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Abstract

In this paper we addresghe problemof the auto-
matedcompositionof web servicedy planningon
their “knowledgelevel” models.We startfrom de-
scriptionsof webservicesn standargrocessnod-
eling andexecutionlanguageslike BPEL4wS, and
automaticallytranslatethem into a planning do-
main that modelsthe interactionsamongservices
at the knowledge level. This allows us to avoid
the explosion of the searchspacedueto the usu-
ally large and possiblyin nite rangesof dataval-
uesthat are exchangedamongservices,and thus
to scaleup theapplicability of state-of-the-artech-
niguesfor the automateccompositionof web ser
vices. We presentthe theoreticalframeawvork, im-
plementit, andprovide an experimentalevaluation
thatshaws the practicaladvantageof our approach
w.r.t. techniqueshatarenotbasednaknowledge-
level representation.

1 Intr oduction

Researclin planningis moreandmorefocusingon the prob-

lemof theautomateadompositiorof webservicesgivenaset
of serviceghat arepublishedon the Web, andgivena goal,

generatea compositionof the available servicesthat satis-
es thegoal(see.e.g.,[NarayanarandMcllraith, 2007). In

spite of the factthat several approachesiave beenproposed
sofar (see,e.g.,[Mcllraith and Son,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

nondeterministi@ndpartially obsenablebehaiors [Koehler
and Srivastaa, 2003;Hull etal., 2003;Berardiet al., 2003;
Mcllraith andFadel,2002; TraversoandPistore,2004; Mar-

tinez and Lesperance2004, and thus planningalgorithms
mustwork with incompletanformationandwith actionswith

uncertaineffects. Moreover, in several applicationdomains,
web servicescannotbe simply modeledas atomic compo-
nents,but asstatefulprocessesvhoseinteractionsareintrin-

sically asynchronougFu et al., 2004; Fosteret al., 2003;
Pistoreetal., 2004.
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Recentworks addressthe problem of the practicality of
the proposedsolutionsfor web service composition. For
instance,[Traversoand Pistore,2004; Pistoreet al., 2009
proposea framavork whereweb servicesare modeledwith
stateful,nondeterministicandpartially obsenablebehaiors,
andplanningtechniquesasedon symbolicmodelchecking
are usedto addresghe scalability problem. However, these
techniquesvork undertheratherunrealisticassumptiorthat
web servicescanexchangeonly avery smallnumberof data
values. For instance asthe experimentalresultsreportedin
[TraversoandPistore,2004; Pistoreet al., 2005 show, rea-
sonableperformancesre obtainedfor web serviceswhose
variablescancontainonly two values. This amountsto say
thatamazon.com couldselljusttwo books!

Luckily enough asalreadystatedin [Pistoreetal., 2005,
thecompositiorsolutionshouldnotdependntheactualdata
exchangedamongweb servicesjn the sameway asthe op-
erationsthat one hasto performto buy a book do not de-
pendon the precisebook one wantsto buy. The ow of
operationsand interactionsdependsnsteadon whetherthe
desiredbook is available or not, on whetherits costis af-
fordable,andsoon. Therelevantissuedfor interactingwith
amazon.com are whetherone knowswhetherthe book is
available or not, whetherone knowsthe value of its price,
andsoon. The hopehereis to apply planningtechniquesat
theknowledg level, in the styleof thoseproposedn [Petrick
and Bacchus,2004, or usedin [Mcllraith and Son, 2002;
Martinez and Lesperance2004. This would make it pos-
sible to modelonly thosefeaturesof the serviceswhich are
relevantto composehem,andthusallow for anef cient au-
tomatedcomposition.

Unfortunatelyapplyingknowledge-level planningto solve
the automatedcompositionproblem presentsa major dif -
culty. While in [Petrick and Bacchus,2002 the planning
domain at the knowledge level is de ned by hand, this is
impractical for web service automatedcompositiontasks.
Theknowledgelevel domainmustbe extractedautomatically
from the descriptionof the servicesthat are published.e.g.,
in standardanguagesdik e BPEL4ws [Andrewsetal., 2003.
The problemis thereforeto devise a properknowledgelevel
model, which is suitedfor the automatedccompositiontask,
andwhich canbe obtainedautomaticallyfrom the published
description®f thewebservices.

