleans:theseare not part of our formal
system,but will make exampleseasierto present. They
could be comfortably included in the languagewithout
changingthe theory signi cantly. We will alsomake use
of somesyntaxsugar which we will de ne formally atthe
endof this section.

A componenC€ is acollectionof namedbjectsn O and
threadsn t . For example onepossiblecomponentonsist-
ing of aninteger referencep anda threadn which incre-
mentsthereferences:

p 5
n x p p

We alsousethe v-notationof the m-calculus[18] to indi-

catewhich namesareprivate,andnot known to the outside
world. By default,namesarepublic,andhave to bemarked
by v in orderto be consideredorivate. For example,n is

private,andp is publicin:

X 1

vn:
p 5
n x p p ox 1

An object O consistof asetof namedmethodsfor exam-
pleanintegerreferencavith and  methodsmightbe
written:

Here we are using Abadi and Cardelli's [1] notation for
elds aszero-agumentmethods.EachmethodM consists

of aselfnameaswell asalist of parameterandabody. For
examplethe methodaborehasselfname : ,
parametersx : , andbody DX,

(Readerdamiliar with Abadi and Cardelli's work will
notethatwe aretakingparameterizechethodsasprimitive,
ratherthande ning themas syntaxsugar This is neces-
saryfor our semanticswhich is basedon methodcallswith
argumentsaandreturnvalues.)

A thread t consistof astackof let-expressionstermi-
natedeitherby areturnvalue:

x1:Th & Xn:Th €& Vv
or by adeadlocled thread:
Xx1:T1 & Xn:Th €n

Eachexpressions eitheritself athreador:
anif expression vi V» & e,
amethodcall vl v,
amethodupdatevl M,
anew object o,

anew thread t,or

thecurrentthreadname

Eachvalueis eithera nameor a variable. We will discuss
typesin Section2.2. In exampleswe will oftenusesome
syntaxsugar We will elide typesfrom variableandname
binders,wherethey canbe reconstructedWe write e;t as
syntaxsugarfor x e t whenxis afreshvariable.
We useAbadi and Cardelli's de nition of elds f aszero-
argumentmethods:a eld declarationf vin anobjectis
syntaxsugarfor amethoddeclarationf ¢n: T A v;a
eld typef : T in anobjecttypeis syntaxsugarfor amethod
typef : T; a eld accesexpressiorv f is syntaxsugar
foramethodcallv f ; anda eld updateexpressiorv f :

v is syntaxsugarfor amethodupdatevf ¢n:T A

V.

In addition, we have restrictedmary subepressionf
anexpressiono be valuesratherthanfull expressionsfor
examplein amethodcallvl v werequiretheobjectandthe
argumentgo bevaluesratherthanexpression® | e . This
malkesthe operationabemanticsnucheasierto de ne, and
doesnotrestrictthe expressvity of thelanguagefor exam-
plewecande ne el e X e x e xlx

Similarly, the distinction betweenthreadsand expres-
sions makes the operationalsemanticamuch simpler, but
we cantreatary expressionasa threadby n-corvertingit:

e X e X.



Components: C
Objects: @)
Methods: M
Threads: t
Expressions: e
Values: %
Types: T
Methodtypes: L

We assumgrammargor variablesx y, names p andmethodidenti ers|.
In objectsandobjecttypes,we requiremethodidenti ers | to be unique,andviewedupto reordering.

Figure 1. Syntax of the concurrent object calculus

2.2 Static semantics

Thestaticsemanticg$or our concurrenpbjectcalculusis
givenin Figures2—6. Most of therulesarestraightforvard
adaptation®f thosegiven by Abadi andCardelli[1]. The
mainjudgements A C: © which is readas the compo-
nentC usesnames\ andde nesnames'. For example,if

wede neCy; v,Coand as:
Cv ]
Y,
C : A X: DX X
C : A
C n
X p p x 1;

thenwe candeducdif v: ):

n: Civ: p:
p: Cy: n:
Cv C:p: n:
Vv n: Cv C:p:

We will now introducean important requirementof our
componentgthatthey bewrite closed

Whenever A C: © containsa subexpressiorof
theformnl M with nfree,thennappearsn ©.

