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ABSTRACT
Thee-servicesparadigmpromisesto enablerich, �e xible, anddy-
namicinter-operationof highly distributed,heterogeneousnetwork-
enabledservices.Among the challenges,a fundamentalquestion
concernsthe designand analysisof compositee-services. This
paperproposestechniquestowardsautomateddesignof compos-
ite e-services.We considertheRomanmodelwhich representse-
servicesasactivity-based�nite stateautomata.For a given setof
existinge-servicesandadesirede-service,doesthereexist a“medi-
ator” which delegatesactivities in thedesirede-serviceto existing
e-services?Thequestionwasraisedin anearlystudyby Berardiet.
al. for a restrictedsubclassof delegatorswhich doesnot take into
considerationof future activities. In this paper, we de�ne a more
generalclassof delegatorscalled”lookahead”delegatorsandwe
show thatthehierarchybasedon theamountof lookaheadis strict.
We,then,studythecomplexity of constructingsuchdelegators.We
prove that in the caseof deterministice-services,a k-lookahead
delegatorcanbecomputedin time polynomialin thesizeof target
andsubcontractore-services,andexponentialin k andthenumber
of subcontractore-services.We alsopresentWozart,anautomated
mediatorconstructiontool implementedto realizeourapproaches.
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1. INTRODUCTION
Thee-servicesparadigmpromisesto enablerich, �e xible, anddy-
namicinter-operationof highlydistributed,heterogeneousnetwork-
enabledservices.Emerging standardssuchasSOAP [23], WSDL
[25], BPEL [4], andresearchefforts thatarebuilding on or taking
advantageof theparadigmsuchastheOWL-S (formerly DAML-
S) program[19], the SemanticeWalletsproject[13], ActiveXML
[2], have madea substantialprogresstoward this goal. However,
giventheostensiblelong-termgoalof enablingtheautomateddis-
covery, composition,enactment,andmonitoringof collectionsof
e-services(we alsousewebservicesinterchangeably)working to
achieve a speci�ed objective, key piecesaremissingto make the
goala reality. Amongthechallenges,a fundamentalquestioncon-
cernsthedesignandanalysisof compositee-services.Thefocusof
this paperis onautomateddesignof compositee-services.

Automatedcompositionwasstudiedin [24, 16] in the context of
work�o ws. In [24], the global dependenciesare given as a tree
with optionalandchoiceson somedependencies,resemblingthe
event algebra[22]. An algorithmwasgiven to mapto a Petri-net
thatgeneratesthe root of the treewithout violating thedependen-
cies. In a simplermodel,[16] startsfrom a pair of pre-andpost-
conditionsandassemblesthe work�o w by selectingtasksfrom a
given library. Thesynthesisproblemfor �nite statespeci�cations
hasbeenstudiedintenselywithin theautomatatheoryandveri�ca-
tion community[5, 1]. Considersynthesisof a collectionof �nite
automatainteractingvia boundedqueues.The synthesisproblem
hasa variant for openandclosedsystems. In the closedcase,a
”folkloric” result is that synthesisfrom a formula canbe decided
by linearreductionto thesatis�ability testfor thelogic henceit can
bedonein PSPACE for LTL andin PTIME for ! -regularsetsrep-
resentedexplicitly by anautomaton.Theopencaseis undecidable
[20] in general,but decidablewhene-servicesareconnectedin a
lineartopology[15].

Automatede-servicecompositionhasbeenthefocusof severalre-
centstudies.Oneapproachwasdevelopedin thecontext of OWL-
S [18]. The basic questionthere is whethera given collection
of atomicservicescanbe combined,using the OWL-S construc-
tors, to form a compositeservicethataccomplishesa statedgoal.
Theirapproachis to encodetheunderlyingsituationcalculusworld
view, thedesiredgoal,theindividual servicesin termsof theirpre-
conditionsandeffects,andtheOWL-S constructorsinto aPetrinet
model. This reducestheproblemof composabilityto theproblem



of reachabilityin the Petri-net. In anotherapproach[6, 10, 11],
thedesiredglobalbehavior is a “conversation”(i.e., family of per-
mittedmessagesequences)speci�edusinga�nite stateautomaton.
Undercertainconditions,theautomatoncanbe“projected”to build
(abstract)webservices,thatwhencombinedwill realizethedesired
conversation.

Recently, [3] developeda very interestingapproachto automated
compositionof web services,calledherethe Romanmodel. The
model focuseson activity-based�nite stateautomata.Oneinput
to this approachis a setof descriptionsof existing web services
(calledhere“subcontractors”),eachgivenasanautomatonthatde-
scribespossiblesequencesof activities. (This resembleswebser-
vicesresidingin aUDDI repository).Thesecondinput is adesired
behavior or “target” behavior, alsospeci�edasanautomaton.The
outputis asubsetof theatomicwebservices,anda“mediator” that
will coordinatethe activities of thoseservices,througha form of
“delegation”.

Basedon theRomanmodelintroducedin [3], this papermakesthe
following contributions:

1. A generalnotionof delegationis developed.Speci�cally, a
delegator in the model of [3] assignsan activity to atomic
servicesbasedonly on the pastactivities. In our model,a
delegatorcan determinethe assignmentbasedon an entire
sequenceof activities.

2. Weshow thatdecidingtheexistenceof amediatorin thegen-
eralmodelcanbedonein EXPSPACE,theresultgeneralizes
theresultin [3].

3. Weintroducethenotionof ”lookahead”for amediatorto del-
egateactivities, which is thenumberof futureactivities the
mediatorhasto know in order to delegatean activity. The
delegatornotion in [3] correspondsto having no lookahead
or lookaheadbeing0. In particular, we give an alternative
constructive proof using automata-theoretictechniquesfor
determiningwhethera delegator without lookaheadexists,
originally shown in [3]. A bene�t of theautomata-theoretic
approachis a �ner characterizationof thecomplexity bound
in termsof thesizeandthenumberof individual e-services.

4. We study the impactof lookaheadon automateddesignof
mediators.Weshow thatthereexistsa strict hierarchybased
on lookahead.

5. We show that in the caseof deterministice-services,a k-
lookaheaddelegatorcanbe constructedin time polynomial
in thesizeof thetargetandsubcontractore-services,andex-
ponentialin k andthenumberof subcontractore-services.

6. Finally, we presenta tool for automatedmediatorconstruc-
tion namedWozart.

Thepaperis organizedasfollows. Section2 introducesthemodel
of e-servicesandthecentralnotionof adelegator. Section3 focuses
on determiningtheexistenceof delegator. Lookaheadis de�ned in
Section4, alongwith resultsandalgorithmsconcerninglookahead.
Section5 talksaboutthe tool WozartandSection6 concludesthe
paper.

2. A MODEL FOR E­SERVICES AND COM­
POSITIONS

In thissectionweoutlinethekey conceptsfor thetechnicaldiscus-
sions,which includee-services,and”composition”of e-services.

Roughlyspeaking,an e-serviceis a (publishable)speci�cationof
a software program. Although datastrucuresand typesare fun-
damentalin suchspeci�cations,themoreimportant(anddif�cult)
aspectconcernsthe“behavioral signatures”of e-services,sincethe
latter capturesthe “actions” and “reactions”an e-servicecanen-
gagein during the execuion. Behavioral signaturesprovides the
foundationfor composinge-services.