In this paperwe proposea novel approactto the problem
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of automatedcompositionthat is basedon planningat the
knowledgelevel. We achieve this in thefollowing steps:

We formally de ne aknowledgelevel modelof webser

vices that can be obtainedautomaticallyfrom speci -

cationsin standardanguagegor modelingandimple-
mentingservices.We shav indeedhow BPEL4WS pro-
cesseanbe automaticallytranslatednto their knowl-

edgelevel models.

We shov how the automateccompositionproblemcan
bedescribedsaplanningproblem:from theknowledge
level modelsof the availableservicesaandfrom thecom-
positiongoal, we generate planningproblemsuchthat
asolutionplanencodeshe desiredcomposition.

We apply the planningtechniquesiescribedn [Pistore
et al., 2009 to the knowledgelevel planningproblem
thatwe obtainfrom the previous steps.The key adwan-
tagew.r.t. [Pistoreet al., 2009 is thatwe do not have
to dealwith all the possiblevaluesof variablesthatare
exchangedmongservices.

We implementthe proposedramework, and provide a
preliminary experimentalevaluationthat clearly shovs

thebene tsof ourapproach.

The paperis structuredasfollows. We rst describea sim-
ple example of compositionof BPEL4WS processesywhich
we will useall alongthe paper(Section2). We thenbrie y
recall the framework for planningin asynchronouslomains
thathasbeenrst introducedn [Pistoreetal., 2009 (Section
3). In Section4, we describethe knowledgelevel represen-
tation of web servicesandthe resultingplanningframework
attheknowledgelevel. We nally describethe experimental
evaluation(Section5), someconclusionsandrelatedwork.

2 Compositionof BPEL processes

Our referenceexampleis the Purchaseand Ship (P&S here-
after) exampleintroducedin [Pistoreet al., 2005; Traverso
andPistore,2004.

Example1l TheP&S exampleconsistsn providing a furni-
ture purchase& ship serviceby combiningtwo independent
existing services,a furniture producerProducer and a de-
livery serviceShipper. Thisway, the User, also described
asa service maydirectly askthe compositeserviceP&S to
purchasea givenitemanddeliverit at a givenplace(for sim-
plicity, we assumehat the shipmenorigin is xed andleave
it implicit).

The interactionswith the existing serviceshaveto follow
speci ¢ protocols. For instance the interactionswith the

Shipper start with a requestfor transportinga product of
a givensizeto a givenlocation. This might not be possi-
ble, in which casetherequesteiis noti ed, and the protocol
terminateswith failure. Otherwise a costand deliverytime
are computecand sentbad to therequesterThenthe Ship-
per waits for either an acceptanceor a refusalof the offer
fromtheinvoker. In theformercase a deliverycontract has
beende ned andthe protocolterminateswith successyhile
it terminateswith failure in the latter case Similar proto-
colsare de nedalsofor Producer andUser. Themessges
exchangedamongtheinvolvedservicesare describedn Fig-
urel.

TheP&S hasthegoalto sellhome-delivezdfurniture (i.e.,
to read the situation whele the user has con rmed an or-
der and the servicehas con rmed the correspondingsub-
orders to producerand shipper),interacting with Shipper,
Producer, andUser accoding to their protocols. A typical
interactioncouldbeasfollows:

1. the User asksP&S for an article
transportedat location ;

2. P&S asksthe Producer for the size the cost,and how
mud time doesit take to producethearticle ;

3. P&S asksthe Shipper for the price andtime neededo
transportan objectof sud a sizeto ;

4. P&S sendsthe User an offer which takesinto account
the overall cost(plusan addedcostfor P&S) andtime
to achieveits goal,;

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

Thisis howerer only the normal case and otherinteractions
shouldbe consideed, e.g., for the caseshe producerand/or
delivery servicesare not able to satisfythe request,or the
userrefuseghe nal offer.

With automatedcompositionof web serviceswe mean
the generationof a new compositeservice(the P&S in our
case)thatinteractswith a setof existing componenservices
(Shipper, Producer, andUser in our case)n orderto satisfy
agivencompositiorgoal (sellhome-delNeredfurniture).

