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Abstract

In this paper, we addressthe problemof theauto-
matedcompositionof webservicesby planningon
their “knowledgelevel” models.We startfrom de-
scriptionsof webservicesin standardprocessmod-
eling andexecutionlanguages,like BPEL4WS, and
automaticallytranslatethem into a planning do-
main that modelsthe interactionsamongservices
at the knowledge level. This allows us to avoid
the explosionof the searchspacedue to the usu-
ally large andpossiblyin�nite rangesof dataval-
uesthat are exchangedamongservices,and thus
to scaleuptheapplicabilityof state-of-the-arttech-
niquesfor the automatedcompositionof web ser-
vices. We presentthe theoreticalframework, im-
plementit, andprovideanexperimentalevaluation
thatshows thepracticaladvantageof our approach
w.r.t. techniquesthatarenotbasedonaknowledge-
level representation.

1 Intr oduction

Researchin planningis moreandmorefocusingon theprob-
lemof theautomatedcompositionof webservices:givenaset
of servicesthatarepublishedon theWeb,andgivena goal,
generatea compositionof the available servicesthat satis-
�es thegoal(see,e.g.,[NarayananandMcIlraith, 2002]). In
spiteof the fact that severalapproacheshave beenproposed
so far (see,e.g.,[McIlraith andSon,2002;Wu et al., 2003;
Sheshagiriet al., 2003; Traversoand Pistore,2004]), solv-
ing this problemin practice, by scalingup to realistic de-
scriptionsof web services,is far from trivial. Indeedit is
widely recognizedthat web servicesmustbe modeledwith
nondeterministicandpartiallyobservablebehaviors [Koehler
andSrivastava, 2003;Hull et al., 2003;Berardiet al., 2003;
McIlraith andFadel,2002;TraversoandPistore,2004;Mar-
tinez and Lesperance,2004], and thus planningalgorithms
mustwork with incompleteinformationandwith actionswith
uncertaineffects. Moreover, in severalapplicationdomains,
web servicescannotbe simply modeledas atomic compo-
nents,but asstatefulprocesseswhoseinteractionsareintrin-
sically asynchronous[Fu et al., 2004; Fosteret al., 2003;
Pistoreet al., 2005].

Recentworks addressthe problemof the practicality of
the proposedsolutions for web servicecomposition. For
instance,[Traversoand Pistore,2004; Pistoreet al., 2005]
proposea framework whereweb servicesaremodeledwith
stateful,nondeterministic,andpartiallyobservablebehaviors,
andplanningtechniquesbasedon symbolicmodelchecking
areusedto addressthe scalabilityproblem. However, these
techniqueswork undertheratherunrealisticassumptionthat
webservicescanexchangeonly a verysmallnumberof data
values.For instance,astheexperimentalresultsreportedin
[TraversoandPistore,2004;Pistoreet al., 2005] show, rea-
sonableperformancesare obtainedfor web serviceswhose
variablescancontainonly two values. This amountsto say
thatamazon.com couldsell just two books!

Luckily enough,asalreadystatedin [Pistoreet al., 2005],
thecompositionsolutionshouldnotdependontheactualdata
exchangedamongweb services,in the sameway astheop-
erationsthat one hasto perform to buy a book do not de-
pendon the precisebook one wants to buy. The �o w of
operationsand interactionsdependsinsteadon whetherthe
desiredbook is available or not, on whetherits cost is af-
fordable,andsoon. Therelevant issuesfor interactingwith
amazon.com are whetherone knowswhetherthe book is
available or not, whetherone knowsthe value of its price,
andsoon. Thehopehereis to applyplanningtechniquesat
theknowledgelevel, in thestyleof thoseproposedin [Petrick
and Bacchus,2002], or usedin [McIlraith and Son, 2002;
MartinezandLesperance,2004]. This would make it pos-
sible to modelonly thosefeaturesof the serviceswhich are
relevantto composethem,andthusallow for anef�cient au-
tomatedcomposition.

Unfortunately, applyingknowledge-levelplanningto solve
the automatedcompositionproblempresentsa major dif�-
culty. While in [Petrick and Bacchus,2002] the planning
domainat the knowledge level is de�ned by hand, this is
impractical for web serviceautomatedcompositiontasks.
Theknowledgelevel domainmustbeextractedautomatically
from the descriptionof the servicesthat arepublished,e.g.,
in standardlanguages,like BPEL4WS [Andrewset al., 2003].
Theproblemis thereforeto devisea properknowledgelevel
model,which is suitedfor the automatedcompositiontask,
andwhich canbeobtainedautomaticallyfrom thepublished
descriptionsof thewebservices.

