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ABSTRACT

The e-serviceparadigmpromisego enablerich, e xible, anddy-
namicinter-operatiorof highly distributed heterogeneousetwork-
enabledservices. Among the challengesa fundamentaljuestion
concernsthe designand analysisof compositee-services. This
paperproposegechniquedowardsautomatediesignof compos-
ite e-services We considerthe Romanmodelwhich represente-
servicesasactivity-based nite stateautomata.For a given setof
existinge-servicesndadesirece-servicedoeshereexist a“medi-
ator” which deleggatesactivities in the desirede-serviceto existing
e-servicesThequestionvasraisedin anearlystudyby Berardiet.
al. for arestrictedsubclas®of delegatorswhich doesnot take into
consideratiorof future actwities. In this paper we de ne a more
generalclassof delegatorscalled”lookahead”delegatorsand we
shaw thatthe hierarchybasedn theamountof lookaheads strict.
We, then,studythecomplexity of constructingsuchdelegators.We
prove that in the caseof deterministice-servicesa k-lookahead
deleggatorcanbe computedn time polynomialin the sizeof target
andsubcontractoe-servicesandexponentialin k andthe number
of subcontractoe-servicesWe alsopresentVozart,anautomated
mediatorconstructiortool implementedo realizeour approaches.
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1. INTRODUCTION

The e-serviceparadigmpromisego enablerich, e xible, anddy-
namicinter-operatiorof highly distributed,heterogeneousetwork-
enabledservices.Emeging standardsuchas SOAP [23], WSDL
[25], BPEL [4], andresearctefforts thatarebuilding on or taking
adwantageof the paradigmsuchasthe OWL-S (formerly DAML-

S) program[19], the SemanticeWallets project[13], ActiveXML

[2], have madea substantiaprogressoward this goal. However,
giventhe ostensibldong-termgoal of enablingthe automatedlis-
covery, composition,enactmentand monitoring of collectionsof
e-servicegwe alsousewebservicesinterchangeablyyvorking to
achieve a speci ed objective, key piecesare missingto make the
goalareality. Amongthechallengesa fundamentatjuestioncon-
cernsthedesignandanalysisof compositee-servicesThefocusof
this paperis on automatedlesignof compositee-services.

Automatedcompositionwas studiedin [24, 16] in the context of
work ows. In [24], the global dependencieare given as a tree
with optional and choiceson somedependenciegesemblingthe
eventalgebral22]. An algorithmwasgivento mapto a Petri-net
thatgeneratesheroot of the treewithout violating the dependen-
cies. In a simplermodel,[16] startsfrom a pair of pre-and post-
conditionsand assembleshe work ow by selectingtasksfrom a
givenlibrary. The synthesigproblemfor nite statespeci cations
hasbeenstudiedintenselywithin theautomataheoryandveri ca-
tion community[5, 1]. Considersynthesiof a collectionof nite
automatanteractingvia boundedqueues.The synthesigproblem
hasa variantfor openand closedsystems. In the closedcase,a
"folkloric” resultis that synthesifrom a formula canbe decided
by linearreductionto thesatis ability testfor thelogic hencet can
bedonein PSRACE for LTL andin PTIME for ! -regularsetsrep-
resentedxplicitly by anautomatonThe opencaseis undecidable
[20] in general,but decidablewhene-servicesare connectedn a
lineartopology[15].

Automatede-servicecompositionhasbeenthe focusof severalre-
centstudies.Oneapproachwasdevelopedin the context of OWL-

S [18]. The basic questionthereis whethera given collection
of atomic servicescan be combined,usingthe OWL-S construc-
tors, to form a compositeservicethataccomplishes statedgoal.
Theirapproachs to encodeheunderlyingsituationcalculusworld

view, the desiredgoal, theindividual servicesn termsof their pre-
conditionsandeffects,andthe OWL-S constructorsnto a Petrinet
model. This reduceghe problemof composabilityto the problem



of reachabilityin the Petri-net. In anotherapproach6, 10, 11],
the desiredglobal behaior is a “conversation”(i.e., family of per
mittedmessagsequencegpeci edusinga nite stateautomaton.
Undercertainconditionstheautomatorcanbe“projected”to build
(abstractvebservicesthatwhencombinedwill realizethedesired
corversation.

Recently [3] developeda very interestingapproacho automated
compositionof web services called herethe Romanmodel. The
modelfocuseson actiity-based nite stateautomata.Oneinput
to this approachis a setof descriptionsof existing web services
(calledhere“subcontractors”)eachgivenasanautomatorthatde-
scribespossiblesequencesf actiities. (This resemblesveb ser
vicesresidingin aUDDI repository).Thesecondnputis adesired
behaior or “target” behaior, alsospeci ed asanautomaton.The
outputis asubsebf theatomicwebservicesanda “mediator”that
will coordinatethe actvities of thoseservicesthrougha form of
“delegation”.

Basedonthe Romanmodelintroducedn [3], this papemalkesthe
following contritutions:

1. A generalnotion of delegationis developed. Speci cally, a
delggatorin the model of [3] assignsan actiity to atomic
servicesbasedonly on the pastactiities. In our model, a
delggator can determinethe assignmenbasedon an entire
sequencef actiities.

2. Weshaow thatdecidingtheexistenceof amediatorin thegen-
eralmodelcanbedonein EXPSRACE,theresultgeneralizes
theresultin [3].

3. Weintroducethenotionof "lookaheadfor amediatorto del-
egateactivities, which is the numberof future activities the
mediatorhasto know in orderto delegatean actiity. The
delggatornotionin [3] corresponds$o having no lookahead
or lookaheadbeingO. In particular we give an alternatve
constructve proof using automata-theoretitechniquesfor
determiningwhethera delegator without lookaheadexists,
originally shavn in [3]. A bene t of the automata-theoretic
approachs a ner characterizationf the compleity bound
in termsof the sizeandthe numberof individual e-services.

4. We study the impact of lookaheadon automateddesignof
mediators We shaw thatthereexistsa strict hierarchybased
onlookahead.

5. We shav thatin the caseof deterministice-servicesa k-
lookaheaddelggator canbe constructedn time polynomial
in thesizeof thetargetandsubcontractoe-servicesandex-
ponentialin k andthe numberof subcontractoe-services.

6. Finally, we presenta tool for automatednediatorconstruc-
tion namedwWozart.

The paperis organizedasfollows. Section2 introduceshe model
of e-servicesndthecentralnotionof adelegator Section3 focuses
on determiningthe existenceof deleggator Lookaheads de nedin
Sectiord, alongwith resultsandalgorithmsconcerningookahead.
Sectionb talks aboutthe tool Wozartand Section6 concludeshe
paper

2. AMODEL FORE-SERVICES AND COM-
POSITIONS

In this sectionwe outlinethekey conceptdor thetechnicaldiscus-
sions,whichincludee-servicesand”"composition” of e-services.