We assumehattheinteractionprotocolsof thecomponent
services,aswell asthe compositeservice,are describedas
BPEL4WS processeéseeFigure?2 for agraphicalrepresenta-
tion of the Shipper BPEL 4w's process)Noticethatwhile ex-
isting servicesaredescribedasabstractBPEL4WS processes
(providing essentiallythe communicatiorprotocol),the syn-
thesizedserviceis anexecutableBPEL 4wWS processexporting
all the detailsto be directly deployedandrun. A BPEL4WS
descriptionspeci esthetypesandinternalvariablesof a ser
vice, and its input and output capabilities. The behaior
of the processis describedusinginput (receive ) andout-
put (invoke , reply ) actvities combinedby standardcon-
structs,suchassequencedpops, parallelexecutions condi-
tional choicesandnondeterministichoices.

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 behaioral aspectqde ned in term of transi-
tion steps).For the moment, the translationis restrictedto a

, that he wantsto be
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Figure2: The Shipper BPEL4WS process.

subsebf BPEL4WS processeswe supportall BPEL4WS ba-
sic andstructuredactivities likeinvoke |, 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 andcompensation
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 the caseof the Shipper process.

Example 2 Figure 3 showsa formal modelof the Shipper,
automaticallyextracted from the BPEL4wS processof Fig-
ure 2. TheShipper processs characterizedby a setof ab-
stract typesusedin theinteractions(e.g., Size , Cost ), by a
setof inputsand outputs(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 the stateof the process.In
Figure 3, variablesof abstract types(e.g., customer _size )
store valuesusedin thecommunicationsyhile an additional
variable pc implements “pr ogram counter” that holdsthe
current executionstep of the service The modeldescribes
the evolution of the processthrougha setof possibletransi-
tions, eadh correspondingo a “step” in the BPEL4WS pro-
cess;ead transitionde nesan applicability condition,a r -
ing action, and an effect (de ned as a list of assignmento
variables). Possibleactionsare inputs, outputs,and a spe-
cial action TAUwhich is usedto modelinternal evolutionsof
the processsud as assignmentand decisionmaking(e.g.,
the transition from state prepareOffer , whee the inter-
nal functionscostOf anddelayOf are usedto computethe
shippingprice anddeliverytime).

PROCESS Shipper;
TYPE
Size; Location; Cost; Delay;
INPUT
request(Size,ocation); ack(); nack();
OUTPUT
offer(Delay Cost); not.avail();
FUNC
costOf(Sizelocation): Cost; delayOf(SizeLocation): Delay;
VARIABLE
pc: START, getRequestheckAvailable,end.checkAvailable,sequencelsequence2,
prepareOfer, sendOfer, waitAnswer endWaitAnswer empty1,prepareNotAail,
sendNotAail, SUCC,FAIL ;
customersize: Size; customeroc: Location;
offer.delay:Delay; offer_cost: Cost;
INIT
pc:= START;
TRANS
pc=START -[TAU]- pc:=getRequest;
pc = getRequest[INPUT request(customesize,customedoc)]-
pc=checkAvailable -[TAU]-  pc:=sequencel;
pc=checkAvailable -[TAU]-  pc:=sequence2;
pc=sequence}[TAU]- pc:=prepareOfr;
pc=prepareCfer -[TAU]-  pc:=sendOfer,
offer_cost:=costOf(customesize,customeloc),
offer_delay:=delayOf(customesize,customeloc);
pc=sendOfer -[OUTPUT offer(offer.cost,offer.delay)]- pc:=waitAnswer;
pc=waitAnswer -[INPUT nack]- pc:=FAIL;
pc=waitAnswer -[INPUT ack]- pc:=emptyl;
pc=emptyl-[TAU]- pc:=endWaitAnswer;
pc=endWaitAnswer -[TAU]-  pc:=endCheckAailable;
pc=endCheckAailable -[TAU]-  pc:= SUCC;
pc=sequence2[TAU]-  pc:= prepareNotAail;
pc=prepareNotAail -[TAU]- pc:=sendNotAail;
pc=sendNotAail -[OUTPUT notavaill-  pc:=FAIL;

pc:=checkAvailable,

Figure3: A formal modelof the Shipper.