A behavior modelfor individualandcompositee-serviceshasfun-
damentalimplicationson how they canbe discovered,combined,
andanalyzed. It is not surprisingthat several paradigmsfor be-
havioral modelingarebeingusedin currentstandardsandresearch
explorationsonwebservicescomposition.

In a broadterm,thebehavior of a servicedescribesthechangesof
its “states”. Dependingon speci�c researchtopics,the“state” can
be(a) theactualinternalexecutionstate,(b) only apartof thestate
of relevanceto thepartiesconnectedwith thee-service,or (c) the
stateof the “externalworld”. Furthermore,differentmodelsrely
on differentkinds of “actions” to changestate;thesemight be (i)
messages,(ii) activities,and(iii) events.

TheWSDL standardfocusesheavily onpassingmessagesbetween
e-services.This leadsnaturallyto behavioral modelsthatusemes-
sagesasthe“actions”,anduse(abstract)internalstatesof individ-
uale-servicesasthestatesthatmessagescausetransitionsbetween
[6, 10]. Thisperspective is closelyrelatedto work onprocessalge-
bras[17] andin theveri�cation community[7], all of which study
distributedautomatawith messagepassingof oneform or another.
It canalsosupportinvestigationsbasedon partial informationof
theinternalstates,astypical in theveri�cation community.

Thework�o w communityhastraditionallyfocusedonactivity-based
models.Theserepresentaprocessby combiningactivitieswith es-
sentially someforms of control �o w. The typical formalismsin
work�o w communityare�o wcharts,Petrinets,and�nite statema-
chinesor statecharts.

Thesemanticwebservicescommunityalsofavorsanactivity-based
perspective. Much of thatwork assumesthatatomicservicesper-
form activities, which have the effect of changingthe stateof an
“external world”. A situationcalculus[21] is typically usedto
provide formal underpinnings.This framework permitstheuseof
logic-basedaxiomatizationsand reasoningabouthow composite
webservicesaffect their “external” world, andtherebypermit the
useof goal-basedplanningalgorithmsfor automatedconstruction
of compositions.

Event-basedformalismshave beenusedprimarily in the context
of work�o ws [22]. An eventcanbeviewedasanabstractversion
of an activity. Event-basedmodelsallow declarative, logic based
semanticsandprovide analternative to analysisof work�o w spec-
i�cations [9].

In this paper, we considerthe Romanmodelwhich representse-
servicesasactivity-based�nite stateautomata.Themodelwasin-
troducedin [3] in their studyonautomatedcomposition.
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Figure1: A Composition Problem: CompleteTravel Service

Beforeformulatingour modelof compositionande-services,let's
have a look atanexampleillustratingthecompositionproblem.

EXAMPLE 2.1. 1 Supposethat the servicesin Figure1(a) are
available in someUDDI++ directory, which includes�nite state
automata-basedservicedescriptions,amongotherthings.Eachser-
vicehasdifferentfunctionalities.For example,theusercanuse:
i) bookair travelserviceto booka planefor a trip andthenbook
a limo to the airport, ii) bookaccommodationto arrangefor ac-
commodationandiii) register eventto registerfor theevent. Note
that booking a limo serviceis provided by both book air travel
and book train travel servicesbut the overall behaviors of these
two servicesaredifferent. Supposefurther that a 3rd-partyven-
dor would like to createandoperatea compositeservicewhich is
speci�ed againas a �nite stateautomatonshown in Figure 1(b).
Here,we areinterestedin thequestionof whetherit is possibleto
reusetheexistingservicesin orderto achieve thedesirede-service.
If that is possible,theneffectively theremustbe a mediatorwho
orchestratestheservicescollectively in orderto modelthedesired
e-service.For example,Figure1(c)shows suchadelegatorthatas-
signseachactivity to anexisting e-service.Notethatastheexam-
ple shows, a delegatormaynot simply bea labelingof thedesired
e-service.

2.1 Preliminaries
We assumesomefamiliarity with formal languagesand�nite state
automata.Let � bea �nite alphabetof activities (or symbols).A
word of lengthk 2 N over � is a sequenceof k symbolsin � . Let
� � bethesetof all wordsover � of lengthk for somek 2 N. A
language is a subsetof � � .

We now de�ne thecentralnotionof ane-service.

DEFINITION 2.2. An e-serviceis a (possiblynondeterministic)
�nite stateautomaton(FA) A = (S; � ; � ; s0 ; F ) whereS is the
�nite setof states, � is theinput (activity) alphabet,� is amapping
from S � � to 2S , s0 2 S is thestartingstate,F � S is thesetof
acceptingstates.
1Thisexampleis inspiredfrom onedevelopedby DanielaBerardi.

Intuitively, ane-serviceA is viewedasanacceptor. Thenotionof
a word acceptedby A is de�ned in thestandardmanner. The(ac-
tivity) language of an e-serviceA, denotedasL (A), is the setof
wordsacceptedby A.

In this model,FAs representboth ”atomic” aswell ascomposite
e-services.In otherwords,a compositionof a setof e-servicesis
expectedto be anothere-service[3]. Although FAs, thereforee-
services,areclosedundercomposition(undervariousproductcon-
structions),thegoalof thispaperaimsatdeterminingwhetherade-
sirede-servicecanbecomposedfrom asetof existinge-services.

Wenow formulatethenotionsof compositionmodelanddelegator
studiedin this paper.

DEFINITION 2.3. A compositionsystemC is a tuple (A T ; I )
whereAT is thetarget(ordesired) e-serviceandI = f A 1 ; A2 :::; Aeg
is a setof subcontractor e-services(thatareavailableto compose
thetargete-service).

We usethe following preliminarynotion to de�ne the conceptof
delegator.

DEFINITION 2.4. Let e > 0. For a word w, a delegation as-
signmentover e is a mapping� : [1::jwj] ! P > 0([1::e]) (i.e.,
from the integersbetween1 andjwj inclusive to non-emptysub-
setsof the integersfrom 1 to e, inclusive). Let � be a delegation
assignmentfor w = w1 : : : wn 2 L (AT ). For j 2 [1::e], the
j -image of w under� is the subsequenceimag e�

j (w) of w ob-

tainedby including in imag e�
j (w) the letter occurrenceswi such

that i 2 � (j ). Finally, delegationassignment� over e for w 2
L (AT ) is valid in compositionsystemC = (A T ; f A1 ; : : : ; Aeg)
if imag e�

j (w) 2 L (A j ) for eachj 2 [1::e].

Intuitively, then,adelegationassignmentfor awordw is amapping
thatspeci�eswhich subcontractorsshouldprocesseachactivity in
thesequence.It is valid if at theendof thedelegations,eachpar-
ticipatinge-service(FA) endsup in anacceptingstate.

We now have:
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Figure2: A ComposableE-Service

DEFINITION 2.5. Let C = (A T ; f A1 ; : : : ; Aeg) bea compo-
sition systemover alphabet� . Let � : � � � N ! P > 0([1::e])
be a partial function. Then � is a delegator for C if for each
w 2 L (AT ), thefunction� (w; �) is total on [1::jwj] andis a valid
delegationassignmentfor w in C.

So,thereis adelegatorfor compositionsystemC iff for eachword
w 2 L (AT ) thereis a delegationassignmentfor w.