Roughly speakingan e-services a (publishable)speci cation of
a software program. Although datastrucuresand typesare fun-
damentain suchspeci cations,the moreimportant(anddif cult)
aspectoncernghe“behavioral signatures’df e-servicessincethe
latter capturegthe “actions” and “reactions” an e-servicecan en-
gagein during the execuion. Behavioral signaturesprovides the
foundationfor composinge-services.

A behaior modelfor individualandcompositee-servicehasfun-
damentaimplicationson how they canbe discovered,combined,
and analyzed. It is not surprisingthat several paradigmsfor be-
havioral modelingarebeingusedin currentstandardsndresearch
explorationson web servicescomposition.

In a broadterm,the behaior of a servicedescribegshe change®of

its “states”. Dependingon speci ¢ researchopics,the “state” can
be (a) theactualinternalexecutionstate (b) only a partof the state
of relevanceto the partiesconnectedvith the e-serviceor (c) the
stateof the “externalworld”. Furthermoredifferentmodelsrely
on differentkinds of “actions” to changestate;thesemight be (i)

messagegiji) actiities,and(iii) events.

TheWSDL standardocusesheaily on passingnessagebetween
e-servicesThis leadsnaturallyto behaioral modelsthatusemes-
sagesasthe“actions”, anduse(abstractjnternalstatesof individ-
ual e-servicesisthe stateshatmessagesausdransitionsbetween
[6, 10]. This perspectie s closelyrelatedto work on processlge-
bras[17] andin theveri cation community[7], all of which study
distributedautomatavith messag@assingof oneform or another
It canalso supportinvestigationsbasedon partial information of
theinternalstatesastypical in theveri cation community

Thework o w communityhastraditionallyfocusednactivity-based
models.Theserepresena procesdy combiningactiities with es-
sentially someforms of control ow. The typical formalismsin
work o w communityare o wcharts Petrinets,and nite statema-
chinesor statecharts.

Thesemantiavebservicecommunityalsofavorsanactvity-based
perspectie. Much of thatwork assumeshatatomicservicesper

form actiities, which have the effect of changingthe stateof an

“external world”. A situation calculus[21] is typically usedto

provide formal underpinnings.This framevork permitsthe useof

logic-basedaxiomatizationsand reasoningabouthow composite
web servicesaffect their “external” world, andtherebypermitthe
useof goal-baseglanningalgorithmsfor automatedonstruction
of compositions.

Event-basedormalismshave beenusedprimarily in the context

of work ows [22]. An eventcanbeviewed asanabstractversion
of anactwity. Event-basednodelsallow declaratve, logic based
semanticandprovide analternatve to analysisof work ow spec-
i cations [9].

In this paper we considerthe Romanmodelwhich represent®-
servicesasactiity-basednite stateautomata.The modelwasin-
troducedn [3] in their studyon automated¢omposition.
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Figure 1: A Composition Problem: Complete Travel Sewice

Beforeformulatingour modelof compositionande-serviceslet's
have alook atanexampleillustratingthe compositionproblem.

EXAMPLE 2.1. ! Supposehat the servicesin Figure 1(a) are
available in someUDDI++ directory which includes nite state
automata-baseskrvicedescriptionsamongotherthings.Eachser
vice hasdifferentfunctionalities.For example the usercanuse:

i) bookair_travel serviceto book a planefor a trip andthenbook
a limo to the airport, ii) bookaccommodatiorio arrangefor ac-
commodatiorandiii) registereventto registerfor the event. Note
that booking a limo serviceis provided by both bookair_travel
and booktrain_travel servicesbut the overall behaiors of these
two servicesare different. Supposedurther that a 3rd-partyven-
dor would like to createand operatea compositeservicewhich is
speci ed againasa nite stateautomatonshawvn in Figure 1(b).
Here,we areinterestedn the questionof whetherit is possibleto
reusetheexisting servicedn orderto achieve thedesirede-service.
If thatis possible,then effectively theremustbe a mediatorwho
orchestratethe servicescollectively in orderto modelthe desired
e-service For example,Figurel(c) shavs suchadelegatorthatas-
signseachactivity to anexisting e-service Note thatasthe exam-
ple shaws, a delegatormay not simply be a labelingof the desired
e-service. 1

2.1 Preliminaries

We assumesomefamiliarity with formal languagesnd nite state
automata.Let bea nite alphabebf actvities (or symbols). A
word of lengthk 2 N over is asequencef k symbolsin . Let

bethe setof all wordsover of lengthk for somek 2 N. A
language is a subsebf

We now de ne thecentralnotionof ane-service.

DEFINITION 2.2. An e-servicds a (possiblynondeterministic)
nite stateautomaton(FA) A = (S; ; ;s°; F) whereS is the
nite setof states istheinput(actiity) alphabet, is amapping
from S to 25,s% 2 SisthestartingstateF S isthesetof
acceptingstates.

1This exampleis inspiredfrom onedevelopedby DanielaBerardi.

Intuitively, ane-serviceA is viewed asanacceptar The notion of
aword acceptediy A is de ned in the standardnanner The (ac-
tivity) language of ane-serviceA, denotedasL (A), is the setof
wordsacceptedy A.

In this model, FAs representoth "atomic” aswell ascomposite
e-services.In otherwords,a compositionof a setof e-servicess
expectedto be anothere-service[3]. Although FAs, thereforee-
servicesareclosedundercomposition(lundervariousproductcon-
structions)thegoalof this paperaimsatdeterminingvhetherade-
sirede-servicecanbe composedrom asetof existing e-services.

We now formulatethe notionsof compositiormodelanddelegator
studiedin this paper

DEFINITION 2.3. A compositionsystemC is atuple (At ;1)
whereA+ isthetarget(ordesied) e-serviceandl = fA1;A2::; Aeg
is a setof subcontactor e-serviceqthat are availableto compose
thetargete-service).

We usethe following preliminary notionto de ne the conceptof
delggator

DEFINITION 2.4. Lete > 0. For aword w, a delegation as-
signmentover e is amapping : [1:jwj] ! P~ °(1:€]) (i.e.,
from the integersbetweenl andjwj inclusive to non-emptysub-
setsof theintegersfrom 1 to e, inclusive). Let be a delegation
assignmenfor w = wi:::w, 2 L(At). Forj 2 [1:€], the
j-image of w under is the subsequencemag g, (w) of w ob-

tainedby includingin imag e, (w) the letter occurrencesv; such
thati 2 (j). Finally, deleggationassignment over e for w 2

if imag e (w) 2 L(A;) foreachj 2 [1:¢€].

Intuitively, then,adelegationassignmenfior awordw is amapping
thatspeci eswhich subcontractorshouldprocessachactivity in
the sequencelt is valid if atthe endof the delegations,eachpar
ticipatinge-servicgFA) endsup in anacceptingstate.

We now have:
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Figure2: A ComposableE-Selvice

sition systemover alphabet . Let : N I P>O(1:€])
be a partial function. Then is a delegator for C if for each
w 2 L(A7), thefunction (w; ) istotalon[1::jwj] andis avalid
delggationassignmentor w in C.