In this paperwe proposea novel approachto theproblem



ack/nack

ack/nack

request(Size,Loc)ack/nack

User

Shipper

info(Size)

offer(Cost,Delay)

offer(Cost,Delay)

offer(Cost,Delay)

Producer
Purchase

&
Ship

(P&S)
not_avail

not_avail

not_avail

info_request(Item)

request(Item)

request(Item,Loc)

Figure1: ThePurchase& Shipexample.

of automatedcompositionthat is basedon planningat the
knowledgelevel. We achievethis in thefollowing steps:

� Weformally de�ne aknowledgelevel modelof webser-
vices that can be obtainedautomaticallyfrom speci�-
cationsin standardlanguagesfor modelingandimple-
mentingservices.We show indeedhow BPEL4WS pro-
cessescanbeautomaticallytranslatedinto their knowl-
edgelevel models.

� We show how the automatedcompositionproblemcan
bedescribedasaplanningproblem:from theknowledge
level modelsof theavailableservicesandfrom thecom-
positiongoal,wegeneratea planningproblemsuchthat
a solutionplanencodesthedesiredcomposition.

� We apply theplanningtechniquesdescribedin [Pistore
et al., 2005] to the knowledgelevel planningproblem
thatwe obtainfrom theprevioussteps.Thekey advan-
tagew.r.t. [Pistoreet al., 2005] is that we do not have
to dealwith all thepossiblevaluesof variablesthatare
exchangedamongservices.

� We implementthe proposedframework, andprovide a
preliminaryexperimentalevaluationthat clearly shows
thebene�tsof our approach.

The paperis structuredasfollows. We �rst describea sim-
ple exampleof compositionof BPEL4WS processes,which
we will useall alongthepaper(Section2). We thenbrie�y
recall the framework for planningin asynchronousdomains
thathasbeen�rst introducedin [Pistoreetal., 2005] (Section
3). In Section4, we describethe knowledgelevel represen-
tationof webservices,andtheresultingplanningframework
at theknowledgelevel. We �nally describetheexperimental
evaluation(Section5), someconclusions,andrelatedwork.

2 Composition of BPEL processes
Our referenceexampleis thePurchaseandShip(P&S here-
after) exampleintroducedin [Pistoreet al., 2005;Traverso
andPistore,2004].

Example1 TheP&S exampleconsistsin providing a furni-
ture purchase& shipserviceby combiningtwo independent
existing services,a furniture producerProducer and a de-
livery serviceShipper. This way, the User, also described
asa service, maydirectlyaskthecompositeserviceP&S to
purchasea givenitemanddeliverit at a givenplace(for sim-
plicity, weassumethat theshipmentorigin is �xed andleave
it implicit).

The interactionswith the existing serviceshaveto follow
speci�c protocols. For instance, the interactions with the

Shipper start with a requestfor transportinga product of
a given sizeto a given location. This might not be possi-
ble, in which casethe requesteris noti�ed, and theprotocol
terminateswith failure. Otherwise, a costanddeliverytime
are computedandsentback to therequester. ThentheShip-
per waits for either an acceptanceor a refusalof the offer
fromthe invoker. In theformercase, a deliverycontract has
beende�nedandtheprotocol terminateswith success,while
it terminateswith failure in the latter case. Similar proto-
colsare de�nedalsofor Producer andUser. Themessages
exchangedamongtheinvolvedservicesare describedin Fig-
ure1.

TheP&S hasthegoalto sellhome-deliveredfurniture(i.e.,
to reach the situationwhere the user has con�rmed an or-
der and the servicehas con�rmed the correspondingsub-
orders to producerand shipper),interacting with Shipper,
Producer, andUser according to their protocols.A typical
interactioncouldbeasfollows:

1. theUser asksP&S for an article � , that hewantsto be
transportedat location

�

;

2. P&S askstheProducer for thesize, thecost,andhow
much timedoesit take to producethearticle � ;

3. P&S askstheShipper for theprice andtimeneededto
transportanobjectof such a sizeto

�

;

4. P&S sendstheUser an offer which takesinto account
theoverall cost(plusan addedcostfor P&S) and time
to achieveits goal;

5. theUser sendsa con�rmation of theorder, which is dis-
patchedby P&S to Shipper andProducer.

Thisis howeveronly thenormalcase, andother interactions
shouldbeconsidered,e.g., for thecasestheproducerand/or
delivery servicesare not able to satisfythe request,or the
userrefusesthe�nal offer.

With automatedcompositionof web serviceswe mean
the generationof a new compositeservice(the P&S in our
case)that interactswith a setof existing componentservices
(Shipper, Producer, andUser in ourcase)in orderto satisfy
a givencompositiongoal (sell home-deliveredfurniture).