Thisis intendedto capturethe commonsoftwareengineer
ing requirementhatcomponentshouldnotexport mutable
elds, insteacthey shouldexportsuitable and  meth-
ods. For example,the con gurationsC; andC, above are

write closed,sincetheonly updatesareto  , but thefol-
lowing componentwhich writes directly to p is
notwrite closed:

C, n x p p Dox L

For theremaindeiof the paperwe will requirecomponents
to be write closed. This makesdevelopinga fully abstract
semanticamuch simplet, sincewe do not needto model

methodupdatedirectly.

2.3 Dynamic semantics

The dynamicsemanticdor our concurrenpbjectcalcu-
lusis givenin Figures7-10.
We de ne two relations:

C ' C whenC canreduceoC by theinteractionof a
threadandan object(eithera methodcall or amethod
update).

C P C whenC canreduceto C by a threadacting
independenthpf any otherthreadsor objects.

WewriteC  C wheneitherC -* C orC P C ; wewrite
C C whenC C.

The importantpropertyof B-reductionsis that they do
notintroduceraceconditions(andhencenondeterminism),
wheret-reductionsmay introduceraceconditions. This is
discussedurtherin thefull versionof this paper

For example,recallingthede nition of C; v from Sec-
tion 2.2we have:

Ct5 n x p p x 1;
. Ct5 n x p p x 1;
TC15 n x 5 p x 1;
P Ci15 np 6 ;



AO, C:07 ANO; C:0, A C:On:T An:T O:T AN t:

A O: A C C : 00 A vn:T C:0 A nO:n:T A nt:n:

Figure 2. Rules for judgementA C: 0

A M1:T|1 A MkZT|k
A |1 M1 |k M . T

Figure 3. Rule for judgement ;A O : T (whenT  I1:L3 Ik:Lk)

Mx1:Th Xk . TkAn:T t:U
MA ¢n:T AXx1:Th Xe T t:TI

Figure 4. Rule for judgement ;A M: Tl (when T ' T T« U and T | is the record |

selected from T)

A vi:Th A vw:Ty A v: 1D Ty T« T
A e:T, T A e: T A viiTq MA v Tg A n:T LA M:TI
A Vi Vo e e: T A vlvg Vi o T A nl M:T
A O:T A t:T
A oO:T A t: rA
MHA e:Tp Tx:TgA t: T
Fx:Tr;A x:T MAN:TA n:T

A X:Ty e t:T, A T

Figure 5. Rules for judgement ;A e: T

Variablecontexts: I :: x: T x:T Namecontexts: A®@ X & :: n:T n:T

In variablecontexts, variablesmustbe unique,andareviewedup to reordering.
In namecontets, namesnustbe unique typesmustnotbe , andareviewedup to reordering.

Figure 6. Syntax of name and variable contexts



0 C C Ct & C C G G Ct &G G ¢
Ct vn:T CG vn:T C G vn:Ty vm:To, C vn:T, vni:Ty C

Figure 7. Axioms for structural congruence (where nis not free in Cy)

n x:T v t P ntv x
:T X1:T1 e & t P n X1:T1 € X:T e t
x:T vV VvV e e t P n X:T e t
Vi V2 e e t P n x:T e t (Vi W)

n x:T O t P vp:T pO n x:T p t (pisnotfreein O ort)

n x:T foot P vp:T pf n x:T p t (pisnotfreeint or f)
n x:T t P n x:T n t

n x:T t P n

pO n x:T plv t n pO n x:T Olpv t
pO n x:T pl M t . pOl M n x:T p t

Figure 8. Axioms for reduction precongruence

B

C C C C c-~ C
clfc ccPcoc vn:T c-PvniT C
c ' cC c-'c c-'c
c-'cC cc-'cc vn:T C-"vn:T C
Figure 9. Rules for reduction precongruence
I MI MIlpv tpnvx I MI M I M | MI M

Figure 10. Definitionof Ol p v andOl MwhereM ¢n: T AX:T t



TC15 np . 6;6;

"'C16 np6;
P ci6 n
asexpected.

2.4. Testingpreorder

We will now de ne thetestingsemantic$or our concur
rent objectcalculus. We will do this by de ning a notion
of barbfor acomponentandlet a successfutomponenbe
onewhichcommunicatesnthatbarh Thisis similarto the
useof barbsin processalgebrg20].

