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ABSTRACT
Thispaperintroducesaframework for modelingandspecifyingthe
globalbehavior of e-servicecompositions.Underthis framework,
peers(individual e-services)communicatethroughasynchronous
messagesandeachpeermaintainsaqueuefor incomingmessages.
A global“watcher”keepstrackof messagesasthey occur. Wepro-
poseandstudya centralnotionof a “conversation”,which is a se-
quenceof (classesof) messagesobservedby thewatcher. Wecon-
siderthecasewherethepeersarerepresentedby Mealy machines
(finite statemachineswith input andoutput). The setsof conver-
sationsexhibit unexpectedbehaviors. For example,thereexists a
compositee-servicebasedon Mealy peerswhosesetof conversa-
tionsis notcontext free(andnotregular). (Thesetof conversations
is alwayscontext sensitive.) Onecausefor this is the queuingof
messages;weintroduceanoperator“prepone”thatsimulatesqueue
delaysfrom aglobalperspective andshow thatthesetof conversa-
tionsof eachMealye-serviceis closedunderprepone.Weillustrate
that the global preponefails to completelycapturethe queuede-
lay effectsandrefinepreponeto a“local” versiononconversations
seenby individual peers.On the otherhand,Mealy implementa-
tions of a compositee-servicewill alwaysgenerateconversations
whose“projections”areconsistentwith individual e-services.We
useprojection-jointo reflectsuchsituations. However, thereare
still Mealypeerswhosesetof conversationsis notthelocalprepone
andprojection-joinclosureof any regularlanguage.Therefore,we
proposeconversationspecificationsas a formalism to definethe
conversationsallowed by an e-servicecomposition.We give two
technicalresultsconcerningtheinterplaybetweenthelocalbehav-
iorsof Mealypeersandtheglobalbehaviorsof theircompositions.
Oneresultshowsthatfor eachregularlanguage� , its localprepone
andprojection-joinclosurecorrespondsto thesetof conversations
by someMealy peerseffectively constructedfrom � . Thesecond
resultgivesa conditionon theshapeof a compositionwhich guar-
anteesthatthesetof conversationsthatcanberealizedis thelocal
preponeandprojection-joinclosureof a regularlanguage.

1. INTRODUCTION
The useof e-services(i.e., self-containedWeb accessiblepro-

gramsanddevices)will revolutionize the way that many e-com-
merce,consumersoftware, and telecommunicationsapplications
are provided. Emerging standards(e.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-
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tives,HP's e-speak)in e-serviceshasfocusedon providing prag-
matic, working systemsso that e-servicescaneffectively interact
with eachother. Variantsof thewebservicesparadigmalsoarisein
the“converged” network, i.e., theevolving integrationof thetele-
phony network andtheInternetthroughstandardssuchasSIP, Par-
lay/OSA,and3GPP. Researchpapersin thefield (e.g.,[9, 13, 15,
16, 26, 17, 4, 3, 18]) areproviding complimentarytechnologies,
for modelingat a more fundamentallevel both e-servicesthem-
selves, and frameworks for combiningthem. The programming
languagecommunityis addressingthe web servicesphenomenon
with new languages[7, 19] andspecializedtypesystems[20]. Re-
centwork on e-servicesin thesemanticwebcommunity(e.g.,[24,
8, 25, 14]) is beginningto combinetoolsfor annotatinge-services
andfor planning,sothate-servicescanbecombinedautomatically
to achieve aspecifiedfunctionality.

Thiswork is basedon threefundamentalobservations:

1. Therehasbeenessentiallyno formal work to understandthe
relationshipbetweenthe global propertiesof a compositee-
serviceand the local propertiesof the atomic e-servicesthat
comprisethe composition. Furthermore,our preliminary re-
sults reportedin this paperindicatethat thereareunexpected
interactionsbetweenthe local andglobalbehavior of compos-
ite e-services.For example,asdetailedbelow if theatomice-
servicesaredescribedusingfinite stateautomatathe resulting
global behavior cannotalwaysbe describedin termsof regu-
lar languages,althoughsufficient conditionscanbe identified
to guaranteethisstateof affairs.

2. Designof compositee-servicesshouldincorporatebothglobal
and local propertiesof compositee-services.The traditional
bottom-upapproachto designingtheseservicescanleadto un-
desirableglobalbehaviors. Our initial technicalresultssuggest
that an alternative, top-downapproachto compositee-service
designcan provide conceptuallycleanerservicesthat will be
easierto verify andmaintain.A formalunderstandingof thein-
teractionof local andglobalbehaviors of compositee-services
will provide an importantfoundationfor the creationof such
designandanalysistools.

3. A primarygoalof thee-servicesparadigmis to supportthedy-
namicdiscovery, selection,andcompositionof (atomicor com-
posite)e-services.Further, akey motivatorfor thisparadigmis
thepromiseof supportinga high degreeof customization(and
personalization)in the provision of services,e.g., throughthe
useof intricateuserprofile andpreferencesdata,andthe use
of policy enginesin the atomice-services.Thus,designand
analysistools for compositee-servicesshouldbeapplicableto



bothdynamiccompositionof e-servicesthatincorporatepolicy
management� for customization.

This paperintroducesa framework for modelingandspecifying
the global behavior of e-servicecompositions.Underthis frame-
work,peers(individuale-services)communicatethroughasynchro-
nousmessagesandeachpeerhasa queuefor incomingmessages.
A global “watcher” keepstrack of messagesas they occur. We
proposeandstudya centralnotion of a “conversation”,which is
a sequenceof messagesobserved by thewatcher. By understand-
ing propertiesof theseconversations,this studycanprovide a new
approachfor the designand analysisof “well-formed” e-service
compositions.

