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ABSTRACT

This papeiintroducesa framewvork for modelingandspecifyingthe
globalbehaior of e-servicecompositions.Underthis framework,
peers(individual e-servicescommunicatehroughasynchronous
messageandeachpeermaintainsa queuefor incomingmessages.
A global“watcher’keepgrackof messageasthey occur We pro-
poseandstudya centralnotion of a “conversation”,which s a se-
quenceof (classe®f) messagesbsered by thewatcher We con-
siderthe casewherethe peersarerepresentetty Mealy machines
(finite statemachineswith input andoutput). The setsof corver
sationsexhibit unexpectedbehaiors. For example,thereexists a
compositee-servicebasedon Mealy peerswhosesetof corversa-
tionsis notcontet free (andnotregular). (Thesetof corversations
is always contet sensitve.) One causefor this is the queuingof
messagesye introduceanoperatorprepone”thatsimulatesjueue
delaysfrom a globalperspectie andshawv thatthe setof corversa-
tionsof eachMealy e-servicas closedundempreponeWeillustrate
that the global preponefails to completelycapturethe queuede-
lay effectsandrefinepreponeto a“local” versionon conversations
seenby individual peers. On the otherhand,Mealy implementa-
tions of a compositee-servicewill awaysgenerateconversations
whose“projections” areconsistentwith individual e-servicesWe
useprojection-jointo reflect suchsituations. However, thereare
still Mealy peersvhosesetof conversationss notthelocalprepone
andprojection-joinclosureof ary regularlanguage Thereforewe
proposecorversationspecificationsas a formalism to definethe
corversationsallowed by an e-servicecomposition. We give two
technicalresultsconcerningheinterplaybetweerthelocal beha-
iors of Mealy peersandtheglobalbehaiors of their compositions.
Oneresultshavs thatfor eachregularlanguagd., its local prepone
andprojection-joinclosurecorrespondso the setof conversations
by someMealy peerseffectively constructedrom L. Thesecond
resultgivesa conditionon the shapeof a compositionwhich guar
anteeghatthe setof conversationghatcanberealizedis thelocal
preponeandprojection-joinclosureof aregularlanguage.

1. INTRODUCTION

The useof e-serviceqi.e., self-containedNeb accessiblero-
gramsand devices) will revolutionize the way that mary e-com-
merce,consumersoftware, and telecommunicationspplications
are provided. Emeging standardge.g., SOAP, UDDI, WSDL,
WSFL, BPEL4WS) and industrial technology(e.g., IBM's Web
servicesToolkit, Suns OpenNet Ervironmentand JiniTM Net-
work technology Microsoft's .Net and Novell's One Net initia-
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tives, HP's e-speakjn e-serviceshasfocusedon providing prag-
matic, working systemsso that e-servicesan effectively interact
with eachother Variantsof thewebserviceparadigmalsoarisein
the “cornverged” network, i.e., the evolving integrationof the tele-
phory network andtheInternetthroughstandardsuchasSIP, Par
lay/OSA,and3GPP Researclpapersn thefield (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-servicesn the semantioveb community(e.qg.,[24,
8, 25, 14]) is beginningto combinetoolsfor annotatinge-services
andfor planning,sothate-serviceganbe combinedautomatically
to achieve a specifiedfunctionality

Thiswork is basedn threefundamentabbserations:

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
interactionsbetweerthe local andglobal behaior of compos-
ite e-services.For example,asdetailedbelow if the atomice-
servicesare describedusingfinite stateautomatahe resulting
global behaior cannotalways be describedn termsof regu-
lar languagesalthoughsufiicient conditionscan be identified
to guarantet¢his stateof affairs.

2. Designof compositee-serviceshouldincorporatebothglobal
and local propertiesof compositee-services. The traditional
bottom-upapproacho designingtheseservicescanleadto un-
desirableglobalbehaiors. Ourinitial technicalresultssuggest
that an alternatve, top-downapproachto compositee-service
designcan provide conceptuallycleanerservicesthat will be
easietto verify andmaintain.A formalunderstandingf thein-
teractionof local andglobal behaiors of compositee-services
will provide an importantfoundationfor the creationof such
designandanalysigools.

3. A primarygoalof thee-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 services.e.g., throughthe
useof intricate userprofile and preferenceslata,and the use
of policy enginesin the atomic e-services.Thus, designand
analysistoolsfor compositee-serviceshouldbe applicableto



bothdynamiccompositionof e-serviceshatincorporatepolicy
managemerfor customization.