Letthetype bede ned:

for somefreshmethodname
stronglybarbsonb:

. We saythatacomponent
writtenC , if andonly if:

C vn:T C n x: b t

forb nandbarbsonb: writtenC , if andonly if:

C Cuyp

WhenA Cp:©@andA C;:OwewriteA Cp 1 Co:0
if andonly if:

foraryA © b: C:Aif C¢ C pthenC, C

Thisis a straightforvardadaptatiorof the standard9] def-
inition of maytestingfor concurrensystems.

2.5. Trace semantics

Thetracesemanticgor theconcurrenbbjectcalculusis
givenby alabelledtransitionsystem(Its) with judgements:

a

A C:O - A C:0

The Its is given for componentextendedby introducing
two new expressions:

e \'

Thesenew threadsareincludedpurely to assistin the de-

scriptionof thelts andareintendedo represena command
for athreadto wait for someunknown interactionwith the

ervironmentanda commandor a threadto reporta value

to the ervironmentandthento go backto a ed state.
Thereare no reductionsassociatedvith thesecommands
andthey maybetypedas:

MA v:T
A T A v:U

whereT andU areary types. Thelts for our concurrent
objectlanguageregivenin Figuresl1-14.

For exampleif we de ne:

© p:
O] p: n:

then(whereC; v is de nedin Section2.2)we have:

C:5:0

v n n p ?

Ci5 n X p X :0
Ci5 n 5 :0

n 51

Ci5 n 10

n p 6 ?

Ct5 n x p 6 X 0
Ci16 n 6 :0

n 6!

Ci5 n 10

For ary componentA C:© wede neitstracesto be:

S

A C:0 s A C:0 A C:0

We will now shaw thatthis tracesemanticss fully abstract
for maytesting.

3. Soundnesof tracesfor may testing
3.1 The mergeoperator

De ne thepartialmeige operatorCy
ric operatorde nedupto where:

C, asthesymmet-

0 C C
vV p: T C C vV p: T C G
p (@) C]_ C2 P (@] Cl C2
pt C C pt G G
nty, C nt, G nty t G G

whenn C, andp C .

De ne thepartialmemgeoperatot; t, asthesymmetric



. n plv ? . . .
An c.o —— A Cn x:T plv X :n:
when;A n: © plv :Tandp
Cn x:T t 0 n_plv? A Cn y:U plv x:T
when;A ©® plv :Uandp ©
Cn x:T t:0 N v? A C ntvx :0
when;A© v:T
Cn xxT plv t:0 n_piv A Cn x:T t:0
whenp A
n x:T v t:0 n v A Cn x:T t:0

a

Figure 11. Axioms for labelled transition system A C:©@ - A C:0©

a

A C:On:T -~ A C:0On:T
A vn:T C:0 -* A vn:T C:0
AconT ¥ A c:o

nis notfreein a

. nisfreeiny
A vn:T c:co YTY A cro
An:T cco ¥ A co .
VATV nisfreeiny T is not
A C:0 A C:0

a

Figure 12. Rules for labelled transition system A C:© -~ A C:0

cC C A CoO-*aA C:0
ACO ° AC:O ACoO " A C:0
A C:O A C:0 A C:0
ACoO> A C:O

Figure 13. Rules for trace semantics A C: 0 ® A C:0

Basiclabels: y o n plv n v vn:T vy
Visible labels: a & y?y
Traces: grs @ a a

Figure 14. Syntax of labels and traces



operatowhere:

X t
X t v
\Y;

X 1] Yy v B
y to v X

X 18} y e t
y e X L b

wheneis block/returnfreeandy to .

Lemma3.1IfA C; C, :OthenC; C C C.

Lemma3.21fC; C, CthenC yif andonlyif C; p
orCy p.

3.2 Trace compositionand decomposition
Givenatraces we write sfor thecomplementaryrace:
e ¢ SR S Y2 VYV

Proposition 3.3 (Trace composition/decomposition) For
anycomponentsA @ C;:0X and @ ® C:AX

suththatC; C, C,wehave:
HIfad C:0Z Ao C,:0Z
and @O C:AZX 0 ¢ C:AZ

thenC C
wheevA @ 3 AGXZ C, C, C.

(i) IfC C thenthere existssometraces

sudthat A @ cl:e_z AD C:O X
and @b C:AZX 0o C:AZX
wheevA @ 3 AGXZ C C, C.