Within this generalframework, this paperfocuseson classesof
messages,e.g.,in ane-commerceapplication,themessageclasses
might include, “invoice”, “receipt”, “acknowledgment”,etc. We
studythecasewherethepeersarerepresentedby Mealy machines
(finite statemachineswith input andoutput). The setsof conver-
sationsexhibit unexpectedbehaviors. For example,thereexists a
compositee-servicebasedon Mealy peerswhosesetof conversa-
tions is not regular nor context free. The setof conversationsis
shown to becontext sensitive. Onecausefor this is thequeuingof
messages;wefirst introduceanoperator“prepone”in anattemptto
simulatequeuedelays.Althoughthe setof conversationsof each
compositee-servicewith Mealypeersis closedunderprepone,we
illustratethat preponedoesnot completelycapturethe queuede-
lay effects. We refine the preponeoperatorto a “local” version
which appliesto conversationsby individual peers. Anotheras-
pect of the compositee-serviceis that decisionsare only made
by individual e-servicespossiblywith communicationswith each
other. This meansthat eache-serviceseesonly a “local” view of
theglobalconversation.Consequently, Mealy implementationsin
thecompositee-servicewill alsoincludeconversationsthatwhose
“projections” to individual e-servicesareconsistentwith the local
e-services.We useprojection-joinclosureto capturesuchsitua-
tions. This is reminiscentof the decompositionand join in the
relationaldatabases.However, therearestill Mealy peerswhose
setof conversationsis not preponeandprojection-joinclosureof
any regular language.Thereforewe proposeconversationspecifi-
cationsasa formalismto definethe conversationsallowed by an
e-servicecomposition.

In this paperwe presenttwo technicalresultsconcerningthein-
terplaybetweenthelocal behaviors of Mealy peersandtheglobal
behaviors of their compositions.One result shows that for each
regular language� its local preponeand projection-joinclosure
correspondsto thesetof conversationsby someMealypeerseffec-
tively constructedfrom � . Thesecondresultgivesa conditionon
theshapeof acompositionwhichguaranteesthatthesetof conver-
sationsthatcanberealizedis thelocalpreponeandprojection-join
closureof a regularlanguage.

The paperis organizedasfollows. Section2 presentsa formal
framework for studyingcompositee-services.Sections3, 4, and
5 presentsomepreliminaryresultsthat focuson an abstractview
of the formal framework basedon the classesof messagespassed
betweene-servicesandfinite stateautomata;resultshereillustrate
theunexpectednatureof the interplaybetweenlocal andglobal in
compositee-services.Section6 concludesthepaper.

2. A MODEL FOR E-SERVICES
In this sectionwe describea paradigmfor modelinge-services

anddiscussvariousmodelingissueswithin theparadigm.Ourgoal
is to setupthegroundwork for studyingcompositionof e-services.
For thispurpose,westartwith a verygeneralabstractmodelfor e-
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Figure 1: A model of e-service

servicesin this section,andgraduallybring in somerefinements
thatarerelevantto our investigationin thelatersections.

While abstractand focusedprimarily on global behavior, our
paradigmis basedon the fundamentalconstructsof the web ser-
vicesaspromotedby, e.g.,BPEL4WS[11], the SOAP standard,
IBM' s WebservicesToolkit, Microsoft's .Net,andotherindustrial
productsandproposals.It alsofollows themodeladoptedby much
of the researchon webservicecomposition[8, 25], work on web
serviceprogramminglanguages[7, 19], and the AZTEC proto-
type [17]. Importantly, our modelalsoreflectsfundamentalcon-
structsemerging for the next generationtelecommunicationsnet-
work. Thetelecommunicationsnetwork hastraditionally involved
a smallnumberof monolithic,multi-functionswitches,but is now
migratingto an Internetstyle that is “disaggregated”with a high
numberof distributed,specializedsoftswitchesandfeatureservers.
Indeed,theSessionInitiation Protocol(SIP)[27] providesahighly
flexible mechanismfor coordinationof low-level telecommser-
vicesthat is reminiscentof, but lessexpressive than,SOAP. Also,
thereferencearchitecturefor anIP MultimediaCoreNetwork Sub-
system(IMS) that is beingproposedby the3GPP[1] and3GPP2
[2] standardsbodies(for 3Gwirelessdataandvoice)is quitecom-
patiblewith thecoreelementsof thewebservicesparadigm.

A fundamentalobservation is thatane-service(1) providesser-
vicesthrough“servicesessions”and(2) reactsto “events”duringa
session,althoughthe implementationof ane-servicemaybevery
complex. Fig.1 illustratesan abstractionof an e-service(called
herea peer) asa programthatprocessesthe input eventsfrom an
inputqueueanddeterminestheresponseif any (in theform of out-
going events)and termination. For the presentwe make no as-
sumptionsaboutthecomputationalpowerof apeer, norhow much
storageit has,etc.

Eventsform the enablingmechanismin composinge-services.
In thispaper, wefocusonanimportantkind of event—“messages”
betweenthe individual e-services.Messagesareorganizedinto a
finite collectionof “messageclasses”(eachmessageis in exactly
oneclass).Messageclassescanbeusedto simplify andorganize
the specificationof actions. A message classconsistsof a name
anda finite setof attributes. A message of a class � consistsof
an identifier of an e-serviceenactment(session),an identifier for
themessageitself, thesender, thereceiver, anda functionmapping
eachattributeof � to avalue(of appropriatetype).
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Figure 2: A composite e-service



EXAMPLE 2.1. Considera very simpleexampleof e-services
involvingû four servers: a retail store thatplansto replenishits in-
ventory, its bank, andtwo warehousesthat supplygoods. Fig. 2
shows the four servers andmessageclassesbetweenthem. In a
(simplified) typical scenario,the store requestsan authorization
from thebank;afterreceiving theapproval from thebank,thestore
cansendoneor moreordersto thewarehouses.Whenawarehouse
receivesanorder, it respondsby billing thebankfor theamounton
the order, andsendsthestorea receipt. The bank,in turn, makes
a paymentafterreceiving a bill. Themessageclassauthorize may
includeattributes“date”, “requestedamount”,“accountnumber”,
etc.andanauthorize messagemaylook like:üþý�ÿ������/ý�ÿ��

store
�
bank

�
“11-1-2002”,“$2,500”,43-56483,����� 	 .
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Figure 3: E-service composition

Unsurprisingly, thebehavior of eachserver in Example2.1cor-
respondsto the abstractmodel(Fig. 1). The composede-service
canalsoberepresentedusingthis abstractmodel.Fig. 3 shows an
abstractarchitecturefor an e-servicecomposition,wherethe out-
put of an e-servicegoesto the input queueof anothere-service.
The watcher is the concatenationof all the messagesexchanged
amongthepeers.Onecanthink of thewatcherasa personlisten-
ing to the network andrecording,oneby one,eachmessagethat
hasbeensentover thenetwork. Oneof thecentralinsightsin this
paperis thatpostulatingthe (conceptual)existenceof thewatcher
permitstwo complimentaryperspectives on compositee-services
designandanalysis,namely, top-downvs.bottom-up. In particular,
specifyingthedesiredglobalbehavior asobservedby thewatcheris
fundamentallydifferentfrom specifyingthebehaviors of thepeers
whichgeneratethatwatcherbehavior.

