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ABSTRACT

This papeiintroducesa framewvork for modelingandspecifyingthe
globalbehaior of e-servicecompositions.Underthis framevork,
peers(individual e-servicesxommunicatehroughasynchronous
messageandeachpeermaintainsa queuefor incomingmessages.
A global“watcher’keepgrackof messageasthey occur We pro-
poseandstudya centralnotion of a “conversation”,whichis a se-
quenceof (classe®f) messagesbsered by thewatcher We con-
siderthe casewherethe peersarerepresentetty Mealy machines
( nite statemachineswith input andoutput). The setsof corver-
sationsexhibit unexpectedbehaiors. For example,thereexists a
compositee-servicebasedon Mealy peerswhosesetof corversa-
tionsis notcontet free (andnotregular). (Thesetof conversations
is always contet sensitve.) One causefor this is the queuingof
messagesye introduceanoperatof‘prepone”thatsimulategjueue
delaysfrom aglobalperspectie andshawv thatthe setof corversa-
tionsof eachMealy e-servicas closedundempreponeWeillustrate
that the global preponefails to completelycapturethe queuede-
lay effectsandre ne preponeo a“local” versionon corversations
seenby individual peers. On the otherhand,Mealy implementa-
tions of a compositee-servicewill alwaysgenerateconversations
whose“projections”areconsistentith individual e-services We
useprojection-jointo re ect suchsituations. However, thereare
still Mealy peersvhosesetof corversationss notthelocalprepone
andprojection-joinclosureof ary regularlanguage Thereforewe
proposecorversationspeci cationsas a formalismto de ne the
corversationsallowed by an e-servicecomposition. We give two
technicalresultsconcerningheinterplaybetweerthelocal beha-
iors of Mealy peersandtheglobalbehaiors of theircompositions.
Oneresultshavs thatfor eachregularlanguage , its local prepone
andprojection-joinclosurecorrespond$o the setof corversations
by someMealy peerseffectively constructedrom . Thesecond
resultgivesa conditionon the shapeof a compositionwhich guar
anteeghatthe setof conversationghatcanberealizedis thelocal
preponeandprojection-joinclosureof aregularlanguage.

1. INTRODUCTION

The useof e-serviceqi.e., self-containedNeb accessiblgro-
gramsand devices) will revolutionize the way that mary e-com-
merce,consumersoftware, and telecommunicationapplications
are provided. Emeging standardge.g., SOAP, UDDI, WSDL,
WSFL, BPEL4WS)and industrial technology(e.g., IBM's Web
servicesToolkit, Sun's OpenNet Environmentand JiniTM Net-
work technology Microsoft's .Net and Novell's One Net initia-
Copyright is held by theauthor/avner(s).
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tives, HP's e-speakjn e-serviceshasfocusedon providing prag-
matic, working systemsso that e-servicescan effectively interact
with eachother Variantsof thewebservicegparadigmalsoarisein
the “converged” network, i.e., the evolving integrationof the tele-
phory network andthelInternetthroughstandardsuchasSIP, Par
lay/OSA,and3GPP Researcltpapersn the eld (e.g.,[9, 13, 15,
16, 26, 17, 4, 3, 18]) are providing complimentarytechnologies,
for modelingat a more fundamentalevel both e-serviceshem-
seles, and framavorks for combiningthem. The programming
languagecommunityis addressinghe web servicesphenomenon
with new language$7, 19] andspecializedype systemg20]. Re-
centwork on e-service$n the semantioveb community(e.g.,[24,
8, 25, 14]) is beginningto combinetoolsfor annotatinge-services
andfor planning,sothate-serviceganbe combinedautomatically
to achieve a speci edfunctionality

Thiswork is basedn threefundamentabbsenations:

1. Therehasbeenessentiallyno formal work to understandhe
relationshipbetweenthe global propertiesof a compositee-
serviceand the local propertiesof the atomic e-serviceghat
comprisethe composition. Furthermoreour preliminary re-
sultsreportedin this paperindicatethat thereare unexpected
interactionsbetweenrthe local andglobal behaior of compos-
ite e-services.For example,asdetailedbelow if the atomice-
servicesaredescribedusing nite stateautomatahe resulting
global behaior cannotalways be describedn termsof regu-
lar languagesalthoughsufcient conditionscanbe identi ed
to guarantet¢his stateof affairs.

2. Designof compositee-serviceshouldincorporateboth global
and local propertiesof compositee-services. The traditional
bottom-upapproacho designingheseservicesanleadto un-
desirablgglobalbehaiors. Ourinitial technicalresultssuggest
that an alternatve, top-downapproachto compositee-service
designcan provide conceptuallycleanerservicesthat will be
easietto verify andmaintain.A formalunderstandingf thein-
teractionof local andglobalbehaiors of compositee-services
will provide animportantfoundationfor the creationof such
designandanalysigools.