3.3 Proof of soundness

Theorem 3.4 (Soundnesof tracesfor may testing)

If A Cj_ e A C2 10
thenA C; mayC2 1 ©
Proof: Supposehat A C:0 A Co:

© andthatwe have © b: Co: A suchthat C;
Co b;wemustshavthat C; Cy  also.
Now, since C; Cy pwecannd C suchthat:

G G Cyp

By Lemma3.1weknowthat:C; Cp C; Cpandsoby
Proposition3.3we have:
Ab: C:0 ® A Db: C,:0 %
©b: Co:A © b: Co:d X

wherevA © 3 AO C; C
we know thateitherC,  orC; p.

C. By Lemmag3.2

Case C; p . SinceC; p wecan nd alabelw! of the

form:

w vn:T n b !
suchthat:

A b: c:osx *
Since A C:0 A C:0 we
have:

S w!

ADb: C:0 A b: C:0 %
By Lemma3.1weknowthatC, Cy C; Cpandso
by Propositior3.3wehave: C; Cp C where:

VAO® I AO® C C C

By Lemmag3.2,sinceC, p we havethatC , andso
C> Cy pasrequired.

Case C, p . Similarto theabove.
3.4. Example

We canusethe tracesemanticsnow to shawv a simple
equivalence,derived from one of the Meyer-Sieberexam-
ples[16] for idealisedAlgol. The following two compo-
nentsaremaytestingequialentif x t C:

Cn x O t and C nt

To show thiswe usea meta-propertyf reductionthattraces
areinvariantunder3-reductionsowe reduceourobligation
to shaving equivalenceof

vp pO C nt and C nt

This canbeachiezed by establishinga simpleinvariant(by
examining eachlabelledtransitionrule) that eachof these
can performthe sameactionsto getto a similar syntactic
form.

4. Completenesof tracesfor may testing

A key stepin demonstratinggompletenessf tracesfor
may testingis to nd, for eachtrace,a componentvhich
exhibits thattrace;we call this problemde nability. How-
ever, we only actuallyrequirede nability for traceswhich
originatedfrom well-typedcomponentsTo identify these,
in the full versionof the paper we presenta type system
for tracesA s: © which capturesexactly thosewe
require. For presentpurposeghe readermay think of the



well-typedtraceshA  s: © simply asthosewhich are
generatedy well-typedcomponent®d C: ©. Also, due
to anamountof lateng/ andasynchrom in thelabelledtran-
sition systemto demonstratee nability, we foundit nec-
essanto de ne aninformationorderA r s: o for
typedtraceswhich incorporategpre xing, inputreceptvity
[12], andcommutatvity of certainactions. Details of this
maybefoundin thefull versionof the paper

Lemmad4.1(Trace Duality) IfA s: ©
then® s: A

Proposition4.2 (Trace Subject Reduction) If A C:©
S

and A C:0 A C:0 thenA s: (C]
andA C:0.

Lemma 4.3 (Information Order Duality)

fA ryl sy @and y ©s Oandyl sr
then® s r: A.

Proposition 4.4 (Information Order Closure)
If A C:0 andA r s: ©
thenA C:0O

In thefull versionof this paper we de ne a component
A s © for ary typedtraceA s: o,
andshaw thefollowing resultsaboutit.

Lemma45IfA s: C]
thenA A s: O :0.

Proposition4.6 (De nability) ForanyA s: (C]

wehave A A s: ©:0 '
if andonlyifA r s: o.

The de nition of A s: © isratherlengthy
soratherthanpresentingt in full detailherewe simply of-
fer anindicationof how it is constructed Firstly, we con-
structtwo objectscalled and . The former con-
tainsa eld holdinga pointerto thelatter The Stateobject
providestype-indexedfamiliesof methodsalled
, and . We alsoprovide objectandthreadde ni-

tionsfor all thosereference$or whichthetype demandst,
i.e. thosein ©. The objectde nitions provide methodsac-
cordingto theobjecttypes wherethemethodbodiessimply
indirectly re-routeall callsto the appropriate .
it