Roughly, a peerimplementationcanbe viewedasa “program”
thatdecides,basedon thereceivedmessagesandthemessagesal-
readysent,if a new messageshouldbesent,and/orif thesession
shouldterminate.AZTEC [17] classifiese-servicesinto two types:
(1) Discretee-servicesthatdonotallow interactionsduringtheser-
vice, and(2) Interactivee-servicesthatallow arbitrarily many in-
teractionsduringtheservice,suchasVCR typeof controlsduring
a session.A discretee-servicecanbe viewed asa servicewhose
outputdependsonly on the original input, while in an interactive
e-serviceinputs can be unpredictableand the e-servicereactsto
input as they occur. AZTEC [17] emphasizesthe importanceof
interactive e-servicesin the context of telecommunicationsappli-
cations,but they arealsorelevantin thecontext of e-commerce.A
singleoccurrenceof orderingabookcanbemodeledusingdiscrete
e-services.But in many casesavendorwantsto tracktheentirere-
lationshipwith acustomer, andperhapsmodify customertreatment
accordingly(e.g.,frequentflier programs).In thiscase,someof the
e-servicesusedarefundamentallylong-runningandinteractive.

We now startto lay the foundationfor a formal studyof global
behavior of compositee-services.Thefirst stepis to formalizethe
notionof a “schema”for acompositee-service.

DEFINITION. An e-compositionschema(ec-schema) is a triple)+*,�.-/�1032
, where

*
is a finite setof messageclasses,

-
a finite

setof (abstract)peers(e-services),and
0

is a finite setof one-way
communicationchannels,1 i.e.,

0
is afinitesetof triples

)4��56�7�986�.:;2
suchthat

� 5 �7� 8=< -
,
� 5,>? � 8

,
:A@B*

, and for eachpair of
channels

)4� 5 �7� 8 �C:;2
and

)4��D5 �E��D8 �.:FDE2
in
0

, if
� 5 ? ��D5

and
� 8 ? ��D8

,
then

: ? : D
; otherwise,

:HGI: D ?,J .

Let K ? )+*,�1-L��032
beanec-schema.In achannel

)4� 5 �7� 8 �.:M2 <0
,
�95

is the senderand
�98

the receiverof the channel,andonly
messagesin classesin

:
areallowedto besenton thechannel.We

fix thefollowing notationsin theremainderof thepaper. For each
peer

� < -
, NLO PQ � NLR.S
TQ denotethesetsof (classeswhose)messages

maybeput in theinputqueueof
�

andin theoutputby
�

, resp.i.e.,N O PQ ?VU ��:XWY)4�956�E�M�.:M2 < 0 � and N R.S
TQ ?,U ��:ZW[)4�M�\�98��.:M2 < 0 � .
Finally, let N ?,] Q�^�_ N O PQ ?,] Q�^�_ N R.S
TQ @`*

.

DEFINITION. Let K ? )+*,�.-/�1032
beanec-schemaand

� < -
.

A (peer)implementationof
�

is acomputablefunctionwhichmaps
asequenceof incomingandoutgoingmessages(awordover N ) toN U ��a6b�c de�gf�h

-
h[i � . An ec-implementationof K is amappingj such

thatfor each
� < -

, j )4�k2 is animplementationof
�

.

The e-serviceimplementationdescribedabove is very general.
In the following sections,we introducea specifictype of imple-
mentationsbasedonMealymachinesandstudytheglobalbehavior
of acompositionandthelocalbehaviorsof individuale-services.

3. MEALY IMPLEMENTATIONS
A primaryconcernin composingmultiple e-servicesis to spec-

ify global behavior of the compositionby limiting the way the e-
servicesare to interactwith eachother, e.g., the coordinationof
messages.In orderto understandtheglobalbehavior, we focuson
thefamiliesof sequencesof messagesamongthepeers.

In thetechnicaldiscussions,weconsidera specialfamily of im-
plementationscalled“Mealy implementations”(or “Mealy peers”)
basedon Mealy machines[22]. Thereare two primary reasons.
First, Mealy machinesare a variant of finite statemachinesand
seemsuitablefor modelinge-services.Second,Mealy implemen-
tationsmake it possibleto analyzesomeaspectsof theglobalbe-
havior. As we shall see,our preliminary resultssuggesta “top-
down” approachto e-servicecompositionsandraisemany interest-
ing questions.

Let l denotethe empty string. If m is an alphabet,we definenm ? m U � l�� (theextendedalphabetwith theemptystring).

DEFINITION. Let K ? )+*,�.-/�1032
beanec-schemaand

� < -
.

A Mealy implementationof
�

is a (nondeterministic)Mealy ma-
chine

)Eop�eq�� N O PQ � N R.S
TQ �er/�Cs�2
where

o
is afinite setof states,

q < o
thestartingstate,

rt@uo
a setof final states,N O PQ and N R.S
TQ arede-

rivedfrom K asbefore,and
swv6oyx nNLO PQyz ÿ6{}|F~���C�.�� is a transition

functionsuchthatit eitherconsumesanonemptyinputor produces
anonemptyoutputbut notboth(emptymovesareallowed).An ec-
implementationis Mealyif its peerimplementationsareall Mealy.