We assumethattheinteractionprotocolsof thecomponent
services,aswell as the compositeservice,aredescribedas
BPEL4WS processes(seeFigure2 for a graphicalrepresenta-
tion of theShipper BPEL4WS process).Noticethatwhile ex-
isting servicesaredescribedasabstractBPEL4WS processes
(providing essentiallythecommunicationprotocol),thesyn-
thesizedserviceis anexecutableBPEL4WS processexporting
all the detailsto be directly deployedandrun. A BPEL4WS
descriptionspeci�esthetypesandinternalvariablesof a ser-
vice, and its input and output capabilities. The behavior
of the processis describedusing input (receive ) andout-
put (invoke , reply ) activities combinedby standardcon-
structs,suchassequences,loops,parallelexecutions,condi-
tional choices,andnondeterministicchoices.

From a BPEL4WS process,we can automaticallyextract
a formal model of the interactionswith the service,cover-
ing both the static aspects(e.g., its communicationchan-
nels) and the behavioral aspects(de�ned in term of transi-
tion steps).For themoment,the translationis restrictedto a



Figure2: TheShipper BPEL4WS process.

subsetof BPEL4WS processes:we supportall BPEL4WS ba-
sic andstructuredactivities, like invoke , reply , receive ,
sequence , switch , while , flow (without links ) and
pick ; moreover we supportassignments and a limited
form of correlation . Our next stepswill be dealing
with scopes andwith fault , event and compensation
handlers .

For lack of space we omit the formal de�ni-
tion of this translation (details can be found at
http://astroproject.org/ ) but we illustrate it
in thecaseof theShipper process.

Example2 Figure 3 showsa formal modelof theShipper,
automaticallyextractedfrom the BPEL4WS processof Fig-
ure 2. TheShipper processis characterizedby a setof ab-
stract typesusedin the interactions(e.g., Size , Cost ), by a
setof inputsandoutputs(e.g., request andoffer , respec-
tively), and by a set of typedfunctionsusedto manipulate
internal variables(e.g., function costOf , which is usedto
obtain the costof a particular shippingrequest).Variables
are usedto store informationon thestateof theprocess.In
Figure 3, variablesof abstract types(e.g., customer size )
storevaluesusedin thecommunications,whileanadditional
variablepc implementsa “pr ogramcounter” that holdsthe
current executionstepof the service. The modeldescribes
theevolutionof theprocessthrougha setof possibletransi-
tions,each correspondingto a “step” in the BPEL4WS pro-
cess;each transitionde�nesan applicability condition,a �r -
ing action, and an effect (de�ned as a list of assignmentto
variables). Possibleactionsare inputs,outputs,and a spe-
cial actionTAUwhich is usedto modelinternalevolutionsof
the process,such as assignmentsand decisionmaking(e.g.,
the transition from state prepareOffer , where the inter-
nal functionscostOf anddelayOf are usedto computethe
shippingpriceanddeliverytime).

PROCESS Shipper;
TYPE

Size; Location; Cost; Delay;
INPUT

request(Size,Location); ack(); nack();
OUTPUT

offer(Delay, Cost); not avail();
FUNC

costOf(Size,Location): Cost; delayOf(Size,Location): Delay;
VARIABLE

pc: � START, getRequest,checkAvailable,endcheckAvailable,sequence1,sequence2,
prepareOffer, sendOffer, waitAnswer, endWaitAnswer, empty1,prepareNotAvail,
sendNotAvail, SUCC,FAIL � ;

customersize:Size; customerloc: Location;
offer delay:Delay; offer cost:Cost;

INIT
pc := START;

TRANS
pc= START -[TAU]- � pc := getRequest;
pc= getRequest-[INPUT request(customersize,customerloc)]- � pc := checkAvailable,
pc= checkAvailable -[TAU]- � pc := sequence1;
pc= checkAvailable -[TAU]- � pc := sequence2;
pc= sequence1-[TAU]- � pc := prepareOffer;
pc= prepareOffer -[TAU]- � pc := sendOffer,

offer cost:=costOf(customersize,customerloc),
offer delay:=delayOf(customersize,customerloc);

pc= sendOffer -[OUTPUToffer(offer cost,offer delay)]-� pc := waitAnswer;
pc= waitAnswer -[INPUT nack]-� pc := FAIL;
pc= waitAnswer -[INPUT ack]- � pc := empty1;
pc= empty1 -[TAU]- � pc := endWaitAnswer;
pc= endWaitAnswer -[TAU]- � pc := endCheckAvailable;
pc= endCheckAvailable -[TAU]- � pc := SUCC;
pc= sequence2-[TAU]- � pc := prepareNotAvail;
pc= prepareNotAvail -[TAU]- � pc := sendNotAvail;
pc= sendNotAvail -[OUTPUT not avail]- � pc :=FAIL;

Figure3: A formalmodelof theShipper.