Thethreadde nitions make indirectcallsto
throughthesethattracesarebegun.
Thebodiesfor the ,and methodsle-

pendon the next actionin the tracewe are providing de-
nability for. For instance,if the next actionto be per
formedis anoutputn pl v !thenall of thebodieswill

be a stoppedhreadsave for whichwill have a method
bodywhichwill checkthatthecallingthreadis n and,if so,

update  to pointto a new objectwhich will per
form the next actionin thetrace. It will thenindirectly call
with theresultof callingp | v (ondangling
p) to listen for an input interaction(cf. the labelledtran-
sition rule for output,any subsequenéction at this thread
mustbe aninput). Having successfullyobsened an input
interaction,the line of interrogationin this threadis com-
pletesoit mustresetitself by returningto a statein whichit
malkesanindirectcall to . Similar de nitions are
givenfor eachtype of action.
We provide no synchronisationin the A s
© componento thatthereis no guaranteghat the
reductionswill follow the precisesequencef callsneeded
to exhibit the trace. However, with respecto may testing,
this is irrelevant as we are only looking for one possible
successfusequencef execution.We do guaranteghe ex-
istenceof thisin Propositiord.6.

Theorem 4.7 (Completenesof tracesfor may testing)
If A C may C:0

then A C:0 A C:0.

Proof: Chooseary traces; suchthat:

A G:o™* A c:o
By Propositiod.2we havethatA  s;:

by Lemma4.1we havethat® s;: A.
Pickafreshb: andlet w! be:

O, andso

w vn: n b !
andlet Cy be:
Co Ob: S A

Thenby Propositiord.6 we have:

Co:A ° O b: Co:a
andsoC, p. Thus, by Lemma3.1, Proposition3.3, and
Lemma3.2wehave C; Cy p,andso C; Cp pwhich
meansthat C, Cy C p. Thus,by Lemma3.1 and
Proposition3.3we can nd s, suchthat;

O b:

Ab: 0% Ao® GO
Ob: Co:A ° ©d CA s
wherevA © Z & AOb: c, ¢ C.

SinceC |, andwe choseb to be fresh, we have that

|
C, pandhence: © b: Co: A 20 soby Propo-
sition 4.6: ©® b : S sl A and so by
Lemma4.3andwealening:A s S ©. Thus,by
Propositiord.4wehave: A C,:0 o A C,:0

asrequired.



5. Restricted sub-languages

The proof techniquesiseto obtainfull abstractiorhere
arequiterobustandcanalsobecarriedoutfor two restricted
sub-languages:

1. Thesingle-threadedub-languagés givenby only al-
lowing one nameof type , andremoving nen
threadcreationfrom the expressioanguage Thede-
nability resultfor Propositiord.6 doesnotusethread
creation,sothe proof of full abstractiorgoesthrough
with only minor changedo the proof of Theoremy.7.

2. The sub-languagewith only eld update (and no
methodupdate)can be given the sametrace seman-
tics. The de nability resultfor Proposition4.6 only
useseld update,andso the proof of full abstraction
goesthroughunchanged.

Thus, not only do we have a full abstractiorresultfor the
concurrenbbjectcalculuswe canalsospecialiseheresults
to becomdull abstractiomesultfor otherrelatedanguages.

One changewhich cannot easily be made is to re-
move therestrictionthatcomponentd®e write closed,since
methodandeven eld, updatesarenotgenerallyexternally
obsenable. It is unlikely thattraceswhich representvrite
interactionswill be de nable in the currentsense. How-
ever, we do believe thattherestrictionto write closedcom-
ponentds areasonablene,sinceit correspond$o existing
“bestpractice'for componentesign.

6. Conclusionsand futur e work

In this paperwe have presentedhe rst fully abstract
semanticdor concurrentobjects. The semanticds fairly
simple, and corresponddoosely to someof the messages
usedin UML interactiondiagramsWe do needto roadtest
thetracesemanticsvith somereasonablgizedexamplego
demonstrat¢hatthe calculationof traceds tractable.

Therearea numberof issuedeft open:

Oursemantichasmuchof the a vourof gameseman-
tics[2, 13], andthis connectiorshouldbeinvestigated.

The trace semanticscharacterisamay testing, rather
than the more commonmust testingor bisimulation
equialence.

The object calculuspresentechere doesnot include
subtyping. We believe that the techniquesof [11]
shouldbeapplicableto theprovisionof afully abstract
semanticgvenin the presencef subtyping.
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