A Mealy implementationof apeerreactsto messagesaccording
to theirclasseswhile ignoringthecontents.AlthoughMealyimple-
mentationsarefinite statemachines,they canmodele-servicesin
many applicationsnicely. Thisis illustratedby Example2.1,where

1Weusethetermchannelto identify thesenderandthereceiverof
amessage,nothow it is exchanged.In ourmodel,messagesareex-
changedthroughacommonmediumthatis sharedby all peersand
thewatcherrecordsthemessagesexchangedthroughthiscommon
medium.
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Figure 4: A Mealy implementation for the Warehouse example

the messageclasseseffectively dictatethe actionsto be taken by
eachserverandconsequentlytheresponses.

EXAMPLE 3.1. Fig.4 showsafamily of Mealypeerimplemen-
tationsfor the warehouseexampleof Example2.1. (The imple-
mentationfor Warehouse2 is analogousto the implementationfor
Warehouse1.) In thesediagrams,we use“ ì í ” (“ îgí ”) to denote
sending(receiving) a messagefrom classí . It canbeverifiedthat
theec-languagegeneratedby thisMealy implementation

íYï SH
).)7ð�ñ

SH
)7ò�ñ
�.ó�ñ7�ôñe2.21õ���)7ð�ö

SH
)7ò6ö��.ógö��kög2.21õ�2��

whereSH is theshuffle operator. Thus,this implementationcorre-
spondsto thecasewherethetiming of sendingreceipt

ñ
from Ware-

house1 to Storeis independentof the timing of the correspond-
ing messagesbill

ñ
andpayment

ñ
betweenBank andWarehouse1.

By usingadifferentimplementationfor Warehouse1 a specificse-
quencingcouldbeenforced,e.g.,

ð�ñ1ó�ñ7�ôñ.ò�ñ
.

Wenow definethenotionto capturethecomputationof ec-imple-
mentations.

Let K ? )+*y�1-L��032
beanec-schemawhere

- ? �.�Mñg� ����� ����÷ � .
Supposethat j is aMealyec-implementationfor K . An ec-configu-
rationof j is a

)ôÿ�øúù ý�2
-tupleof theform)�û ñ �Cü ñ � ���¥� �eû ÷ �Cü ÷ �.ýþ2

wherefor each
ýúÿ�� ÿ ø

,
û�� < ) NLO PQ�� 2 õ , ü�� < o�� (i.e., statesofj )4����2 ), and

ý < N õ .
For ec-configurations 	 ? )�ûHñg��ü
ñg� ����� �eû ÷k�.üC÷k�.ýþ2 and 	 D ?)�û D ñ ��ü D ñ � ����� �eû D ÷ �Cü D ÷ �1ý D 2 , wesaythat 	 z 	 D if oneof thefollowing

threeconditionsholds:


 (Peer
���

executesan l -move) thereexists
ý ÿ�� ÿ=ø

suchthat

1.
)Eü D� � l 2 < s
�Y)Eü���� l 2 ,

2.
û D� ? û��

,

3. for eachï >? �
,
û3D � ? û �

and
üCD � ? ü �

, and

4.
ý D ? ý

.


 (Peer
� �

consumesan input) thereexist
ý(ÿ��Zÿ ø

and � <
NLO PQ�� suchthat

1.
)EüCD� � l 2 < s � )Eü � � � 2 ,

2.
û � ? � û3D� ,

3.
û � ? û3D �

for eachï >? �
,

4.
ü D � ? ü �

for eachï >? �
, and

5.
ý D ? ý

.


 (Peer
���

sendsanoutputto peer
� �

andwrites to thewatcher)
thereexist

ý3ÿ���� ï ÿ=ø
and � < N R.S�TQ�� G N O PQ�� suchthat

1.
)Eü D� � � 2 < s
�Y)Eü���� l 2 ,

2.
û3D � ? û � � ,

3.
û D � ? û �

for each� >? ï ,

4.
ü D � ? ü �

for each� >? �
, and

5.
ýÍD ? ý � .

wedenoteby �z thereflexiveandtransitiveclosureof z .

DEFINITION. Let K ? )+*y�1-L��032
beanec-schemawhere

- ?�1� ñ � ���¥� ��� ÷ � and j a Mealy ec-implementationof K . A word
ý

over N is a (halting) conversationfor j if) l �1q�ñ
� �¥��� � l �eq�÷k� l 2 �z ) l �Cü�ñg� ����� � l �.üC÷k�Cý 2
wherefor each

ý ÿ��(ÿ ø
,
q �

is thestartingstateand
ü �

a (final)
statein theMealy machinej )4����2 . We call theabove sequenceof
ec-configurationsan ec-runof

ý
. The ec-language of j , � ) j 2 , is

thesetof all haltingconversationsfor j .
While MealypeersresembleI/O automata[23] andinterfaceau-

tomata[6, 5], thecommunicationmodelis different.In ourcompo-
sition model,Mealy peerscommunicateasynchronously. Specifi-
cally, a queueis usedfor eachpeerto buffer messagesthat were
receivedbut not processedsofar. In approachessuchasCSP[21],
andI/O andinterfaceautomata,the communicatingprocessesex-
ecutea sendand a correspondingreceive action synchronously.
ThismakesMealy implementationssignificantlydifferentfrom the
communicationmodel usedin approachessuchas CSP, I/O and
interfaceautomata.Our modelof Mealy peersis similar to Com-
municatingFiniteStateMachinesdefinedin [12]. However, in our
model messagesare exchangedthrougha commonmediumand
thenstoredin the queuesof the peers,whereasin [12] eachpair
of communicatingmachinesuseisolatedcommunicationchannels.
Ourgoalis to investigatetheglobalbehavior of theprotocolby in-
vestigatingthepossibleconfigurationsof thewatcherwhichmodels
thebehavior of thiscommonmedium.Finally, [10] studies“quasi-
realtime” automatawith queues.Thesearesingleautomatawith
oneor morequeues,whereanautomatoncanwrite aboundednum-
berof letterson thequeue(s)for eachinput letterread.In [10] the
input andqueuealphabetsmaybedifferent; in our framework the
alphabetsareidentical.

4. CONVERSATIONS BY MEALY PEERS
This sectionpresentsexamplesillustratingunexpectedbehavior

of Mealyimplementationsof ec-schemas.Thesemotivatetheiden-
tificationof two key closurepropertiesof Mealyec-languages,and
leadto somecharacterizationsof Mealyec-languages.