3 A Planning Framework for Service
Composition

The work in [Pistoreet al., 2005] presentsa formal frame-
work for the automatedcompositionof web serviceswhich
is basedon planningtechniques:componentservicesde�ne
the planningdomain,compositionrequirementsareformal-
izedasa planninggoal,andplanningalgorithmsareusedto
generatethe compositeservice. Due to the natureof web
services,the resultingplanningdomainis nondeterministic
andpartially observable. The framework of [Pistoreet al.,
2005] differs from other planning frameworks since it as-
sumesan asynchronous,message-basedinteractionbetween
the domain(encodingthe componentservices)andthe plan
(encodingthe compositeservice).More precisely, theplan-
ning domain is modeledas a state transition system(STS
from now on)thatcanbein oneof its possiblestates(asubset
of which areinitial ) andcanevolve to new statesasa result
of performingsomeactions.In particular, input actionsrep-
resentmessagessentto thecomponentservices,while output
actionsaremessagesreceivedfrom thecomponentservices.
Privateactionsareactionsthatthecompositeservicecanper-
form internally, without interactingwith thecomponentser-
vices1, while the specialaction � is usedto model internal
evolutions of the componentserviceswhich are not visible
to theserviceuser. Finally, a labelingfunctionassociatesto
eachstatethesetof properties�����
	 holdingin thatstate.

1As we will see,private actionsare usedto model operations
suchascomputingthetotal costfor theuserfrom thecostsreceived
from theproducerandfrom theshipper. Privateactionsarespeci®c
of theknowledge-level approachpresentedhereandfor this reason
they do not appearin [Pistoreet al., 2005]. The extensionof the
theoryof [Pistoreetal., 2005] to privateactionsis straightforward.



De�nition 1 (statetransition system(STS))
A statetransitionsystem� is a tuple ���������	��
���
��������������

where:
�

� is the�nite setof states;
�

������� is thesetof initial states;
�


 is the�nite setof inputactions;
�


 is the�nite setof outputactions;
�

� is the�nite setof privateactions;
�

�������� !
#"�
�"$�%"'& �)(+*,�$� is thetransitionrelation;
�

�.-/�1032/465�798 is thelabelingfunction.

In acompositionproblem,thecompositeserviceis de�ned
asa“controller” �$: (alsodescribedasaSTS),whichinteracts
with thedomain � , orchestratingthecomponentservicesby
invoking their operationsandhandlingresults. We now re-
call the formal de�nition of the behavior of a STS � when
controlledby �$: .

De�nition 2 (controlled system)
Let � ; �<���=���>�?
$��
������������@� and �@: ;

���6:A�����

:

�B
��?
$�����=�%:C����DC� be two state transition sys-
tems,where ��D	 �E

:
*F;�G for all E

:%H
�

: . TheSTS�
:�I

� ,
describingthebehaviorsof system� whencontrolledby �

: ,
is de�nedas:
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�
H
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I
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H

� ;
�

�� �E+:A�LE+*B� �P�C �ECN

:
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H

 ��%:
I

�%* , with ��Q ; � , if
�?E

:
� �P��ECN

:

�
H

�
: and ��E>� �R��ECNO�

H
� .

Due to the asynchronousnatureof web serviceinterac-
tions, and in order to guaranteea correctexecutionof the
compositeservice,we needto rule out explicitly the cases
wherethesenderis readyto senda messagethatthereceiver
is not able to accept. Accordingto [Pistoreet al., 2005], a
stateE is ableto accepta message� if thereexistssomesuc-
cessorE

N of E , reachablefrom E througha (possiblyempty)
sequenceof � transitions,suchthataninput transitionlabeled
with � canbe performedin E+N . This intuition is capturedin
thefollowing de�nition, wherewedenoteby � -closure �E+* the
setof statesreachablefrom E throughachainof � transitions.
For what concernsprivateactions,sincethey correspondto
internaloperationsof the compositeservice,we simply as-
sumethatthey areexecutablein thecurrentstateof � .

De�nition 3 (deadlock-freecontroller)
Let � ;S�<���=���T��
���
�������������� be a STS and �

:
;

���6:A���

�

:

�B
��?
$�����=�%:C����DC� be a controller for � . �$: is said
to be deadlockfree for � if all states  �E/:A��EC*

H
�6:'�U� that

are reachablefromtheinitial statesof ��:
I

� satisfythefol-
lowingconditions:

� if �?EV� �R�LECN��
H

� with �
H
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H
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� �R�LE

N N

:

�
H
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:

H

�6: ;
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 thenthere is someE+N
H

� -closure �E+* such that ��E+NW� �P��ECN NO�
H

� for someE+N N
H

� .

� if ��E+:A� �R�LECN

:

� H �%: with � H � then �?EV� �R�LECNO� H � for
someECN H � .