3. A primarygoalof the e-serviceparadigmis to supportthe dy-
namicdiscovery, selectionandcompositiorof (atomicor com-
posite)e-servicesFurther akey motivatorfor this paradigmis
the promiseof supportinga high degreeof customizatior(and
personalization)n the provision of servicesg.g.,throughthe
useof intricate userpro le and preferenceslata,andthe use
of policy enginesin the atomic e-services.Thus, designand
analysistoolsfor compositee-serviceshouldbe applicableto



bothdynamiccompositionof e-serviceshatincorporatepolicy
managemerfor customization.

This paperintroducesa frameavork for modelingandspecifying
the global behaior of e-servicecompositions.Underthis frame-
work, peergqindividuale-servicesfommunicat¢hroughasynchro-

nousmessageandeachpeerhasa queuefor incomingmessages.

A global “watcher” keepstrack of messagessthey occur We
proposeand study a centralnotion of a “conversation”,which is
a sequencef messagesbsered by the watcher By understand-
ing propertiesof theseconversationsthis studycanprovide a nev
approachfor the designand analysisof “well-formed” e-service
compositions.

Within this generalframevork, this paperfocuseson classe®of
message%.g.,in ane-commerceapplicationthe messagelasses
might include, “invoice”, “receipt”, “acknovledgment”,etc. We
studythe casewherethe peersarerepresentetly Mealy machines
( nite statemachineswith input andoutput). The setsof corver-
sationsexhibit unexpectedbehaiors. For example,thereexists a
compositee-servicebasedon Mealy peerswhosesetof corversa-
tions is not regular nor contet free. The setof conversationss
shawn to be contet sensitve. Onecausdor thisis the queuingof
messagesye rst introduceanoperator’prepone”in anattempto
simulatequeuedelays. Althoughthe setof corversationsof each
compositee-servicewith Mealy peerss closedunderpreponewe
illustrate that preponedoesnot completelycapturethe queuede-
lay effects. We re ne the preponeoperatorto a “local” version
which appliesto conversationsby individual peers. Anotheras-
pect of the compositee-serviceis that decisionsare only made
by individual e-servicegossiblywith communicationsvith each
other This meangthateache-serviceseesonly a “local” view of
the global conversation.ConsequentlyMealy implementationsn
thecomposites-servicewill alsoincludecornversationghatwhose
“projections”to individual e-servicesre consistenwith the local
e-services.We use projection-joinclosureto capturesuchsitua-
tions. This is reminiscentof the decompositiorand join in the
relationaldatabasesHowever, therearestill Mealy peerswhose
setof conversationss not preponeand projection-joinclosureof
ary regularlanguage.Thereforewe proposeconversationspeci -
cationsasa formalismto de ne the corversationsallowed by an
e-servicecomposition.

In this paperwe presentwo technicalresultsconcerninghein-
terplaybetweerthe local behaiors of Mealy peersandthe global
behaiors of their compositions. One result shavs that for each
regular language its local preponeand projection-joinclosure
correspond$o the setof corversationdy someMealy peerseffec-
tively constructedrom . The secondesultgivesa conditionon
theshapeof acompositionvhich guaranteethatthe setof corver
sationghatcanberealizedis thelocal preponeandprojection-join
closureof aregularlanguage.

The paperis organizedasfollows. Section2 presentsa formal
framework for studyingcompositee-services.Sections3, 4, and
5 presentsomepreliminaryresultsthat focuson an abstractview
of the formal framavork basedon the classef messagepassed
betweere-servicesind nite stateautomataresultshereillustrate
the unexpectednatureof theinterplaybetweeriocal andglobalin
compositee-servicesSection6 concludeshe paper

2. A MODEL FOR E-SERVICES

In this sectionwe describea paradigmfor modelinge-services
anddiscussvariousmodelingissueswithin the paradigm.Ourgoal
is to setupthegroundwork for studyingcompositiorof e-services.
For this purposewe startwith a very generalbstractmodelfor e-
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Figure 1: A modelof e-sewice

servicesin this section,and graduallybring in somere nements
thatarerelevantto ourinvestigationin thelatersections.