EXAMPLE 4.1. Figure 5 shows a Mealy implementationj����
with two peers.Peer

�ôñ
sendsrequestsí while

�9ö
respondswith

a
ó

messagefor each í message.Since í messagescanbe tem-
porarily storedin the queueof

� ö
, the ec-language� ) j���� 2 con-

sistsof wordswith the samenumberof í 's as
ó
's andeach

ó
has

a correspondingí that occurssomewherebeforehand.Note that� ) j���� 2 G`) í õ ó õ 2 ? � í ÷ ó ÷ WLø��! � . Therefore� ) j���� 2 is not
regular(but it is context free).
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Figure 5: A Mealy implementation for Example 4.1

Interestingly, if a Mealy ec-implementationj is restrictedto the
synchronouscommunicationmode(i.e.,asendandthecorrespond-
ing receive are doneat the sametime and queuesare basically
empty),it is easyto observe that � ) j 2 is alwaysregular.

Usinganideasimilar to thatin Example4.1,onecaneasilycon-
structaMealyec-implementationwhoseec-languageis notregular
nor context freebut context sensitive. However,

THEOREM 4.2. Let j beanarbitrary Mealyec-implementation
of anyec-schema.

(a) � ) j 2 is context sensitive.

(b) Thereexistsa finitestate, quasi-realtimeautomaton
*

with 3
queuesthataccepts� ) j 2 .

(c) If thecomputationsof conversationsare restrictedto only al-
low queueswith lengthboundedby a fixedconstant,thenthe
restrictedec-language �ML R.S
P�N�OPN ) j 2 is regular.

Theorem4.2 highlights differencesbetweenthe synchronous
communicationmodelsin I/O andinterfaceautomataandtheasyn-
chronousmodeldescribedhere.Themainpartof theproof for (a)
is to observe that � ) j 2 canberecognizedby a linearboundedau-
tomaton. Part (b) follows from a resultof [10], statingthat each
quasi-realtimeautomatonwith

ø
queuescanbe simulatedby one

with 3queues.Part(c) canbeprovedbyarelativelystraightforward
argumentbasedon theclosureof regularlanguagesunderintersec-
tion.

We now returnto thephenomenonexposedby Example4.1. A
closeexaminationindicatesthattheprimaryreasonfor thisbehav-
ior is that themessagequeueof a peerservesasa “buffer” for the
input: while conversationsmonitor the arrival of messagesat the
queuesthe messagesmay not be readright away. To understand
this effect, we introducetheoperatorPREPONE on thealphabetN
of anec-schemaasfollows.

Let
ý ? ýÍD � ñ � ö
ý D D be a word in N õ , where � ñ

is in the
setof messageson the channelfrom

� ñ
to
� D ñ

and � ö in the set
of messageson the channelfrom

�kö
to
� D ö

. If either (1)
�.�Mñg�7��D ñ �

and
�.�kö6��� D ö � are disjoint, or (2)

�Mñ ? � D ö
and

� D ñ >? �kö
, then

PREPONE
)7ýþ2

includestheword
ý D � ö � ñ ý D D

. Intuitively, theoper-
atorPREPONE allowstwomessagesin aconversationto beswapped
if thesendersandreceiversarecompletelydisjoint,or a latermes-
sageto apeercanarrive in thequeueearlierthananoutgoingmes-
sagefrom thepeersincetheoutgoingmessagecannotdependon a
laterarrivedmessage.

It is importantto note that PREPONE appliesto the global se-
quenceof messagesobservedby thewatcher. Wewill exhibit later
in the sectionthat PREPONE is not strongenoughto characterize
thebehaviors of Mealyec-implementations.

If � is a languageover N , we define PREPONE
) � 2 to be the

smallestlanguagethat contains� and is closedunderPREPONE.
Thefollowing interestingpropertyholdsfor PREPONE.

LEMMA 4.3. For each Mealy ec-implementationj of an ec-
schema,PREPONE

) � ) j 2.2 @ � ) j 2 (closureunderPREPONE).

Sincethe set of context-sensitive languagesdoesnot have the
PREPONE closureproperty, thefollowing holds.

COROLLARY 4.4. There is a context-sensitivelanguage � such
that � >? � ) j 2 for anyMealyec-implementationj .

The secondpropertyof ec-languagesconcernswith combining
“local views” of conversationsinto global conversations,this is
reminiscentof thejoin operatorin therelationaldatabasemodel.

EXAMPLE 4.5. Consideranec-schemathathasfour peers
� ñ

,�kö6�E�RQ��7�RS
andthreechannels

)4�Mñg�7�kö���� í � 2 , )4�RQ��7�RS�����ó � 2 , and
)4�TS���RQ�����U � 2 . Is thereany Mealy ec-implementationthatgeneratesthe

regular language
� í �.óVU � ? Note that thepeergroups

�1� ñ ��� ö � and�1�TQ��7�RS � arein factindependent;thereis no communicationpossi-
blebetweenthem.It canbeshown thatany Mealyec-implementa-
tion that generates

� í �1óVU � alsogenerateseachof l � í óVU��.ó í U , andó�U í .

The above examplesuggeststhat if two global behaviors have
exactly the samelocal views, they areindistinguishable.We for-
malizethisconceptbelow.

Thedefinitionof �z givenfor Mealyec-implementationshasthe
effect of generating words. We now definea kind of conversefor
individual Mealy peer implementations,which has the effect of
consumingwords. Let W be a Mealy implementation

)Eop��q�� N O PQ �N R.S
TQ �.r/�Cs�2
for a peer

�
. Let N Q ? N O PQ U N R.S
TQ . A local (l-

)configurationof W is is atriple
)Eü
�@Xô�@YY2 < o=x ) NLO PQ 2 õ x N õQ . In an

l-configuration
)Eü��@XM�@YY2

,
ü

is thecurrentstateof thepeer
�

,
X

is the
sequenceof messagesin the input queueof

�
,
Y

is a sequenceof
“future messages”includingthe incomingmessagesnot yet in the
queueof

�
andthemessagesto besentout by

�
(i.e.,

Y
represents

the remainingportionof a conversationprojectedto themessages
visible to

�RZ
).