This paperintroducesa framevork for modelingandspecifying
the global behaior of e-servicecompositions.Underthis frame-
work, peergqindividuale-servicesgfommunicatéhroughasynchro-

nousmessageandeachpeerhasa queuefor incomingmessages.

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

Within this generalframenork, this paperfocuseson classeof
message<.g.,in ane-commerceapplicationthe messagelasses
might include, “invoice”, “receipt”, “acknavledgment”,etc. We
studythe casewherethe peersarerepresentetty Mealy machines
(finite statemachineswith input andoutput). The setsof corver
sationsexhibit unexpectedbehaiors. For example,thereexistsa
compositee-servicebasedon Mealy peerswhosesetof corversa-
tions is not regular nor contet free. The setof corversationss
shawn to be context sensitve. Onecauséor this is the queuingof
messagesyefirstintroduceanoperator‘prepone”in anattempto
simulatequeuedelays. Althoughthe setof conversationsof each
compositee-servicevith Mealy peersis closedunderpreponewe
illustrate that preponedoesnot completelycapturethe queuede-
lay effects. We refine the preponeoperatorto a “local” version
which appliesto conversationsby individual peers. Another as-
pect of the compositee-serviceis that decisionsare only made
by individual e-servicegpossiblywith communicationwith each
other This meangthateache-serviceseesonly a “local” view of
the global conversation.ConsequentlyMealy implementationsn
thecomposites-servicewill alsoincludecorversationghatwhose
“projections”to individual e-servicesareconsistentith the local
e-services.We use projection-joinclosureto capturesuchsitua-
tions. This is reminiscentof the decompositiorand join in the
relationaldatabasesHowever, therearestill Mealy peerswhose
setof cornversationss not preponeand projection-joinclosureof
ary regularlanguage.Thereforewe proposecorversationspecifi-
cationsas a formalismto definethe conversationsallowed by an
e-servicecomposition.

In this paperwe presentwo technicalresultsconcerninghein-
terplaybetweerthe local behaiors of Mealy peersandthe global
behaiors of their compositions. One result shaws that for each
regular languageL its local preponeand projection-joinclosure
correspond$o the setof corversationdy someMealy peerseffec-
tively constructedrom L. The secondesultgivesa conditionon
theshapeof acompositionwhich guaranteethatthe setof conver
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 framevork basedon the classef messagepassed
betweere-servicesndfinite stateautomataresultshereillustrate
the unexpectednatureof the interplaybetweeniocal andglobalin
compositee-servicesSection6 concludeghe 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 generalbstracimodelfor e-
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Figurel: A model of e-service

servicesin this section,and graduallybring in somerefinements
thatarerelevantto our investigationin thelatersections.

While abstractand focusedprimarily on global behaior, our
paradigmis basedon the fundamentatonstructsof the web ser
vices as promotedby, e.g.,BPELAWSJ[11], the SOAP standard,
IBM' s WebservicesToolkit, Microsoft's .Net,andotherindustrial
productsandproposalslt alsofollows the modeladoptecoy much
of the researchon web servicecomposition[8, 25], work on web
serviceprogramminglanguageqd7, 19], and the AZTEC proto-
type[17]. Importantly our modelalsoreflectsfundamentakon-
structsemenging for the next generatiortelecommunicationset-
work. Thetelecommunicationeetwork hastraditionally involved
a smallnumberof monolithic, multi-function switches but is now
migratingto an Internetstyle thatis “disaggrgated”with a high
numberof distributed,specializedoftswitchesandfeatureseners.
Indeedthe Sessiorinitiation Protocol(SIP)[27] providesa highly
flexible mechanismfor coordinationof low-level telecommser
vicesthatis reminiscenf, but lessexpressie than, SQAP. Also,
thereferencearchitecturdor anlP MultimediaCoreNetwork Sub-
system(IMS) thatis beingproposedy the 3GPP[1] and3GPP2
[2] standard$odies(for 3G wirelessdataandvoice)is quite com-
patiblewith the coreelementof thewebserviceparadigm.