So,thereis adelggatorfor compositionsystemC iff for eachword
w 2 L (A1) thereis adelggationassignmentor w.

Thefollowing exampleillustratesa compositionsystemanda del-
egator We keepthe examplevery simplefor the sale of simplicity
of thediscussion.

EXAMPLE 2.6. For acommerciawebsite,let's say we would
like to develop a shoppingservicesuchthatusersrst buy anitem
andthenpay for it. We would like to be e xible on the payment
method. That's why, userscan pay either by mone/ orderor by
credit card. This desirede-servicecan be representedby the FA
A+ in Figure2.

In themeantime, therearetwo existing e-servicesAs thepayment
method oneof themusesonly mone orderandtheotherusesonly
creditcard. Thesee-servicesirerepresentetly theFAs A1 andA

in Figure2.

Let b, m and c denotethe actiities 'buy’, ‘'money order', and
‘credit card' respectiely. The desiredtargete-serviceAr accepts
the language(b(mjc)) while the languagedor A; and A, are
(bm) and(bg , respectiely. It canbe veri ed thatthe desired
e-serviceAr canbe achieved throughthe compositionof A; and
A> (i.e., composable For instancefor a sequencef actiities
bmbc(i.e., theuser rst paysby mone/ orderthenpaysby credit
card),theassignmentsvould beb=1; m=1; b=2; c=2 (A1 processes
the rst shopping,andA, doesthe second). Obviously, for ary
word in L (A1), theactvity m shouldbe delegatedto A, while
the actiity ¢ shouldbe delegatedto A,. On the otherhand,the
delggationof the activity b dependon whetherthe next incoming
activity is m or c. Thereforejn anonline processingnodelwhere
thereis anincomingsequence®f actiities, the decisionon which
e-servicea particularactiity shouldbe delegatedto may depend
onthefutureactvitiesin thesequence. 1

Our modelis a generalizatiorof thatin [3]. Speci cally, in their
model,thedecisionon delggatinga particularactiity dependsnly
on actiitiesthathave alreadyprocessedyhile in our modelwe al-
low delegation decisionsto be madebasedon a lookahead i.e.,
expectedactivities in the future. In Figure2, At is composable
from A1 and A2 in our model, althoughit is not composablen
their model. Therefore the compositionmodelstudiedin this pa-
peris morepowerful.

The remainderof the paperfocuseson determiningthe existence
of suchdelegators,andon specialclasse®f delegyators,called“k-
lookahead”.

3. DELEGATOR EXISTENCE

A key questionfor automatedcompositionof e-servicesin this
framework is to determinevhethera delegatorexistsandif so,how
to constructone. In this section we usethe standardautomatahe-
oretictechniqueo give positive answergo bothquestionsThekey
ideaisto build a nite stateautomatorfor agivencompositiorsys-
temC = (Ar;l) usingavariantof standargroductconstruction
for FAs[14]. Then,the productmachineis usedto checkfor the
existenceof a delegatorfor the system,andin caseof positive an-
swer theproductmachindtselfis arepresentationf thedelegator

For the simplicity of the discussionye have anumberof assump-
tionson FAs. First,we assumehedesirede-serviceAt is aDeter
ministic FA (DFA). If At is anNondeterministidcA (NFA), then
we cancorvertit to anequivalentDeterministicFA. We know that
this conversionmay take exponentialtime in the sizeof At [14].
However, evenif we do this conversion,our complity resultsin
this sectiondon't change,which is explainedlater Second,all
machinesn the systemusethe sameinput (activity) alphabet .
Third, thereis no nonpoductivestatein the target e-servicej.e.,
thereexists a path from eachstateto an acceptingstate. This is
a valid assumptiorbecausean FA with nonproductie statescan
be convertedto an equivalentFA with no nonproductie statesin
polynomialtime andalsoin practicalsenseane-serviceshouldnt
have nonproductie statesln addition,eache-servican thesystem
hasnoincomingtransitionto its startingstate.Every FA caneasily
be modi ed to satisfy this propertyby introducinga new starting
statewhile copying all the outgoingtransitionof the original start-
ing state.

Note thatevery FA canbe seenasa labeleddirectedgraphwhere
eachstateis representedby a node,and for eachtransitionr 2

(g; a), thereis anedgefrom thenodeq to thenoder labeledwith
a.

Beforewe formally de ne the productconstructionwhich is used
to checkthe existenceof adelegator let'slook atanexample:

O O O

Figure 3: A Simple Composition System

ExampLE 3.1. In Figure3, thereis a simpli ed versionof the
systemdescribedn the previous section.We would like to getthe
serviceAr, usingthe existing e-servicesA; andA,. Thecorre-
spondingproductmachinefor this systemis shavn in Figure 4.
Basically the productmachinekeepstrackof con gurationsof the
system.For example,the con guration [110] implies thatthe cur
rent statesof At, A1 andA, are 1,1 and O respectiely. Each
edgerepresenta transitionof the systemfrom onecon guration
to anothemwith the processingf the currentactivity. For example,
the edge(m=1) from [110] to [220] representshatthe processing
of m is doneby 1 andbecausef this delegyation,A; changests
stateto from 1 to 2, while A, staysin the stateQ. In con guration
[000], the actvity b canbe deleyatedto A1 and/orA, becauseat
this con guration,bothA1 andA, canprocessab. It is alsopossi-



ble thatin somecon guration, processingf anactivity cannotbe
delggatedto ary e-services.For example,underthe con guration
[110] A+ requiresprocessingf ac. However, underthis con g-
urationneitherA1 nor A, hasa c transition. Therefore for such
casesthe delegation cannotbe doneand the machinegoesto an
errorcon guration. 1

Figure 4: Product Machine for Figure 3

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

DEFINITION 3.2. Given a compositionsystemC = (Ar;l)

of FAs whereAt = (St; ; 1;sy;Fr) is the tamget e-service,
andl = fA1;A2;::; Aeg is the setof subcontractorsvhereA;
=(Si; ; i;sio;‘Fi), the productmadine PRODc is a Mealy au-

tomaton(Sc; &, 2'; ¢,s2;Fc) where

Inputandoutputalphabets: I = ,and &t = 2fL2weg

StatesSc (St S1 Se)[ ferrorg),

Startingstate:s2 = [s2;s9;:::; 8],

AcceptingstatesFc = flgr; ;5 gljagr 2 Fr 2
8i2[Lel(q=Fi_g=s)g

We usethetermcon guration for a stateof the productma-
chine.For eachword acceptedby thedesirede-servicethere
is a correspondingun, i.e. a sequenc®f con gurations,in
PRODc . If in the nal con guration,thetamgete-serviceand
participating subcontractorareall in their acceptingstates,
thensucha run is called an acceptingrun. Note that we
distinguishan e-servicewho participatesn the computation
from the onewho doesnt by simply checkingwhetherthe
stateof the e-servicein the nal con gurationis the initial
stateor not®.