We define
)Eü��@XM�@YY2 z\[ )Eü D �@X D �]Y D 2 for a pair of l-configurations)Eü
�]XM�@YY2

and
)Eü�D+�]X�D+�
Y�D\2

if oneof thefollowing holdsfor someí <N O PQ andsome
ó < N R.S
TQ :


 (Consuminga messagefrom thequeue)
X ? í X D , Y ? Y D

, and)Eü D � l 2 < sY)Eü
� í 2 ,

 (Sendingamessage)

X ? X D
,
Y ? óVY D

, and
)Eü D �Có�2 < sY)Eü
� l 2 ,


 ( l -move)
X ? X D

,
Y ? Y D

, and
)Eü D � l 2 < s[)Eü�� l 2 , or


 (Enqueuingamessage)
ü ? ü D �@X D ? X í �]Y ? í Y D .

Wedenoteby �z [ thereflexiveandtransitiveclosureof z [ .
Let

ý < N õQ . A local (l-)run of
ý

is a (finite) sequenceof l-
configurations

U�^ ? )+q�� l �.ýþ2��@U6ñ�� ���¥� �
U � ( ï �_ 
) suchthat

U�Z z [U Za`;ñ
for

 ÿcbed ï . A word
ý

in the languageN õQ is a (halting)
executionof W if

)+q�� l �.ýþ2 �z [ )�f�� l � l 2 for some(final) state
f
.

For word
ý < N õ andpeer

�
, let g Q )7ýþ2 denotetherestrictionofý

to theset N Q ( ? N O PQ U N R.S
TQ ).

LEMMA 4.6. Let j be a Mealy ec-implementationof an ec-
schema K . Let

ý < N õ . If for each peer
�

, g Q )7ý 2 is a (halting)
executionof

�
, then

ý
is a (halting) conversationfor j . Thecon-

verseis alsotrue.

PROOF. (Sketch)Let
ý ? � ñih�h�h �kj be a word over N . We

outline a proof for the direction“if projectionof
ý

to eachpeer
is a (halting) execution,then

ý
is a (halting) conversation”. The

converseis trivial.
Without loss of generality, we assumethat the ec-schemahas

peers
�Mñ�� ����� ���9÷ . Sincefor eachpeer

�RZ
, theprojection g Z.)7ý 2 is a

localexecution,thereexistsacorrespondingl-run 	 Z for g Z )7ý 2 . We
show that

ý
is a (halting) conversationby constructingan ec-run

thatsimulateseach	 Z . Theconstructionhas
) � ù ý�2

phases. Phase



0 is theinitializationphasewherewe simulatein theglobalec-run
theinitiall l -movesof each

� Z
until it advancesto anl-configuration

that is readyto do a send-messageactionor an enqueue-message
action.Thenin eachphase

�
, wesimulatethetransmissionof mes-

sage� � , whereonly thesenderandreceiverof � � areinvolved.We
startwith thesenderof � � . Weexecutethesend-� � action,andits
follow-up actionssuchas l -movesandconsume-messageactions,
until weencounteranenqueue-messageor send-messageactionon
a message� �*m where

� Don �
. Thenwe turn to the receiver of � � ,

executethe enqueue-� � actionandthe follow-up actionsuntil an
actionrelatedto a latermessageis reached.

We canprove thecorrectnessof theabove processby aninduc-
tion on thenumberof phases.Specifically, it canbeshown that(1)
after thecompletionof phase

�
, thel-run of eachpeer

�RZ
hasbeen

simulatedright beforethe last l-configurationwhich containsthe
future messages� � `;ñ h�h�h � j , and (2) the simulationcanalways
proceed.It follows that the lastglobalec-configurationis consis-
tentwith thelastl-configurationfor every 	 Z .

Now we definethe join operatorp which takesas input a se-
quenceof languages� ñ � ����� � � ÷ whereeach � Z @ N õQ�q is a setof
wordsfor peer

�RZ
, and

ø
is thenumberof peersin theec-schema.

It returnsa languageover N .

p Z � Z ? ��ý W�rTb g Q�q )7ýþ2 < � Z �
ThenLemma4.6 impliesthefollowing.

LEMMA 4.7. For each Mealy ec-implementationj of an ec-
schemawith peers

� ñ � ����� ��� ÷ , p Z g Q q ) � ) j 2.2 @ � ) j 2 .
Givena language� over N , let s�tvuxw
y�z
{ ) � 2 denotetheminimal

supersetof � that is closedunderPREPONE and p . FromLemmas
4.3and4.7,wecaninfer thatfor eachMealyec-implementationj ,
thefollowing holds:

� @ � ) j 2}| s�tvuxw
y�z
{ ) � 2L@ � ) j 2
Essentially, this statesthatany Mealy ec-implementationthatgen-
eratesthe behavior set � mustalsogenerateits closure. Onein-
terestingquestionis given � , is it alwayspossibleto synthesizea
Mealyec-implementationj suchthat � ) j 2 ? s�tvu~w*y�z@{ ) � 2 ?

The answerunfortunatelyis negative. Considerthe following
example.

EXAMPLE 4.8. Shown in Figure6 is anec-schemathatconsists
of threepeersandthreechannels.The language� ? � í ó��Có í U � ,
andit is obviousthat s�tvuxw
y�z
{ ) � 2 ? � .

(�R��� ����� { � })

(����� �T��� { � })

(����� ����� { � })�T� ��� ���

�
�

� �

 

Figure 6: Yet another example

Let j be an arbitrary Mealy ec-implementationsatisfying the
condition s�tvuxw
y�z
{ ) � 2 @ � ) j 2 . Considerthe local run on peer

� ö
for the conversation

ó í U . The sendof
U

mustbe after
ó
, however

theconsumptionof í maybeafterthesendof
U
. This impliesthat

ó í U or
óVU í or both mustbe acceptedby j )4�9ög2 . Similarly we can

infer that í ó mustbeacceptedby j )4� ñ 2 .
If
ó í U is recognizedby j )4�9ög2 , considerthescenariothat

�Mñ
takes

thelocalexecutionpath í ó and
� ö

takesthepath
ó í U . It is nothard

to seethat í óVU is aconversationsince
�kö

sends
ó

while having í in
its inputqueue.Thus s�tvuxw
y�z
{ ) � 2 >? � ) j 2 .