In [Pistoreet al., 2005], the compositionproblemfor do-
main � andcompositiongoal X is de�ned astheproblemof
�nding a deadlock-freeSTS � : suchthat � :YI � satis�es X .
Planningtechniques,basedon theplanningasmodelcheck-
ing framework,areusedto solvethisproblem,andtheexper-
imentalresultsshow theeffectivenessof this approach.

However, theapproachof [Pistoreet al., 2005] requiresa
�nite setof datavaluesfor all datatypes(e.g.,only a �nite
numberof articles,locations,costs.. . canbe de�ned in the
P&S domain). This assumptionguaranteesthat the formal
modelof a BPEL4WS processsuchastheonein Figure3 can
be mappedinto a �nite-state STS.Moreover, the numberof
datavaluesimpactdramaticallyon thesizeof thegenerated
STS,andvery small setsof valuesneedto be usedto allow
for aneffectiveplangeneration:for instance,all experiments
in [Pistoreetal., 2005] assumeonly two valuesfor eachdata
type.In thefollowingweshow how to adapttheframeworkof
[Pistoreetal., 2005] to a knowledge-levelplanningapproach
in order to remove this restrictionandallow for automated
compositionwith a realistic(or evenin�nite) numberof data
values.

4 Service Composition via Knowledge-Level
Planning

Thekey aspectfor extendingtheapproachof [Pistoreet al.,
2005] to theknowledgelevel is thede�nition of anappropri-
atemodelfor providing a knowledgelevel descriptionof the
componentservices.In this sectionwe formally de�ne such
a modelin termsof a suitableknowledgebase(from now on

ZU[

). Thenweshow how to constructtheSTScorresponding
to theplanningdomainby composingtheknowledgebasesof
thecomponentservices.

De�nition 4 (KnowledgeBase)
A knowledgebase

Z\[

is asetof propositionsof thefollowing
form:

�

Z%]

 <^)* where ^ is a variablewith anabstract type;
�

Z

 <^�;`_	* where x is an enumerativevariableandv is
oneof its possiblevalues;

�

Z

 <^%;bac* wherexandyaretwovariableswith thesame
type;

�

Z

 <^�;edY WaTf+�AghgAgh��a>i	*�* where ^6��a	f+�hgAghgj��aVi are vari-
ableswith anabstract typeand d is a functioncompati-
blewith thetypesof ^6��a

f
�hghgAgh��a

i .

With
Z

 	R* we meanthatwe know thatproposition	 is true
andwith

Z
]

 W^R* that we know the valueof the variable ^ .
This de�nition of knowledgebaseis very simple; still, our
experimentsshow that it is powerful enoughto model web
servicecompositionproblems.

We saythata knowledgebase
ZU[

is consistentif it does
not contain contradictoryknowledge propositionssuch as

Z

 W^\;k_c* and
Z

 <^\;k_	NO* , with _lQ ;m_	N . We saythat
ZU[

is
closedunderdeductionif it containsall thepropositionsthat
canbededucedfrom thepropositionsin

ZU[

; for instancea



ZU[

containingboth
Z�]

 W^R* and
Z

 <^.; ac* shouldcontain
also

Z%]

 <aM* .
The knowledgebase

Z\[

of a componentserviceis ob-
tainedfrom thevariables,functionsandtypesof theservice.

Example3 An exampleof knowledgebasefor the Shipper
processin Figure3 is:

KB=
�

K(pc = waitAnswer) � K � (customer size) � K � (customer loc) �

K(offer cost = costOf(customer size, customer loc)) �

K(offer delay = delayOf(customer size, customer loc)) �

K � (offer cost), K � (offer delay) ���

In the following we describewhena transitioncanbe exe-
cutedin a knowledgebase

ZU[

andhow its executionaffects
ZU[

.
We model a transition � , suchas thosepresentedin Fig-

ure 3, asa triple  	�#� �R��
F* where � ;3 
�Cf�� ghgAg����jiP* are
its conditions,� is its �ring actionand 
 ;  ��>f��hgAghg����+iM* are
its effects. We startby de�ning theauxiliary restrictionand
updateoperations.

