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Abstract. Service composition is gaining momentum as thethis issue [5,6,43]. It is defined as an extension of the “exist-
potentialsilver bulletfor the envisione@&emantic Webt pur- ing” Web in which information is given a well-defined mean-
ports to take the Web to unexplored efficiencies and provideng [43]. The ultimate goal of the Semantic Web is to transform
a flexible approach for promoting all types of activities in to- the Web into a medium through which data can be shared, un-
morrow’s Web. Applications expected to heavily take advan-derstood, and processed by automated tools.
tage of Web service composition include B2B E-commerce  The development of enabling technologies for the Seman-
and E-government. To date, enabling composite services ha& Web is the priority of various research communities. One
largely been an ad hoc, time-consuming, and error-prone prokey technology is the emerging conceptVgéb service$s,
cess involving repetitive low-level programming. In this pa- 7]. Simply put, aWeb services a set of related functionali-
per, we propose aontologybased framework for the auto- ties that can be programmatically accessed through the Web
matic composition of Web services. We present a technique tf38]. Examples of Web services include stock trading, credit
generate composite services from high-level declarative deeheck, and electronic tax filing. This powerful conceptis grad-
scriptions. We define formal safeguards for meaningful com-ually taking root because of the convergence of business and
position through the use @omposabilityrules. These rules government efforts to making the Web the place of choice
compare theyntacticandsemantideatures of Web services for all types of activities. The widespread adoption of XML
to determine whether two services are composable. We prostandards including WSDL [46], SOAP [44], and UDDI [45]
vide an implementation using an E-government applicatiorhas spurred intense activity in industry and academia to ad-
offering customized services to indigent citizens. Finally, wedress Web service research issues. One of the most important
present an exhaustive performance experiment to assess tlesues is the use of the Web as a facilitator of seroice
scalability of our approach. sourcing[9, 38]. This new model would enable companies to
significantly reduce their overhead, deploy business solutions
Keywords: Semantic Web — Web services — Service compo-quickly, and open up new business opportunities. We identify
sition — Ontology two types of servicesimpleandcompositeSimpleservices
are Internet-based applications that do not rely on other Web
services to fulfill consumer requests. An example of a simple
service is demon checkervice that provides history informa-
tion about cars (e.g., whether the car has failed in a previous
emission/inspection test). @ompositeservice is defined as a
1 Introduction conglomeration of outsourced services (simple and/or com-
posite) working in tandem to offeralue-addedervice. An

The Web was originally created to enable the sharing of in-€xample of a composite service isar brokerthat outsources
formation among scientists. It has since evolved to cater tgrom car dealer financing andinsuranceservices to provide
governments, businesses, and individuals to make their dat&0mplete” car sale solutions.

Web accessible. However, a large proportion of today’s data  Service composition has recently taken a central stage as
on the Web are “understandable” only to humans or custom@n €émerging research area. Several techniques have been pro-

developed applications. Ti&emantic Wepurports to address  Posed in this area [3,4,10,21,29,34]. However, they gener-
ally require dealing with low-level programming details, thus

* This author's work is supported by the National Science Foun-making the process of composing services demanding for non-
dation’s Digital Government Program under grant 9983249-EIA andexpert users. Composers need to identify the way operations
by a grant from the Commonwealth Information Security Centerare interconnected, services invoked, and messages mapped
(CISC). to one another. For example, assume thattrebrokerpro-

** This author’s work is supported by the National Science Foun-vides an operatiomsuranceQuote  that requests quotes
dation’s Digital Government Program under grant 9983249-EIA.
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from aninsuranceservice. Assume thasuranceQuote tion contains the list of operations to be performed through
sends the following information to thmsuranceservice: composition without referring to any component service.
firstName ,lastName , SSN(social security number),and — Prototype implementation and experiments We pro-

dateOfBirth . To enable interactions between both ser-  vide a prototype implementation of our approach using
vices, the composer would have to select ith®iranceser- emerging Web service standards including WSDL, UDDI,

vice operation to invoke and ensure that this operation does and SOAP. We also conduct a set of experiments to eval-
not require additional information (e.g., customer’s address) uate the performance and scalability of our approach.
to process the request. Additionally, the composer needs to

check that the types of data expected by itheiranceser- The remainder of this paper is organized as follows. In
vice operation are compatible with the types of data sent bySect. 2, we present our approach for the semantic description
insuranceQuote . of Web services. In Sect. 3, we describe the proposed compos-

The automaticcomposition of Web services is a recent ability model for Web services. In Sect. 4, we present a novel
trend to deal with the aforementioned problems [6,23]. Thistechnique for the automatic generation of composite service
would include the automatic selection and interoperation ofdescriptions. In Sect. 5, we use an E-government application
Web services. Automatic composition is slated to play a mat0o showcase the implementation of the proposed approach. In
jor role in enabling the envisioneéBemantic Wep48]. Com-  Sect. 6, we discuss the performance of the proposed approach.
posers would specify thehatpart of the desired composition In Sect. 7, we give a brief survey of the related work. Finally,
(i.e., the actions to be performed), but will not concern them-We provide concluding remarks in Sect. 8.
selves with thenow part (services to be outsourced, how to
interact with those services, etc). The process of composing
Web services (selecting Web services, plugging their opera2 Semantic description of Web services
tions, mapping their messages, etc.) must be transparent to
users. Detailed descriptions of composite services would b&€omposing Web services requires the description of each ser-
automatically generated from composers’ specifications.  vice so that other services can understand its features and learn

The semantics of Web services is crucial to enabling auhow to interact with it. An emerging language for describ-
tomatic service composition. It is important to insure that se-ing operational features of Web services is WSBNeb Ser-
lected services for composition offer the “right” features. Suchvices Description Langua§46]. WSDL is being standard-
features may bgyntactide.g., number of parametersincluded ized within the W3C consortium. Major industry leaders are
in a message sent or received by a service). They may also ipporting and participating in WSDL development. Hence
semantide.g., the business functionality offered by a serviceWSDL will likely gain considerable momentum #se lan-
operation or the domain of interest of the service). To helpguage for Web service description. However, WSDL provides
capture Web services’ semantic features, we use the concetfiftle or no support forsemantiadescription of Web services.
of ontology An ontologyis a shared conceptualization based It mainly includes constructs that describe Web services from
on the semantic proximity of terms in a specific domain of in- a syntactic point of view. To cater to Semantic Web-enabled
terest[23]. Ontologies are increasingly seen as key to enabling/eb services, we extend WSDL with semantic capabilities.
semantics-driven data access and processing [7]. They are €Xhis would lay the groundwork for thautomaticselection
pected to play a central role in the Semantic Web, extendingind composition of Web services. We define an ontology for
syntactic service interoperability to semantic interoperabilityWeb services and specify it using the emerging DAML+OIL
[16]. language (Fig. 1). DAML+OIL adopts an object-oriented ap-

In this paper, we propose a framework for the auto-proach, describing ontologies in terms of classes, properties,
matic composition of Web services. Combining the emerg-and axioms (e.g., subsumption relationships between classes
ing concepts of Web service and ontology is at the core ofor properties) [16]. DAML+OIL builds on earlier Web ontol-
our approach. Two case study applications are used: B2B Esgy standards such as RDF and RDF Schema and extends
commerce and E-government. The B2B application (car dealthose languages with richer modeling primitives (e.g., cardi-
ership) is used to illustrate the proposed framework for Webnality). Other Web ontology languages such as OWL [42] may
service composition. The E-government application is show-also be used to specify the proposed ontology.
cased in our implementation. More precisely, this paper's con- We model the proposed ontology using a directed graph
tribution focuses on the following: (Fig. 1). Nodes represent the ontology’s concepts. Unfilled

nodes refer to WSDL concepts (e.g., name, binding, input).
— Composability model for Web servicesA major issue  Gray nodes refer to extended features introduced to augment
in the automatic composition of Web services is whethenVSDL descriptions with semantic capabilities. Edges repre-
those services areomposablg5]. Composabilityrefers  sent relationships between the ontology’s concepts. They are
to the process of checking if Web services to be com-labeled with the cardinality of the corresponding relationship.
posed can actually interact with each other. We propose &or example, the edgeervice— operationstates that a ser-
composability moddbr comparingsyntacticandseman-  vice has one or more operations. The edgeration— input

tic features of Web services. states that an operation has at most one input message. A Web
— Automatic generation of composite servicesVe pro-  service is defined by instantiating each ontology concept.

pose a technique to generate composite service descrip- We consider three types of participants in our approach:

tions while preserving the aforementioned composabilityproviders composers and consumers Providers are the
rules. The proposed technique uses as input a high-levadntities (e.g., credit reporting agency) that offer simple
specification of the desired composition. This specifica-Web services (e.g.Credit History service). The provider
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Fig. 1. Ontology-based description of Web services

is responsible for describing its Web service by assigningng service (step 3.2). Finally, the customer would request
a value to each ontology concepf.omposers(e.g., car an insurance quote through CBissuranceQuote  op-
brokers company) are responsible for specifying compositeeration (step 4). CB would transparently invoke the opera-
services. Once generated, composite service descriptions atien applyforinsurance offered by theinsuranceser-
advertised in a service registry so that they can be discoveredice (step 4.1). This service would outsource from DH’s
Consumersnay be end users (e.gar brokefs customers) drivingRecord operation before issuing insurance quotes
or other Web services that invoke a Web service (simple oi(step 4.2)<

composite).