Onereasonthat the s�tvuxw
y�z
{ ) � 2 cannotbe the setof conversa-
tionsby someMealyec-implementationis thatPREPONE applying
to (global) conversationsis too weak. Considerthe projectionof
theconversationí óVU on

�kö
in Example4.8. If it is not acceptedbyj )4�kög2 , it mustbetheresultof applyingoneor more“prepone”like

swapson an acceptedword. For example,swap the sequenceof
outputmessage

ó
andinputmessageí , weget í ó�U from

ó í U . Note
thatthis typeof swapdiffersfrom PREPONE sincetheformeris ap-
plied locally insteadof globally. Secondly, we allow the receiver
of thefirst messageandthesenderof thesecondmessageto bethe
same,which is forbiddenin PREPONE. Wecall this typeof swapa
local preponedefinedbelow. For eachpeer

�RZ
, ifý ? ý D � ñ � ö ý D D

is a word in N õZ , where
�RZ

is thesenderof � ñ
andthe receiver of� ö , thenword

ý D � ö � ñ ý D D
is in LP

Z )7ýþ2
.

Using local preponeoperatorsand p , we definefor eachlan-
guage� over N theec-closure of � asfollows.

{
s
s ) � 2 ? p Z LP
õZ ) g Q�q ) � 2.2��

where LP
õZ

representsthe reflexive and transitive closureof LP
Z
,

for eachpeer
� Z

. It is easyto seethat s�tvuxw
y$z@{ ) � 2H@ {@s
s ) � 2 . In
Section5 weshallshow that {@s
s ) � 2 canalwaysbesynthesizedfor
eachregularlanguage� .

Now let usconsidertheinverseof thesynthesisproblem.Given
aMealyec-implementationj , canwefind aregularlanguageasits
core?Thefollowing exampleprovidesanegativeanswer.

EXAMPLE 4.9. Consideranec-schemashown in Figure7 con-
sistingof 3 Mealy peers,

� ñ �7� ö �7� Q
and3 channels.Intuitively,

� ñ
sends,say

b
messagesof classí , to

�kö
, amessage

ó
to
�RQ

, andthen
halt;

� ö
respondsto each í messageby senda

U
messageto

� Q
;�RQ

expects
ó

at the beginning andthenconsumesall
U

messages.
It is not hard to seethat the only way for

�RQ
to halt is for

�kö
to

keepall í messagesin its queuetill after
� ñ

sends
ó

to
� Q

. Thus� ? � í Z ó�U Z W�b¡�¢ � is its ec-language.It canbeshown thateach
subset� D of � satisfiesthefollowing property

� D ? s�tvuxw
y�z
{ ) � D 2 ? {
s
s ) � D 2

£ ¤
¥$¦

§.¨

© ª

«*¬

­'®
¯
°

±V²

³1´

µ�¶

·1¸

¹1º
»*¼
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Á
Â =(Ã$ÄvÅ Æ'ÇÉÈ { Ê })
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ÕÍÖ =(×1ØÉÙ Ú1ÛaÜ { Ý })

Figure 7: A Mealy implementation for Example 4.9

Example4.9suggeststhefollowing.

PROPOSITION 4.10. Thereexistsa Mealyec-implementationj
such that � ) j 2 >? {@s*s )�Þ 2 for each regular language

Þ
.



5. CONVERSATION SPECIFICATION
Proposition4.10suggeststhat addingasynchronouscommuni-

cation significantly increasesthe power of essentiallyfinite state
machines(Mealy peers).This unsettlingfact suggeststhat focus-
ing only onpeersin e-servicecompositiondesignis fundamentally
flawed. Attentionhasto begivenon the“global behavior” of such
composedmachineriesearlyon. Theconversationamongthepeers
modelstheglobalbehavior thatwewouldliketo capture.Although
one can try to reasonaboutthe global behavior after specifying
(designing)individual peersthroughthe composition,it may be
“cheaper”andmoredirect to provide a specificationof theglobal
behavior.

DEFINITION. Let K ? )+*,�1-L��032
be an ec-schema.A con-

versationspecificationfor K is a specificationß (e.g.,by regular
expression,finite stateautomaton,intertaskdependencies,etc.) of
a languageover N . Thelanguagespecifiedby ß is denoted

Þp) ß 2 .
Let ß bea conversationspecification.An ec-implementationj ofK conformsto ß if � ) j 2 is containedin theec-closureof

Þp) ß 2 , and
realizesß if � ) j 2 ? theec-closureof

ÞÍ) ß 2 .
We areinterestedin the following question:For a conversation

specificationß , canwe constructa (Mealy) ec-implementationj
that realizesß ? Themain resultof thesectionis to show that the
answeris positive.

THEOREM 5.1. For every regular language
Þ

, onecan effec-
tivelyconstructa Mealyec-implementationj that realizes

Þ
.

Wenow discusstheproofof theabove theorem.Theproofcon-
sistsof the following mainsteps.First, we constructa finite state
automatonà thataccepts

Þ
. From à , we construct,for eachpeer�TZ

, a Mealy implementationà Z . This constructionis essentiallya
projection: replaceall edgesin à that are irrelevant to channels
connectedto

� Z
by l moves,changeedgesof messagessentto

�
as input, andfinally edgesof messagessentby

�RZ
asoutput. To

prove that thecompositionof the implementationà generatesex-
actly {
s
s )�Þ 2 , wehave to show that

� ) j 2 ? p Z LP
õZ ) g Q q )�Þ 2.2 (1)

By Lemma4.6,a word
ý

is containedin � ) j 2 if andonly if for
eachpeer

�RZ
, g Q�q )7ýþ2 is a halting execution. Combinedwith the

factthat
Þp) à Z 2 ? g Q�q )�Þ 2 , wecaninfer thatto prove Equation(1),

it sufficesto show thefollowing property(Lemma5.2).

LEMMA 5.2. Let
*�Z

bea Mealyimplementationfor peer
�RZ

. A
word

ý < N õQ�q isahaltingexecutionif andonlyif
ý <

LP
õZ )�ÞÍ)+*�Z+2.2

.