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

Eventsform the enablingmechanisnin composinge-services.
In this paperwe focuson animportantkind of event—“messages”
betweenthe individual e-services.Messagesire organizedinto a
finite collectionof “messageclasses’(eachmessages in exactly
oneclass). Messageclassesanbe usedto simplify andorganize
the specificationof actions. A messge classconsistsof a name
anda finite setof attributes. A messge of a classm consistsof
anidentifier of an e-serviceenactmen{session)an identifier for
themessagéself, the sendertherecever, andafunctionmapping
eachattribute of m to avalue(of appropriataype).

authorize

Figure2: A compositee-service



EXAMPLE 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 messagelasseshetweenthem. In a
(simplified) typical scenario,the store requestsan authorization
from thebank;afterreceving theappraal from thebank,thestore
cansendoneor moreordersto thewarehousesihenawarehouse
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:

(123, p12, store, bank, “11-1-2002",“$2,500", 43-56483,..). 1

Watcher

e

Figure 3: E-service composition

Unsurprisingly the behaior of eachsenerin Example2.1 cor-
responddo the abstractmodel (Fig. 1). The composed:-service
canalsoberepresentedsingthis abstractmodel. 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 thewatcherasa personlisten-
ing to the network andrecording,one by one,eachmessagéhat
hasbeensentover the network. Oneof the centralinsightsin this
paperis that postulatingthe (conceptualexistenceof the watcher
permitstwo complimentaryperspecties on compositee-services
designandanalysisnamely top-downvs. bottom-up In particular
specifyingthedesiredglobalbehaior asobseredby thewatcheiis
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] classifiese-servicednto two types:
(1) Discretee-serviceshatdonotallow interactiongduringtheser
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-servicesButin mary casesavendorwantsto trackthe entirere-
lationshipwith a customerandperhapsnodify custometreatment
accordingly(e.g.,frequentflier programs)In this case someof the
e-servicesisedarefundamentallyjong-runningandinteractive.

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

DEFINITION. An e-compositiorschema(ec-shiema is atriple
(M, P,C), whereM is afinite setof messagelassespP afinite
setof (abstractpeerge-services)andC is afinite setof one-vay
communicatiorthannelst i.e., C is afinite setof triples(ps, pr, o)
suchthatps,p, € P, ps # pr, 0 C M, andfor eachpair of
channelps, p-, o) and(ps, p;, o) in C, if ps; = p; andp, = p;,
theno = ¢’; otherwiseg N o’ = @.

LetS = (M, P, C) beanec-schemaln achannelps, p,, o) €
C, ps is the senderandp, the receiverof the channel,andonly
messagem classesn o areallowedto besenton thechannel We
fix thefollowing notationsin theremainderof the paper For each
peerp € P, E;,“, 9"t denotethesetsof (classesvhose)messages
maybeputin theinputqueueof p andin theoutputby p, resp.i.e.,
S = U{o | (ps,p,0) € C} andSg™ = Ufo | (p,pr,0) € C}.
Finally, letS = U, p 3 = U,ep Z5™* € M.

peP p

DEFINITION. Let S = (M, P,C) beanec-schemandp € P.
A (peer)implementatiornf p is acomputabldunctionwhichmaps
asequencef incomingandoutgoingmessageé word over X) to
Y U{halt, no-op}. An ec-implementationf S is amappingl such
thatfor eachp € P, I(p) is animplementatiorof p.

The e-serviceimplementatiordescribedabove is very general.
In the following sections we introducea specifictype of imple-
mentationdbasednMealy machineandstudytheglobalbehaior
of acompositiorandthelocal behaiors of individual e-services.

3. MEALY IMPLEMENTATIONS

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-
plementationgalled“Mealy implementations{or “Mealy peers”)
basedon Mealy machineq22]. Therearetwo primary reasons.
First, Mealy machinesare a variant of finite statemachinesand
seemsuitablefor modelinge-services Second Mealy implemen-
tationsmale it possibleto analyzesomeaspectof the global be-
havior. As we shall see,our preliminary resultssuggesta “top-
down” approacho e-servicecompositionsandraisemary interest-
ing questions.

Let e denotethe empty string. If T is an alphabetwe define
T=ru {e} (theextendedalphabetvith theemptystring).

DEFINITION. Let S = (M, P,C) beanec-schemandp € P.
A Mealy implementatiorof p is a (hondeterministicMealy ma-
chine(T, s, Eip“, Do, F, §) whereT is afinite setof statess € T
thestartingstate,F C T asetof final statesgi* andx9"* arede-

rivedfrom S asbefore,ands : T x Si* — 27*%™ is atransition
functionsuchthatit eitherconsumes nonemptyinputor produces
anonemptyoutputbut not both(emptymovesareallowed). An ec-
implementations Mealyif its peerimplementationsreall Mealy.