3 A Planning Framework for Sewice
Composition

The work in [Pistoreet al., 2005 presentsa formal frame-
work for the automateccompositionof web serviceswhich
is basedon planningtechniqguescomponentservicesde ne
the planningdomain,compositionrequirementsre formal-
izedasa planninggoal, andplanningalgorithmsare usedto
generatethe compositeservice. Due to the natureof web
services,the resulting planningdomainis nondeterministic
and partially obsenable. The framework of [Pistoreet al.,
2009 differs from other planning frameaworks sinceit as-
sumesan asynchronousmessage-basedteractionbetween
the domain(encodingthe componenservices)andthe plan
(encodingthe compositeservice). More precisely the plan-
ning domainis modeledas a state transition system(STS
from now on)thatcanbein oneof its possiblestategasubset
of which areinitial) andcanevolve to new statesasa result
of performingsomeactions.In particular input actionsrep-
resenimessagesentto thecomponenserviceswhile output
actionsare messageseceived from the componentervices.
Privateactionsareactionsthatthecompositeservicecanper
form internally, without interactingwith the componenser
vices', while the specialaction is usedto modelinternal
evolutions of the componentserviceswhich are not visible
to the serviceuser Finally, a labelingfunction associateso
eachstatethe setof properties holdingin thatstate.

1As we will see,private actionsare usedto model operations
suchascomputingthetotal costfor the userfrom the costsreceved
from the producerandfrom the shipper Privateactionsarespeci®c
of theknowledge-level approactpresentediereandfor this reason
they do not appearin [Pistoreet al., 2005. The extensionof the
theoryof [Pistoreetal., 2009 to privateactionsis straightforvard.



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

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;
is thelabelingfunction.

In acompositiorproblem the compositeserviceis de ned
asa“controller”  (alsodescribedisa STS),whichinteracts
with thedomain , orchestratinghe componenserviceshy
invoking their operationsand handlingresults. We now re-
call the formal de nition of the behaior of a STS when
controlledby

De nition 2 (controlled system)

Let and
be two state transition sys-
tems,whee for all . TheSTS ,

describingthe behavios of system whencontolledby
is de nedas:

whee:
if ;
if ;
, With , if
and

Due to the asynchronousature of web serviceinterac-
tions, andin orderto guaranteea correctexecutionof the
compositeservice,we needto rule out explicitly the cases
wherethe sendeiis readyto senda messagé¢hattherecever
is not ableto accept. Accordingto [Pistoreet al., 200, a
state is ableto acceptamessage if thereexistssomesuc-
cessor of , reachabldrom througha (possiblyempty)
sequencef transitionssuchthataninputtransitionlabeled
with canbe performedin . This intuition is capturedn
thefollowing de nition, wherewe denoteby -closure the
setof stategeachabldrom throughachainof transitions.
For what concerngprivate actions,sincethey correspondo
internal operationsof the compositeservice,we simply as-
sumethatthey areexecutablan the currentstateof

De nition 3 (deadlock-freecontroller)

Let be a STSand

be a contwller for is said
to bedeadlockfreefor if all states that
are readablefromtheinitial statesof satisfythefol-

lowing conditions:

if with thenthere is some
-closure sud that for some

if with thenthere is some
-closue sud that for some

if with then for

some

In [Pistoreet al., 2009, the compositionproblemfor do-
main andcompositiongoal is de ned asthe problemof
nding adeadlock-freeSTS  suchthat satises .
Planningtechniquesbasedon the planningas modelched-
ing frameawork, areusedto solve this problem,andthe exper
imentalresultsshow the effectivenesof this approach.

However, the approachof [Pistoreet al., 2009 requiresa
nite setof datavaluesfor all datatypes(e.g.,only a nite
numberof articles,locations,costs.. canbede ned in the
P&S domain). This assumptiorguaranteeshat the formal
modelof a BPEL4wWS processuchasthe onein Figure3 can
be mappednto a nite-state STS.Moreover, the numberof
datavaluesimpactdramaticallyon the size of the generated
STS,andvery small setsof valuesneedto be usedto allow
for aneffective plangenerationfor instanceall experiments
in [Pistoreetal., 2005 assumenly two valuesfor eachdata
type. In thefollowing we shon how to adaptheframework of
[Pistoreetal., 2009 to a knowledge-level planningapproach
in orderto remove this restrictionand allow for automated
compositionwith arealistic(or evenin nite) numberof data
values.