Thefollowing exampleillustratesa compositionsystemanda del-
egator. We keeptheexampleverysimplefor thesake of simplicity
of thediscussion.

EXAMPLE 2.6. For a commercialwebsite,let's say, we would
like to developa shoppingservicesuchthatusers�rst buy anitem
andthenpay for it. We would like to be �e xible on the payment
method. That's why, userscanpay eitherby money orderor by
credit card. This desirede-servicecanbe representedby the FA
AT in Figure2.

In themeantime,therearetwo existinge-services.As thepayment
method,oneof themusesonly money orderandtheotherusesonly
creditcard.Thesee-servicesarerepresentedby theFAs A 1 andA2

in Figure2.

Let b, m and c denotethe activities 'buy', 'money order', and
'credit card' respectively. Thedesiredtargete-serviceA T accepts
the language(b(mjc)) � while the languagesfor A 1 and A2 are
(bm) � and(bc) � , respectively. It canbe veri�ed that the desired
e-serviceAT canbeachieved throughthecompositionof A 1 and
A2 (i.e., composable). For instance,for a sequenceof activities
bmbc(i.e., theuser�rst paysby money orderthenpaysby credit
card),theassignmentswouldbeb=1; m=1; b=2; c=2 (A 1 processes
the �rst shopping,andA 2 doesthe second). Obviously, for any
word in L (AT ), the activity m shouldbe delegatedto A 1 , while
the activity c shouldbe delegatedto A 2 . On the otherhand,the
delegationof theactivity b dependson whetherthenext incoming
activity is m or c. Therefore,in anonlineprocessingmodelwhere
thereis an incomingsequenceof activities, thedecisionon which
e-servicea particularactivity shouldbe delegatedto may depend
on thefutureactivities in thesequence.

Our model is a generalizationof that in [3]. Speci�cally, in their
model,thedecisionondelegatingaparticularactivity dependsonly
onactivities thathavealreadyprocessed,while in ourmodelweal-
low delegation decisionsto be madebasedon a lookahead, i.e.,
expectedactivities in the future. In Figure2, A T is composable
from A1 andA2 in our model,althoughit is not composablein
their model. Therefore,thecompositionmodelstudiedin this pa-
peris morepowerful.

The remainderof the paperfocuseson determiningthe existence
of suchdelegators,andon specialclassesof delegators,called“k-
lookahead”.

3. DELEGATOR EXISTENCE
A key questionfor automatedcompositionof e-servicesin this
framework is to determinewhetheradelegatorexistsandif so,how
to constructone.In this section,we usethestandardautomatathe-
oretictechniqueto givepositiveanswersto bothquestions.Thekey
ideais to build a�nite stateautomatonfor agivencompositionsys-
temC = (AT ; I ) usinga variantof standardproductconstruction
for FAs[14]. Then, the productmachineis usedto checkfor the
existenceof a delegatorfor thesystem,andin caseof positive an-
swer, theproductmachineitself is arepresentationof thedelegator.

For thesimplicity of thediscussion,we have a numberof assump-
tionsonFAs. First,weassumethedesirede-serviceA T is aDeter-
ministic FA (DFA). If AT is anNondeterministicFA (NFA), then
we canconvert it to anequivalentDeterministicFA. We know that
this conversionmay take exponentialtime in thesizeof A T [14].
However, even if we do this conversion,our complexity resultsin
this sectiondon't change,which is explained later. Second,all
machinesin the systemusethe sameinput (activity) alphabet� .
Third, thereis no nonproductivestatein the target e-service,i.e.,
thereexists a path from eachstateto an acceptingstate. This is
a valid assumptionbecausean FA with nonproductive statescan
be convertedto an equivalentFA with no nonproductive statesin
polynomialtime andalsoin practicalsense,ane-serviceshouldn't
havenonproductivestates.In addition,eache-servicein thesystem
hasno incomingtransitionto its startingstate.EveryFA caneasily
be modi�ed to satisfy this propertyby introducinga new starting
statewhile copying all theoutgoingtransitionof theoriginal start-
ing state.

Note thatevery FA canbeseenasa labeleddirectedgraphwhere
eachstateis representedby a node,and for eachtransitionr 2
� (q; a), thereis anedgefrom thenodeq to thenoder labeledwith
a.

Beforewe formally de�ne theproductconstructionwhich is used
to checktheexistenceof a delegator, let's look atanexample:
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Figure3: A SimpleComposition System

EXAMPLE 3.1. In Figure3, thereis a simpli�ed versionof the
systemdescribedin theprevioussection.We would like to getthe
serviceAT , usingthe existing e-servicesA 1 andA2 . The corre-
spondingproductmachinefor this systemis shown in Figure 4.
Basically, theproductmachinekeepstrackof con�gurationsof the
system.For example,thecon�guration [110] implies that thecur-
rent statesof AT , A1 and A2 are 1,1 and 0 respectively. Each
edgerepresentsa transitionof the systemfrom onecon�guration
to anotherwith theprocessingof thecurrentactivity. For example,
theedge(m=1) from [110] to [220] representsthat theprocessing
of m is doneby 1 andbecauseof this delegation,A 1 changesits
stateto from 1 to 2, while A 2 staysin thestate0. In con�guration
[000], the activity b canbe delegatedto A 1 and/orA2 becauseat
thiscon�guration,bothA 1 andA2 canprocessab. It is alsopossi-



ble that in somecon�guration,processingof anactivity cannotbe
delegatedto any e-services.For example,underthecon�guration
[110], AT requiresprocessingof a c. However, underthis con�g-
urationneitherA 1 nor A2 hasa c transition. Therefore,for such
cases,the delegationcannotbe doneandthe machinegoesto an
errorcon�guration.
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Figure4: Product Machine for Figure3

Below we give a formal de�nition for the productmachineof a
compositionsystem.

DEFINITION 3.2. Given a compositionsystemC = (A T ; I )
of FAs whereAT = (ST ; � ; � T ; s0

T ; FT ) is the target e-service,
and I = f A 1 ; A2 ; :::; Aeg is the setof subcontractorswhereA i

= (Si ; � ; � i ; s0
i ; F i ), the productmachine PRODC is a Mealy au-

tomaton(SC ; � in
C , � out

C ; � C , s0
C ; FC ) where

� Inputandoutputalphabets:� in
C = � , and� out

C = 2f 1;2:::;e g ,

� States:SC � ((ST � S1 � ::: � Se) [ f err org),

� Startingstate:s0
C = [s0

T ; s0
1 ; :::; s0

e ],

� Acceptingstates:FC = f [qT ; q1 ; :::; qe ] j qT 2 FT ^
8i 2 [1; e] (qi = F i _ qi = s0

i )g.

We usethetermcon�guration for a stateof theproductma-
chine.For eachwordacceptedby thedesirede-service,there
is a correspondingrun, i.e. a sequenceof con�gurations,in
PRODC . If in the�nal con�guration,thetargete-serviceand
participating2 subcontractorsareall in theiracceptingstates,
then sucha run is called an acceptingrun. Note that we
distinguishane-servicewho participatesin thecomputation
from the onewho doesn't by simply checkingwhetherthe
stateof the e-servicein the �nal con�guration is the initial
stateor not3.