Beforewe de ne thetransitionmapping c , let'sde ne the
setV of "volunteer” subcontractorskor a given con gura-

tion andan actwity, V de nesthe setof e-servicexapable
of processinghe requestedactivity. In otherwords, under
the given con guration, the actiity canbe delegatedto ary

subcontractoin V. More formally,

Vigriaiima ela) =fi ] 1(g:a) 8 ? ;] 2 [1;€lg.

2An e-serviceis participating in the computationif it processesomeac-
tivity.

3As mentionecbefore, we assumeor this constructiorthatthereis no in-
comingedgeto theinitial stateof ane-servicethereforeonceit processes
anactvity, it cannever comebackto theinitial stateagain.

Thetransitionmapping ¢ : Sc oS ) g
de ned asfollows: For eachcon guration [dr ; 01; ::3; Ge] in
PRODc , for eachactiity a where 1 (qgr;a) is de ned, and

foreachv  Viq; :q1:m0 el

D) if Vitar ;1:::0 elia) = 7, then
c ([ar; ;i Gl;a) =f(error; ?)g.
Intuitively, this saysthatif thereis no volunteer then
thisis an error, becauseainderthe given con guration,
eventhoughthetargete-servicaequiresheprocessing
of a, nobodycandoit.
i) else, ¢ ([ar;qu;=n0elia) = f ([rrira;relv) |
rr = t(gr;a)™ (ri = i(g;a) if i 2 v, and
ri = q; otherwisg@g. Whenan actvity is processed,
the systemmoves from one con guration to another
andthe next con guration depend®n the currentcon-
guration anddelegation(output).In addition,thedel-
egationsare determinedby the currentcon guration
andactiity (input).
Thesizeof theproductmachines O(2°® j j s?® st) where
e is the numberof subcontractorand,s is the maximumnumber
of statesamongthe subcontractorandsr is the numberof states
in thetamete-service.

Now, we canmalke the connectiorbetweera productmachineand
adelegator LetL (PRODc ) denotehelanguagecceptedyy theFA

derivedfrom PRODc by remaving the outputsfrom thetransitions.
Then,we have thefollowing lemmawhich s easilyveri ed:

LEMMA 3.3. For a compositionsystemC = (A+;1), there
existsadelegatoriff L(A1) = L(PRODc ).

Accordingto lemma3.3checkinglanguagesquivalenceof PRODc
andA~ is thesamequestionwith the existenceof adelegator The
equivalenceof two FAs canbechecledin polynomialspacen the
sizeof theFAs [14]. Thereforethisimpliesthefollowing result.

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

4. DELEGATOR WITH LOOKAHEAD

In the previous section,we considerdelegatorsin general.In this

section,we formalizethe conceptof lookaheadandintroducedel-

egatorshaving lookaheadsandthen prove a seriesof characteri-
zationand compleity rusults. We assumen this sectionthat all

e-servicesredeterministic.

4.1 Lookahead

Let beadelegatorfor C = (At;fA1;::1;AeQ). Letu;v;v02
suchthatuv; uv® 2 L(At). Underthede nition of delegatog
whichis quite general thereneednot be ary relationshipbetween
the two delegation assignments (uv; ) and (uv® ). In prac-
tice, we are interestedn a delegator that can delegateincoming
requestonling i.e., it deterministicallychooseghe correctsubset
of subcontractorshat shouldprocessa requestasedonly on let-
terspreviously read. Suchdelegatorswill be formally de ned as
“0-lookaheaddeleggator” belown. Althoughhaving sucha delegator
is appealingjn somecasest maynotbe possibleto decideonthe
delggationwithout knowing the futurerequestsLet's have a look
atanexampleillustratingthis problem

EXAMPLE 4.1. Considerthe compositionsystemC = (Ar;
fA1; A2g) showvn in Figure5(a). Whenthe systemis in the start-
ing con guration, let'ssay arequesfor a arrives.Both A1 andA;



Figure5: Lookaheadin Compositions

canprocesst. However, who shouldprocessa is determinedby
thenext requestlf it is b, thenA; shouldprocess. If it is c, then
A> shouldprocessa. Thereforethe decisionof the delegationre-
quiresto checkthe next requestA similar concepin "Compilers”
is calledlookahead Therefore we saya delegatorfor the system
in Figure5(a)needsat leastl1 lookahead. 1

We now formulatewhatwe meanby a k-lookaheadleleyator

sition system, adelggatorfor C, andk anumberin N. Then
is ak-lookaheaddelegator for C (alsodescribechsanLAy delegga-
tor) if thefollowing propertyholds: Supposehatu; v; w; w° 2
andjvj = k. Then (uvw; ) and (uvw® ) coincideon each
i 2 [1:juj] (i.e., for eachi eitherbothareunde ned,or both are
de ned andequal).

It is easilyseenthatadelgyator is k-lookaheadf its behaior on
thei™ activity of wordw = ws :::w, is dependenbnly on the
pre X wy :::wi+k of w (orsimplyw if i + k> n).

Intuitively, a (non-restrictedjlelegatorusesunboundedookahead,;
we sometimesisethe phrase *-lookaheaddelaggator or ‘LA del-

egator in place of “delgyator', to emphasizethe analogyto k-

lookaheadlelggator At theotherextreme,a0-lookaheadlelegator
doesnt considerary of theactiities thatit hasnt read.

Let C beacompositionsystem.lt is straightforvardto verify that
thereis a0-lookaheadielegatorfor C iff thereis, in thevocatlulary
of [3], a”"composition”for C.

Thereis anautomaton-baseghalogof k-lookaheadielegator which
we introducein thefollowing two de nitions.

DEFINITION 4.3. Letk beanumberin N. A k-lookaheacpre-
deleyator for acompositionsystemC = (At ;fA1; Az ;5 AeQ)

is a (modi ed) Mealy automatonD = (Sp; ; ; b;SS;Fp)
whereSp is asetof states; is theinputalphabet; , the output
alphabetjs equalto P> °([1::€]); b : Sp 6k g

is the transitionfunction (which may be a partial function); s is
thestartingstateandFp ~ Sp is thesetof acceptingstates.

Intuitively, in a 2-lookaheadFA-basedpre-delgatorD, atransi-
tion, let'ssay p (s1;a; b0 = (s2;f1; 4g) denoteshefactthatthe
executionof theactiity of typea is delggatedto thesubcontractors
A1 andA 4, basedon the knowvledgethatthe next 2 actvities areb
andc.

More generally a computatioron input word w by a k-lookahead
pre-delgatorD = (Sp; ; ; p;SS;Fp) proceedssfollows,
startingfrom thestartstatesd . Supposaow thatpre x u of w has
beenprocessedthe computations in states 2 Sp , andthe letter

afteru is a. Let v bethe maximalsubword of w thatstartsimme-
diatly afterua andhaslength6 k. Supposehat p (s;a;v) =
(s% Z) is de ned. In this case the computatiorproceedsy read-
ing a, moving to states®, andproducingsetZ asoutput. (Compu-
tationfailsonw if p (s;a;Vv) isunde ned.)