Therestrictionof a knowledgebase
ZU[

with a condition
� , denotedwith ���+E�� �������j 

Z\[

��� * , is performedaddingto
ZU[

the knowledgeobtainedfrom � andclosingunderde-
duction;for instance:

restrict(
�

K(x = y) � , y = z) =
�

K(x = y), K(y = z), K(x = z) ���

The updateof a knowledgebase
Z\[

with an effect 
 , de-
notedwith � 	�� ��� �	 

Z\[

�!
�* , consistsin performingthe fol-
lowing steps:for eachassignmentin 
 , removefrom

Z\[

the
knowledgewe hadon themodi�ed variable,addtheknowl-
edgederived from the assignmentandclosethe

Z\[

under
deduction.For instance:

update(
�

K(x = y) � , z := x; x := w) =

update(
�

K(x = y), K(z = x), K(z = y) � , x := w) =
�

K(z = y), K(x = w) ���

We now give the de�nitions of applicability and execution
which dependon a service transition � and on an action

�c: performedby a peer interacting with the service; the
�ring action � in � and the peer action �M: correspondto
the sameaction except that the former is instantiatedon
servicevariables,while the latter on variablesof the peer.
Considerfor instancethe following example where action
request(s, l) performedby the peercorrespondsto the
Shipperrequest(customer size, customer loc) .
Example4 Let's considertheinput transitiont of theShip-
per

pc = getRequest

-[INPUT request(customer size, customer loc)]->

pc := checkAvailable

andsupposethatour currentknowledgebaseis:
KB =

�

K(pc = getRequest), K � (s) � K � (l) � .

where s:Size and l:Location are additional variables.
Actionrequest(s, l) , correspondingto invokingtheShip-
per actionusings and l as parameters, is applicablein KB
sincewe know the valuesof s and l and the condition of
transitiont is obviouslyconsistentwith KB.

TheknowledgebaseobtainedbyexecutingonKBtransition
t andactionrequest(s, l) , is de�nedasfollows:

� we restrict KB with the knowledge K(pc =
getRequest) associated to the transition condi-
tion; in this speci�c caseKB remainsunchanged;

� then we updateKB with the knowledge carried by the
input action on the variablesusedas action parame-
ters; this consistsin removing from KB all the knowl-
edge we had on customer size and customer loc ,
adding the new knowledge K(customer size = s),
K(customer loc = l) and closingunderdeduction;
weobtain:

KB' =
�

K(pc = getRequest), K � (s) �

K � (l) � K � (customer size) � K � (customer loc) �

K(customer size = s) � K(customer loc = l) � ;

� �nally we updatethe knowledge basewith the effects,
removing from KB' all the knowledge we had on the
variablesmodi�ed by the assignments,addingthe new
knowledge(in this caseK(pc := checkAvailable) )
andclosingunderdeduction;weobtain:

KB'' =
�

K(pc = checkAvailable), K � (s) �

K � (l) � K � (customer size) � K � (customer loc) �

K(customer size = s) � K(customer loc = l) � .

De�nition 5 (KL Applicability and Execution)
A transition ��;� 	�#� �R��
F* and a correspondingaction �,: are
applicablein

ZU[

, written "!#$#&%('�)�"$*+%-,/. �109 

Z\[

� �
:

* if:
�

�c:B;2�� W^
f

�hgAghgj��^
i

* and �c;3�B Wa
f

�AghgAgj��a
i

* , where �

is an input,
Z�]

 W^
f

*B�hgAghgA�

Z%]

 <^
i

*
H

ZU[

and
���/E�� �4�����j 
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Noticethat theexecutionof a transitionincreasestheknowl-
edgein

Z\[

, notonly with theinformationin theeffects,but
alsowith thosein the condition. Indeed,if the transitionis
executed,this meansthattheconditionis known to hold.

Theplanningdomainat theknowledgelevel is constructed
from theknowledge-level modelsof eachcomponentservice
and from a knowledge-level representationof the composi-
tion goal. The latter de�nes which arethe variablesandthe
functionsof thecompositeservice,like, for instance,thecost
of theoffer to theuser, or a specialfunctionthataddsa mark
up to the sumof the costsof the shipperandproducer. We



call thesevariablesand functions,goal variablesand goal
functions.

Given a compositiongoal, we automaticallygenerateits
knowledgelevel representationthat declareswhat the com-
positeservicemustknow andhow goal variablesandfunc-
tionsmustbe relatedwith thevariablesandfunctionsof the
componentservices.
Example5 A possible(very simple) compositiongoal for
our referenceexampleis:

TryReach
user.pc = SUCC � producer.pc = SUCC � shipper.pc = SUCC �
user.offer cost �
addCost(producer.costOf(user.article),

shipper.costOf(producer.sizeOf(user.article), user.location))

Thegoal declaresthat we wantall theservicesto reach the
situationwhere the order hasbeencon�rmed. Moreover it
statesthat theofferedcostmustbeobtainedby applyingthe
functionaddCost to the costsoffered by the producerand
the shipper. Theoperator TryReach is oneof the modalop-
erators providedby theEAGLE goal speci�cationlanguage.
It requiresthat theplan reachesthegoal conditionwhenever
possiblein thedomain.For furtherdetails,see[Pistoreetal.,
2005]

To obtaintheknowledgelevelgoal,we�atten thefunctions
introducingauxiliary variablesuntil only basicpropositions
are left:

TryReach
user.pc = SUCC � producer.pc = SUCC � shipper.pc = SUCC �
user.offer cost = goal.added cost �
goal.added cost = addCost(goal.prod cost, goal.ship cost) �
goal.prod cost = producer.costOf(goal.user art) �
goal.ship cost = shipper.costOf(goal.prod size, goal.user art) �
goal.user art = user.article �
goal.prod size = producer.sizeOf(goal.user art) �
goal.user loc = user.location

From this �attened goal we can extract the goal variables:
goal.added cost , goal.prod cost , goal.ship cost ,
goal.prod size , goal.user art , and goal.user loc ;
andthegoal functiongoal.addCost(Cost, Cost) �Cost .