� Beforewe de�ne thetransitionmapping� C , let's de�ne the
setV of ”volunteer” subcontractors.For a givencon�gura-
tion andan activity, V de�nes the setof e-servicescapable
of processingthe requestedactivity. In otherwords,under
thegivencon�guration, theactivity canbedelegatedto any
subcontractorin V . More formally,
V([ qT ;q1 ;:::;q e ];a ) = f j j � j (qj ; a) 6= ? ; j 2 [1; e]g.

2An e-serviceis participating in thecomputationif it processessomeac-
tivity.
3As mentionedbefore,we assumefor this constructionthat thereis no in-
comingedgeto theinitial stateof ane-service;therefore,onceit processes
anactivity, it cannever comebackto theinitial stateagain.

The transitionmapping� C : SC � � in
C ! 2( SC � � out

C ) is
de�ned asfollows: For eachcon�guration [qT ; q1 ; :::; qe ] in
PRODC , for eachactivity a where� T (qT ; a) is de�ned, and
for eachv � V([ qT ;q1 ;:::;q e ];a ) :

i) if V([ qT ;q1 ;:::;q e ];a ) = ? , then
� C ([qT ; q1 ; :::; qe]; a) = f (err or; ? )g.
Intuitively, this saysthat if thereis no volunteer, then
this is anerror, becauseunderthegivencon�guration,
eventhoughthetargete-servicerequirestheprocessing
of a, nobodycando it.

ii) else,� C ([qT ; q1 ; :::; qe ]; a) = f ([r T ; r 1 ; :::; r e]; v) j
r T = � T (qT ; a) ^ (r i = � i (qi ; a) if i 2 v; and
r i = qi ; otherwise)g. Whenan activity is processed,
the systemmoves from one con�guration to another
andthenext con�gurationdependson thecurrentcon-
�guration anddelegation(output).In addition,thedel-
egationsare determinedby the current con�guration
andactivity (input).

Thesizeof theproductmachineis O(2e � j� j � s2e � sT ) where
e is thenumberof subcontractorsand,s is themaximumnumber
of statesamongthesubcontractorsandsT is thenumberof states
in thetargete-service.

Now, we canmake theconnectionbetweena productmachineand
adelegator. LetL (PRODC ) denotethelanguageacceptedby theFA
derivedfrom PRODC by removing theoutputsfrom thetransitions.
Then,we have thefollowing lemmawhich is easilyveri�ed:

LEMMA 3.3. For a compositionsystemC = (A T ; I ), there
existsa delegatorif f L (A T ) = L (PRODC ).

Accordingto lemma3.3checkinglanguageequivalenceof PRODC

andAT is thesamequestionwith theexistenceof adelegator. The
equivalenceof two FAs canbechecked in polynomialspacein the
sizeof theFAs [14]. Therefore,this impliesthefollowing result.

THEOREM 3.4. Existenceof a delegatorof a compositionsys-
temcanbedeterminedin exponentialspace.

4. DELEGATOR WITH LOOKAHEAD
In theprevious section,we considerdelegatorsin general.In this
section,we formalizetheconceptof lookaheadandintroducedel-
egatorshaving lookaheads,andthenprove a seriesof characteri-
zationandcomplexity rusults. We assumein this sectionthat all
e-servicesaredeterministic.

4.1 Lookahead
Let � bea delegatorfor C = (A T ; f A1 ; : : : ; Aeg). Let u; v; v0 2
� � suchthatuv; uv0 2 L (AT ). Underthede�nition of delegator,
which is quitegeneral,thereneednot beany relationshipbetween
the two delegation assignments� (uv; �) and � (uv0; �). In prac-
tice, we are interestedin a delegator that can delegateincoming
requestsonline, i.e., it deterministicallychoosesthecorrectsubset
of subcontractorsthat shouldprocessa requestbasedonly on let-
terspreviously read. Suchdelegatorswill be formally de�ned as
“0-lookaheaddelegator” below. Althoughhaving sucha delegator
is appealing,in somecasesit maynot bepossibleto decideon the
delegationwithout knowing the futurerequests.Let's have a look
at anexampleillustratingthis problem

EXAMPLE 4.1. Considerthe compositionsystemC = (A T ;
f A1 ; A2g) shown in Figure5(a). Whenthesystemis in thestart-
ing con�guration,let'ssay, arequestfor a arrives.BothA 1 andA2
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Figure5: Lookaheadin Compositions

canprocessit. However, who shouldprocessa is determinedby
thenext request.If it is b, thenA 1 shouldprocessa. If it is c, then
A2 shouldprocessa. Therefore,thedecisionof thedelegationre-
quiresto checkthenext request.A similar conceptin ”Compilers”
is calledlookahead. Therefore,we saya delegatorfor thesystem
in Figure5(a)needsat least1 lookahead.

We now formulatewhatwe meanby a k-lookaheaddelegator.

DEFINITION 4.2. Let C = (A T ; f A1 ; : : : ; Aeg) bea compo-
sition system,� a delegatorfor C , andk a numberin N. Then�
is ak-lookaheaddelegator for C (alsodescribedasanLAk delega-
tor) if thefollowing propertyholds:Supposethatu; v; w; w0 2 � �

and jvj = k. Then � (uvw; �) and � (uvw0; �) coincideon each
i 2 [1::juj] (i.e., for eachi eitherboth areunde�ned,or both are
de�ned andequal).

It is easilyseenthata delegator� is k-lookaheadif its behavior on
the i th activity of word w = w1 : : : wn is dependentonly on the
pre�x w1 : : : wi + k of w (or simplyw if i + k > n).

Intuitively, a (non-restricted)delegatorusesunboundedlookahead;
we sometimesusethephrasè *-lookaheaddelegator' or `LA � del-
egator' in place of `delegator', to emphasizethe analogyto k-
lookaheaddelegator. At theotherextreme,a0-lookaheaddelegator
doesn't considerany of theactivities thatit hasn't read.

Let C bea compositionsystem.It is straightforwardto verify that
thereis a0-lookaheaddelegatorfor C iff thereis, in thevocabulary
of [3], a ”composition”for C.

Thereisanautomaton-basedanalogof k-lookaheaddelegator, which
we introducein thefollowing two de�nitions.

DEFINITION 4.3. Let k bea numberin N. A k-lookaheadpre-
delegator for a compositionsystemC = (A T ; f A1 ; A2 ; :::; Aeg)
is a (modi�ed) Mealy automatonD = (SD ; � ; � ; � D ; s0

D ; FD )
whereSD is a setof states;� is the input alphabet;� , theoutput
alphabet,is equalto P > 0([1::e]); � D : SD � � � � 6 k ! SD � �
is the transitionfunction (which maybea partial function); s0

D is
thestartingstateandFD � SD is thesetof acceptingstates.

Intuitively, in a 2-lookaheadDFA-basedpre-delegatorD , a transi-
tion, let'ssay, � D (s1 ; a; bc) = (s2 ; f 1; 4g) denotesthefactthatthe
executionof theactivity of typea is delegatedto thesubcontractors
A1 andA4 , basedon theknowledgethatthenext 2 activities areb
andc.

More generally, a computationon input word w by a k-lookahead
pre-delegator D = (SD ; � ; � ; � D ; s0

D ; FD ) proceedsas follows,
startingfrom thestartstates0

D . Supposenow thatpre�x u of w has
beenprocessed,thecomputationis in states 2 SD , andtheletter

afteru is a. Let v bethemaximalsubword of w thatstartsimme-
diatly after ua andhaslength6 k. Supposethat � D (s; a; v) =
(s0; Z ) is de�ned. In this case,thecomputationproceedsby read-
ing a, moving to states0, andproducingsetZ asoutput.(Compu-
tationfails onw if � D (s; a; v) is unde�ned.)