If the computationof D onw succesfullyprocesseall of w, then
the delggationassignment determinedby D onw is de ned so
that (i) is the outputof thei™ stepof the computationof D on
w.

DEFINITION 4.4.LetD = (Sp; ; ; 0;S%;Fp) beak-
lookaheadFA-basedpre-delgatorfor acompositiorsystenC =
(At1;fA1; Az Aeg). ThenD isak-lookaheadFA-basediel-
egator for C if thefollowing conditionshold:

(a) If theoutputalphabebf D is ignored,thenthelanguageac-
ceptecby D isL(AT).

(b) Foreachwordw 2 L(A+), thedelegationassignmentleter
minedby D onw is valid for C.

It is straightforvardto shaw thatif thereexistsak-lookaheadFA-
baseddelggatorfor compositionsystemC , thenthereexists a k-
lookaheaddelegatorfor C. The conversealsoholds,asshavn in
Theorem4.6andCorollary4.13below.

In a practical sense,having lookaheadcorrespondgo buffering
the input symbols. For instance,a compositee-servicewith a 1-
lookaheaddelegatorcanbuffer the currentactiity andbeforepro-
cessingheactiity, it canaskthe customemwhatsheintendsto do
asthe next actiity. This way, the delegator canbetterguide the
delggationof the currentactivity.

Continuingwith Figure5, thereexist LA delegatorsfor all three
compositionsystems(eachsystemis composable). This can be
veri ed usingthe methoddescribedn the previous section.In ad-
dition, (a) hasanLA1 delegyator while (b) hasanLA, deleyatorbut
no LA; delegator In (c), the activity a canoccurary numberof
times, thusin this casethereis no LA delegatorfor any k 2 N.
Ontheotherhand,if all succeedingctiities areknown, eachac-
tivity canbedelegatedto A1 or/andA, properly;therefore(c) has
anLA delggator As canbe seenfrom this example,the hierar
chy basedon the amountof lookaheads strict. As a result, the
following is established.

THEOREM 4.5. Foreachk > 0, thereexistsacompositiorsys-
temC suchthatC hasLAy delegatorsbutnoLA( 1) delegators.
Thereis alsoacompositiorsystemC thathasanLA delggatorbut
no LAk delggatorfor any k in N.

As notedabore, themodelof delegatorsusedin [3] is exactly LAo,
i.e., with no lookahead. Although it wasshavn in [3] that exis-
tenceof an LA delegyatorcanbe determinedn exponentialtime,
we presen@ directanalysison LAo delegatorsusingFAs having a
ner characterizatiomn the compleity bound. Later, we usethis
techniguéfor k-lookaheadielegators.

4.2 0-LookaheadDelegatorConstruction

In thissectionwe shav how to checktheexistenceof a0-lookahead
(LAo) delggator andif oneexists, haw to constructa 0-lookahead
DFA-baseddelegator

The following theoremmakesa connectiorbetweeran LA, dele-
gatorandthe productmachine.



tion systemwith deterministiee-servicesThenC hasa0-lookahead
delggatoriff thereis a 0-lookaheadFA-baseddelegatorD for C
thatis asubgraplof PRODc (denotedd  PRODc ).

PrROOF. (Sketch)Let bethe alphabetof C. Let beaO-
lookaheaddelegatorfor C. We begin by creatinga minimal tree
T with a branchcorrespondindgo eachword of L(At). (In par
ticular if uv 2 L(At) thenthe branchcorrespondingo u in
T is a subbranchof the branchcorrespondingo uv.) Forw =
wiii:wn 2 L(AT) labelthei™ edgealongthebranchof w by the
pair(wi; (w;i)),i.e.,bythei™ letterof w andby the delegation
assignedo positioni by actingonw. Since is a0-lookahead
delggatorthis labelingis well-de ned. (TreeT is essentiallythe
“internal schemaof a composition”,in theterminologyof [3].)

We introducea labelingfunction thatassociateso eachnodeT

anelemenbf Sc , thesetof statef the productmachinePrRoODc ,

in the following inductive manner Label the root with the start
stateof PRODc . Supposéhat (x) is de ned for somenodex of

T, andthaty is achild of x wherethe edgefrom x toy is labeled
by (a;Z). Thenset (y) to bethestateof Sc reachedrom (x)

by moving theA+ -coordinateof (x) accordingo thetransitionin

At uponreadinga, andfor eachj 2 Z moving theA; -coordinate
of (x) accordinghetransitionin A; uponreadinga.

We notethat by construction hasthe following propertieswith
respecto andT. First, isconsistenonT with PRODc in the
following sense:lf y is a child of x, andthe edgefrom x toy is
labeledby (a;Z), thenthereis a transitionin PRODc from state
(x) thatis labeledby (a; Z) which leadsto state (y). Second,
is consistenbn T with  in the following sensefor eachword
w = wi:::w, 2 L(AT), if X is the nodereachedby traversing
T while readingw; :::wj, then (x) is the stateof PRODc that
is reachedvhenprocessingv :::w; accordingto . Thesetwo
consisteng propertieswill be presered during eachstepof the
constructiorbelow.
We now performa splicing agumenton T which resultsin a 0-
lookaheadDFA-baseddeleyatorfor C. Supposehatu;v 2 ,
andthatx is thenodeof T correspondingo theendof word u and
y isthenodeof T correspondindo the endof word uv. Suppose
furtherthat (y) = (x), andthatthereis no pair of nodesx? y°
thatareproperancestor®fy with  (y9) = (x9. (Notethatthe
depthofy in T is atmostjSc j.) It is easilyveri ed, from thefact
that is a0-lookaheadlelggator thatfor all w, uw 2 L(A+) iff
uvw 2 L(At). Letz betheparentof y andlet theedge(z;y) in
T belabeledby (b;Z). CreateagraphG from T by (a) deleting
the subtreerootedaty, and(b) insertinga “back-edge”from z to
x, which is labeledby (b;Z). De ne labelingfunction ° onthe
nodesof G to betherestrictionof thelabeling onT tothenodes
of G. Createa new O-lookaheadleleggator °from , by usingG
asaguide. (Soin particular for eachw 2 andeachj > juvj,
Suvw;j) = (uw:j jvj). Aninductive agumentcanbeused
to verify that °is againa O-lookaheadielegator Furthermore, °
is consistenbn G for bothprobe and °

This constructioncanbe continuediteratively on graphG, ateach
stepdeletinganin nite “subtree” of G. We continueto call the
new edgesintroduced‘back-edges”.The endresultis a graphH,
O-lookaheaddeleggator , anda labelingfunction whichis con-
sistenton H with PRODc and , wherethereis no back-edge-free
pathin H that hastwo distinct nodeswith the samevalue under

. This graphhassizeboundedy j jSe , wheres is the maximum
sizeof thee-servicesn C.