A Mealyimplementatiorof a peerreactso messageaccording
totheirclassesvhile ignoringthecontents AlthoughMealyimple-
mentationsarefinite statemachinesthey canmodele-servicesn
mary applicationsnicely. Thisisillustratedby Example2.1,where

1We usethetermchanneto identify the sendemndtherecever of
amessageajothow it is exchangedIn ourmodel,messageareex-
changedhrougha commonmediumthatis sharedy all peersand
thewatcherecordsthe messageexchangedhroughthis common
medium.
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Figure4: A Mealy implementation for the Warehouse example

the messagelassesffectively 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“!a” (“7a”) to denote
sending(receving) a messagdérom classa. It canbe verifiedthat
theec-languaggeneratedby this Mealy implementation

ak SH((01 SH(r1,b1p1))", (02 SH(r2, b2p2))"),

wheresH is the shufle 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 specificse-
quencingcouldbeenforcedge.g.,01b1p171. 1

We now definethenotionto capturehecomputatiorof ec-imple-
mentations.

LetS = (M, P,C) beanec-schemavhereP = {p1,...,pn}.
Supposehat! is aMealy ec-implementatiofor S. An ec-configu-
rationof I isa(2n + 1)-tupleof theform

(Qlatla ---,Qn;tn,w)

wherefor eachl € j < n, Q; €
I(p;)), andw € ©*.

For ec-configurationsy = (Q1,%t1, ..., @Qn,tn,w) andy’ =
(Q1,t1, -, Qn, tn, w'), wesaythaty — +/ if oneof thefollowing
threeconditionsholds:

(Zh)*. t; € T (i.e., statesof

o (Peerp; executesane-move) thereexists1

1. (t;,e) € (5j(tj,6),

< j £ nsuchthat

2. Q5 =Qj,
3. for eachk # j, Q) = Qx andt}, = tx, and
4. w' =w.

e (Peerp; consumesninput) thereexist 1
X, suchthat

1 (tg':e) € Jj(tjaa)'

2. Qj = aQj,

3. Qr = Qy, for eachk # j,
4. t}, = ty, for eachk # j, and

!
5 w =w.

< j < nanda €

¢ (Peerp; sendsanoutputto peerp, andwritesto thewatcher)
thereexist1 < j,k < nandg € 91 N T suchthat

1. (t;’ﬂ) S 6J'(tj75)1

2. Qi = QwB,

3. Q; = Q, for eachl # k,
4. t; = t, foreachl # j, and
5. w' =wp.

we denoteby = thereflexive andtransitive closureof —.

DEFINITION. Let S = (M, P, C) beanec-schemavhereP =
{p1,...,pn} andI a Mealy ec-implementatiorof S. A word w
over X is a (halting) corversationfor I if

(€y81y ey € 8ny€) =3 (€81, ey €, b, W)

wherefor eachl < j < n, s; is the startingstateandt; a (final)
statein the Mealy machinel(p;). We call the abore sequencef
ec-configurationan ec-runof w. The ec-languae of I, C(I), is
thesetof all haltingcorversationgor 1.

While Mealy peergesembld/O automat423] andinterfaceau-
tomata[6, 5], thecommunicatioormodelis different.In ourcompo-
sition model,Mealy peerscommunicateasynchronouslySpecifi-
cally, a queueis usedfor eachpeerto buffer messagethatwere
receved but not processedofar. In approachesuchasCSP[21],
and|l/O andinterfaceautomatathe communicatingprocessesx-
ecutea sendand a correspondingeceve action synchronously
This malkesMealy implementationsignificantlydifferentfrom the
communicationmodel usedin approachesuchas CSR I/0 and
interfaceautomata.Our modelof Mealy peersis similar to Com-
municatingFinite StateMachinesdefinedin [12]. However, in our
model messagesire exchangedthrougha commonmediumand
thenstoredin the queuesof the peers,whereasn [12] eachpair
of communicatingnachinesiseisolatedcommunicatiorchannels.
Ourgoalis to investigatehe globalbehaior of the protocolby in-
vestigatinghepossibleconfiguration®f thewatchemwhichmodels
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. CONVERSATIONSBY MEALY PEERS

This sectionpresent@xamplesillustrating unexpectedbehaior
of Mealyimplementationsf ec-schemasl hesemotivatetheiden-
tification of two key closurepropertieof Mealy ec-languagesand
leadto somecharacterizationsf Mealy ec-languages.

EXAMPLE 4.1. Figure 5 shavs a Mealy implementationZ,;
with two peers.Peerp; sendsrequests: while p» respondswith
a b messagdor eacha message.Sincea messagesanbe tem-
porarily storedin the queueof p2, the ec-language(1,,) con-
sistsof wordswith the samenumberof a's asb's andeachb has
a corresponding: that occurssomevherebeforehand.Note that
C(Iap) N (a*d*) = {a™b™ | n > 0}. ThereforeC(I4s) is not
regular (but it is contet free). 1



Figure5: A Mealy implementation for Example 4.1

Interestingly if a Mealy ec-implementatiod is restrictedto the
synchronousommunicationmode(i.e.,asendandthecorrespond-
ing receve are done at the sametime and queuesare basically
empty),it is easyto obsere thatC([I) is alwaysregular

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

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

(a) C(I) is contet sensitive

(b) Thee existsa finite state quasi-ealtimeautomatoni with 3
queueshataccept (I).