4 Sewice Compositionvia Knowledge-Level
Planning

The key aspecfor extendingthe approactof [Pistoreet al.,
2009 to theknowledgelevel is thede nition of anappropri-
atemodelfor providing a knowledgelevel descriptionof the
componenservices.In this sectionwe formally de ne such
amodelin termsof a suitableknowledgebase(from now on

). Thenwe shav how to constructhe STScorresponding
to theplanningdomainby composingheknowledgebase of
thecomponenservices.

De nition 4 (KnowledgeBase)
Aknowledgbase is a setof propositionsof thefollowing

form:
whee is avariablewith an abstacttype;

whele x is an enumeative variableandv is
oneofits possiblevalues;
wheiexandy aretwo variableswith thesame
type;
are vari-
is a functioncompati-

whele
ableswith an abstiacttypeand
ble with thetypesof

With we meanthatwe know thatproposition is true
and with that we know the value of the variable .
This de nition of knowledgebaseis very simple; still, our
experimentsshow thatit is powerful enoughto modelweb
servicecompositionproblems.
We saythata knowledgebase is consistentf it does
not contain contradictoryknowledge propositionssuch as
and , With . We saythat is
closedunderdeductionif it containsall the propositionghat
canbe deducedrom the propositionsin ; for instancea



containingboth and shouldcontain
also .
The knowledgebase of a componentserviceis ob-

tainedfrom the variablesfunctionsandtypesof the service.

Example 3 An exampleof knowledgebasefor the Shipper
processn Figure 3is:
KB= K(pc = waitAnswer) K (customer _size) K (customer _loc)
K(offer _cost = costOf(customer customer _loc))
K(offer _delay = delayOf(customer customer _loc))
K (offer _cost), K (offer _delay)

_size,
_size,

In the following we describewhen a transitioncan be exe-
cutedin aknowledgebase andhow its executionaffects

We modela transition , suchasthosepresentedn Fig-
ure 3, asatriple where are
its conditions, isits ring actionand are
its effects. We startby de ning the auxiliary restrictionand
updateoperations.

Therestrictionof a knowledgebase with a condition

, denotedwith , is performedaddingto

the knowledgeobtainedfrom  andclosingunderde-
duction;for instance:

restrict( Kx =vy) ,

Kx =y, Ky =2),

The updateof a knowledgebase with aneffect , de-
notedwith , consistsin performingthe fol-

lowing stepsifor eachassignmenin , removefrom the
knowledgewe hadon the modi ed variable,addthe knowl-

y=2 =
K(x = 2)

edgederied from the assignmenand closethe under
deduction.For instance:
update( K(x =vy) , z = X X = w) =
update( K(x =vy), Kz =x), Kz =y , x = w) =
Kz =vy), Kkx =w)

We now give the de nitions of applicability and execution
which dependon a servicetransition and on an action
performedby a peer interactingwith the service; the

ring action in andthe peeraction correspondo
the sameaction except that the former is instantiatedon
servicevariables,while the latter on variablesof the peer
Considerfor instancethe following example where action
request(s, I) performedby the peercorrespondso the
Shippermequest(customer  _size, customer _oc)
Eé(;’;lmple4 Let's considertheinput transitiont of the Ship-

pc = getRequest

-[INPUT request(customer

pc := checkAvailable

_size, customer _oc)]->

andsupposehat our currentknowled@ baseis:

KB =  K(pc = getRequest), K (s) K ()
whe s:Size and l:Location are additional variables.
Actionrequest(s, I) , correspondindo invokingtheShip-

per actionusings and| as parametes, is applicablein KB
sincewe knowthe valuesof s and| and the condition of
transitiont is obviouslyconsistentvith KB.