Example 1 As a running example, we consider the car bro-2.1 Mode and messages

kerage application (Fig. 2). Assume that a company provide _ . . : .
acar broker(CB) composite service that offers car sale pack-ﬁ-he functionalities provided by a Web service are accessible

ages. The company’s customers submit their requests to Céhrough operation invocations. We consider four operation

CB outsources from other Web services to handle each rer_nodes notificat_it_)n one-way s_olicit-responseandrequest-
quest. Examples of outsourced services inclimiirance responseA notification operation sends an output message

(IN), car dealer(CD), lemon checkLC), financing(FI), and but does not expect to recejve any response message. Ina
credit history (CH). A typical scenario would be of a cus- one-wayoperation, the service receives an input message,

tomer using CB service to buy a car having a specific modelCONSUMES it, but does not produce any output message.
make, and mileage. The customer would start by invokingl @ Solicit-responseoperation, the service generates an

CB's sendMePriceQuote  operation to get a price quote output message and receives an input message in return.

(step 1). To get a quote, CB would transparently interact with!" @ request-responseperation, the service receives an

acar dealervia CD's priceQuote  operation (step 1.1). If input message, processes it, and sends a correlated output

interested in a used car, the customer would check its hiseSSage CB::sendMePriceQuote  is an example of

tory report by invoking CB’saskForProblemCheck  op- solicit-responseopgratipn. Th_e ‘F‘P“t of this operation in-
eration (step 2). This operation is processed by outsourcin ludes aVIN (vehicle |de_nt|f|fcat|on number) anpirlcde |
from LC's problemCheck operation (step 2.1). The cus- '™ outputdmglssage contains four parlamlenemke, modet,
tomer would then apply for financing by invoking the op- Y€a . andmileage . Fl:paymentCalculator —~ ~ is an
eration applyForFinancing provided by CB (step 3). example of aequest-responsaeperation. Its input includes a

Before accepting a financing plan, CB would check the cusPurchaseprice , downPayment, andloanTerm . The
tomer's credit by invoking CH'payingHistory ~ opera-  0Utput message of this operation contaimerestRate

tion (step 3.1). If the credit is positive, CB would invoke 21d ~ monthlyPayment . CD::specialOffers

the financingQuote operation offered by thdinanc- is a notification operation whqse output inc!udes a
make, model, color , year , mileage , and price
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Fig. 2. Scenario: car brokerage application
CH::receiveCustomerCredit is aone-wayoperation  nary [25]. It contains a common vocabulary that can be used
whose input contains dirstName , lastName , SSN to describe business properties. For example, iptiee  pa-
dateOfBirth  , andcreditinformation . rameter has an “extendedPrice” role (definedRosettaNéat

An operation has amputand/oroutputmessage depend- then it represents a “total price for a product quantity”. For
ing on its mode. Request-response and solicit-response operfiexibility purposes, different Web services may adopt differ-
tions have botlinputandoutputmessages. Notification (with ent taxonomies to specify their parameters’ business roles. We
respect to one-way) operations have amlgput(with respect  use XML namespacesto prefix business roles with the taxon-
to input) messages. Each message contains one or more pamy in which they are defineb:
rameters (callegartsin WSDL). A parameter hasrsameand

data type The data type gives the range of values that may b efinition 1 — MessageA message Ms defined as a tuple

assigned to the parameter. We use XML Schemails-in data PT.UR) where:

types as the typing system [4Built-in types are predefined _ pjs a set of parameter names.

in the XML schema specification. They can be eitiémitive — 7:P — DataTypess a function that assigns a data type
orderived Unlike primitive types (e.gstring , decimal ), to each parameteRataTypess a set of XML data types.
derived types are defined in terms of other types. Forexample,_ 7/: p —; Units is a function that gives the unit of mea-
integer  is derived from thedecimal ~ primitive type. surement used for each parametnitsis a taxonomy for

While data types are important for the automatic match-  measurement units.

ing of message parameters, they do not capture the seman- R: p —; Rolesis a function that assigns a business role

tics of those parameters. For example, fiee  parame- to each parameteRolesis a taxonomy for business roles.
ter may be in US dollars, yen, or euro. Additionally, it may

represent a total price or price without taxes. To model such

constraints, we associateuait and abusiness rold¢o each

parameter. We use standard measurement units (length, areap pyrpose and category
weight, money code, etc.) to assign values to parameter units.

If a parameter does not have a unit (efgstName ), its — Each operation is semantically described througpiitpose

of the corresponding parameter. It takes its value from a presynonymsandspecializationThe function gives thbusiness
defined taxonomy for business roles. Every parameter would

have a well-defined semantics according to that taxonomy. An * XML namespaces provide a method for qualifying element and

example of such taxonomy RosettaNes business dictio- attribute names used in XML documents by associating them with
URI references.
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functionalityprovided by the operation. Examples of functions privacy and security of their information. Privacy and secu-
include “request for quotation”, “purchase order”, and “deliv- rity are particularly important in E-government applications
ery order”. As for parameters’ business roles, a wide range ofvhere citizens are sensitive about their personal information.
taxonomies may be used to define the function attribute. ExThe security property is a boolean that indicates whether the
amples of such taxonomies incluBesettaNetcXML (com-  operation’s messages are securely exchanged (e.g., using en-
merce XML, and EDI glectronic data interchang§25]. Each  cryption techniques) between servers and clients. The privacy
purpose is prefixed with an XML namespace that points to theproperty contains the input and output parameters that should
corresponding taxonomy. For example, an operation’s purnot be divulged to external entities (i.e., other than the ser-
pose may be preceded by a namespace that poifRedet-  vice provider). If a parameter does not belong tophigacy
taNets taxonomy for business transactions. Another operaset, then no privacy constraint is specified on that parame-
tion’s purpose may be preceded®yML taxonomy’s names- ter. Assume thairivacy={SSN Credit Card Number }

pace. Thesynonymsattribute contains the set of alternative whereSSN Credit Card Number are two input parame-
function names for the operation. For example, “quotation”ters. This property states that those parameters are kept private
is a synonym of “request for quotation”. Thepecialization by the service provider. Based on the aforementioned proper-
attribute defines a set of characteristics of the current functies, we define below the notion of operation quality:

tion. For example, a “request for quotation” may be “for your
information” or “legally binding”. It may also include “desti-
nation charge” or not, be “valid until a specific date”, etc. We
summarize below the notion of operation purpose:

Definition 4 — Quality. The quality of an operatiorop;; is
defined by a tupldFees;, Security,, Privacy.). Feesy is
the dollar amount needed to execup;;. Security; is a
boolean that specifies whethap;,,'s messages are securely
Definition 2 — Purpose The purposeof an operatiorop; exchangedPrivacy; is the set of input and output parameters
is defined by a tupléFunction, Synonyms, Specialization) that are not divulged to external entitigs.
whereFunctionis op;;’s business functionality defined within
a given taxonomysSynonymss a set of alternative function
names, an@pecializatioris a set of characteristics op;;'s
function. <

Thecategoryof an operation is defined in the same way as\Web services are accessible via operations. Each operation is
its purpose. Each category contains three attributesiain  dentified by anameand a textescriptionthat summarizes
synonymgandspecializationThe domain gives the area of in-  the operation’s features. It also hamadeinputand/oroutput
terest for the current operation. Examples of domains includenessagegurpose andcategory We present below a defini-
“automobile dealers” and “insurance”. Taxonomies such asjon of a service operation:
NAICS (North American Industry Classification Sys)eand o . . . .
UNSPSC Universal Standard Products and Services Classi-Definition 5 — Operation An operationop;; is defined
ficatior) may be used to define the domain attrib@gnonyms ~ PY @ tuple(Description;,, Modey., In;x, Outy, Purpose,
andSpecializatiorattributes work just as they do in the oper- Categoryx, Quality;;) where:
ation’s purpose. Synonyms of the domain “automobile deal-
ers” include “car dealers” and “car sellers”. An example of a
specialization attribute associated with “insurance{*ar”, _
“home”}. This means that the corresponding operation pro-
vides both car and home insurance. We define below the notion:
of operation category:

2.4 Defining operations and Web services

— Descriptiony, is a text summary about the operation fea-
tures.