Now thatH is nite, wecontinuewith thesplicingoperation.Specif-
ically, givennodesx; y with (x) = (y), wedeletey andreplace
all in-edgeof y by in-edgedo x (againretainingthe samedabels).
Also, deleteall nodesno longerreachabldrom the “root” of H.
After eachsuchstep,inductive agumentsareusedto shav thatthe
new graphagainyields a O-lookaheadieleggator for C, andthat
thelabelingfunctionis consistentvith PRODc and . Theconclu-
sion of this iterationis a graphJ whereeachnodehasa distinct
label. From hereit is easyto convertJ into a 0-lookaheadFA-
baseddelggatorfor C which is a deterministicsub-automatorof
PRODC . 1

Theorem4.6 saysthat we cancheckthe existenceof anLAq del-
egatorby looking for a deterministicsubgraptD of PRODc such
thatL(D) = L(At). Thereforewe cansearchthroughall sub-
graphsandchecklanguagequivalencehowever, sincein theworst
casethere are exponentialnumberof subgraphsthis brute force
approachcantake exponentialtime in the size of PRODc  which

is also exponential. Hence,the total time compleity of this ap-
proachwould be doubleexponential. A betterapproacho reduce
the searchspacebeforecheckingfor languagesquivalence.In or-

derto reducethesizeof thesearchspaceve needto Iter outsome
of the subgraphskFor thatpurposewe have thefollowing obsera-

tion:

LEMMA 4.7. Let a subgraphD of PRODc be an LAo dele-
gatorfor a compositionsystemC . Then, a con guration Q =
[ar; ;6] in PRODc cannotbepartof thesubgraplD if either

Q 62Fc andgr 2 Fr (thecon gurationis notacceptingut
thecorrespondingtateof thetargete-services accepting),

or thereexists an actiity a suchthat t(qr;a) is de ned
eventhough (Q; a)=f(error;?)g.

Proor. (Sketch)Beforego into the details,notethatfor every
con gurationQ in D, thereexistsa pathfrom the startingcon gu-
rationto Q with someword w (otherwise,t is not connected)In
addition,this pathcorrespondso arun of themachinesn | onw.
We have two cases:

i) AssumeQ 62Fc andgr 2 Fr. Then,sinceqr is anaccepting
statein thetarget,thisimpliesw 2 L(A+). Ontheotherhand,D

is LAg, andthereforetherecannotbe morethanonepathfor each
wordonD (remembethatdelegationsof anLAq delegatordoesnt

dependon ary succeedingymbol). Thereforew 62L (D) is true
whichmeand. (A1) 6 L (D) andthisis acontradiction.

i) Assumethereexists an activity a suchthat 1 (qr;a) is de-
ned while ¢ (Q;a)=f(error;?)g. Similarto thepreviouscase,
thereis a pathin D with someword w, endingat Q. Sinceqr

is a productive® stateand 1 (g ; a) is de ned, thereexistsa word
wav 2 L(At). Accordingthede nition of LAo delegator rst jwij

actvities of w andwav aredelegatedin the sameway. Therefore,
wav cannotbein L (D) since (Q; a) is error Therefore thisim-

pliesL(A1) 6 L(D) whichis acontradiction.

1

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

“Recallthatastateis productve if anacceptingstateis reachabldrom that
state. In our system,the target e-servicecontainsonly productve states.
Notethatary FA with nonproductie statescanbe corvertedanFA with no
nonproductie statesn polynomialtime.



Figure 6: First 2 Stepsof Bad Con guration Removal from
PRODc in Figure 4: a) [221]is removed, b)[110]is removed.

partof ary LAo delegatorD PRODc ; therefore,it canbere-
moved from PRODc which reducesur searchspace Algorithm 1
describesheremore operatiorandexplainshow to updatePRODc .

EXAMPLE 4.8. Let'sreexaminethe productmachineshavn in
Figure4. Thecon gurations[221] and[212] arebadbecausehey
arenotacceptingwhile the state2 is acceptingn Ar. Also [110]
and[101] are bad con gurations. For [110], neitherA1 nor A>
canproces<, althoughA+ hasa transitionfrom the statel with
c. Figure6 (a) and(b) shaw the productmachineafter[221] and
[110] areremoredrespectiely. Notethatwhen[221]is removed,
[111] becomesbadcon guration. Ontheotherhand theremoval
of [110] doesnt causg000] to becomebad. 1

Algorithm 1 RemaeBadCon gurationQ, PRODc )

1: for eachincomingedgee to Q do

2. Letebelabeledas(a;v). = v isthesetof delegationsfor
anactvity a =

3: Let Q° bethesourcecon gurationof e. = eis anedge
fromQtoQs =

4: Let (Q?®;a) bethetransitionde nedin Q* with thesymbol
a. = setof next con gurationsanddelegations =

5. if (Q%a) f(Q;v)g6 ? then

6: (Q%a) = (Q%a) f(Q;v)g = thereexist other
possibledelegations =

7. else

8: (Q®%;a) = f(error;?)g = nootherdelegyations =

9: endif

10: endfor

Let denoteAlgorithm 1. Then,thefollowing canbe proveneas-
ily.

LEMMA 4.9. Let Q beabadcon gurationin PRODc . If there
isanLAo delegatorD, thenD (Q; PRODC ).

Lemma4.9 suggestshatwe canapply Algorithm 1 enoughnum-
ber of timesto eliminateall the bad con gurations,andthenwe

can checkfor the existenceof an LAo deleggator For notational
corveniencewe call the nal structurehaving no bad con gura-

tionsalsoPRODc . Algorithm 2 follows this approach.t removes
all the badcon gurationsandupdateserobc  accordingly Note
thattheremoval of abadcon gurationmaycausesomeotherstates
to becomebadandthe algorithmtakescareof thatwhile updating
the structureat eachstep. It is importantto seethatif the start-
ing con gurationof PRODc is removedthentheredoesnt exist an
LAo delegatorsincethe startingcon guration mustbe partof ary

deleggator Therefore,if PRODc is hot empty it containsan LA

delggatorasa subgraphFor example,in Example4.8,theproduct
machinebecomesmpty This shaws thatthereis no LA, delegga-
tor for thatsystemwhich is true becausét canbeveri ed thatthe
systenrequiresatleastl lookahead.

Although we reduceour searchspaceusingbad con guration re-
moval, we still needto searchfor anLAg delegatoramongall the
left subgraphs.The following lemmashaws that we candirectly
constructanLA ( deleggatorfrom the productmachine.

LEMMA 4.10. For a con guration [gr ; th; 5 Ge] 2 PRODc
andan e-serviceA, let'sde ne afunction suchthat ([gr;o;
50elii) = g wherei 2 £T;1;2:::;eg (i.e., for thegivencon gu-
ration, g is the correspondingtateof the ith machine).Also, for
acon gurationQ 2 PRODc , let L(Q) denotethelanguageof the
samemachineexceptQ is thestartingcon guration. Then,for ary
two con gurationsQ; andQz in PRODc, (Q1;T) = (Qz;T)
impliesL (Q1) = L(Qz).