PROOF. (Sketch)Weprove by inductionthat
ý <

LP
õZ )�Þp)+*�Z+2.2

is asufficientconditionfor
ý

beingalocalexecution.In theinduc-
tion proof it sufficesto show theclaimthatif aword

ý
is contained

in LP
)7ý D 2

for somelocalexecution
ý D

,
ý

is alsoa localexecution.
The proof of the claim is straightforward,becausewe canalways
constructanl-run for

ý
by modifying thel-run of

ýÍD
.

Next we show that
ý <

LP
õZ )�Þp)+* Z 2.2

is a necessarycondition.
Weshow thatfor any haltingexecution

ý
, wecanalwaysfind

ýÍD <Þp)+*�Z�2
suchthat

ý <
LP
õ )7ý D 2

, by applying “reverseprepone”
procedurefinitely many times. We briefly describethe procedure
below. Considerthe l-run

U�^ zâá q h�h�h zâá q Ug÷ of the local exe-
cution

ý
. Let

)�f � �@X ñ � � X ö 2 z á q )�f � `;ñ �@X ñ �@X ö 2 bethefirst send-
messageactionsuchthat input queueis not empty, i.e.,

W XMñ6W n  
.

It is not hard to show that
ý

canbe written as
ý ? ý ñ X ñ � X ö ,

where
ý ñ

includesthoseeagerlyprocessedmessagesbeforethear-
rival of any messagein

X ñ
. Now let

ý ñ ? ý ñ � X ñ X ö , wecanshow
that

ý <
LP ã ä'å�ãZ )7ý ñ 2

and
ý ñ

is alsoahaltingexecution.Repeatthe

aboveprocedure,until wecannotfind asend-messageactionwith a
non-emptyqueue,thenwegetalist

ý ^ �.ý ñ � ����� �eý � where
ý ^ ? ý

,ý � < Þp)+*�Z+2
, andfor each

 wÿæ�çd ï ,
ý � <

LP
õZ )7ý � `;ñ 2

. Thelast
word

ý �
is the

ý D
wearelooking for.

Lemma5.2impliesthefollowing corollary.

COROLLARY 5.3. Givena Mealy ec-implementationj for an
ec-schemaK . Theconversationsetgeneratedby j is thefollowing:

� ) j 2 ? p Z LP
õZ )�Þp) j )4� Z 2.2.2

Corollary 5.3 doesnot meanthat theremust be a regular lan-
guage“core” for a Mealy ec-implementation.We cangive a char-
acterizationfor asubclasswhichguaranteessucha regularcore.

DEFINITION. Let K ? )+*y�1-L�e032
beanec-schema.Let à ) K 2 ?)�-L�
è 2

bethenon-directedgraphwhereè ?¢é'é �M��� DGê W�)4�ô�E� D 2 < 0 ê �
SchemaK is tree-basedif à ) K 2 is a (non-directed)tree.

PROPOSITION 5.4. Let K be a tree-basedec-schemaand j a
Mealyimplementationfor K . Then � ) j 2 ?ìë U�U�)�Þ 2 for someregu-
lar language

Þ
.

PROOF. (Sketch)First we extendthenotionof conversationto
indicatewhenmessagesarereadfrom aninput queue,in addition
to whenmessagesarewrittenontotheinputqueue.Let

ò ë í�í ) N 2 ?é �ïî W � < N ê . A read-augmentedconversationof implementationj is a word
Y

over the alphabetN U ò ë í$í ) N 2 thatcorrespondsto
a computationover j , whereeachoccurrenceof a letter �kî corre-
spondsto a timewhenletter � wasreadfrom apeer's inputqueue.
Givensucha

Y
, g � )�YY2 denotestheprojectionof

Y
ontothealphabetN .

Now let K and j be as in the statementof the proposition. A
key lemmais to show that if

Y
is a read-augmentedconversation

of j correspondingto a haltingcomputation,thenthereis a read-
augmentedconversation

Y�D
of j suchthat g � )�YY2 < PREPONE

) g � )�Y�D\2.2
and

Y D
hastheimmediatereadproperty, thatis, for eachoccurrenceð

of � < N occurringin
Y�D

thereis an occurrenceof �ïî immedi-
atelyfollowing

ð
in
Y�D

. Thekey ideaof theproof is thatsince K is
tree-based,entireblocksof a computationoccurringin one“part”
of thetree(if partitionedby removing

�
) canbe“delayed”or “ac-

celerated”sothatamessageis notputontothequeueof peer
�

until�
is readyto readthatmessage.
From the above key lemma,we learnthat eachhalting conver-

sation
ý < � ) j 2 is containedin PREPONE

)7ýÍDE2
for someword

ýÍD
,

where
ýÍD

satisfiesthe following condition: for eachpeer
�RZ

, the
projection g Q q )7ý D 2 is acceptedby j )4� Z 2 . Let

Þ ? p Z Þp) j )4� Z 2.2 ,
it is not hard to show that

Þ
is a regular language,and � ) j 2 ?

PREPONE
)�Þ 2

. Let j D be the Mealy ec-implementationgenerated
fromtheprojectionof

Þ
to eachpeer. It iseasyto infer that � ) j D\2L@� ) j 2 . Combinedwith theknown factthat

PREPONE
)�Þ 2L@ s�tvu~w*y�z@{ )�Þ 2 @ {@s
s )�Þ 2 ? � ) j D 2

wecanfurtherinfer that

� )ÍðY2 ? PREPONE
)PñM2 ? s�tvuxw
y$z@{ )�Þ 2 ? {
s
s )�Þ 2 �

6. CONCLUSIONS
We study the relationshipof global behavior of compositee-

serviceandlocalbehaviorsof theindividuale-servicesin theposi-
tion. We show that globalbehavior maysometimesbe ratherun-
expecteddueto (1) queuingof messages,and(2) distributedde-
cisionsmadeby local peers.Our resultsindicatethat theeffect of



combiningindividuale-servicesisnotverywell understoodandde-
servesò further investigations.Theresultsalsosupporta top-down
approachin developingcompositee-servicesto control/avoid un-
expectedbehaviors.
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