While abstractand focusedprimarily on global behaior, our
paradigmis basedon the fundamentatonstructsof the web ser
vices as promotedby, e.g.,BPEL4WSJ[11], the SQAP standard,
IBM' s WebservicesToolkit, Microsoft's .Net,andotherindustrial
productsandproposalslit alsofollows the modeladoptecby much
of the researchon web servicecomposition[8, 25], work on web
service programminglanguageq7, 19], and the AZTEC proto-
type[17]. Importantly our modelalsore ects fundamentaton-
structsemenging for the next generatiortelecommunicationset-
work. Thetelecommunicationsetwork hastraditionallyinvolved
a smallnumberof monolithic, multi-functionswitches put is now
migratingto an Internetstyle thatis “disaggrgated”with a high
numberof distributed,specializedoftswitchesandfeatureseners.
Indeedthe Sessiorinitiation Protocol(SIP)[27] providesa highly

e xible mechanisnfor coordinationof low-level telecommser
vicesthatis reminiscenf, but lessexpressie than,SQAP. Also,
thereferencerchitecturdor anlP MultimediaCoreNetwork Sub-
system(IMS) thatis beingproposedy the 3GPP[1] and3GPP2
[2] standard$®odies(for 3G wirelessdataandvoice)is quitecom-
patiblewith the coreelementof thewebservicegparadigm.

A fundamentabbsenationis thatan e-servicg(1) providesser
vicesthrough“servicesessionsand(2) reactsto “events”duringa
sessionalthoughthe implementatiorof an e-servicemay be very
comple. Fig.1 illustratesan abstractionof an e-service(called
herea peel) asa programthat processethe input eventsfrom an
inputqueueanddeterminesheresponsé ary (in theform of out-
going events)and termination. For the presentwe make no as-
sumptionsaboutthe computationapower of a peer norhov much
storaget has,etc.

Eventsform the enablingmechanisnin composinge-services.
In this paperwe focuson animportantkind of event—*messages”
betweenthe individual e-services.Messagesre organizedinto a

nite collectionof “messageclasses’{eachmessagés in exactly
oneclass). Messageclassexanbe usedto simplify andorganize
the speci cation of actions. A messge classconsistsof a hame
anda nite setof attributes. A messge of aclass consistsof
anidenti er of an e-serviceenactmen{session)anidenti er for
themessagdéself, thesendertherecever, andafunctionmapping
eachattributeof  to avalue(of appropriateype).

authorize o
>

Figure2: A compositee-sewice



ExXAMPLE 2.1. Considera very simple exampleof e-services
involving four seners: a retail store that plansto replenishits in-
ventory its bank andtwo warehouseghat supply goods. Fig. 2
shaws the four seners and messagelassedhetweenthem. In a
(simpli ed) typical scenario,the store requestsan authorization
from thebank;afterreceving theapprwal from thebank,the store
cansendoneor moreordersto thewarehousesVhenawarehouse
recevesanorder it responddy billing the bankfor theamounton
the order andsendsthe storea receipt. The bank,in turn, makes
a paymentafterreceving a bill. The messagelassauthorize may
includeattributes“date”, “requestedamount”,“accountnumber”,
etc. andanauthorize messagenaylook like:

store bank “11-1-2002",“$2,500”,43-56483, .1

)

—

]

=l

Figure 3: E-sewice composition

Watcher

Unsurprisingly the behaior of eachsener in Example2.1 cor
responddo the abstractmodel (Fig. 1). The composede-service
canalsoberepresentedsingthis abstracimodel. Fig. 3 shavs an
abstractarchitecturefor an e-servicecomposition,wherethe out-
put of an e-servicegoesto the input queueof anothere-service.
The watder is the concatenatiorof all the messagesxchanged
amongthe peers.Onecanthink of the watcherasa personlisten-
ing to the network andrecording,one by one,eachmessagé¢hat
hasbeensentover the network. Oneof the centralinsightsin this
paperis that postulatingthe (conceptualkexistenceof the watcher
permitstwo complimentaryperspecties on compositee-services
designandanalysisnamely top-downvs. bottom-up In particular
specifyingthedesiredglobalbehaior asobseredby thewatchelis
fundamentallydifferentfrom specifyingthe behaiors of the peers
which generatéhatwatcherbehaior.

Roughly a peerimplementatiorcanbe viewed asa “program”
thatdecidespasedon thereceved messageandthe messageal-
readysent,if a nev messageshouldbe sent,and/orif the session
shouldterminate AZTEC [17] classi ese-servicednto two types:
(1) Discretee-serviceshatdo notallow interactiongluringtheser
vice, and(2) Interactive e-serviceghatallow arbitrarily mary in-
teractionduringthe service suchasVCR type of controlsduring
a session.A discretee-servicecanbe viewed asa servicewhose
outputdependnly on the original input, while in aninteractve
e-serviceinputs can be unpredictableand the e-servicereactsto
input asthey occur AZTEC [17] emphasizeshe importanceof
interactve e-servicesn the context of telecommunicationappli-
cations but they arealsorelevantin the context of e-commerceA
singleoccurrencef orderingabookcanbemodeledusingdiscrete
e-servicesBut in mary casesavendorwantsto trackthe entirere-
lationshipwith acustomerandperhapsnodify custometreatment
accordingly(e.g.,frequentier programs)In thiscasesomeof the
e-servicesisedarefundamentallyjfong-runningandinteractie.