Mode;, € {“one-way”, “notification”, “solicit-response”,
“request-responseé’

In;; andOut;, are the input and output messages, respec-
tively. In;, = (0,7 ;) andOut;;, = (0,7 ;) for notification

Definition 3 — Category Thecategoryof an operatiorop;;, is
defined by a tupléDomain, Synonyms, Specializatiav)ere
Domainis op;'s area of interest defined within a given tax-
onomy,Synonymss a set of alternative domains, aBfdecial-
izationis a set of characteristics ofy;;’s domain.<$»

2.3 Operation quality

and one-way operations, respectively.

Purposeg;, describes the business function offered by the
operation (cf. Definition 2).

Category;, describes the operation’s domain of interest
(cf. Definition 3)

Quality;;, gives the operation’s qualitative properties (cf.

Definition 4).<$

) ) o ) ~ Example 2 The operationCB::sendMePriceQuote is
Several Web services may provide “similar” operations in gefined by the tupl¢Desc, Mode, In, Out, P, C, @yhere:

terms of their mode, message, purpose, and category. It is
— Desc= “this operation returns the price quotation for a

thus important to definqualitative propertieshat help com-

posers select the “best” Web services [35]. We identify three

gualitative properties for operationtees security and pri-
vacy Other properties such as time, availability, and latency

may also be added. The fees property indicates the dollar

given car”;Mode="solicit-response”.

— In=(PTUR), so thatP = {VIN, price }; T(VIN) =

“positivelnteger”;7 (price ) ="float”. U(VIN) ="none”;
U(price )="USdollar”; R(price )="extendedPrice”.

amount required to execute the operation. Security and pri— Out = (P, 7) so thatP = {make, model, year ,

vacy are two important requirements of Web services [33].

mileage }; 7 (make) = “string”; 7 (model ) = “string”;

Businesses collect, store, process, and share information about 7 (year ) = “gYear”; 7 (mileage ) = “positivelnteger”;
millions of users who have different preferences regarding the  Z/(mileage ) = “mile”.
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— P s the operation purpose defined as folloWs$:unction 1 y

= “request for quotation”P.Specialization= {“for your ~ Composition %fzﬁgig';s"

information”}; andP.Synonyms {“quotation”}. Level !
— Cis the operation category defined as follo@sbDomain Qualitative

= “automobile dealers"C.Synonyms {“car dealers}; Properties Semantic

andC.Specializatiorr {“used cars?. [ Composability
— Qisthe operation’s quality defined as follov@:Fees=0; Operation

Q.Security= “false”; andQ.Privacy= () (i.e., no sensitive Service & Semantics

information is exchangedy; Operation

Level

A Web service is identified by maameand a textdescrip- b -
tion that summarizes the service features. Interactions witt ) N
the service are performed according to a spebifiding[46]. Oiﬂe;adtf“ _
The binding defines message format and protocol details for Syntactic
service operations and messages. Examples of bindings ir . Composability
cludeSOAP(Simple Object Access ProtoddHTTP Get/Post | e

and MIME (Multipurpose Internet Mail ExtensiopsA ser- -

vice may have several bindings associated with it. For eaclirig. 3. Composability model for Web services

Web service, we also associatparposeand category The

purposedescribes the business functionalities offered by the

service operations. Each element in the serpioposerefers 3 Composability model for Web services

to the business functionality offered by a specific operation.

The categorydescribes the service domain of interest. It in- A major issue when defining a composite service is whether
cludes the categories of all operations provided by the servicdts component services atemposablg5]. For example, it

It also contains an element that corresponds to the category afould be difficult to invoke an operation if there were no
the service. Indeed, the domain of interest of a composite semapping between the parameters requested by this operation
vice may be different from the domains of interest of its opera-(e.g., data types, number of parameters) and those transmitted
tions. For example, thear dealercomposite service is related by the client service. In this section, we identify two sets of
to the “automobile dealers” industry. Yet itincludes operationscomposability rule$o comparesyntacticandsemantigrop-
related to “insurance” (e.gnsuranceQuote ) and “mort-  erties of Web services (Fig. 3). Syntactic rules include: (1)

gage and nonmortgage loan” (e fipancingQuote ) in- mode composabilitywhich compares operation modes, and
dustries. Below we give a formal definition of a Web service (2) binding composabilitywhich compares the binding pro-
(composite or simple): tocols of interacting services. Semantic rules include(@3-

o i i i _ sage composabilitywhich compares the number of message
Definition 6 —\Web serviceA Web servic&V'sS,; is defined by parameters, their data types, business roles, and unitsp{2)
a tuple(Description, OP;, Bindings, Purposg, Category)  eration semantics composabilityhich compares the seman-
where: tics of service operations; (alitative composabilitywhich
L . compares qualitative properties of Web services; anddq#)-
— Description is a text summary about the service features.,oition soundnessvhich checks whether combining Web
- O.Pi Is a set of operations prowded by WS services in a specific way is worthwhiléomposition sound-
— Bindings is the set of binding protocols s_upported WS nesschecks composability at the composition level, unlike
~ Purpose = {Purposg; (op;r.) | opix € OP; } isasetofWS e giher rules that deal with composability at the service and
operations’ purpose. operation levels.
— Category = {Category;(opix) | opix € OP} U In our model, clients and servers refeptatsourcinge.g.,
{Category(WS)} is a set of W3 operations’ categories. ¢y prokel) andoutsourcede.g.,insurance services, respec-
tively. We adopt the approach defined in XLANG [28], WSFL
[18],and BPEL4WS [2] standards, thatis, Web services at both
Example 3. We consider thecar dealer (CD) service de-  Sides (c.Iient and_sgrver) are defined in WSDL augmented with
picted in Fig. 2. This service is defined by the tupesc, ~Semantic capabilities. As in those standards, we assume that
OP, B, P, C) where OP = {priceQuote , testDrive each operation on the server side has at most one matching

specialOffers }, andB = {“SOAP"}. P is the service Operation at the client side and vice versa [28,18,2].
purpose defined by the sépurposepriceQuote ), pur-

posefestDrive ), purposegpecialOffers )}. Cis the

service category defined by the §eategorypriceQuote ), 3.1 Mode and binding composability

categoryfestDrive ), categoryépecialOffers )P U

{category(CD}. Operation purposes and categories are defor Web service interactions to take place, operations
fined in the same way as in Example 2. Tagegory(CDkle-  at client and server sides must have “dual” modes [18,
ment is defined as followsategory(CD).domair “automo- ~ 28]. A notification operation at one service must be
bile dealers”,category(CD).synonyms {“car dealers”, “car connected to aone-way operation at a partner ser-
sellers™; and category(CD).specializatior {“used cars?. vice. Similarly, a solicit-responseoperation maps to a
& request-responseperation at a partner service. For ex-
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ample, the operatio€B::sendMePriceQuote (solicit- ble with the output message 6D::specialOffers , al-
response) maps t€D::priceQuote (request-response), though the output message contains an additional parameter.
and CB::receiveSpecialOffers (one-way) maps to Assume now that a paramefeis compatible (directly or
CD::specialOffers (notification). The following rule, indirectly) with a parametep’. For p andp’ to be mapped
called mode composabilitychecks whether two operations together, they must also have compatible semantics. For ex-
have “dual” modes. ample, a total price should not be mapped with a price before
Definiton 7 — Mode composability Two operations taxes. Similarly, a price in US dollars should not be mapped to

a price in yen. To this end, we compare the units and business
roles ofp andp’. Both parameters should have the same units
and business roles. Tineessage composabilityle compares

the input and output messages of every pair of operations. The
. i B .. ideais to check that each input of an operation is data type
(ii) My, = “solicit-response” and;; = “request-response™, . ynarinie with the output of the other operation. The input's
or (iv) My ="request-response” ard;; = "solicit-response™. it and husiness role should be the same as the output's unit
¢ and business role. This means that the parameters of each in-