If thecomputationof D on w succesfullyprocessesall of w, then
the delegationassignment� determinedby D on w is de�ned so
that � (i ) is theoutputof the i th stepof thecomputationof D on
w.

DEFINITION 4.4. Let D = (SD ; � ; � ; � D ; s0
D ; FD ) be a k-

lookaheadDFA-basedpre-delegatorfor acompositionsystemC =
(AT ; f A1 ; A2 ; :::; Aeg). ThenD isak-lookaheadDFA-baseddel-
egator for C if thefollowing conditionshold:

(a) If theoutputalphabetof D is ignored,thenthelanguageac-
ceptedby D is L (AT ).

(b) For eachwordw 2 L (A T ), thedelegationassignmentdeter-
minedby D onw is valid for C.

It is straightforwardto show thatif thereexistsak-lookaheadDFA-
baseddelegatorfor compositionsystemC , thenthereexists a k-
lookaheaddelegatorfor C . Theconversealsoholds,asshown in
Theorem4.6andCorollary4.13below.

In a practical sense,having lookaheadcorrespondsto buffering
the input symbols. For instance,a compositee-servicewith a 1-
lookaheaddelegatorcanbuffer thecurrentactivity andbeforepro-
cessingtheactivity, it canaskthecustomerwhatsheintendsto do
as the next activity. This way, the delegatorcanbetterguide the
delegationof thecurrentactivity.

Continuingwith Figure5, thereexist LA � delegatorsfor all three
compositionsystems(eachsystemis composable).This can be
veri�ed usingthemethoddescribedin theprevioussection.In ad-
dition, (a)hasanLA1 delegator, while (b) hasanLA2 delegatorbut
no LA1 delegator. In (c), the activity a canoccurany numberof
times,thusin this casethereis no LAk delegatorfor any k 2 N.
On theotherhand,if all succeedingactivities areknown, eachac-
tivity canbedelegatedto A 1 or/andA2 properly;therefore,(c) has
an LA � delegator. As canbe seenfrom this example,the hierar-
chy basedon the amountof lookaheadis strict. As a result, the
following is established.

THEOREM 4.5. For eachk > 0, thereexistsacompositionsys-
temC suchthatC hasLAk delegatorsbut no LA( k � 1) delegators.
Thereis alsoacompositionsystemC thathasanLA � delegatorbut
no LAk delegatorfor any k in N.

As notedabove, themodelof delegatorsusedin [3] is exactly LA0 ,
i.e., with no lookahead.Although it wasshown in [3] that exis-
tenceof an LA0 delegatorcanbe determinedin exponentialtime,
we presenta directanalysison LA0 delegatorsusingFAs having a
�ner characterizationon thecomplexity bound.Later, we usethis
techniquefor k-lookaheaddelegators.

4.2 0­LookaheadDelegatorConstruction
In thissection,weshow how tochecktheexistenceof a0-lookahead
(LA0) delegator, andif oneexists,how to constructa 0-lookahead
DFA-baseddelegator.

The following theoremmakesa connectionbetweenan LA0 dele-
gatorandtheproductmachine.



THEOREM 4.6. Let C = (A T ; f A1 ; : : : ; Aeg) be a composi-
tion systemwith deterministice-services.ThenC hasa0-lookahead
delegatorif f thereis a 0-lookaheadDFA-baseddelegatorD for C
thatis asubgraphof PRODC (denotedD � PRODC ).

PROOF. (Sketch)Let � be the alphabetof C . Let � be a 0-
lookaheaddelegatorfor C . We begin by creatinga minimal tree
T with a branchcorrespondingto eachword of L (A T ). (In par-
ticular if uv 2 L (AT ) then the branchcorrespondingto u in
T is a subbranchof the branchcorrespondingto uv.) For w =
w1 : : : wn 2 L (AT ) labelthei th edgealongthebranchof w by the
pair (wi ; � (w; i )) , i.e.,by thei th letterof w andby thedelegation
assignedto positioni by � actingon w. Since� is a 0-lookahead
delegator this labeling is well-de�ned. (TreeT is essentiallythe
“internal schemaof a composition”,in theterminologyof [3].)

We introducea labelingfunction� thatassociatesto eachnodeT
anelementof SC , thesetof statesof theproductmachinePRODC ,
in the following inductive manner. Label the root with the start
stateof PRODC . Supposethat � (x) is de�ned for somenodex of
T , andthaty is a child of x wheretheedgefrom x to y is labeled
by (a; Z ). Thenset� (y) to bethestateof SC reachedfrom � (x)
by moving theAT -coordinateof � (x) accordingto thetransitionin
AT uponreadinga, andfor eachj 2 Z moving theA j -coordinate
of � (x) accordingthetransitionin A j uponreadinga.

We notethat by construction� hasthe following propertieswith
respectto � andT . First, � is consistenton T with PRODC in the
following sense:If y is a child of x, andthe edgefrom x to y is
labeledby (a; Z ), thenthereis a transitionin PRODC from state
� (x) that is labeledby (a; Z ) which leadsto state� (y). Second,
� is consistenton T with � in the following sense:for eachword
w = w1 : : : wn 2 L (AT ), if x is the nodereachedby traversing
T while readingw1 : : : wi , then� (x) is the stateof PRODC that
is reachedwhenprocessingw1 : : : wi accordingto � . Thesetwo
consistency propertieswill be preserved during eachstepof the
constructionbelow.
We now performa splicing argumenton T which resultsin a 0-
lookaheadDFA-baseddelegatorfor C . Supposethat u; v 2 � � ,
andthatx is thenodeof T correspondingto theendof wordu and
y is thenodeof T correspondingto theendof word uv. Suppose
further that � (y) = � (x), andthat thereis no pair of nodesx0; y0

thatareproperancestorsof y with � (y0) = � (x0). (Note that the
depthof y in T is at mostjSC j.) It is easilyveri�ed, from thefact
that � is a 0-lookaheaddelegator, that for all w, uw 2 L (A T ) if f
uvw 2 L (AT ). Let z betheparentof y andlet theedge(z; y) in
T be labeledby (b;Z ). Createa graphG from T by (a) deleting
the subtreerootedat y, and(b) insertinga “back-edge”from z to
x, which is labeledby (b;Z ). De�ne labelingfunction � 0 on the
nodesof G to betherestrictionof thelabeling� on T to thenodes
of G. Createa new 0-lookaheaddelegator� 0 from � , by usingG
asa guide. (So in particular, for eachw 2 � � andeachj > juvj,
� 0(uvw; j ) = � (uw; j � jvj). An inductive argumentcanbeused
to verify that � 0 is againa 0-lookaheaddelegator. Furthermore,� 0

is consistenton Gfor bothPRODC and� 0.

This constructioncanbecontinuediteratively on graphG, at each
stepdeletingan in�nite “subtree” of G. We continueto call the
new edgesintroduced“back-edges”.Theendresultis a graphH ,
0-lookaheaddelegator� , anda labelingfunction 
 which is con-
sistenton H with PRODC and� , wherethereis no back-edge-free
path in H that hastwo distinct nodeswith the samevalue under
� . This graphhassizeboundedby j� js

e
, wheres is themaximum

sizeof thee-servicesin C .