We now startto lay the foundationfor a formal studyof global
behaior of compositee-servicesThe rst stepis to formalizethe
notionof a“schema’for acompositee-service.

DEFINITION. An e-compositiorschema(ec-stiema is atriple

, Where is a nite setof messagelasses, a nite

setof (abstractpeerge-services)and isa nite setof one-way
communicatiorthannelst i.e., isa nite setof triples

suchthat , , , andfor eachpair of
channels and in ,if and ,
then : otherwise,

Let beanec-schemaln achannel

, isthesenderand thereceiverof the channel,andonly
messagem classesn areallowedto besentonthechannel We
x thefollowing notationsin theremainderof the paper For each
peer , denotethesetsof (classesvhose)messages
maybeputin theinputqueueof andin theoutputby , resp.i.e.,

and

Finally, let

DEFINITION. Let beanec-schemand
A (peer)implementatiornf is acomputabldunctionwhichmaps
asequencef incomingandoutgoingmessageé@word over ) to
- . Anec-implementationf isamapping such
thatfor each , is animplementatiorof .

The e-servicemplementatiordescribedabove is very general.
In the following sectionswe introducea speci c type of imple-
mentationdasedn Mealy machinesandstudytheglobalbehaior
of acompositiorandthelocal behaiors of individual e-services.

3. MEALY IMPLEMENT ATIONS

A primary concernin composingmultiple e-servicess to spec-
ify global behaior of the compositionby limiting the way the e-
servicesare to interactwith eachother e.g., the coordinationof
messagedn orderto understandhe globalbehaior, we focuson
thefamiliesof sequencesf messageamongthe peers.

In thetechnicaldiscussionswe considera speciafamily of im-
plementationsalled“Mealy implementations{or “Mealy peers”)
basedon Mealy machineq22]. Therearetwo primary reasons.
First, Mealy machinesare a variantof nite statemachinesand
seemsuitablefor modelinge-services Second Mealy implemen-
tationsmale it possibleto analyzesomeaspect®f the globalbe-
havior. As we shall see,our preliminary resultssuggesia “top-
down” approacho e-serviceeompositionsandraisemary interest-
ing questions.

Let denotethe emptystring. If is an alphabetwe de ne

(theextendedalphabetvith the emptystring).

beanec-schemand
is a (hondeterministicMealy ma-

DEFINITION. Let
A Mealy implementatiorof

chine where isa nite setof states,
thestartingstate, asetof nal states, and arede-
rivedfrom asbefore,and is atransition

functionsuchthatit eitherconsumesnonemptyinputor produces
anonemptyoutputbut notboth(emptymovesareallowed). An ec-
implementations Mealyif its peerimplementationareall Mealy.

A Mealyimplementatiorof a peerreactso messageaccording
totheirclassesvhile ignoringthecontents AlthoughMealyimple-
mentationsare nite statemachinesthey canmodele-servicesn
mary applicationsnicely. Thisis illustratedby Example2.1,where

1We usethetermchanneto identify the sendemandthereceier of
amessageaothow it is exchangedIn our model,messageareex-
changedhrougha commonmediumthatis shareddy all peersand
thewatcherecordsthe messagesxchangedhroughthis common
medium.
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Figure4: A Mealy implementation for the Warehouseexample

the messagelassexffectively dictatethe actionsto be taken by
eachsenerandconsequentlyheresponses.

ExampLE 3.1. Fig.4 shavsafamily of Mealy peerimplemen-
tationsfor the warehouseexample of Example2.1. (The imple-
mentationfor Warehouse2 is analogougo the implementatiorfor
Warehousel.) In thesediagrams,we use“ " (* ") to denote
sending(receving) a messagdérom class . It canbeveri ed that
theec-languaggeneratedby this Mealy implementation

SH SH SH

wheresH is theshufe operator Thus,thisimplementatiorcorre-
sponddo thecasewvherethetiming of sending eceipt from Ware-
housel to Storeis independenbf the timing of the correspond-
ing messagebill andpayment betweerBank andWarehousel.
By usinga differentimplementatiorfor Warehousel a speci ¢ se-
guencingcouldbeenforcede.g., . 1

Wenow de ne thenotionto capturehecomputatiorof ec-imple-
mentations.