Assume now that two Web services are communicatingPut message map to all or some of the parameters contained
through operations that are mode composable. Since thed@ the output message of the other operation:
Web services may support different binding protocols (€.9.,~ ¢ :.: - .
SOAP, HTTP, or MIME), it is important to insure that they _D(zgmt'?\l/?‘g I—nMesOleage Fc)gmggsaQb‘lll;y;V\r/]% %pei?anSMQ@
“understand” each other at the message format and protocgl * & " Qr“"“)’ Aemessane com oig we
level. At least one of the protocols expected by a Web service 7' bi Pits Gt Qi 9 P
must be supported by the other. For example, it would be dif- . ) , : . .
ficult for a service that expects to receive messages in MIMEl' andZé;;k:’ igj I;ﬁgg(; S%a(;y)pe compatible wit,
protocol to interact with another service that formats its mes-,, pelny,3p e Iny, | pis data tybe compatible withl
sages in HTTP. The following rule, calldznding compos- ' andu(pi :’u(p/) ar;dR(p’) =R(). & ’
ability, checks that Web services support at least one common ' '
binding protocol.

opix=(Dix, Mik, Ini, Outyy, Pix, Cix, Qix) and op;=(Djy,
M;;, Inj;, Outy, Pj;, Cj, Q) are mode composable
if (i) My = “notification” and M;; = “one-way”; or
(i) M;, = “one-way” and Mj; = “notification”; or

Definition 8 — Binding composabilityTwo services WS= 3.3 Operation semantics composability
(Di, Oi, B;,P;, Cz) and WS = (Dj, Oj, Bj, Pj, Cj) arebinding

composabléf B; N B; # 0. & This rule ensures that interconnected operations hewm®

patible’ purposes and categories. For example, the func-
- tion of CB::sendMePriceQuote (i.e., “request for quo-

3.2 Message composability tation”) is different from the function o€D::testDrive

(i.e.,“reservation”). It would be semantically “incorrect” to
Interactions between Web services involve the exchange oinap these operations since they offer different business func-
messages. A message consists of one or more parametet@ns. Similarly, IN::applyForlnsurance is “not se-
each having a certain data type. Hence it is important to checkantically compatible” withCB::calculatePayment
that the data types of the parameters sent by a service agince these operations have different domains (“insurance”
compatible with the data types of the parameters received bynd “mortgage and nonmortgage loan”, respectively). To de-
its partner. We consider two primary data-type-compatibility fine compatibility between operation categories, let us con-
methods:direct and indirect compatibility Two parameters  sider the two operations gp= (D;x, Mix, IN;%, Outi, Pix,
aredirectly compatiblef they have the same data type. A pa- C;,, Q;;,) and op: = (D1, Mjy, Inj;, Outyy, Pjy, Cjr, Qjr). We
rametenp is indirectly compatiblewith ap’ if the type ofp is say thatC;;, is compatible with G; if:
derived from the type of’. For example, a parameter with a

positivelnteger orshort type is indirectly compati- 1. (C;;.Domain = C;.Domain) or C;;.Domain €
ble with aninteger  parameter. Note that, contrary to direct C;;.Synonyms) or €;;.Domain € C;;.Synonyms);
compatibility, indirect compatibility is asymmetric. or (C;;.Synonymsn C;;.Synonyms# ()); and

We extend the notion of data type compatibility to mes- 2. C;;.SpecializatiorC C;;.Specialization
sages as follows: A messalykis data type compatibleith a
messagé/’ if every parameter oM is directly or indirectly The first condition verifies that the domains of interest are
compatible with a parameter @f’. Note that not all param-  similar (first disjunct) or synonyms (second, third, and fourth
eters of M’ need to be mapped to the parameterMofThe  disjuncts). The second condition ensures that ppovides all
rationale is that an input message of a service operation mathe characteristics of ggs category. Compatibility between
use only a subset of the parameters sent through an outppurposes is defined in the same way as between categories.
message of a “dual” operation. For example, assume that thBased on the notion afompatibilitybetween categories and
car brokerprovider is not interested in knowing the color of purposes, we define thgperation semantics composability
cars advertised as special offers. In this case, she/he definesle. We say that op is operation semantics composaklih
the input message of theB::receiveSpecialOffers op;; if the purpose of o, is compatible with the purpose of

"o

as composed of the following parameters: “make”, “model”, op;; and the category of gpis compatible with the category

“year”,

mileage”, “price”. The input message is compati- of op;;:
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Fig. 4a—c. Composition soundness

Definition 10 — Operation semantics composabilit)fe say  end, we introduce the notion obmposition templatehese
that opx, = (Dsx, Mik, Nk, Outix, P, Cir, Qix) iS Opera-  are graphs built usingrecedence relationshipfs depicted

tion semantics composabhéth op;; = (D;;, Mj;, Inj;, Outyy, in Fig. 4a, a Web service W®recedesnother service WS
Pji, Cji, Qj) if (i) Py is compatible with B and (i) C;y, is if an operation of WSinvokes an operation of W.SWe give
compatible with G;. < below a formal definition of the precedence relationship:

Definition 12 — Precedence relationshifLet WS = (D;,
3.4 Qualitative composability O;, B;, P;, C;) and WS = (D;, O;, Bj, P;, C;) be two
Web services. WSprecedesWs; if 3 op;, € O; 3 opy;
Composers generally have preferences regarding the quality O; | (i) (M,,="notification” and M,,;=“one-way"); or (i)
of operations they would like to outsource. Qualitative com- (M,,="solicit-response” andl/ ;;=“request-response’}y
posability rules check the qualitative properties of interact-
ing operations. Let us consider an operation,dpat out- A composition templatis associated with each compos-
sources from another operation;apThe feescomposabil-  jte service and gives the general structure of that service. It is
ity verifies that the dollar amount gpis willing to pay is  modeled by a directed graph (V, E) where V is a set of service
at least equal to the amount required by,offecuritycom-  category names and E is a set of edges. A special vertex cor-
posability guarantees that if gpuses security mechanisms responds to the composite service and has the special value
(e.g., encryption and nonrepudiation) to exchange messagesgs”. An edge (v, v;) € E means that a service of category
then op; uses them alscPrivacy composability compares  name vy precedes a service of category name Rigure 4b
op;x's and op;’s privacy features. The privacy preferences of gives the template corresponding to tiee brokercomposite
opi, should be subsumed by the privacy features exposed b¥eryice Lemon checkcredit history anddriving historyser-

op;:- If op;i.'s provider does not want a paramefeto be di-  yices are represented by the same node in the graph since they
vulged (i.e.p € Quality;;.privacy), thenp should also belong  have the same category name (i.e., “information”).

to Quality;;.privacy. The following definition summarizes the Composition templates are used to compare the values
qualitative composability rule: added by different compositions. For example, consider the

Definition 11 — Qualitative composabilitjWe say that op template depicted in Fig. 4c. This template is a subgraph of
= (Dix, Mg, INg, OUty, Pir, Cir, Qiz) is qualitatively com-  the template depicted in Fig. 4b. This means that the second

posable withop;; = (D1, Mj;, In;, Outyy, Py, Cji, Qy) if: ppmposite service Wpuld provide a subset o_f the functional-
ities offered by the first one. For example, it does not pro-

1. Qyi.Fees> Q;;.Fees; and vide “financing” operations since it does not outsource from

2. (Q.Security = true)= (Q;;.Security = true); and a “mortgage and nonmortgage loan” service.