Thegoal canthenbeautomaticallytranslatedinto its cor-
respondingknowledge level goal:

TryReach
K(user.pc = SUCC) � K(producer.pc = SUCC) � K(shipper.pc = SUCC) �
K(user.offer cost = goal.added cost) �
K(goal.added cost = goal.addCost(goal.prod cost, goal.ship cost)) �
K(goal.prod cost = producer.costOf(goal.user art)) �
K(goal.ship cost = shipper.costOf(goal.prod size, goal.user art)) �
K(goal.user art = user.article) �
K(goal.prod size = producer.sizeOf(goal.user art)) �
K(goal.user loc = user.location)

The knowledge-level representationof thecompositiongoal
de�nes thereforea further knowledgebase,that we call the
knowledgebaseof thegoal.

The knowledge-level planningdomain � is obtainedby
combiningthe knowledgebasesof the componentservices
andtheknowledgebaseof thegoal,by instantiatingtheinput
andoutputactionsof the componentserviceson goal vari-
ables,andby addingtheprivateactionsobtainedby applying
goalfunctionsto goalvariables.

De�nition 6 (Knowledge-level Planning Domain)
Theplanningdomain � for a compositionproblemis anSTS
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� is thetrivial functionassociatingto each statetheset
of propositionsthathold in that state.

Given the domain � describedabove, we canapply the ap-
proachpresentedin [Pistoreet al., 2005] andobtaina dead-
lock free �@: that controls � by satisfyingthe composition
requirementsX . Despiteof thefactthat thesynthesizedcon-
troller �@: is modelledat theknowledgelevel, its elementary
actionsmodel communicationwith the componentservices
(sendingandreceivingof messages)andmanipulationof goal
variables;given this, it is straightforward to obtainthe exe-
cutableBPEL4WS compositeservicefrom ��: .

5 Experimental Evaluation
We have implementedthe proposedapproach,andusedthe
planningassymbolicmodel checkingtechniquespresented
in [Pistoreet al., 2005] to performan experimentalevalua-
tion. All the testshave run on a 3 GHz Xeon PC, limiting
memoryusageto 512MBytes,and with a CPU timeout of
1000seconds.

We �rst consideredtheP&S exampleexplainedin thepre-
vioussections,which,in spiteof thereducednumberof com-
ponents,requiresaratherintricatedprotocolto beestablished
for achieving the goal. Figure 4 shows the resultsof our



 0.1

 1

 10

 100

 1000

 1  2  3

Ground
K-level

Figure4: Experimentswith P&S.

experiments. The sameplanningengineis run to perform
knowledge-levelcompositionandgroundlevel compositions,
where different rangesof valuescan be producedand ex-
changedby theShipper, Producer andUser. Thehorizon-
tal axis reportsthecardinality � of thedatatypes(i.e. Size,
Location, Cost, Delay) handledby the services. We also
considerintermediatecaseswherewe have,for instance,two
possiblevaluesfor theCost andonly onevaluefor theSize),
reportingtheaveragecardinalityin the�gure. Onthevertical
axis, we report the compositiontime. As expected,ground
level compositionis only feasiblefor the unrealisticcases
whereprocessesmay exchangeonly datawith 2 or at most
3 values.Indeed,thetime for groundcompositiongrowsex-
ponentiallywith thecardinalityof thedatatypes,andeventhe
simplecasewheretypeshave cardinality4 is unmanageable.
Onthecontrary, knowledge-levelcompositiontakesabout10
secondsto complete,with a performancesimilar to that of
thegroundlevel for �U; 2 . This is a reasonableresult,since,
basically, binary variablesat the groundlevel correspondto
(binary)knowledgeatomsat theknowledge-level.

To evaluatethescalabilityof theknowledge-levelapproach
whenthenumberof componentservicesgrows, we perform
two setsof experiments,consideringa generalizationof the
exampledomainthatinvolvesasetof componentservices.In
our �rst setof experiments,eachcomponentis represented
by a very simpleabstractBPEL4WS processthatis requested
to provideaserviceandcanrespondeitherby performingthe
service,or by refusing.Thecompositionrequirementis that
either all servicesend successfully, or a failure is reported
to the invoker of the composedservice. Figure 5 reports
theknowledge-level compositiontimes,for increasingnum-
ber of servicesto be composed(indicatedon the horizontal
axis). Thecompositionachievesresultscomparableto those
reportedin [Pistoreet al., 2005], wheregroundcomposition
is performedonly consideringthe caseof typeswith range
of cardinality2. We manageto compose14 servicesin 20
minutes.