Now thatH is �nite, wecontinuewith thesplicingoperation.Specif-
ically, givennodesx; y with � (x) = � (y), wedeletey andreplace
all in-edgesof y by in-edgesto x (againretainingthesamelabels).
Also, deleteall nodesno longer reachablefrom the “root” of H .
After eachsuchstep,inductive argumentsareusedto show thatthe
new graphagainyieldsa 0-lookaheaddelegator
 for C , andthat
thelabelingfunctionis consistentwith PRODC and
 . Theconclu-
sion of this iterationis a graphJ whereeachnodehasa distinct
label. Fromhereit is easyto convert J into a 0-lookaheadDFA-
baseddelegator for C which is a deterministicsub-automatonof
PRODC .

Theorem4.6 saysthat we cancheckthe existenceof an LA0 del-
egatorby looking for a deterministicsubgraphD of PRODC such
that L (D ) = L (AT ). Therefore,we cansearchthroughall sub-
graphsandchecklanguageequivalence;however, sincein theworst
casethereareexponentialnumberof subgraphs,this brute force
approachcan take exponentialtime in the sizeof PRODC which
is alsoexponential. Hence,the total time complexity of this ap-
proachwould bedoubleexponential.A betterapproachto reduce
thesearchspacebeforecheckingfor languageequivalence.In or-
derto reducethesizeof thesearchspaceweneedto �lter outsome
of thesubgraphs.For thatpurpose,wehave thefollowing observa-
tion:

LEMMA 4.7. Let a subgraphD of PRODC be an LA0 dele-
gator for a compositionsystemC . Then, a con�guration Q =
[qT ; q1 ; :::; qe] in PRODC cannotbepartof thesubgraphD if either

� Q 62FC andqT 2 FT (thecon�gurationis notacceptingbut
thecorrespondingstateof thetargete-serviceis accepting),

� or thereexists an activity a suchthat � T (qT ; a) is de�ned
eventhough� (Q; a)= f (err or; ? )g.

PROOF. (Sketch)Beforego into thedetails,notethat for every
con�gurationQ in D , thereexistsapathfrom thestartingcon�gu-
ration to Q with someword w (otherwise,it is not connected).In
addition,this pathcorrespondsto a run of themachinesin I on w.
We have two cases:

i) AssumeQ 62FC andqT 2 FT . Then,sinceqT is anaccepting
statein thetarget,this impliesw 2 L (A T ). On theotherhand,D
is LA0 , andthereforetherecannotbemorethanonepathfor each
wordonD (rememberthatdelegationsof anLA0 delegatordoesn't
dependon any succeedingsymbol). Therefore,w 62L (D ) is true
whichmeansL (AT ) 6= L (D ) andthis is a contradiction.

ii) Assumethereexists an activity a such that � T (qT ; a) is de-
�ned while � C (Q; a)= f (err or; ? )g. Similar to thepreviouscase,
thereis a path in D with someword w, endingat Q. SinceqT

is a productive4 stateand� T (qT ; a) is de�ned, thereexistsa word
wav 2 L (AT ). Accordingthede�nition of LA0 delegator, �rst jwj
activities of w andwav aredelegatedin thesameway. Therefore,
wav cannotbein L (D ) since� (Q; a) is error. Therefore,this im-
pliesL (AT ) 6= L (D ) which is a contradiction.

Let's call a con�guration describedin Lemma4.7 a bad con�gu-
ration. Accordingto Lemma4.7, sucha con�guration cannotbe

4Recallthatastateis productive if anacceptingstateis reachablefrom that
state. In our system,the target e-servicecontainsonly productive states.
Notethatany FA with nonproductive statescanbeconvertedanFA with no
nonproductive statesin polynomialtime.
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Figure 6: First 2 Stepsof Bad Con�guration Removal fr om
PRODC in Figure 4: a) [221] is removed,b)[110] is removed.

part of any LA0 delegatorD � PRODC ; therefore,it canbe re-
movedfrom PRODC which reducesour searchspace.Algorithm 1
describestheremoveoperationandexplainshow to updatePRODC .

EXAMPLE 4.8. Let's reexaminetheproductmachineshown in
Figure4. Thecon�gurations[221] and[212] arebadbecausethey
arenot accepting,while thestate2 is acceptingin A T . Also [110]
and [101] are bad con�gurations. For [110], neitherA 1 nor A2

canprocessc, althoughAT hasa transitionfrom the state1 with
c. Figure6 (a) and(b) show the productmachineafter [221] and
[110] areremovedrespectively. Note thatwhen[221] is removed,
[111]becomesabadcon�guration.Ontheotherhand,theremoval
of [110] doesn't cause[000] to becomebad.

Algorithm 1 RemoveBadCon�guration(Q, PRODC )
1: for eachincomingedgee to Q do
2: Let e belabeledas(a; v). =� v is thesetof delegationsfor

anactivity a � =
3: Let Qs be the sourcecon�guration of e. =� e is an edge

from Q to Qs � =
4: Let � (Qs ; a) bethetransitionde�ned in Qs with thesymbol

a. =� setof next con�gurationsanddelegations� =
5: if � (Qs ; a) � f (Q; v)g 6= ? then
6: � (Qs ; a) = � (Qs ; a) � f (Q; v)g =� thereexist other

possibledelegations� =
7: else
8: � (Qs ; a) = f (err or; ? )g =� nootherdelegations� =
9: end if

10: end for

Let � denoteAlgorithm 1. Then,thefollowing canbeproveneas-
ily.

LEMMA 4.9. Let Q bea badcon�guration in PRODC . If there
is anLA0 delegatorD , thenD � � (Q; PRODC ).

Lemma4.9 suggeststhatwe canapplyAlgorithm 1 enoughnum-
ber of times to eliminateall the badcon�gurations,and then we
can checkfor the existenceof an LA0 delegator. For notational
conveniencewe call the �nal structurehaving no bad con�gura-
tionsalsoPRODC . Algorithm 2 follows this approach.It removes
all the badcon�gurationsandupdatesPRODC accordingly. Note
thattheremoval of abadcon�gurationmaycausesomeotherstates
to becomebadandthealgorithmtakescareof thatwhile updating
the structureat eachstep. It is importantto seethat if the start-
ing con�gurationof PRODC is removedthentheredoesn't exist an
LA0 delegatorsincethestartingcon�guration mustbepartof any
delegator. Therefore,if PRODC is not empty, it containsan LA0

delegatorasa subgraph.For example,in Example4.8,theproduct
machinebecomesempty. This shows that thereis no LA0 delega-
tor for thatsystemwhich is truebecauseit canbeveri�ed that the
systemrequiresat least1 lookahead.

Although we reduceour searchspaceusingbadcon�guration re-
moval, we still needto searchfor an LA0 delegatoramongall the
left subgraphs.The following lemmashows that we candirectly
constructanLA 0 delegatorfrom theproductmachine.