3. Q;.PrivacyC Qj;.Privacy.< To check whether a composition of servicesasind we

define the notion oftored templatesStored templatesre di-

vided into two groups. The first group includes templates that
3.5 Composition soundness are predefined by domain experts (e.g., cars, travel, comput-

ers). For example, the travel industry would agree thestzl
Anotherimportant aspect to consider in service composition igpreparationcomposite service combinesrline, hotel and
whether combining a set of services in a specific way providesar rentalservices. The second group includes templates that
an added value. For example, it would probably be “unusual’are “learned” by the system. Each time a composite service is
to combine demon checlservice with ehotelservice. How-  defined, the system stores its template in the repository. For
ever, combiningairline and hotel services would provide a example, assume that the composer defines a service whose
travel preparationcomposite service. The idea is to define a template is depicted in Fig. 4b. If the template does not already
rule, calledcomposition soundnege test whether composite exist in the repository, the system would store it for future use.
services arsound By sound we mean that the way compo- Since stored templates inherently provide added values, they
nent services are composed provides an added value. To thise used to test the soundness of composition plans.
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Fig. 5. Overview of the proposed approach for service composition
Definition 13—Composition soundnegscomposition of ser- Specification is the phase that requires the composer’s in-
vices issoundf its template is a subgraph oftored template  tervention to describe the desired composition. The match-
& making phase automatically generates composition plans

Stored templates are different frgmocess templateand based on the composer’s specification. The selection phase
reference processesed in [10] and [34], respectively. Indeed, US€S QoC parameters (composition and relevance thresholds)

process templates and reference processes are used as an a:@i@elect the best plan. Those parameters are given by com-
ori “canvas” when defining composite services. In contrast,POSers based on theirofilesdefined in the specification pro-

stored templates are used a posteriori to check the soundneSESS- The generation phase automatically provides a descrip-

of composite services, i.e., once they have been generateflo" Of the generated composite service in a given “target”

It is important to note that the composition soundness ruleanguage (e.g., WSFL).
is not used to determine if Web services are composable. It
is rather used to determine if composing a given set of ser,

vices provides an added value. Even if a composition is not4'l Specification phase

sound, composers have the flexibility to deg‘ide whethe[, theXye define an XML language, call€@SSL(Composite Ser-

are willing to consider such composition as “acceptable”.  .e Specification Languayefor the specification of com-
posite services. CSSL is simple enough to enable high-level
descriptions of composite services. Composers only need to
have a general idea about the service they are interested in of-
Based on our composability model, we propose an approacfering (e.g., the operations to be outsourced). They are not
for the automatic composition of Web services. This approachrequired to be aware of the full technical details such as
consists of four conceptually separate phasescification  descriptions of the component services, their characteristics
matchmakingselection andgeneration(Fig. 5). Thespeci-  (e.g., data types), and how they are plugged together. There
fication phase enables high-level descriptions of the desiredre several differences between CSSL and existing service
compositions using a language called CSSbrfiposite Ser- composition languages ([18,28,2,13,21,10,34]). First, CSSL
vice Specification LanguapeThe matchmakingohase uses adopts the ontology-based model introduced in Sect. 2 to cater
composability rules to generatemposition planshat con-  to Semantic Web-enabled Web services. Most of the existing
form to composers’ specifications. Bpmposition plapnwe languages do not consider semantic capabilities of Web ser-
mean the list of component services and their interactionwices. Second, the CSSL specification of a composite service
with each other (plugging operations, mapping messages, etcdoes not refer to any oustourced service. This is in contrast to
to form the composite service. The matchmaking algorithmother languages where composers insert references to compo-
uses as input the composer’s specification and a repositomyent services in their composite service specifications. Third,
(e.g., UDDI [45]) of preexisting service interfaces describedCSSL specifications are used as the entry point for the (semi-
in WSDL (extended with semantic constructs). Composergautomatic generation of composite services. Finally, CSSL
select a generated plase{ection phagebased omuality of  defines a WSDL-like language for composite services. It ex-
composition(QoC) parameters (e.g., ranking, cost). Using the tends WSDL language to allow: (1) the description of semantic
selected plan, a detailed description of the composite service ieatures of Web services and (2) specification of the control
automatically generatedéneration phage This description  flow between composite service operations. This makes the
includes the list of outsourced services, mappings between thaefinition of composite services as simple as the definition of
composite and oustourced services operations and messagesnple (i.e., noncomposite) services. Additionally, it allows
and the control flow of outsourced operations. The control flowthe support of recursive composition of services. Composite
refers to the execution order of the operations outsourced bgervices can be considered as WSDL services and hence be
the composite service. used as components for new compositions.

4 Automatic composition of Web services
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Table 1. CSSL specification of the car broker composite service

<service name="“car broker®/
<category domain="brokeragg”
<binding name="SOAP"
<message name="offer’
<parameter name="price” type="float” unit="US dollar” role="extendedPrice”/
<parameter name="make” type="string” ..>./
<parameter name="model” type="string” ...>./
<pararmeter name="year” type="gYear” .../
<parameter name="mileage” type="integer” ..>../
</message
<operation name="receiveSpecialOffers” mode="one way"/
<input name=“offer">
<category domain="automobile dealer”
<synonyms-
<synonym value="“car dealer¥/
<Isynonyms>

<quality>

<fees value=0¢

<loperation>

<flow source="getPayingHistory” target="applyForFinancing”

We illustrate the main features of CSSL through the ex-control flows. For example, thear brokerservice would ap-
ample depicted in Table 1. For the sake of clarity, we omitply for financing only if the current customer has a payment
references to XML namespaces. The top element of a CSShistory.
specification iservicewhich includes the nameér brokep
of the composite service. The service category attributes (i.e.,
domain, synonyms, and specialization) are specified within thet.2 Matchmaking phase
categoryelement. Eacloperationelement allows the speci-
fication of the operation name, description, mode, purpose®nce CSSL specifications are provided, the next step is to gen-
category, and quality. It also contaimput and/oroutputel-  erate corresponding composition plans usingaichmaking
ements. For example, tlreceiveSpecialOffers op- algorithm(Table 2). Since the number of generated plans may
eration is one-waynodeattribute) and provides price and be large, composers have the possibility to control the number
sales informationgurposeslement) for the automobile indus- Of generated plans through thbrequestegblansinput. The
try (categoryelement). The operation’s input message, namechlgorithm uses service interfaces rather than “whole” descrip-
offer , contains five parameters (e.grice ). Each param- tions of component services for checking compatibility. This
eter has an XML Schema data type (e.qg., “float”), unit (e.g.,has the important advantage of decreasing the number of ser-
“US dollar”), and role (e.g., extendedPrice”). To facilitate the Vvicesto be accessed. Indeed, the same interface may be used by
definition of input and output message, we provide a set ofeveral existing services with different implementations [46].
predefined messagethese are used by composers as a bafFor example, the car industry may define an interface for sell-
sis for defining composite service operations. Composers caiig cars.Car dealerservices would then reuse this interface
define new messages, use predefined messages, or modify pte-create their own services.
defined messages at their own convenience. For example, they The general premise of the matchmaking algorithm is to
may decide to remov&OD (terms of delivery or transport ~map each operation gp= (Dix, Mix, In;x, Outix, Pix, Cig,
part from a “request for quotation” predefined message if theyQ:x) of the composite service W$o one or more operations
are not interested in offering such information. op;; = (Dji, My, Iny;, Outy, Py, Cji, Qjy) of existing ser-

CSSL also enables the specification of the control flow ofvice WS;. The algorithm looks for Web services WS (D;,,
composite service operatiorf®ovattribute). Operations may O;, B, P;, C;) so thatP;; andC;; are compatible with at
be executed sequentially or in parallel. For example, the spedeast one element d#; andC;, respectively (lines 8 and 9).
ification of thecar brokerservice shows that this service first Then the algorithm verifies that interacting services are bind-
checks the payment history of its customemsu(ceattribute) ~ ing composable (second condition in line 8). We organize Web
before applying for financing on their behatifgetattrioute).  services intwommunitiesCommunities provide means for an
Note that CSSL also allows the specification of conditions onontological organization of the available service space. Each

community clusters Web services based on their category. All
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services that have similar categories belong to the same cate-
gory (purpose) community. A service may belong to different
communities. The use of service communities accelerates the
process of discovering relevant component services. Assume
that the categorg;;, is not compatible with Wgs category.

In this caseC;;. is hot compatible with the services that be- —
long to WS’s community. Hence those Web services would
be pruned from the service space.

For every pair of operationg;,0p;;), it also checks
mode composability (line 10), operation semantics compos-
ability (line 11), and message composability (line 12). Each it-
eration of thewhile statement generates a composition plan. —
Thematchedset contains all component operations that have
already been “plugged into” a composite service operation
(lines 10 and 15). The use of this set prevents the generation of
composition plans that can be inferred from previously gener-
ated plans. For example, assume that the following two plans,
plam; = {(op;1,0p;1), (OP;2,0p;2)} andplan, = {(op;1,0p;3),
(opi2,0p;4) }, have been generated. Simptan; = {(op;1,0p;1),
(opi2,0p;4)} andplans = {(op;1,0p;3), (0pi2,0p;2)} can be
inferred fromplan, andplan,, there is no need to generate
them again. The statements in lines 26—28 check composition
soundness based on QoC parameters. They use two functions,
complete(andrelevant() Details about the selection process
including QoC, completeness, and relevance are given in the-
next section.