(c) If the computation®f conversationsare restrictedto only al-
low queueswith lengthboundedby a fixed constantthenthe
restrictedec-languae C°°""4¢4(1) is regular.

Theorem4.2 highlights differencesbetweenthe synchronous
communicationmodelsin I/0O andinterfaceautomatandtheasyn-
chronougmodeldescribechere. The main partof the prooffor (a)
is to obsere thatC(I) canberecognizedy alinearboundedau-
tomaton. Part (b) follows from a resultof [10], statingthat each
quasi-realtimeautomatorwith n queuescanbe simulatedby one
with 3 queuesPart(c) canbeprovedby arelatively straightforvard
amgumentbasedn the closureof regularlanguagesinderintersec-
tion.

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

Let w = w'mimow” beawordin &*, wherem; is in the
setof messagesn the channelfrom p; to pj andms in the set
of messagesn the channelfrom p, to p,. If either (1) {p1,p}}
and {p», ph} aredisjoint, or (2) p1 = ph andp} # p», then
PREPONE(w) includestheword w’momiw” . Intuitively, theoper
atorPREPONE allowstwo messageis aconversatiorto beswapped
if thesenderandreceversarecompletelydisjoint, or alatermes-
sageto apeercanarrive in thequeueearlierthananoutgoingmes-
sagefrom the peersincethe outgoingmessageannotdependn 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 L is alanguageover ¥, we define PREPONE(L) to be the
smallestlanguagethat containsL andis closedunder PREPONE.
Thefollowing interestingoropertyholdsfor PREPONE.

LEMMA 4.3. For eath Mealy ec-implementatiod of an ec-
schema,PREPONE(C(I)) C C(I) (closue underPREPONE).

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

COROLLARY 4.4, Theeis a contet-sensitivdanguaye L suc
that L # C(I) for anyMealyec-implementatiod.

The secondpropertyof ec-languagesoncernswith combining
“local views” of corversationsinto global corversations.this is
reminiscenbf thejoin operatoiin therelationaldatabasenodel.

EXAMPLE 4.5. Consideran ec-schemdhathasfour peersp1,
p2,ps3, pa andthreechannelgp:, p2, {a}), (ps, ps, {b}), and(ps,
ps3,{c}). Is thereary Mealy ec-implementatiothatgenerateshe
regularlanguage{a, bc}? Notethatthe peergroups{p:, p»} and
{ps, p4} arein factindependentthereis no communicatiorpossi-
ble betweerthem. It canbe shavn thatary Mealy ec-implementa-
tion that generateqa, bc} alsogenerategachof ¢, abe, bac, and
bea. 1

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

Thedefinitionof = givenfor Mealy ec-implementationkasthe
effect of geneating words. We now definea kind of conversefor
individual Mealy peerimplementationswhich hasthe effect of
consumingwords. Let f be a Mealy implementation(T, 5,2;,“,
out F,8) for apeerp. Let¥, = Xi* U B9*. A local (-
)configuation of f isis atriple (¢, u,v) € T x (Zi*)* x £5. Inan
I-configuration(t, u, v), t is thecurrentstateof the peerp, u is the
sequenc®f message# theinput queueof p, v is a sequencef
“future messagesihcludingtheincomingmessagenotyetin the
queueof p andthe message® besentoutby p (i.e., v represents
the remainingportion of a conversationprojectedto the messages
visibleto p;).

We define(t, u,v) —f (#',4',v") for apair of I-configurations
(t,u,v) and(t',u’, ") if oneof thefollowing holdsfor somea €
Ti» andsomeb € T

e (Consuminga messagérom thequeuely = au’, v = v’, and
(t',e) € 8(t,a),

e (Sendingamessage) = ', v = bv', and(t',b) € (¢, ¢),
o (eemoave)u = u',v =2, and(t', €) € §(t, ), or
e (Enqueuingamessage) = t', u' = ua,v = av'.