Theknowled@ baseobtainedby executingonKBtransition
t andactionrequest(s, l) ,isde nedasfollows:

we restrict KB with the knowledg K(pc =
getRequest) associated to the transition condi-
tion; in this speci ¢ caseKBremainsunchanged;

then we updatekB with the knowled@ carried by the
input action on the variablesusedas action parame-
ters; this consistsin remwing from KB all the knowl-
edge we had on customer _size and customer _oc ,
addingthe new knowled@ K(customer _size = s),

K(customer _oc = 1) andclosingunderdeduction;

weobtain:
KB' = K(pc = getRequest), K (s)
K () K (customer _size) K (customer _loc)
K(customer _size = s) K(customer _oc = I)

nally we updatethe knowled@ basewith the effects,
remwing from KB' all the knowledg we had on the
variablesmodi ed by the assignmentsadding the new
knowledg (in thiscaseK(pc := checkAvailable) )
andclosingunderdeduction;we obtain:

KB" = K(pc = checkAvailable), K (s)
K (1) K (customer _size) K (customer _loc)
K(customer _size = s) K(customer _loc = 1)

De nition 5 (KL Applicability and Execution)

A transition and a correspondingaction  are
applicablein , Written if:
and ,  Whee
is an input, and
is consistentpr
and , Wwhee isan
output,and is consistentpr
and is consistent.
If , then we denote with
the execution on of and
, de nedasfollows:
if and then ,
whee ;
if , whee is an in-
put, and then
, whee
if ,  whee is an out-
put, and then
, whee

Noticethatthe executionof a transitionincreaseshe knowl-
edgein , notonly with theinformationin the effects,but
alsowith thosein the condition. Indeed,if the transitionis
executedthis meanghatthe conditionis known to hold.
Theplanningdomainatthe knowledgelevel is constructed
from theknowledge-lerel modelsof eachcomponenservice
and from a knowledge-level representatiomf the composi-
tion goal. The latter de nes which arethe variablesandthe
functionsof thecompositeservice ik e, for instancethe cost
of the offer to theuser or a specialfunctionthataddsa mark
up to the sum of the costsof the shipperand producer We



call thesevariablesand functions, goal variablesand goal
functions

Given a compositiongoal, we automaticallygenerateits
knowledgelevel representatioithat declareswhat the com-
positeservicemustknow and how goal variablesand func-
tions mustbe relatedwith the variablesandfunctionsof the
componenservices.

Example5 A possible(very simple) compositiongoal for
our refeenceexampleis:

TryReach
user.pc = SUCC producer.pc = SUCC shipper.pc = SUCC
user . of f er cost
addCost (producer. cost Of (user.article),

shi pper. cost Of (producer. si zeCf (user.article), user.l|ocation))

Thegoal declaesthat we wantall the servicesto reac the
situation whele the order has beencon rmed. Moreover it
statesthat the offered costmustbe obtainedby applyingthe
functionaddCost to the costsoffered by the producerand
the shipper Theopefator TryRead is one of the modal op-
erators providedby the EAGL E goal speci cationlanguage.
It requiresthat the plan reachesthe goal conditionwheneer
possiblein thedomain.For further details,see| Pistore etal.,

004
To obtaintheknowledg levelgoal,we atten thefunctions
introducingauxiliary variablesuntil only basic propositions
are left:

TryReach
user.pc = SUCC producer.pc = SUCC shipper.pc = SUCC

user . of f er cost goal . added_cost

goal . added_cost addCost (goal . prodcost, goal.ship-cost)

goal . prod_cost = producer.cost Of (goal . user.art)
goal . shi p_cost = shi pper.cost Of (goal . prodsi ze, goal .user.art)
goal .user_art = user.article

goal . prod-si ze = producer.sizeO (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 , andgoal.user _oc ;
andthegoal functiongoal.addCost(Cost, Cost) Cost .

Thegoal canthenbe automaticallytranslatednto its cor-
respondingknowledg level goal:

TryReach
K(user.pc = SUCC) K(producer.pc = SUCC) K(shipper.pc = SUCC)
K(user. of fer cost = goal . added_cost)
K(goal . addedcost = goal . addCost (goal . prodcost, goal .shipcost))
K(goal . prod.cost = producer.costOf (goal . user.art))
K(goal . shi pcost = shi pper.cost Of (goal . prodsi ze, goal .user._art))
K(goal . user.art = user.article)

K(goal . prod.si ze = producer. si zeOf (goal . user art))
K(goal . user .l oc = user.|ocation)

The knowledge-level representationf the compositiongoal
de nes thereforea further knowledgebase that we call the
knowledg baseof thegoal.

The knowledge-level planningdomain is obtainedby
combiningthe knowledge basesof the componentservices
andthe knowledgebaseof thegoal, by instantiatingheinput
and output actionsof the componentserviceson goal vari-
ables andby addingthe privateactionsobtainedby applying
goalfunctionsto goalvariables.