The matchmaking algorithm uses the following func-
tions to check composability: purposecompatible()
categorycompatible() quality.composable() mes-
sagecomposable() and sound() The functions pur-
posecompatible() and categorycompatible() return true
or falsedepending on whether a composite service operation

able  with receiveSpecialOffers Since
receiveSpecialOffers is a one-way operation,
only the specialOffers operation is returned. The
algorithm also checks that the two operations have not
already been “plugged” together.

Step 4 (line 11). The receiveSpecialOffers

and specialOffers operations have similar func-
tions (“price-sales catalogue”) and domains (“automobile
dealer”). Thus they are operation semantics composable.
We assume that both operations are qualitatively compos-
able.

Step 5(line 12). The operations are tested for message
composability. The input aeceiveSpecialOffers

(i.e., offer ) is compared with the output of
specialOffers Except for the parameter
“color”, which does not belong tooffer , all of
specialOffers output's parameters are mapped
to offer ’'s. Hence the two operations are message
composable.

Step 6(lines 13-22). Since both operations are syntacti-
cally and semantically composable, a “plug-in” between
the operations is inserted plan. The information is also
kept in the setnatched Steps 1 to 6 are iteratively per-
formed for the remaining composite service operations.
Step 7(lines 22—29). Once all operations of tbar bro-

ker service have been “plugged”, the algorithm checks
whether the generated plan is sound. Other plans are then
generated depending on the number of requested glans.

4.3 Selection phase

has a purpose or category compatible with the purpose or caté\ the end of the matchmaking phase, several composition

gory of a component service operatiguality. composable()

plans may have been generated. To facilitate the selection of

returnstrue if a composite service operation is qualitatively rélévant plans, we define threeality of compositiofQoQ)
composable with a component service operation. The twdarametersanking relevanceandcompletenes©therQoC

other functions are givenin Table 3. Timessageompatible()

parameters based on cost and time may also be defined. We

function returnsrue or falsedepending on whether a message Present below definitions eénking relevanceandcomplete-

M; is message compatible with MTo allow a one-to-one
mapping between s and M;’s parameters, we use the
matchedset (line 10). This set contains /@ parameters that
have already been mapped to;'84 The sound() function
checks the soundness of the generated plan. Once a template
has been computed for the generated plan (lines 2-5), it
is compared with stored templates (lines 6—-14). Note that,
as stated in Sect. 3.5, composition plans are returned to
composers even if they are not sound.

Example 4 To illustrate the matchmaking algorithm and with-
out loss of generality, we give below the execution trace of
thereceiveSpecialOffers operation of thear broker
composite service:

— Step Ylines 1-5). The set variabfgancontains the “plug-
ins” for the currently generated plan. It is reinitialized to
the empty set for each iteration of thénile statement.
Step 2 (lines 6-9). Look for component services
(e.g., car deale) supporting SOAP protocol so that
receiveSpecialOffers " purpose and category are
compatible with the service purpose and category.

Step 3 (line 10). Determine operations of the
car dealer service that are mode compos-

ness

— Composition rankingTherankingof a composition gives

an approximation of its “importance”. For each plan, we
determine its composition template CT. Assume that CT
is a subgraph of a stored template; SiWe use a function

R (R for reference defined on the set of stored templates;
R(ST;) gives the number of times that services with tem-
plates that are subgraphs of STave been created. The
rankingof CT with respect to S;lis the proportion of ref-
erences to ST. It is defined as followsi¢ the number of
stored templates):

R(ST;)
=1 R(ST%)
Composition relevancerhis parameter, denoted IR,
gives an approximation of a composition soundness. It
compares edges of a composition template, CT, with the
edges of a stored template SCR(CT,ST,) is the ratio of
CT’s edges that occur in $Tlt is defined as follows (E
and E are the edges of CT and §Tespectively):
_|ENE;|
| E |

Ranking(CT, ST;) =

CR(CT, ST;)
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Table 2. Matchmaking algorithm
01)Input: WS, repository, nbrequesteglans{

gozg nb.generatechlans = 0

(03) matched =)

(04) while nbgeneratecplans< nb.requesteglansdo

(05) {plan=0

(06) for each operation opix € O; do

(07) {found =false

(08) for each service WS from repository | categorycompatible(G;,C;)

(09) and purposecompatible(R:,P;) and (B; N B; # 0) do

(10) { for each operation op;: € O; | (modg, and mode; are dual)and (op;; ¢ matched)
(11) if purposecompatible(Ry,P;;) and categorycompatible(Gy,C;;) and quality.composable(op,op;:)
(12) and messageomposable(in,out;;) and messageomposable(in,out;;)

(13) then {found = true

(14) plan = planu {(opix,0p;i)}

(15) matched = matched {op;;}

(16) break }

a7 if foundthen break

(18) } I* forin line (08) */

(29) if —found

(20) then { output (“no matchmaking for”,opx)

(21) break }

(22)  } /* forinline (06) */

(23) if —foundthen break

(24) else if sound(plan)

(25) then output  (plan,STY* ST is a Stored Template */

(26) else if relevant(plant cicvance) and complete(plam;compietness)

27) then output  (plan,STTcievance Teompletness) I* Test for QoC parameters */
(28) else output (plan,“not sound” ;T reicvance T completness)

(29) nbgenerateclans = nhgeneratedplans + 1

(30) } /* whilein line (04) */ }

Table 3. Message composability and soundness checking functions

(01)function  messageomposable(MM;):boolean

{

(02) matched =

(03) for each param p;; € P; do

(04) {found = false

(05) for each param pj; € P; | pji  matcheddo
(06) if (T(pix) = T(psi) 0Or

(07) T (p;u) is derived from7 (p;)) and

(08) U(pir) = U(p;1)) and (R(pir) = R(p;1))
(09) then {found =true

(10) matched = matched {p,;}

(11) break }

(12) if —foundthen return false

(23) } /*forinline (03) *

(14) return true
(15)}

(16)

17)

function
for each element

if mode;, € {“notification”,“solicit-response”}

for each stored template
for each pair

sound(planjpoolean {
(opix,WS,0p;;) € plando

then template = template’ (“CS”,C ;)
else template = template) (C;,“CS”)
STdo
(Vp,Vq) € templatedo
{ found = false

for each pair (vr,Vs) € STdo

it (Vp,Vg) = (Vr,Vs)

then { found = true
break }

if —foundthen break
} /* forin line (07) */

if foundthen return true

else return false

— Composition completenesghis parameter, denoted by
CC, gives the proportion of composite service operations

that are composable with component service operations.

CC allows the generation of plans whose composite ser-
vices may not be “fully” composable with component ser-
vices. The value oECis set by service composers and de-
pends on their level of expertise. Indeed, if the vali@

is relatively low (e.g., 25%), the algorithm might return

plans in which 75% of the composite service operations
are not composable with component service operations.
In this case, composers may need to change their speci-
fication (e.g., data types) so that the desired service can
deal with other services’ features. The following formula
defines theCC parameter for a composite service WS

_ | Composable(O;) |
| O |

CC(WS;)
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Table 4. WSFL description generated for the car broker service

Flow Model

Global Model

<serviceProvider name="myCarDealer”

<locator type="static” service="carDealer.com”

</serviceProvides

<activity name="Activity. 1" >

<performedBy serviceProvider="myCarDealer

<implement-

<export>

<target portType="Porl”
operation="receiveSpecialOfferss/

”

<plugLink>

<source serviceProvider="carBroker”
portType="Portl”
operation="receiveSpecialOfferss/

<target serviceProvider="carDealer”
portType="portCarDealer”
operation="specialOffers®

</plugLink>

<plugLink>

<source serviceProvider="carBroker”

<lexport> portType="Portl”
<limplement> operation="insuranceQuotg”
</lactivity> <target serviceProvider="insurance”

<activity name="Activity 2" >

portType="portinsurance”
operation="applyForinsurancg”

</plugLink>

<plugLink>

<source serviceProvider="carBroker”
portType="Port1”
operation="applyForFinancing®

<target serviceProvider="financing”
portType="portFinancing”
operation="financingQuote*