We denoteby = ¢ thereflexive andtransitive closureof — 5.
Letw € Xj. A local (I-)run of w is a (finite) sequencef |-
configurations:y = (s,€,w),c1, ..., ck (K = 0) suchthate; —
ci+1 for 0 < 4 < k. A wordw in thelanguageX;, is a (halting)
executionof f if (s,e,w) =5 (g, €, €) for some(final) stateg.
Forwordw € * andpeerp, let m, (w) denotetherestrictionof
w to thesets, (= Zi* U B9%).

LEMMA 4.6. Let I be a Mealy ec-implementatiorof an ec-
sthema$. Letw € Z*. If for eadh peerp, m,(w) is a (halting)
executionof p, thenw is a (halting) corversationfor I. Thecon-
verseis alsotrue,

PROOF. (Sketch)Letw = a1 ---a.n, beawordover . We
outline a proof for the direction*“if projectionof w to eachpeer
is a (halting) execution,thenw is a (halting) corversation”. The
corverseis trivial.

Without loss of generality we assumethat the ec-schemaas
peersp1, ..., pn. Sincefor eachpeerp;, the projection; (w) is a
localexecution thereexistsacorrespondingsrun ; for m; (w). We
shaw thatw is a (halting) corversationby constructingan ec-run
thatsimulatesachry;. Theconstructiorhas(m +1) phasesPhase



Ois theinitialization phasewvherewe simulatein the globalec-run
theinitial e-movesof eachp; until it advancedo anl-configuration

thatis readyto do a send-messagactionor an enqueue-message

action.Thenin eachphasej, we simulatethetransmissiorof mes-
sagen;, whereonly thesendeandrecever of a; areinvolved. We
startwith the sendeiof «;. We executethe sendey; action,andits

follow-up actionssuchase-moves andconsume-messagetions,
until we encounteanenqueue-message send-messaggctionon
amessagey;; wherej’ > j. Thenwe turnto thereceier of o,

executethe enqueuey; actionand the follow-up actionsuntil an
actionrelatedto alatermessagés reached.

We canprove the correctnessf the abose procesdy aninduc-
tion onthe numberof phasesSpecifically it canbe shavn that(1)
afterthe completionof phasej, thel-run of eachpeerp; hasbeen
simulatedright beforethe last I-configurationwhich containsthe
future messagesy;j+1 - - - am, and(2) the simulationcan always
proceed.lt follows thatthe last global ec-configuratioris consis-
tentwith thelastl-configurationfor every ~;. 1

Now we definethe join operatorX which takes asinput a se-
guenceof languaged.s, ..., L, whereeachL; C X7, is a setof

wordsfor peerp;, andn is the numberof peersin the ec-schema.

It returnsalanguageover X.
X; L; = {w | Vi Tp; (w) c Ll}
ThenLemma4.6impliesthefollowing.

LEMMA 4.7. For eat Mealy ec-implementatiod of an ec-
sthemawith pees pa, ..., pn, X; mp, (C(I)) C C(I). ]

GivenalanguageL over X, let closure(L) denotethe minimal
supersebf L thatis closedunderPREPONE andX. FromLemmas
4.3and4.7,we caninfer thatfor eachMealy ec-implementatiod,
thefollowing holds:

L CC(I) = closure(L) C C(I)

Essentiallythis stateshatany Mealy ec-implementatiothatgen-
eratesthe behaior set L mustalsogeneratéts closure. Onein-
terestingquestionis given L, is it alwayspossibleto synthesizea
Mealy ec-implementatiod suchthatC(I) = closure(L)?

The answerunfortunatelyis negative. Considerthe following
example.

EXAMPLE 4.8. Shavnin Figure6is anec-scheméhatconsists
of threepeersandthreechannels.ThelanguageL = {ab, bac},
andit is obviousthat closure(L) = L.

(v1-p>{a}) . (P2paic}) .

(p2-p1:{b})

Figure 6: Yet another example

Let I be an arbitrary Mealy ec-implementatiorsatisfyingthe
condition closure(L) C C(I). Considerthelocal run on peerp.
for the corversationbac. The sendof ¢ mustbe afterb, howvever
the consumptiorof a may be afterthe sendof ¢. Thisimpliesthat

bac or bea or both mustbe accepteddy I(p2). Similarly we can
infer thatab mustbeacceptedy I(p1).