Let be anec-schemavhere
Supposéehat isaMealyec-implementatiofor
rationof isa -tuple of theform

. An ec-con gu-

wherefor each , , (i.e., statesof
), and
For ec-con gurations and
, we saythat if oneof thefollowing
threeconditionsholds:
(Peer executesan -move) thereexists suchthat
1. )
2. ,
3. for each , and ,and
4.
(Peer consumesninput) thereexist and
suchthat
1. )
2. ,
3. for each ,
4. for each , and
5.
(Peer sendsanoutputto peer andwritesto thewatcher)
thereexist and suchthat
1. ,

2 )
3. for each ,
4 for each , and
5.
wedenoteby  there exive andtransitive closureof

DEFINITION. Let be anec-schemavhere
and a Mealy ec-implementatiorof . A word

over isa(halting) corversationfor if

wherefor each , Isthestartingstateand a( nal)
statein the Mealy machine . We call the abore sequencef
ec-con gurationsanec-runof . Theec-language of ,is
thesetof all haltingcorversationsfor

While Mealy peergesembld/O automatd23] andinterfaceau-
tomata[6, 5], thecommunicatiormodelis different.In ourcompo-
sition model, Mealy peerscommunicateasynchronouslySpeci -
cally, a queueis usedfor eachpeerto buffer messageshat were
receved but not processegofar. In approachesuchasCSP[21],
and|l/O andinterfaceautomatathe communicatingprocessesx-
ecutea sendand a correspondingeceve action synchronously
ThismalkesMealyimplementationsigni cantly differentfromthe
communicatiormodelusedin approachesuchasCSR I/O and
interfaceautomata.Our modelof Mealy peersis similar to Com-
municatingFinite StateMachinesde ned in [12]. However, in our
model messagesire exchangedthrougha commonmediumand
thenstoredin the queuesof the peers,whereasn [12] eachpair
of communicatingnachinesiseisolatedcommunicatiorchannels.
Ourgoalis to investigatehe globalbehaior of theprotocolby in-
vestigatinghepossiblecon gurationsof thewatchemhichmodels
thebehaior of thiscommonmedium.Finally, [10] studies‘quasi-
realtime” automatawith queues. Theseare single automatawith
oneor morequeueswhereanautomatorcanwrite aboundechum-
ber of letterson the queue(sfor eachinputletterread. In [10] the
input and queuealphabetsnaybedifferent;in our framework the
alphabetareidentical.

4. CONVERSATIONS BY MEALY PEERS

This sectionpresent@xamplesillustratingunexpectedbehaior
of Mealyimplementationsf ec-schemaslhesemotivatetheiden-
ti cation of two key closurepropertieof Mealy ec-languagesnd
leadto somecharacterizationsf Mealy ec-languages.

EXAMPLE 4.1. Figure 5 shavs a Mealy implementation
with two peers.Peer sendsrequests while  respondswith
a messagdor each message.Since messagesanbe tem-
porarily storedin the queueof , the ec-language con-
sistsof wordswith the samenumberof 'sas 'sandeach has
a corresponding that occurssomaevherebeforehand.Note that

. Therefore is not
regular(but it is contet free). 1
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Figure5: A Mealy implementation for Example 4.1

Interestingly if a Mealy ec-implementation is restrictedto the
synchronousommunicationmode(i.e.,asendandthecorrespond-
ing receve are doneat the sametime and queuesare basically
empty),it is easyto obsere that is alwaysregular

Usinganideasimilarto thatin Example4.1,onecaneasilycon-
structaMealy ec-implementatiomwhoseec-languagés notregular
nor context free but context sensitve. However,

THEOREM 4.2. Let beanarbitrary Mealyec-implementation
of anyec-shiema.

(@) is contet sensitive

(b) Theeexistsa nite state quasi-ealtimeautomaton with 3
gueueghataccepts

(c) If the computation®f corversationsare restrictedto only al-
low queueswith lengthboundecdby a xed constantthenthe
restrictedec-languge is regular.

Theorem4.2 highlights differencesbetweenthe synchronous
communicationmodelsin I/O andinterfaceautomatandtheasyn-
chronousmodeldescribechere. The main partof the prooffor (a)
is to obsere that canberecognizedy a linearboundedau-
tomaton. Part (b) follows from a resultof [10], statingthat each
quasi-realtimeautomatorwith  queuescanbe simulatedby one
with 3 queuesPart(c) canbeprovedby arelatively straightforvard
amgumentbasedn the closureof regularlanguagesinderintersec-
tion.

We now returnto the phenomenomxposedby Example4.1. A
closeexaminationindicatesthatthe primaryreasorfor this beha-
ior is thatthe messagegueueof a peersenesasa “buffer” for the
input: while corversationamonitor the arrival of messageat the
gueueghe messagesay not be readright away. To understand
this effect, we introducethe operatorPREPONE on the alphabet
of anec-schemasfollows.

Let be a word in , where is in the
setof messagesn the channelfrom to  and in the set
of messagesn the channeffrom to . If either(1)
and are disjoint, or (2) and , then

PREPONE  includestheword . Intuitively, theoper
atorPREPONE allowstwo messageis aconversatiorto beswapped
if thesenderandreceversarecompletelydisjoint, or alatermes-
sageto a peercanarrive in thequeueearlierthananoutgoingmes-
sagefrom the peersincethe outgoingmessageannotdependon a
laterarrivedmessage.