</plugLink>

<target portType="Porl”
operation="askForPayingHistory%/

<target portType="Porl”
operation="applyForFinancing¥

<controlLink source="Activity2”
target="Activity_3" >

whereComposabl@O;) = {op;r, € O, | IWS; Jop;; € O; is abstract enough to be used at an intermediate level between
so that op, is syntactically and semantically composable CSSL specifications and most existing Web service composi-
with op;; }. tion languages. Below we illustrate the generation of a WSFL
description from a composition plan.

thei ranking. Plans with the highest ranking are retumed fist,  WSFL-defines two complementaty descriptons fora com-
9. 9 9 posite serviceflow modelandglobal model Theflow model

This assumes that a ranking coefflment is maintained for eacré)pecifies the execution sequence between component services.
stored template. Composers define thresho)dg ,qnc. and

; The global modekpecifies how component services interact.
T completness COrresponding to relevance and completeness p

rameters, respectively. Plans are returned to composers if tha]_able 4 depicts parts of the flow and global models generated

relevance and completeness are greater than their res ect(?fIchr the car brokerservice. Theflow modelcontains a set of
P 9 Pecti¥&iivities Each activity represents a single step of the over-

thresholds. QoC parameters may be specified within CSSIaII business goal. Activities are bound to services through the

specifications so that the "best” plans are automatically >®locator element Staticbinding means that the service is di-
lected and returned to users. |

rectly specified in the locator. The information assigned to
thename(i.e.,myCarDealey andservice(carDealer.comat-
tributes is obtained during the matchmaking phase (Table 2,
line 08). We use th&JDDI inquiry interface(i.e., find() op-

The last phase in our approach aims at generating a deta"@'ation) to retrieve such information from tbasinessEntity
description of a composite service. This description includegf €ach Web service stored in the UDDI registry. Each activ-
the list of outsourced services, mappings between compodty in the flow model is implemented by an operation spec-
ite service and component service operations, mappings bdfied in the implementelement. The nesteeixport element
tween messages and parameters, and flow of control anl@peansthatthis operation is outsourced. For example,the oper-
data between component services. Two important features dftionreceiveSpecialOffers (corresponding t@ctiv-

this phase areustomizatiorandextensibility Customization  ity-1) is outsourced from thmyCarDealerservice. The name
refers to the ability to generate composite service descriptiongf this operation is provided by the composer in the CSSL
in different languages such as WSRMeb Services Flow Lan-  Specification. Activities are connected together throagh-
guagd [18], XLANG [28], and BPEL4WS Business Process trol links, which specify the order in which activities are exe-
Execution Language forWeb Ser\/i):@_ Composers Specify cuted. Eaclrontrol linkis generated from #iow element pro-

the “target” |anguage in their CSSL Speciﬁca‘[iﬁxtensib”- vided by composers intheir CSSL specifications. Forexample,
ity refers to the potential to include additional composition Activity-2 (corresponding to theskForPayingHistory
languages [10, 34]. Indeed the structure of composition plans

4.4 Generation phase
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Fig. 6. WebDG architecture

showcased using the FSSA case study. The resulting system,
applyForFinancing ). calledWebDG provides customized services to indigent citi-
The global modelincludes a set oplug link elements. A zens. Inthis section, we first describe WebDG implementation.
plug link connects each operation of the composite service t&e theniillustrate our approach by using a scenario from social
an operation of a component service. It indicates that an inand welfare services.
teraction has to take place between these two operations in
order to completely implement an activity. Egulag linkele-
ment corresponds to a mapping in a composition plan (Table 5.1 WebDG implementation
line 14). For example, the operatiamsuranceQuote  is
mapped to the operati@pplyForinsurance offeredby  The WebDG system is implemented across a network of So-
the insuranceservice. Theport typeand operation names of laris workstations. Citizens and case officers access WebDG
the outsourced services are obtained from the WSDL descripvia a graphical user interface (GUI) implemented using
tion of those services. HTML/Servlet (Fig. 6). WebDG currently includes seven (7)
FSSA applications implemented in Java (JDK 1.3). These
applications are wrapped by WSDL descriptions. Examples
of services implemented in WebDG inclutféIC (a feder-
ally funded food program for women, infant, and children),
A typical and emerging area that involves access to Web seMedicaid (a healthcare program for low income citizens),
vices isE-governmentAs an application domain of our re- andTeen Outreach Pregnancy (a program that offers
search in Web services, we partnered withREamily and So-  childbirth and postpartum educational support to pregnant
cial Services Administratio(FSSA) [26]. The FSSA serves teens). Each service accesses a database (Oracle or Informix)
families facing issues associated with low income, mental ill-in the backend to retrieve and/or update citizens and govern-
ness, addiction, mental retardation, disability, aging, and chil-ment information.
dren at risk for healthy development. The aim is to help the  We use theAxis Java2WSDlutility in IBM’s Web Ser-
needy citizens in collecting benefits to which they are entitled.vices Toolkit to automatically generate WSDL descriptions
However, the current process within FSSA is time-consumingrom Java class files. WSDL service descriptions are published
and frustrating to both citizens and case officers. To facili-into a UDDI registry. We adopt Systinet§ASP UDDI Stan-
tate the use of FSSA welfare applications and hence expeddard 3.1as our UDDI toolkit. A Cloudscape (4.0) database
tiously satisfy citizens’ needs, we organize these applicationss used as a UDDI registry. WebDG services are deployed
into Web services. The implementation of our approach isusingApache SOAK2.2). Apache SOAP provides not only

operation) is executed beforkctivity.3 (corresponding to

5 Case study: E-government Web services
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Fig. 7. Stored template corre-
sponding to the pregnancy benefits
_ ! N ia service

server-side infrastructure for deploying and managing servicéts template and stores it in the ST repository. This new tem-
but also client-side API for invoking those services. Each serplate can be used to test the soundness of future composition
vice has aleployment descriptoihe descriptor includes the plans. Once a composition plan is selected, the CSM mod-
unique identifier of the Java class to be invoked, session scopdle forwards it to the appropriagenerator For example, if
ofthe class, and operations in the class available for the clientshe composer has specified WSFL as a “target” language, the
Each service is deployed using thervice management client composition plan is sent to tM¥§SFL generatarin this case,
by providing its descriptor and the URL of tigache SOAP aWSFL description is generated as described in Sect. 4.4 and
servlet rpcrouter returned to the composer via the CSM module.
TheWebDG manages at the core of the WebDG system.
The Service Locato(SL) allows the discovery of WSDL de-
scriptions by accessing the UDDI registry. The SL implements5.2 Scenario: collecting social and welfare benefits
UDDI Inquiry Clientusing WASP UDDI API. Once a service
is discovered, its operations are invoked thro&@AP Bind-  To illustrate the main features of WebDG, we present the
ing Stul which is implemented using Apache SOAP API. following scenario. Let us consider the case of a pregnant
CSSL specifications are handled by t@emposite Service teen Mary visiting case officer John to collect social bene-
Manager(CSM). The CSM uses JAXRJgva API for XML  fits to which she is entitled. Mary would like to apply for a
Processinyto parse those specifications and returns them tgyovernment-funded health insurance program. She also needs
thematchmakerThe matchmaker sends the category of eachto consult a nutritionist to maintain an appropriate diet during
composite service operation to the SL. Only services withher pregnancy. As Mary will not be able to take care of the
a category compatible with the operation’s category are refuture newborn, she is interested in finding a foster family.
trieved. The SL parses the WSDL description of each located'he fulfillment of Mary’s needs requires accessing different
service and returns it back to the matchmaker. After checkingservices scattered in and outside the local agency. It would be
composability, the matchmaker generates composition plangore efficient if all Mary’s needs are addressed together and
and sends them to tH@oC-based OptimizeiThe optimizer  specified only once. John would, as result, seamlessly access
selects plans based on QoC parameters. The matchmaker fet related services through one single access point. He would
wards the selected plans to tSeundness ControlléSC). specify Mary’s needs through one single composite service
The SC checks the soundness of each generated plan by agalledPregnancy Benefit$B).
cessing a stored templates (ST) repository (Oracle database). Case Officer John would select the “Advanced Programs”
Stored templates are kept in a relational table containing founode (Fig. 7) to specify PB composite service. He would give
attributestemplate numbefunique),source categorytarget  the list of operations to be outsourced by PB. Examples of such
category andranking The SC returns composition plans with operations includeFind _Available  _Nutritionist ,
their compatible stored templates (if any) to the CSM. TheFind _PCP_Providers  (which looks for primary care
CSM finally forwards the results to the composer, who selectgroviders), andFind _Pregnancy _Mentors . After check-
the appropriate plan (e.g., plan with the highest ranking). Ifing composability rules, WebDG would retumomposition
the selected plan is not sound, the CSM module determineglansthat conform to PB specifications. Each plan has an ID
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Table 5. Simulation settings " Mode, operation semantics, and binding —%— i
Message Composability ---&--- -
Variable Range %; 3000 Composition Soundness O -
j ,
Service interfaces 3000-30000 g 2500 | E,,/a/” i
Composite services 100-1000 z ya
Operations per service 10-50 o 2000 i
Parameters per message 50-100 E — ﬂ"
Requested plans 50-100 S 1500 -
Stored templates 100-500 g /
Vertices per stored template 10-20 g 1000 |
a 500
(number), a graphical description, and a ranking. The ranking
gives an approximation about the relevance of the correspond- 0 0 5000 10000 15000 20000 25000 30000
ing plan (Fig. 7). John would click on the plan’s ID to display Number of Service Interfaces