If bac is recognizedy I(p2), considethescenaridhatp; takes
thelocal executionpathab andp. takesthepathbac. It is nothard
to seethatabc is a corversationsincep, send$ while having a in
its inputqueue.Thusclosure(L) # C(I). 1

Onereasorthatthe closure(L) cannotbe the setof corversa-
tionsby someMealy ec-implementatiois that PREPONE applying
to (global) conversationss too weak. Considerthe projectionof
the corversationabe onp, in Example4.8. If it is notacceptedy
I(p2), it mustbetheresultof applyingoneor more“prepone”like
swapson an acceptedvord. For example,swap the sequencef
outputmessagé andinputmessage, we getabc from bac. Note
thatthistypeof swapdiffersfrom PREPONE sincetheformeris ap-
plied locally insteadof globally Secondlywe allow the recever
of thefirst messagandthe sendeof the secondnessagéo bethe
samewhichis forbiddenin PREPONE. We call this type of swapa
local preponedefinedbelav. For eachpeerp;, if

7 1"
w=w mimaw

isawordin X}, wherep; is the sendemf m; andthe recever of
ma, thenword w'mamiw” isin LP;(w).

Using local preponeoperatorsand X, we definefor eachlan-
guageL over X theec-closue of L asfollows.

ecc(L) = N LP; (mp, (L)),

whereLP] representghe reflexive and transitive closureof LP;,
for eachpeerp;. It is easyto seethat closure(L) C ecc(L). In
Section5 we shallshav thatece(L) canalwaysbe synthesizedor
eachregularlanguagel.

Now let usconsidettheinverseof the synthesigproblem.Given
aMealy ec-implementatiod, canwe find aregularlanguageasits
core?Thefollowing exampleprovidesa negative answer

EXAMPLE 4.9. Consideranec-schemahawn in Figure7 con-
sistingof 3 Mealy peerspi, p2, ps and3 channels.Intuitively, p
sendssay: messagesf classa, to p2, amessagé to ps, andthen
halt; p» respond€o eacha messagdy senda ¢ messageo ps;
p3 expectsb at the beginning andthenconsumesll ¢ messages.
It is not hardto seethatthe only way for ps to halt is for p, to
keepall a message# its queuetill afterp, sendsh to ps. Thus
L = {a’bc® | i > 0} isits ec-languagelt canbe shavn thateach
subsetl’ of L satisfieghefollowing property

L' = closure(L') = ecc(L") I

ci=(pr.pr{a})
c=(p1.p3,{b})
c5=(pp3{c})

Y 1b ?a P
>® o
'a \'_c/ 2c
)2 Ps

41

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

PROPOSITION 4.10. Thee existsa Mealyec-implementatiod
sudthatC(I) # ecc(L) for eadh regular language L.



5. CONVERSATION SPECIFICATION

Proposition4.10 suggestghat addingasynchronousommuni-
cation significantly increaseghe power of essentiallyfinite state
machinegMealy peers). This unsettlingfact suggestshat focus-
ing only onpeerdn e-servicecompositiondesignis fundamentally
flawed. Attentionhasto be givenon the“global behaior” of such
composednachineriegarlyon. Thecorversationamongthepeers
modelstheglobalbehaior thatwewouldliketo capture Although
one cantry to reasonaboutthe global behaior after specifying
(designing)individual peersthroughthe composition,it may be
“cheaper’andmoredirectto provide a specificatiorof the global
behaior.

DEFINITION. Let S = (M, P,C) be anec-schema.A con-
versation specificatiorfor S is a specificationS (e.g.,by regular
expressionfinite stateautomatonintertaskdependenciestc.) of
alanguageover . Thelanguagespecifiedby S is denotedL(S).
Let S bea conversationspecification.An ec-implementatiod of
S conformgo S if C(I) is containedn theec-closuref L(S), and
realizesS if C(I) = theec-closureof L(S).

We areinterestedn the following question:For a conversation
specificationS, canwe constructa (Mealy) ec-implementatiod
thatrealizesS? The mainresultof the sectionis to shav thatthe
answeilis positie.

THEOREM 5.1. For every regular languaye L, onecan effec-
tively constructa Mealyec-implementatiod thatrealizesL.

We now discusshe proof of theabove theorem.The proof con-
sistsof the following main steps.First, we constructa finite state
automaton thatacceptsl. From G, we constructfor eachpeer
pi, aMealy implementation;. This constructionis essentiallya
projection: replaceall edgesin G thatareirrelevant to channels
connectedo p; by e moves, changeedgesof messagesentto p
asinput, andfinally edgesof messagesentby p; asoutput. To
prove thatthe compositionof theimplementatiorG generategx-
actly ecc(L), we have to shav that

C(I) = W LP(mp, (L)) @

By Lemma4.6,aword w is containedn C(I) if andonly if for
eachpeerp;, mp, (w) is a halting execution. Combinedwith the
factthat L(G;) = mp; (L), we caninfer thatto prove Equation(1),
it sufficesto shaw thefollowing property(Lemma5.2).