It is importantto note that PREPONE appliesto the global se-
guenceof messagesbsered by thewatcher We will exhibit later
in the sectionthat PREPONE is not strongenoughto characterize
thebehaiors of Mealy ec-implementations.

If is alanguageover , we de ne PREPONE to be the
smallestlanguagethat contains andis closedunder PREPONE.
Thefollowing interestingpropertyholdsfor PREPONE.

LEMMA 4.3. For eat Mealy ec-implementation of an ec-
schema,PREPONE (closue underPREPONE).

Sincethe setof contet-sensitve languagesioesnot have the
PREPONE closureproperty thefollowing holds.

COROLLARY 4.4. Theeis acontt-sensitivdanguagge sud
that for anyMealyec-implementation.

The secondpropertyof ec-languagesoncernswith combining
“local views” of corversationsinto global corversationsthis is
reminiscendf thejoin operatorlin therelationaldatabasenodel.

EXAMPLE 4.5. Consideran ec-schemahathasfour peers
andthreechannels , , and
. Is thereary Mealy ec-implementatiothatgenerateshe
regularlanguage ? Notethatthe peergroups and
arein factindependenthereis no communicatiorpossi-
ble betweerthem.It canbe shavn thatary Mealy ec-implementa-
tion that generates alsogenerategachof , and
1

The abore examplesuggestghatif two global behaiors have
exactly the samelocal views, they areindistinguishable.We for-
malizethis conceptbelow.

Thede nition of  givenfor Mealy ec-implementationkasthe
effect of geneating words. We now de ne a kind of corversefor
individual Mealy peerimplementationswhich hasthe effect of
consumingwords. Let be a Mealy implementation

for a peer . Let A local (I-
)con gurationof isis atriple .Inan
I-con guration , isthecurrentstateof thepeer , isthe
sequenc®f messagem the input queueof , is asequencef
“future messagesincludingthe incomingmessagenotyetin the

gueueof andthemessage® besentoutby (i.e., represents
the remainingportion of a conversationprojectedto the messages
visibleto ).
We de ne for a pair of I-con gurations
and if oneof thefollowing holdsfor some
andsome :
(Consuminga messagérom the queue) , , and
(Sendingamessage) , ,and ,
( -move) , ,and ,or

(Enqueuingamessage)

We denoteby there exive andtransitive closureof
Let . Alocal (I-)run of is a( nite) sequencef I-
con gurations ( ) suchthat
for . Aword inthelanguage is a(halting)
executionof  if for some( nal) state .
For word andpeer , let denotetherestrictionof

totheset ( ).

LEMMA 4.6. Let
schema . Let
executionof , then
verseis alsotrue.

be a Mealy ec-implementatiorof an ec-
. If for each peer is a (halting)
is a (halting) corversationfor . Thecon-

PrROOF. (Sketch)Let be aword over . We
outline a proof for the direction“if projectionof to eachpeer
is a (halting) execution,then is a (halting) corversation”. The
corverseis trivial.

Without loss of generality we assumethat the ec-schemaas
peers . Sincefor eachpeer , the projection isa
localexecution thereexistsacorrespondingtrun  for . We
shav that is a (halting) conversationby constructingan ec-run
thatsimulatesach . Theconstructiorhas phasesPhase



0 is theinitialization phasewvherewe simulatein the globalec-run
theinitial -movesof each until it advancego anl-con guration

thatis readyto do a send-messageactionor an enqueue-message

action.Thenin eachphase , we simulatethetransmissiorof mes-
sage ,whereonlythesendeandreceverof areinvolved. We
startwith thesendeof . We executethesend- action,andits
follow-up actionssuchas -maovesandconsume-messagetions,
until we encounteanenqueue-message send-messaggctionon
amessage where . Thenweturnto thereceverof ,
executethe enqueue- actionandthe follow-up actionsuntil an
actionrelatedto alatermessagés reached.

We canprove the correctnessf the above processy aninduc-
tion onthe numberof phasesSpeci cally, it canbe shavn that(1)
afterthe completionof phase , thel-run of eachpeer hasbeen
simulatedright beforethe last|-con guration which containsthe
future messages , and (2) the simulationcan always
proceed.lt follows thatthe last global ec-con gurationis consis-
tentwith thelastl-con guration for every . 1

Now we de ne the join operator which takesasinput a se-
guenceof languages whereeach is a setof
wordsfor peer , and
It returnsalanguageover

ThenLemma4.6impliesthefollowing.