De nition 6 (Knowledge-level Planning Domain)
Theplanningdomain for a compositiorproblemis an STS
de nedasfollows:

the setof states are all the possible de ned on
thesetof typedvariables andontheset
of typedfunctions , whee

and are the variablesand functionsof the
componenserviceswhile and are thoseof the

compositiorgoal;

is the setof initial statescorrespondingo the
initial knowledg bases , obtainedfrom
theinitial assignmentsfthecomponenservices;

is the set of input actions suc that

is aninputactionin a transitionof a com-

ponentserviceand are goal variableswith
thesametypeof servicevariables ;

is the setof outputactions suc that
is an output action in a transition of a

componentserviceand are goal variables
with the sametypeof servicevariables ;
is thesetof privateactions whee
is a goal functionand are goal vari-

ablescompatiblewith thetypeof ;

is the setof transitions , with ,
sud that:
— if isaninput,outputor action,thentherexists

a in the setsof transitionsof the com-

ponentservicessud that and

is a private action of
, then

— if the form

and

is thetrivial functionassociatingo ead statethe set
of propositiongthathold in that state

Giventhe domain describedabore, we canapply the ap-

proachpresentedn [Pistoreet al., 2009 andobtaina dead-
lock free  thatcontrols by satisfyingthe composition
requirements . Despiteof the factthatthe synthesizedon-

troller  is modelledat the knowledgelevel, its elementary
actionsmodel communicationwith the componentservices
(sendingandreceving of messagesgindmanipulatiorof goal

variables;giventhis, it is straightforvardto obtainthe exe-

cutableBPEL 4ws compositeservicefrom

5 Experimental Evaluation

We have implementedthe proposedapproachand usedthe
planningas symbolic model checkingtechniquespresented
in [Pistoreet al., 2009 to perform an experimentalevalua-
tion. All thetestshave run on a 3 GHz Xeon PC, limiting
memory usageto 512MBytes,and with a CPU timeout of
1000seconds.

We rst consideredhe P&S exampleexplainedin the pre-
vioussectionswhich, in spiteof thereducechumberof com-
ponentsrequiresaratherintricatedprotocolto beestablished
for achieving the goal. Figure 4 shaws the resultsof our
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Figure4: Experimentsvith P&S.

experiments. The sameplanningengineis run to perform
knowledge-lerel compositiorandgroundlevel compositions,
where different rangesof valuescan be producedand ex-
changeddy the Shipper, Producer andUser. Thehorizon-
tal axis reportsthe cardinality— of the datatypes(i.e. Size,
Location, Cost, Delay) handledby the services. We also
considerintermediatecasesvherewe have, for instancetwo
possiblevaluesfor the Cost andonly onevaluefor the Size),
reportingthe averagecardinalityin the gure. Onthevertical
axis, we reportthe compositiontime. As expected,ground
level compositionis only feasiblefor the unrealisticcases
whereprocessesnay exchangeonly datawith 2 or at most
3 values.Indeed thetime for groundcompositiongrows ex-
ponentiallywith thecardinalityof thedatatypes,andeventhe

simplecasewheretypeshave cardinality4 is unmanageable.

Onthecontrary knowledge-level compositiontakesabout10
secondgo complete,with a performancesimilar to that of
thegroundlevel for — . Thisis areasonableesult,since,
basically binary variablesat the groundlevel correspondo
(binary)knowledgeatomsat the knowledge-level.

To evaluatethescalabilityof theknowledge-level approach
whenthe numberof componenserviceggrows, we perform
two setsof experimentsconsideringa generalizatiorof the
exampledomainthatinvolvesasetof componenservicesin
our rst setof experiments,eachcomponenis represented
by a very simpleabstracBPEL4ws procesghatis requested
to provide aserviceandcanresponckitherby performingthe
service,or by refusing. The compositionrequirements that
eitherall servicesend successfullyor a failure is reported
to the invoker of the composedservice. Figure 5 reports
the knowledge-level compositiontimes, for increasingnum-
ber of servicesto be composedindicatedon the horizontal
axis). The compositionachiezesresultscomparabldo those
reportedin [Pistoreet al., 2009, wheregroundcomposition
is performedonly consideringthe caseof typeswith range
of cardinality2. We manageto composel4 servicesin 20
minutes.