LEMMA 5.2. Let M; bea Mealyimplementatiorior peerp;. A
wordw € X7, isahaltingexecutionf andonlyif w € LP; (L(M;)).

PROOF. (Sketch)We prove by inductionthatw € LP; (L(M;))
is asufiicientconditionfor w beingalocal execution.In theinduc-
tion proofit sufiicesto shaw theclaimthatif awordw is contained
in LP(w") for somelocal executionw’, w is alsoa local execution.
The proof of the claim is straightforvard, becausave canalways
construcianl-run for w by modifying thel-run of w'.

Next we shaw thatw € LP;(L(M;)) is a necessargondition.
We shaw thatfor ary haltingexecutionw, we canalwaysfind w’ €
L(M;) suchthatw € LP*(w'), by applying “reverseprepone”
procedurdinitely mary times. We briefly describethe procedure
belon. Considerthel-runco —a; -+ - —u; ¢, Of thelocal exe-
cutionw. Let (ga, u1,au2) —u; (gat1,u1,u2) bethefirst send-
messageactionsuchthatinput queueis notempty i.e., |u1| > 0.
It is not hardto shav thatw canbe written asw = wiuious,
wherew, includesthoseeagerlyprocessedhessagebeforethear-
rival of ary messagén u;. Now let w! = wiouiu2, we canshav

thatw € LP*/(w') andw' is alsoahaltingexecution.Repeathe

above procedureuntil we cannoffind asend-messagectionwith a
non-emptygueuethenwe getalist w®, w?, ..., w* wherew® = w,
w® € L(M;), andfor each0 < j < k, w? € LP} (w/T?). Thelast
word w* is thew’ we arelooking for. 1

Lemmab.2impliesthefollowing corollary

COROLLARY 5.3. Givena Mealy ec-implementatiod for an
ec-shiema$S. Thecorversationsetgeneatedby I is thefollowing:

C(I) = ™ LP}(L(I(pi)))

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

DEFINITION. LetS = (M, P, C) beanec-schemaLetG(S) =
(P, E) bethenon-directedyraphwhere

E={{p.p}|(p,p)€C}.
SchemdS is tree-basedf G(S) is a(non-directedjree.

PROPOSITION 5.4. Let S be a tree-basedec-shiemaand I a
Mealyimplementatiorior S. ThenC(I) = ecc(L) for someregu-
lar language L.

PrROOF. (Sketch)First we extendthe notion of corversationto
indicatewhenmessagearereadfrom aninput queue,in addition
towhenmessagearewrittenontotheinputqueue Letread(X) =
{a" | @ € L}. A read-augmentedorversationof implementation
I is aword v over the alphabe® U read(X) thatcorrespondso
a computatiorover I, whereeachoccurrenceof alettera” corre-
spondgo atime whenlettera wasreadfrom a peersinput queue.
Givensuchaw, 75 (v) denotesheprojectionof v ontothealphabet
3.

Now let S and I be asin the statemenbf the proposition. A
key lemmais to shaw thatif v is a read-augmentedorversation
of I correspondindo a halting computationthenthereis aread-
augmentedorversationy’ of I suchthatrs (v) EPREPONE(7s (v'))
andv’ hastheimmediatereadproperty, thatis, for eachoccurrence
o of @ € X occurringin v’ thereis anoccurrencef o” immedi-
atelyfollowing o in v’. Thekey ideaof the proofis thatsinces is
tree-basedentireblocksof a computatioroccurringin one“part”
of thetree(if partitionedby remaving p) canbe “delayed”or “ac-
celerated’sothatamessagés notputontothequeueof peerp until
p is readyto readthatmessage.

Fromthe above key lemma,we learnthat eachhalting conver
sationw € C(I) is containedn PREPONE(w’) for someword w’,
wherew’ satisfiesthe following condition: for eachpeerp;, the
projection,, (w') is acceptedoy I(p;). Let L =X, L(I(ps)),
it is not hardto shaw that L is a regular languageandC(I) =
PREPONE(L). Let I' be the Mealy ec-implementatioryenerated
fromtheprojectionof L to eachpeer It iseasytoinferthatC(I') C
C(I). Combinedwith theknown factthat

PREPONE(L) C closure(L) C ecc(L) = C(I")
we canfurtherinfer that
C(I) = PREPONE(L) = closure(L) = ecc(L).

6. CONCLUSIONS

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



combiningindividuale-servicess notverywell understoo@ndde-
senesfurtherinvestigations.The resultsalsosupporta top-davn
approachin developingcompositee-servicego control/asoid un-
expectedbehaiors.
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