In thesecondsetof experiments,alsoreportedin Figure5,
we make the protocolmorecomplex, by requiringa higher
degreeof interleaving betweencomponents.Here,the inter-
actionswith eachcomponentaremorecomplex thana single
invoke-responsestep,and, to achieve the goal, it is neces-
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Figure5: Experimentswith parametrizeddomains.

saryto carryout interactionswith all componentsin aninter-
leavedway. Suchinterleaving is commonin theP&S exam-
plewhere,e.g.,theP&S cannotcon�rm theorderto thepro-
ducerif shippingis notavailableor if theuserdoesnotaccept
theoffer. Theincreasedcomplexity re�ects on thecomplex-
ity of thecomposition;however, compositionsof reasonable
complexity (up to 8 services)canbeachievedwithin 20min-
utes.Evenin this case,automatedcompositiontakesa rather
low amountof time, surelyfasterthanmanualdevelopment
of BPEL4WS code.

6 Conclusionsand RelatedWork
In this paper, we have shown how automatedcomposition
canbeobtainedby translatingautomaticallyprocess-levelde-
scriptionsof web services,e.g., BPEL4WS processes,to a
planningproblemthat describesthe interactionsamongser-
vicesat theknowledgelevel. Oursolutionexploitstheframe-
work for planningin asynchronousdomainspresentedin [Pi-
storeet al., 2005]. We show experimentallyhow theknowl-
edgelevel approachincreasessigni�cantly the practicalap-
plicability of this framework.

Theideaof planningat theknowledgelevel is notnew, and
thesolutionthatweproposeis basedon theideapresentedin
[PetrickandBacchus,2002]. Noticehowever thatour work
addressesanorthogonalproblem,i.e., theproblemof how a
knowledge-level planningdomaincanbeautomaticallygen-
eratedfrom a setof BPEL4WS processesthat describeweb
services.Moreover, at the technicallevel, our works differs
from thoseproposedin [Petrick andBacchus,2002] in the
kind of informationthatwe representandstorein theknowl-
edgebases,aswell as in the knowledge-level planningdo-
main thatwe automaticallygenerate,andin theplanningal-
gorithmweexploit.

Thework in [MartinezandLesperance,2004] shows how
to usetheknowledgelevel plannerpresentedin [Petrickand
Bacchus,2002] to solveservicecompositionproblems.How-
ever they dealonly with atomicservices(servicesexporting
a singleoperationinsteadof a protocol)andthe knowledge
level domain(e.g. domainactionspeci�cation,updaterules)
is writtenby hand.

Different automatedplanningtechniqueshave beenpro-



posedto tackletheproblemof servicecomposition,see,e.g.,
[Wu et al., 2003;Sheshagiriet al., 2003]. However, mostof
themcannotdealwith theproblemthatweaddressin thispa-
per, sincethey cannotdealwith conditionaloutputs,uncertain
actioneffects,andpartialobservability. A remarkableexcep-
tion is thework describedin [NarayananandMcIlraith, 2002;
McIlraith andSon,2002;McIlraith andFadel,2002], which
insteaddealswith sensingactionsandknowledgelevel pred-
icates.However, even in this work, theknowledgelevel do-
mainis givenby hand,andtheproblemof devisinga knowl-
edgebasethatcanbegeneratedautomaticallyfrom BPEL4WS
web servicesdescriptionsis not addressed.Moreover, the
compositionproblemis limited to sequentialcompositionsof
services.

The work in [Hull et al., 2003] presentsa formal frame-
work for composinge-servicesfrom behavioral descriptions
givenin termsof automata;they focusonthetheoreticalfoun-
dations,without providing practicalimplementations.More-
over, theconsiderede-compositionproblemis fundamentally
differentfrom our process-level composition,sinceit is seen
asthe problemof generatinga setof rulescoordinatingthe
executionof the available services. No concreteand exe-
cutableprocessis generatedwith that approach.This is the
main differencealsowith the work describedin [Berardiet
al., 2003].

In the future, we plan to extend the work to the auto-
matedcompositionof semanticwebservices,e.g.,described
in OWL-S [OWL-S, 2003], along the lines of the work in
[Traversoand Pistore,2004], which at the momentis not
basedon knowledge-level planning. We will also explore
variantsof our knowledgebase,so to allow �e xible waysto
modeldifferentfeaturesof groundlevel domains.
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