PrROOF. (Sketch) Assumethereexistsaword w suchthatw 2
L(Q1) butw 62L(Q2). Sincew 2 L(Q1), therunonw startingat
Q: endsin anacceptingon gurationQ$ while therunonw start-
ing at Q2 endseitherin arejectingor in the error con guration.
That's why, we have two cases.

i) Therunonw startingatQ2 endsin arejectingcon gurationQ3.
Q! is accepting;therefore, (Q?;T) mustbe an acceptingstate
in At. SinceA+ is adeterministic nite automata (Q9;T) =

(Q%; T). Butthen,Q$ is abadcon guration becausét mustbe
anacceptingcon gurationsince (Q3: T) is anacceptingstatein
A+ . Thisis a contradiction,becausegheredoesnt exist ary bad
con gurationin the nal productmachine.

ii) The run on w startingat Q» endsin the error con guration.
Then, thereexists a pre x word ua of w suchthatrun on u ends
in acon guration Q3 andfrom thatcon guration, the systemgoes
to the error con guration while processinga. Assumerun on u
startingat Q1 endsin a con guration Q9. SinceAr is a DFA,
(Q%;T) = (QY;T). Sincerunonw startingat Q; doesnt end
in anerrorstate, (Q9;a) is de ned. Thatmeans 1 ( (Q9;T);a)
is alsode ned. Then,Q3 mustbeabadcon gurationbecauseven
though ( (Q3;T);a) is de ned (processingf a is in thedesired
e-servicds required) thereis novolunteersubcontractoto process
a. Sincethereis no badcon gurationin the nal productmachine,
thisis a contradiction. 1

SAs we speci®edbefore,we assuméir isaDFA. If it isanNFA thenwe
can®rst corvert it to a DFA andthe constructthe productmachine. Our
compleity resultsstill hold despitethe conversion.



By usingLemma4.10, we canconstructa DFA realizingan LAo
delggator D usingthe productmachinein the following manner:
Startfrom the initial con guration. In eachcon guration Q, for
eachactvity a, we have anumberof, saym, possibledelegations,
ie., (Qa)=f(Q%v');(Q%Vv?);:; (Q™;v™)g whereeachv'
is asubsebf volunteersubcontractor¥(q., ) andeachQ' is anext
con guration. However, for all thesenext con gurations,thecorre-
spondingstateof thetamgete-serviceas thesamej.e., (Q*;T) =

(Q%T) = :: = (QM;T), becausehe tamget e-serviceis a
DFA. Thereforepy Lemma4.10,it istruethatL (Q?) = L(Q?) =
o= L(Q™). That'swhy, picking onedelegationandremaving all
the otherdelegationsdon't affect L (PRODc ). Algorithm 2 belav
removesall bad con gurationsandthendoesone graphtraversal
on the productmachineandat eachcon guration, picks onedele-
gationfor eachpossibleactivity. By this way, it constructsa deter
ministic FA representing delegatorfor a givensystem.

Algorithm 2 ConstructsanL Ao delegatorfor acompositiorsystem
C :(AT i )
: ConstructPRODc
repeat
Finda”bad” con gurationin PRODc
Remae it andupdatePRODc
until No "bad” con gurationis left
if PRODc is emptythen
returnerror= thereisnoLAq deleggator =
else
Constructa deterministic nite automatarepresentingan
LAo deleggator
: endif

CoNouRrONE

[En
o

Now let's look at the time compleity of Algorithm 2. First line
of the algorithmtakesexponentialtime asexplainedbefore. Line
2-5is repeatedat mostthe numberof stateswhich is exponential
andremoval a badcon guration canbe carriedout in exponential
time. Line 9 requiresa depth rst searchon PRODc which takes
exponentiatime. More speci cally, if thetargete-servicds aDFA,
thetotaltime compleity of thealgorithmisO(j j 22 s?¢ s2)
wherej |, e, sandsr denotethe sizeof alphabetthe numberof
e-servicesthe maximumnumberof statesamongsubcontractors
and the numberof statesin the target e-service. Therefore,the
compleity is polynomialin j j, s andst, andexponentialin e.
(If thetargete-servicds anNFA, theninsteadof s2 we have 2257
in the compleity formula.) To summarize:

THEOREM 4.11. For a compositionsystemwith deterministic
e-servicesexistenceof anL A delggatorcanbedeterminedn time
polynomialin thealphabetindsizesof thetargetandsubcontractor
e-servicesandexponentialin the numberof subcontractors.

4.3 k-Lookahead DelegatorConstruction

Here,weshav how we canreducetheproblemof decidingwhether
a compositionsystemof DFA's hasan LA -delegator (for a given
k) to the problem of decidingwhethera compositionsystemof
DFA's hasan LAg-delegator Note thatfor the sale of discussion,
we assumall themachinesareDFA's. The sameapproacttanbe
appliedif themachinesareNFAs.

LetC = (Ar;fAq1;::; Acg) be acompositionsystemof DFA's
andk beapositiveinteger Sothattherearealwaysalwaysk looka-
headsymbols,let # be anev symbolandf (resp.,fi) beanew
state.Extendthetransitionfunctionof At (resp.,Ai) by de ning
thetransitionsfrom ary acceptingstate,includingf (resp.fi), on

symbol# tof (resp,fi). Thenmale f (resp.,fi) the only ac-
ceptingstate. Thusthe nev DFA acceptghelanguage. (A+ )# *
(resp.,L(A')# ™). For the notationalconvenience,also call the
nev machinedAr; Aq; i Ae.

Let bethetransitionfunctionof thetargetDFA A+r. Letx bea
stringof lengthk over [ f# g. Weconstrucfrom At aDFA A}
with thetransitionfunction * asfollows:

1. The startingstateof A} is [op; X], whereqp is the starting
stateof At .

2. For every stateq of A1, every stringy of lengthk 1, and
ary symbolsa; b, let

“(lg;ay];b) = [ (g;a);yhl.

3. The only acceptingstateof A% is [f;# ¥] wheref is the
uniqueacceptingstateof At .

Similarly we canconstructfor eachA; (16 i 6 €),theDFA Af.

Figure7 shavs the applicationof the describectonstructiorto the
systemin Figure5(b).

G G

Figure 7: Addition of # symbolsto the machinesin Figure 5(b)

Thenwe have:

THEOREM 4.12.LetC = (At;fAq;:::; AeQ) beacomposi-
tion systemof DFA's andk be a positive integer. ThenC hasan
LAk -delegatorif andonly if for every stringx of lengthk, thesys-
temC* = (A¥;fAY;::; A g) hasanLA-delegator

PrRoOF. Clearly C hasanLAy delegatorif andonly if for every
stringx of lengthk, theproductmachinePrRODc x hasadetermin-
istic subgraphthat acceptsL (A} ), and (by Theorem4.6) if and
only if C* hasanLA delegator ]

Thefollowing is easilyshavn.