LEMMA 4.10. For a con�guration [qT ; q1 ; :::; qe ] 2 PRODC

andan e-serviceA, let's de�ne a function � suchthat � ([qT ; q1 ;
:::;qe ];i ) = qi wherei 2 f T; 1; 2:::; eg (i.e., for thegivencon�gu-
ration,qi is thecorrespondingstateof the i th machine).Also, for
a con�gurationQ 2 PRODC , let L (Q) denotethelanguageof the
samemachineexceptQ is thestartingcon�guration.Then,for any
two con�gurationsQ1 andQ2 in PRODC , � (Q1 ; T ) = � (Q2 ; T )
impliesL (Q1) = L (Q2).

PROOF. (Sketch)Assumethereexistsa word w suchthatw 2
L (Q1) but w 62L (Q2). Sincew 2 L (Q1), therunonw startingat
Q1 endsin anacceptingcon�gurationQ0

1 while therunonw start-
ing at Q2 endseither in a rejectingor in the error con�guration.
That's why, we have two cases.

i) Therunonw startingatQ2 endsin arejectingcon�gurationQ0
2 .

Q0
1 is accepting;therefore,� (Q0

1 ; T ) mustbe an acceptingstate
in AT . SinceAT is a deterministic�nite automata5 � (Q0

1 ; T ) =
� (Q0

2 ; T ). But then,Q0
2 is a badcon�gurationbecauseit mustbe

anacceptingcon�gurationsince� (Q0
2 ; T ) is anacceptingstatein

AT . This is a contradiction,becausetheredoesn't exist any bad
con�gurationin the�nal productmachine.

ii) The run on w startingat Q2 endsin the error con�guration.
Then,thereexists a pre�x word ua of w suchthat run on u ends
in a con�gurationQ0

2 andfrom thatcon�guration,thesystemgoes
to the error con�guration while processinga. Assumerun on u
startingat Q1 endsin a con�guration Q0

1 . SinceAT is a DFA,
� (Q0

1 ; T ) = � (Q0
2 ; T ). Sincerun on w startingat Q1 doesn't end

in anerrorstate,� (Q0
1 ; a) is de�ned. Thatmeans� T (� (Q0

1 ; T ); a)
is alsode�ned. Then,Q0

2 mustbeabadcon�gurationbecauseeven
though� (� (Q0

2 ; T ); a) is de�ned (processingof a is in thedesired
e-serviceis required),thereis novolunteersubcontractorto process
a. Sincethereis nobadcon�gurationin the�nal productmachine,
this is a contradiction.

5As we speci®edbefore,we assumeAT is a DFA. If it is anNFA thenwe
can®rst convert it to a DFA andthe constructthe productmachine.Our
complexity resultsstill hold despitetheconversion.



By usingLemma4.10,we canconstructa DFA realizingan LA0

delegatorD using the productmachinein the following manner:
Start from the initial con�guration. In eachcon�guration Q, for
eachactivity a, we have a numberof, saym, possibledelegations,
i.e., � (Q; a) = f (Q1 ; v1); (Q2 ; v2); :::; (Qm ; vm )g whereeachvi

is asubsetof volunteersubcontractorsV( Q;a ) andeachQi is anext
con�guration.However, for all thesenext con�gurations,thecorre-
spondingstateof thetargete-serviceis thesame,i.e., � (Q1 ; T ) =
� (Q2 ; T ) = ::: = � (Qm ; T ), becausethe target e-serviceis a
DFA. Therefore,by Lemma4.10,it is truethatL (Q1) = L (Q2) =
::: = L (Qm ). That'swhy, pickingonedelegationandremoving all
theotherdelegationsdon't affect L (PRODC ). Algorithm 2 below
removesall badcon�gurationsandthendoesonegraphtraversal
on theproductmachineandat eachcon�guration,picksonedele-
gationfor eachpossibleactivity. By this way, it constructsa deter-
ministic FA representinga delegatorfor a givensystem.

Algorithm 2 ConstructsanLA0 delegatorfor acompositionsystem
C=(AT ; I )
1: ConstructPRODC

2: repeat
3: Find a ”bad” con�gurationin PRODC

4: Remove it andupdatePRODC

5: until No ”bad” con�guration is left
6: if PRODC is emptythen
7: returnerror=� thereis no LA0 delegator� =
8: else
9: Constructa deterministic�nite automatarepresentingan

LA0 delegator
10: end if

Now let's look at the time complexity of Algorithm 2. First line
of thealgorithmtakesexponentialtime asexplainedbefore. Line
2-5 is repeatedat most the numberof stateswhich is exponential
andremoval a badcon�guration canbecarriedout in exponential
time. Line 9 requiresa depth�rst searchon PRODC which takes
exponentialtime. Morespeci�cally, if thetargete-serviceisaDFA,
thetotaltimecomplexity of thealgorithmis O(j� j � 22e � s2e � s2

T )
wherej� j, e, s andsT denotethesizeof alphabet,thenumberof
e-services,the maximumnumberof statesamongsubcontractors
and the numberof statesin the target e-service. Therefore,the
complexity is polynomial in j� j, s andsT , andexponentialin e.
(If thetargete-serviceis anNFA, theninsteadof s2

T we have 22sT

in thecomplexity formula.)To summarize:

THEOREM 4.11. For a compositionsystemwith deterministic
e-services,existenceof anLA0 delegatorcanbedeterminedin time
polynomialin thealphabetandsizesof thetargetandsubcontractor
e-services,andexponentialin thenumberof subcontractors.

4.3 k­LookaheadDelegatorConstruction
Here,weshow how wecanreducetheproblemof decidingwhether
a compositionsystemof DFA's hasan LAk -delegator(for a given
k) to the problemof decidingwhethera compositionsystemof
DFA's hasan LA0-delegator. Note that for thesake of discussion,
we assumeall themachinesareDFA's. Thesameapproachcanbe
appliedif themachinesareNFAs.

Let C = (AT ; f A1 ; :::; Aeg) be a compositionsystemof DFA's
andk beapositiveinteger. Sothattherearealwaysalwaysk looka-
headsymbols,let # be a new symbolandf (resp.,f i ) be a new
state.Extendthetransitionfunctionof A T (resp.,A i ) by de�ning
thetransitionsfrom any acceptingstate,includingf (resp.,f i ), on

symbol# to f (resp,f i ). Thenmake f (resp.,f i ) the only ac-
ceptingstate.Thusthenew DFA acceptsthelanguageL (A T )# +

(resp.,L (A i )# + ). For the notationalconvenience,also call the
new machinesAT ; A1 ; :::; Ae.

Let � be the transitionfunctionof the targetDFA A T . Let x bea
stringof lengthk over � [ f # g. Weconstructfrom A T aDFA A x

T

with thetransitionfunction� x asfollows:

1. The startingstateof A x
T is [q0 ; x], whereq0 is the starting

stateof AT .

2. For every stateq of AT , every stringy of lengthk � 1, and
any symbolsa; b, let
� x ([q; ay]; b) = [� (q; a); yb].

3. The only acceptingstateof A x
T is [f ; # k ] wheref is the

uniqueacceptingstateof A T .

Similarly we canconstructfor eachA i (1 6 i 6 e), theDFA A x
i .

Figure7 shows theapplicationof thedescribedconstructionto the
systemin Figure5(b).
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Figure7: Addition of # symbolsto the machinesin Figure5(b)

Thenwe have:

THEOREM 4.12. Let C = (A T ; f A1 ; :::; Aeg) be a composi-
tion systemof DFA's andk be a positive integer. ThenC hasan
LAk -delegatorif andonly if for every stringx of lengthk, thesys-
temC x = (A x

T ; f A x
1 ; :::; A x

e g) hasanLA0-delegator.