In the secondsetof experimentsalsoreportedn Figure5,
we malke the protocol more comple, by requiringa higher
degreeof interleaving betweencomponentsHere,theinter
actionswith eachcomponenaremorecomplex thanasingle
invoke-responsetep, and, to achieve the goal, it is neces-

1000
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Figure5: Experimentsvith parametrizedlomains.

saryto carryoutinteractionsvith all componentén aninter-
leavedway. Suchinterleaving is commonin the P&S exam-
plewhere,e.g.,the P&S cannotcon rm theorderto the pro-
ducerif shippingis notavailableor if theuserdoesnotaccept
the offer. Theincreasedcompleity re ects on the complex-
ity of the compositionjhowever, compositionf reasonable
compleity (upto 8 servicesanbeachievedwithin 20 min-
utes.Evenin this case automatedompositiontakesarather
low amountof time, surelyfasterthan manualdevelopment
of BPEL4wsS code.

6 Conclusionsand Related Work

In this paper we have shavn how automatedcomposition
canbeobtainedy translatingautomaticallyprocess-leel de-
scriptionsof web services,e.g., BPEL4WS processesto a
planningproblemthat describeghe interactionsamongser
vicesattheknowledgelevel. Oursolutionexploitstheframe-
work for planningin asynchronoudomainspresentedh [Pi-
storeet al., 2005. We shav experimentallyhow the knowl-
edgelevel approachincreasesigni cantly the practicalap-
plicability of this framework.

Theideaof planningattheknowledgelevelis notnew, and
thesolutionthatwe proposds basecntheideapresentedn
[Petrickand Bacchus2002. Notice however that our work
addressean orthogonalproblem.,i.e., the problemof how a
knowledge-level planningdomaincanbe automaticallygen-
eratedfrom a setof BPEL4AWS processeshat describeweb
services.Moreover, at the technicallevel, our works differs
from thoseproposedn [Petrickand Bacchus,2004 in the
kind of informationthatwe represenandstorein the knowl-
edgebasesaswell asin the knowledge-level planningdo-
mainthatwe automaticallygenerateandin the planningal-
gorithmwe exploit.

Thework in [MartinezandLesperance2004 shavs how
to usethe knowledgelevel plannerpresentedn [Petrickand
Bacchus2007 to solve servicecompositiorproblems How-
ever they dealonly with atomicservices(servicesexporting
a single operationinsteadof a protocol) andthe knowledge
level domain(e.g. domainactionspeci cation,updaterules)
is written by hand.

Different automatedplanningtechniqueshave beenpro-



posedto tacklethe problemof servicecompositionseee.g.,
[Wu etal., 2003;Sheshagiret al., 2003. However, mostof

themcannotdealwith the problemthatwe addressn this pa-
per, sincethey cannotdealwith conditionaloutputsuncertain
actioneffects,andpartialobsenability. A remarkablesxcep-
tion is thework describedn [NarayanamndMcllraith, 2002;
Mcllraith and Son,2002; Mcllraith and Fadel,2002, which
insteaddealswith sensingactionsandknowledgelevel pred-
icates. However, evenin this work, the knowledgelevel do-
mainis givenby hand,andthe problemof devising a knowl-

edgebasehatcanbegenerate@dutomaticallyfrom BPEL4WS
web servicesdescriptionsis not addressed.Moreover, the
compositiorproblemis limited to sequentiatompositionof

services.

The work in [Hull et al., 2003 presentsa formal frame-
work for composinge-servicesrom behaioral descriptions
givenin termsof automatathey focusonthetheoreticafoun-
dations,without providing practicalimplementationsMore-
over, theconsidereak-compositiorproblemis fundamentally
differentfrom our process-leel composition sinceit is seen
asthe problemof generatinga setof rules coordinatingthe
execution of the available services. No concreteand exe-
cutableprocesds generatedvith thatapproach.This is the
main differencealsowith the work describedn [Berardiet
al., 2003.

In the future, we plan to extend the work to the auto-
matedcompositionof semantioveb servicesg.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 soto allow e xible waysto
modeldifferentfeaturesof groundlevel domains.
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