COROLLARY 4.13. CompositionsystemC hasa k-lookahead
delegatoriff it hasa k-lookaheadFA-baseddeleyator

The complity of the algorithmjust describecdcanbe determined
asfollows: We have to checkfor every x of lengthk whetherC*
hasan LAo-delegator Thusthetime compleity isj j* timesthe
time compleity of checkingif C* hasan LAo-delegator (where
j jisthesizeof theinputalphabebf the DFA's). Thesizeof each
DFA in C* isj j* timesthesizeof theoriginal DFA. ¢ Fromthis
andTheorem4.11we obtain:

COROLLARY 4.14. For acompositiorsystemwith determinis-
tic e-servicesmndk in N, existenceof anLAy deleggatorcanbede-
terminedin time polynomialin the alphabetandsizesof thetarget
andsubcontractoe-servicesandexponentialin k andthe number
of subcontractors.

We now give anexampleto illustratethereduction.



Figure 8: computation of C# for Figure5 (b)

ExampPLE 4.15. Figure5 (b) shawvs a systemhaving an LA;
delggator As describedabore, rst a new acceptingstatef and
thetransitionsfor theendingsymbol# areadded.Figure7 shavs
the resultingmachines.Then, for every word of length 2, a new
compositionsystemC* is computecandchecled for theexistence
of anLA( delggator Figure8 shaws the systemfor x = aa. Note
thatthereal constructionproducesmary morestateshanthatare
shavnin Figure8. Forinstancein A3, thestate1,aa]is reachable
from [0,aa]andthat'swhy it shouldbepartof A3* . However, [1,aa]
cant reachary acceptingstatesnot productie); therefore,it has
no effect on the deleggationconstructiorasdescribedbefore. As a
result, becausef the spaceimitations suchnonproductre states
arenotshavn. 1

Note that by using the reductiondescribedabore, ary technique
for LA checking,e.g.,the oneproposedy [3], canbe used. To
comparewith [3], aswe mentionedefore,ourtechniquénasa ner

characterizationf the compleity bound.

5. WOZART: A TOOL FOR AUTOMATED
COMPOSITION OF E-SERVICES

In this section,we brie y describean automatedcompositiontool
namedWbzartimplementedisingthe approachegresentedn the
previoussectionsFigure9 shavstheoverallarchitecturef Wozart.
Wozarthastwo functionalities. First functionality is the construc-
tion of adeterministiadeleggator Givenadesirede-servicegxisting
e-serviceandalookaheacamountk (anumberor *), thetool ap-
plies Algorithm 2 andtriesto generatea k-lookaheadielegator If
it succeedsthe outputis a Mealy FA having the actiities asinput
andthe delegationsasoutputsothatit canbe usedto orchestrate
e-servicesollectively to achieve the desirede-service Otherwise,
it meanghatk lookaheads notenougho determinghedelegation
of thedesirede-serviceto thegivene-services.

1
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Figure 9: Wozart Ar chitecture

Secondly Wozartcan give an answerto the questionof delega-

tor existence.As describedn the previous section therearecases
wherethereis no boundon lookahead(i.e., determinatiorof dele-

gationsrequiresto checkall succeedingctiities), eventhougha

delegatorexists. Therefore for the user it may not be possibleto

specifyaboundonthelookahead!n thatcasethetool performsa

composabilityanalysisandit givesa positive or negative answerto

the questionof composability

For thecompletaravelservice Figure10shavstheL A delegator
computedoy Wozart. As it canbe seenthedelegatorassignsach
actiity to the existing e-servicesindachievesthe behaior of the
desiredcompletetravel e-service.

O O O ©

Figure 10: LAo delegatorfor the Travel Sewice Problem

Notethatbeforebothdelegatorconstructiorandcomposabilityanal-
ysis,Wozart rst performsa preprocessingnthe FAs. Remember
thatfor thesimplicity of thediscussionye previously assumedhat
thetargete-servicds aDFA anddoesnt containary honproductie
states.Also, we assumedhereis no incomingedgeto the starting
statesin the machines Wozartpreprocesseandmodi es the FAs
sothatthey satisfythoseassumptions.

Wozartis implementedisingthe WSAT library[12]. Theinput/output
format, sourcecodeandthe otherdetailscanbe foundin the fol-
lowing addresshttp://wwwecs.ucstedu/ grede/Vézart/inde.html



6. CONCLUSION AND FUTURE WORK

In thispaperwe de nedageneraktlassof delegatorscalled’looka-
head” delegatorsand investigatedhe compleity of constructing
suchdelegators,if they exist. We shaved that for the caseof de-
terministice-servicesa k-lookaheadlelegatorcanbe constructed
in time polynomialin the size of the tamget and subcontractoe-
servicesandexponentialin the size of k andthe numberof sub-
contractore-services.We alsobrie y describedNozart, an auto-
matedmediatorconstructiontool that we implementedusing the
techniquepresentedh this paper

We shouldmentionthat a recentpaper[8] alsolooked at the the
decidability of composabilityand existenceof a boundeddelega-
tor for variousclasseof machinesncluding nite automataaug-

mentedvith unboundedtoragde.g.,counterandpushdevn stacks).

If somePreslirger constraintge.g., somelinear relationshipson

thenumberof symbolsdelggatedto eachservice)areimposedon a

mediator thenthe existenceof sucha k lookaheadnediatorfor a

x edk is alsodecidable However, thecompleities of thedecision
proceduresn [8] areratherhigh. In particularfor the caseof sys-

temsof nondeterministicnite automatathe procedurdor decid-

ing theexistenceof ak lookaheadlelegatortakesnondeterministic
exponentialtime in k andthe sumof the sizesof theautomataWe

have improvedthis resultwith a procedurehatrunsin determinis-
tic exponentiatimein this paper

The resultachieved in [8] concerningdecidability of existenceof

constrainednediatoris quiteinterestingbecausén practicalappli-
cationstheremay exist someconstraintsa mediatorhasto follow.

For example,it is possiblethata speci ¢ type of actiity shouldnt

be delgyatedto the sameservice5 timesmorethanit is delggated
to the otherservicedor fairnesgeasonsFor anotherexample,as-
sumedelegationof anactvity to eachservicecostsdifferentlyand
thetotal costof activities shouldnt exceedsomespeci ed amount.
Both casexanbedescribedy somePreslirgerformulas,andthe
existenceof sucha constrainedielggatoris decidable.Therefore,
nding a delegator which delegatesactuities in an optimal way
with respecto a Preslirgerformula (e.g.,costminimization)is a
signi cant problem. In additionto this, the questionof whether
thereexists a boundedookaheadleleggator (a boundon k) which

is left openin [8] is alsoleft asfuturework.
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