LEMMA 4.7. For each Mealy ec-implementation of an ec-
schemawith pees , . 1

Givenalanguage over |, let denotethe minimal
supersebf thatis closedunderPREPONE and . FromLemmas
4.3and4.7,we caninfer thatfor eachMealy ec-implementation,
thefollowing holds:

Essentiallythis stateshatary Mealy ec-implementatiothatgen-
eratesthe behaior set mustalsogeneratéts closure. Onein-
terestingquestionis given , is it alwayspossibleto synthesizea
Mealy ec-implementation suchthat ?

The answerunfortunatelyis negative. Considerthe following
example.

EXAMPLE 4.8. Shawvnin Figure6is anec-schemghatconsists
of threepeersandthreechannels.The language ,
andit is obviousthat

(Pup2{a}) . (P2pa{ct) .

(P22P1{b})

Figure 6: Yet another example

Let be an arbitrary Mealy ec-implementatiorsatisfying the

condition . Considerthe local run on peer
for theconversation . Thesendof mustbe after , however
theconsumptiorof maybeafterthesendof . Thisimpliesthat

is the numberof peersin the ec-schema.

or or both mustbe accepteddy
inferthat mustbeacceptedy

If is recognizedy , considethescenaridhat takes
thelocalexecutionpath and takesthepath . Itisnothard
toseethat  isacorversatiorsince sends while having in
itsinputqueue.Thus . 1

. Similarly we can

Onereasorthat the cannotbe the setof cornversa-
tionsby someMealy ec-implementatiois that PREPONE applying
to (global) conversationss too weak. Considerthe projectionof
thecorversation on in Example4.8.If it is notacceptedy

, it mustbetheresultof applyingoneor more“prepone’like
swapson an acceptedvord. For example,swap the sequencef
outputmessage andinputmessage, weget from . Note
thatthistypeof swapdiffersfrom PREPONE sincetheformeris ap-
plied locally insteadof globally. Secondlywe allow the recever
of the rst messagandthe sendef thesecondnessagéeo bethe
samewhichis forbiddenin PREPONE. We call this type of swapa
local preponede ned belaw. For eachpeer | if

isawordin , where isthesendemnf andthe recever of
, thenword isinLP
Using local preponeoperatorsand , we de ne for eachlan-

guage over theec-closueof asfollows.
LP

whereLP representghe re exive and transitive closureof LP,
for eachpeer . It is easyto seethat . In
Section5 we shallshav that canalwaysbe synthesizedor
eachregularlanguage .

Now let usconsidertheinverseof the synthesiproblem.Given
aMealy ec-implementation, canwe nd aregularlanguageasits
core?Thefollowing exampleprovidesa negative answer

EXAMPLE 4.9. Consideranec-schemahavn in Figure7 con-
sistingof 3 Mealy peers, and3 channels.Intuitively,
sendssay messagesfclass ,to ,amessageto ,andthen
halt; respond€o each messagdy senda messagdo ;

expects at the beginning andthenconsumesll messages.
It is not hardto seethatthe only way for  to haltis for  to
keepall messagem its queuetill after sends to . Thus

is its ec-languagelt canbe shavn thateach

subset of satis esthefollowing property

c=(pyP2{at)
C=(py,Pz{b})
Cs=(p,ps{c})

Y 1b ?a re-_ 22
>® o
'a \'_(/ 2c
P2 Ps

Py

Figure7: A Mealy implementation for Example 4.9
Exampled.9 suggestshefollowing.

PrROPOSITION 4.10. Thee existsa Mealyec-implementation
sud that for eat regular languaye



5. CONVERSATION SPECIFICATION

Proposition4.10 suggestghat addingasynchronousommuni-
cation signi cantly increaseshe power of essentially nite state
machinegMealy peers). This unsettlingfact suggestshat focus-
ing only onpeerdn e-servicecompositiondesignis fundamentally

awed. Attentionhasto be givenon the“global behaior” of such

composednachineriegarlyon. Thecorversationamongthepeers
modelstheglobalbehaior thatwewouldlike to capture Although
one cantry to reasonaboutthe global behaior after specifying
(designing)individual peersthroughthe composition,it may be
“cheaper’andmoredirectto provide a speci cationof the global
behaior.

DEFINITION. Let be an ec-schema.A con-
versationspeci cationfor is a speci cation (e.g.,by regular
expression, nite stateautomatonijntertaskdependenciegtc.) of
alanguageover . Thelanguagespeci edby is denoted
Let beaconversationspeci cation. An ec-implementation of

conformgo if is containedn theec-closureof ,and
realizes if the ec-closureof

We areinterestedn the following question:For a corversation
speci cation , canwe constructa (Mealy) ec-implementation
thatrealizes ? Themainresultof the sectionis to shav thatthe
answeilis positive.