PROOF. Clearly, C hasanLAk delegatorif andonly if for every
stringx of lengthk, theproductmachinePRODC x hasa determin-
istic subgraphthat acceptsL (A x

T ), and (by Theorem4.6) if and
only if C x hasanLA0 delegator.

Thefollowing is easilyshown.

COROLLARY 4.13. CompositionsystemC hasa k-lookahead
delegatorif f it hasa k-lookaheadDFA-baseddelegator.

Thecomplexity of thealgorithmjust describedcanbedetermined
asfollows: We have to checkfor every x of lengthk whetherC x

hasan LA0-delegator. Thusthe time complexity is j� jk timesthe
time complexity of checkingif C x hasan LA0-delegator (where
j� j is thesizeof theinputalphabetof theDFA's). Thesizeof each
DFA in C x is j� jk timesthesizeof theoriginal DFA. ¿Fromthis
andTheorem4.11weobtain:

COROLLARY 4.14. For a compositionsystemwith determinis-
tic e-servicesandk in N, existenceof anLAk delegatorcanbede-
terminedin time polynomialin thealphabetandsizesof thetarget
andsubcontractore-services,andexponentialin k andthenumber
of subcontractors.

We now give anexampleto illustratethereduction.
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Figure8: computation of C aa for Figure5 (b)

EXAMPLE 4.15. Figure 5 (b) shows a systemhaving an LA2

delegator. As describedabove, �rst a new acceptingstatef and
thetransitionsfor theendingsymbol# areadded.Figure7 shows
the resultingmachines.Then, for every word of length2, a new
compositionsystemC x is computedandcheckedfor theexistence
of an LA0 delegator. Figure8 shows thesystemfor x = aa. Note
that therealconstructionproducesmany morestatesthanthatare
shown in Figure8. For instance,in A aa

T , thestate[1,aa]is reachable
from [0,aa]andthat'swhy it shouldbepartof A aa

T . However, [1,aa]
can't reachany acceptingstates(not productive); therefore,it has
no effect on thedelegationconstructionasdescribedbefore.As a
result,becauseof the spacelimitations suchnonproductive states
arenotshown.

Note that by using the reductiondescribedabove, any technique
for LA0 checking,e.g.,the oneproposedby [3], canbe used. To
comparewith [3], aswementionedbefore,ourtechniquehasa�ner
characterizationof thecomplexity bound.

5. WOZART: A TOOL FOR AUTOMATED
COMPOSITION OF E­SERVICES

In this section,we brie�y describeanautomatedcompositiontool
namedWozart implementedusingtheapproachespresentedin the
previoussections.Figure9 showstheoverallarchitectureof Wozart.
Wozarthastwo functionalities.First functionality is theconstruc-
tion of adeterministicdelegator. Givenadesirede-service,existing
e-servicesanda lookaheadamountk (a numberor *), thetool ap-
pliesAlgorithm 2 andtriesto generatea k-lookaheaddelegator. If
it succeeds,theoutputis a Mealy FA having theactivities asinput
andthe delegationsasoutputso that it canbe usedto orchestrate
e-servicescollectively to achieve thedesirede-service.Otherwise,
it meansthatk lookaheadis notenoughto determinethedelegation
of thedesirede-serviceto thegivene-services.
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Figure9: Wozart Ar chitecture

Secondly, Wozart can give an answerto the questionof delega-
tor existence.As describedin theprevioussection,therearecases
wherethereis no boundon lookahead(i.e., determinationof dele-
gationsrequiresto checkall succeedingactivities), even thougha
delegatorexists. Therefore,for theuser, it maynot bepossibleto
specifya boundon thelookahead.In thatcase,thetool performsa
composabilityanalysisandit givesapositiveor negativeanswerto
thequestionof composability.

For thecompletetravelservice, Figure10shows theLA0 delegator
computedby Wozart.As it canbeseen,thedelegatorassignseach
activity to theexisting e-servicesandachievesthebehavior of the
desiredcompletetravel e-service.
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Figure10: LA0 delegatorfor the Travel ServiceProblem

Notethatbeforebothdelegatorconstructionandcomposabilityanal-
ysis,Wozart�rst performsa preprocessingon theFAs. Remember
thatfor thesimplicity of thediscussion,wepreviouslyassumedthat
thetargete-serviceis aDFA anddoesn't containany nonproductive
states.Also, we assumedthereis no incomingedgeto thestarting
statesin themachines.Wozartpreprocessesandmodi�es theFAs
sothatthey satisfythoseassumptions.

Wozartis implementedusingtheWSAT library[12]. Theinput/output
format, sourcecodeandthe otherdetailscanbe found in the fol-
lowing address:http://www.cs.ucsb.edu/˜gerede/Wozart/index.html



6. CONCLUSION AND FUTURE WORK
In thispaper, wede�nedageneralclassof delegatorscalled”looka-
head” delegatorsand investigatedthe complexity of constructing
suchdelegators,if they exist. We showed that for thecaseof de-
terministice-services,a k-lookaheaddelegatorcanbeconstructed
in time polynomial in the sizeof the target andsubcontractore-
services,andexponentialin the sizeof k andthe numberof sub-
contractore-services.We alsobrie�y describedWozart,an auto-
matedmediatorconstructiontool that we implementedusing the
techniquespresentedin this paper.

We shouldmentionthat a recentpaper[8] also looked at the the
decidabilityof composabilityandexistenceof a boundeddelega-
tor for variousclassesof machinesincluding �nite automataaug-
mentedwith unboundedstorage(e.g.,countersandpushdown stacks).
If somePresburger constraints(e.g.,somelinear relationshipson
thenumberof symbolsdelegatedto eachservice)areimposedona
mediator, thentheexistenceof sucha k lookaheadmediatorfor a
�x edk is alsodecidable.However, thecomplexitiesof thedecision
proceduresin [8] areratherhigh. In particularfor thecaseof sys-
temsof nondeterministic�nite automata,theprocedurefor decid-
ing theexistenceof ak lookaheaddelegatortakesnondeterministic
exponentialtime in k andthesumof thesizesof theautomata.We
have improvedthis resultwith a procedurethatrunsin determinis-
tic exponentialtime in this paper.

The resultachieved in [8] concerningdecidabilityof existenceof
constrainedmediatoris quiteinterestingbecausein practicalappli-
cationstheremayexist someconstraintsa mediatorhasto follow.
For example,it is possiblethata speci�c typeof activity shouldn't
bedelegatedto thesameservice5 timesmorethanit is delegated
to theotherservicesfor fairnessreasons.For anotherexample,as-
sumedelegationof anactivity to eachservicecostsdifferentlyand
thetotal costof activitiesshouldn't exceedsomespeci�edamount.
Both casescanbedescribedby somePresburgerformulas,andthe
existenceof sucha constraineddelegatoris decidable.Therefore,
�nding a delegator which delegatesactivities in an optimal way
with respectto a Presburger formula (e.g.,costminimization)is a
signi�cant problem. In addition to this, the questionof whether
thereexists a boundedlookaheaddelegator(a boundon k) which
is left openin [8] is alsoleft asfuturework.
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usefuldiscussionsonmaterialrelatedto this paper.
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