THEOREM 5.1. For every regular languaye , onecan effec-
tively constructa Mealyec-implementation thatrealizes .

We now discusshe proof of theabove theorem.The proof con-
sistsof the following main steps. First, we constructa nite state
automaton thataccepts . From , we constructfor eachpeer

, aMealy implementation . This constructioris essentiallya
projection: replaceall edgesin  thatareirrelevantto channels
connectedo by moves,changeedgesof messagesentto
asinput, and nally edgesof messagesentby asoutput. To
prove thatthe compositionof theimplementation generategx-
actly , we have to shaw that

LP Q)

By Lemma4.6,aword is containedn if andonly if for
eachpeer is a halting execution. Combinedwith the
factthat , we caninfer thatto prove Equation(1),

it sufces to shaw thefollowing property(Lemma5.2).

LEMMA 5.2. Let  beaMealyimplementatiorior peer . A
word isa haltingexecutionf andonlyif LP

PROOF. (Sketch)We prove by inductionthat LP
isasufcient conditionfor beingalocal execution.In theinduc-
tion proofit sufces to shaw theclaimthatif aword is contained
inLp for somelocalexecution , s alsoalocal execution.
The proof of the claim is straightforvard, becauseve canalways
constructanl-runfor by modifying thel-run of

Next we shav that LP is a necessargondition.
We shaw thatfor ary haltingexecution , wecanalways nd

suchthat LP , by applying “reverseprepone”
procedurenitely mary times. We brie y describethe procedure
belon. Considerthel-run of the local exe-
cution . Let bethe rst send-
messageactionsuchthatinput queueis notempty i.e.,
It is not hardto shaw that canbe written as ,
where includesthoseeagerlyprocessedhessagebkeforethear-
rival of ary messagén . Now let , we canshav

that LP and isalsoahaltingexecution.Repeathe

above procedureuntil we cannotnd asend-messagectionwith a

non-emptygqueuethenwe getalist where ,
, andfor each , LP . Thelast
word isthe wearelookingfor. 1

Lemmab.2impliesthefollowing corollary

COROLLARY 5.3. Givena Mealy ec-implementation for an
ec-stiema . Thecorversationsetgeneatedby is thefollowing:

LP

Corollary 5.3 doesnot meanthat theremustbe a regular lan-
guage‘core” for a Mealy ec-implementationWe cangive a char
acterizatiorfor a subclassvhich guaranteesucharegularcore.

DEFINITION. Let beanec-schemalet

bethenon-directedyraphwhere

Schema istree-basedf is a(non-directedjree.

PROPOSITION 5.4. Let bea tree-basedc-sbemaand a
Mealyimplementatiorfor . Then for someregu-
lar language

PrROOF. (Sketch)First we extendthe notion of conversationto
indicatewhenmessagearereadfrom aninput queue,in addition
to whenmessagearewrittenontotheinputqueue Let

. A read-augmentedorversationof implementation

isaword overthe alphabet that corresponds$o
acomputatiorover , whereeachoccurrenceof aletter  corre-
spondgo atime whenletter wasreadfrom a peersinputqueue.
Givensucha denotegheprojectionof ontothealphabet

Now let and beasin the statemenbf the proposition. A
key lemmais to shav thatif is a read-augmentedorversation
of correspondindo a halting computationthenthereis aread-
augmentedorversation of suchthat PREPONE
and hastheimmediataeadproperty, thatis, for eachoccurrence

of occurringin  thereis anoccurrenceof  immedi-
atelyfollowing in . Thekey ideaof the proofis thatsince is
tree-basedentireblocksof a computatioroccurringin one“part”
of thetree(if partitionedby remaving ) canbe“delayed”or “ac-
celerated’sothatamessagés notputontothequeueof peer until

is readyto readthatmessage.

Fromthe above key lemma,we learnthat eachhalting corver
sation is containedn PREPONE for someword
where  satis esthe following condition: for eachpeer , the
projection is acceptechy . Let ,
it is not hardto shaw that is a regular languageand
PREPONE . Let bethe Mealy ec-implementatiogenerated
fromtheprojectionof to eachpeer It is easytoinferthat

. Combinedwith theknown factthat

PREPONE
we canfurtherinfer that

PREPONE

6. CONCLUSIONS

We study the relationshipof global behaior of compositee-
serviceandlocal behaiors of theindividual e-servicesn the posi-
tion. We shav thatglobal behaior may sometimesoe ratherun-
expecteddueto (1) queuingof messagesand (2) distributed de-
cisionsmadeby local peers.Our resultsindicatethatthe effect of



combiningindividuale-servicess notverywell understoodndde-
senesfurtherinvestigations.The resultsalsosupporta top-davn
approachin developingcompositee-servicego control/a/oid un-
expectedbehaiors.
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