the list of outsourced services. In our scenario, WIC, Medi-

. - Fig. 8. Plan generation time
caid, and TOP services would be outsourced by PB. g 9

6 Performance evaluation we randomly generate the number of parameters, data type,
unit, and business role of each parameter (1 out of 37 built-in
The purpose of our experiment is to assess the scalability oflata types).
our approach, i.e., the possibility of generating plans for a  We first evaluate the time for generating composition plans
large number of service interfaces. We mainly focus on the(Fig. 8). We consider three execution times. The first execution
matchmaking phase since it is the one that may require accesine includes mode, binding, and operation semantics com-
to a large number of Web services to check composabilityposability. The second execution time corresponds to message
rules. The aim is to evaluate the effectiveness and speed of thmomposability. The last execution time corresponds to com-
matchmaking algorithm. We also assess the role of the sele@osition soundness. The results show that most of the time
tion phase (QoC parameters) in reducing the number of geneis spent on checking message composability (Fig. 8). Indeed,
ated plans. We ran our experiments on a Sun Enterprise Ultrthe second time requires comparing the parameters of each
10 server with a 440-MHz UltraSPARC-Ili processor, 1-GB composite service operation with the parameters of each op-
of RAM, and under a Solaris operating system. Although theeration of a component service. In contrast, the first time in-
algorithm is implemented in a WebDG prototype, we built a cludes comparing operation modes, categories, purposes, and
simulation testbed to run the experiments. This allows the genbinding protocols that are less CPU-intensive. Composition
eration of a large number of service interfaces that would besoundness is the property that consumes the least generation
difficult to achieve in the current WebDG version. The testbedtime. Indeed, syntactic and operation semantics composabil-
generates XML documents that store CSSL composite selity compare composite services with all service interfaces in
vice specifications and WSDL service interfaces. CSSL andhe business registry. In contrast, composition soundness com-
WSDL documents are manipulated using JDOM, a Java-baseglares generated plans with stored templates whose number is
document object model for XML documents. JDOM provides much smaller than the number of service interfaces (100-500
means to represent XML documents for easy manipulation. templates vs. 3,000-30,000 interfaces). This also explains the
The testbed allows the generation of WSDL descriptionsrelative stability of the composition soundness time. Note that
at an arrival rate that follows a statistical model (eRpis-  the plan generation time shown in Fig. 8 does not consider
son uniform) specified by the user. The arrival rate representsaccess time to UDDI business registry and stored templates
the duration (in seconds) between the generation of two conrepository.
secutive services. This parameter is particularly important for ~ We also assess the impact of QoC parameters on the num-
simulating the dynamics of Web service environments. Theber of generated plans (Fig. 9). We particularly consider the
testbed also allows users to give the range and statistical modomposition completeness (CC) ratio. We conducted experi-
els for several quantitative attributes such as the number afents for CC = 33% and CC = 66%. The results show that the
operations per service, messages, and parts per message.nimber of generated plans is higher for CC = 33% (Fig. 9).
our experiments, we randomly generate (using uniform distriindeed, for CC = 33%, plans are generated if at least 33% of
bution) service interfaces, composite services, and stored tentomposer operations are composable with component opera-
plates. We varied different parameters including the number ofions. However, for CC = 66%, plans are generated if at least
service interfaces, composite services, operation per service66% of composer operations are composable with component
parameters per message, requested plans, stored templateperations. The results also show that the number of generated
and nodes per templates (Table 5). We first set the numbgylans for CC = 33% is, on average, greater than 50 (i.e., min-
of services (from 3,000 to 30,000 with an iteration range ofimum number of requested plans). This means that plans are
3,000). For each service, we then generate a category (1 ogenerated for almost every specified composite service. How-
of 50), binding, and number of operations. We also generatever, for CC = 66%, the number of generated plans is at most
the mode, purpose (1 out of 100), category, and quality ofequal to 30 (i.e., less than the minimum number of requested
each operation. Finally, for each input and output messageylans). This means that for some composite services, no plan
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composition completeness = 33% —x— ' The techniques for the semantic description and composition
composition completeness = 66% -~ ) of Web services are still ongoing. Furthermore, WSMF does
not address the issue of service composability. An approach
to ontology-based composition of Web services is proposed in
[8]. It uses DAML-S for describing Web services. Semantic
matching of Web service capabilities is limited to comparing
40 - 4 QoS (quality of service) dimensions and input/output parame-
ters of Web services. In our approach, we compare additional
features such as category, purpose, parameters’ data types,
. units, and business roles. Additionally, [8] focuses mostly on
a0 L BT AT 1 the automatic selection of Web services. Only a few details
are given about the way composite services are generated.

60 -

50 -

30 - A

Number of Generated Plans

P A T Ninja [14] introduces a technique called automatic path cre-

10 = 1 1 1 1 1 . . . gy
0 5000 10000 15000 20000 25000 30000  &tion (APC) to cater to automatic service composition. When
Number of Service Interfaces an APC receives requests for composite service execution,

the APC creates a path that includes a sequence of operators
that perform computation on data and connectors that pro-
vide data transport between operators. Ninja focuses mostly
has been generated. This confirms our expectation about then fault tolerance by replicating services on multiple worksta-
impact of CC on the number of generated plans; a relativelytions. It uses a limited operator functional classification (four
low value of CC generates more plans, each plan containingategories) to automate the selection of operators. It is also
a small number of composable operations. In contrast, a highhainly based on input-output matching of servic@¢/ORD
value of this ratio generates a smaller number of plans, eaclB2] uses arule-base expert system to automatically determine
plan having more composable operations. whether a desired composite service can be achieved using
existing services. SWORD does not seem to focus on service
composability and semantic description of Web services.
7 Related work Other techniques for composing Web services include
. . WISE[21], eFlow[10], andCMI [34]. These techniques gen-
Web services are slated to be a very active research area. Vi aIIy[as]sume th[at ]composer[s a]re responsibleqof cﬁecking

over_view major technigues, standards, and platforms for Wet%ervice composability. WISE [21] defines the notionviot
services that are most closely related to our research. tual business proceds help users compose services. Com-
posite service specifications, however, require dealing with
7.1 Automatic service composition suchtechnical details as interservice communication and event
management. eFlow [10] uses the notiorpajcess template
Automatic service composition has been the focus of severdb model composite services. Composers need to browse the
recent projectsDAML-S (the DARPA Agent Markup Lan- process libraryto search for process templates of interest.
guagé [23] defines a semantic markup for Web services basedrurthermore, they need to handle interactions between com-
on the use of ontologies. DAML-S introduces the notions of ponent services when defining composite services. CMI [34]
prerequisites (called Preconditions) and consequences (callédtroduces the notion gbolymorphic process modébr de-
Effects) of Web services to cater to automatic composition. Itscribing collaborations among activities. This model requires
is not clear, however, how composite services are generateandling details about activities and their interactions (e.g.,
using DAML-S specifications. DAML-S does not define the defining activity state machines, interfaces, and implementa-
notion of service composability. Additionally, it does not con- tions).
sider semantic properties such as purpose, parameter unit, and
business role. An architecture for service composition in per-
vasive computing environments is presented in [12]. Servic&/.2 Service matching and composability
descriptions are provided in DAML-S. They also include plat-
form specific information such as processor type, speed, antlechniques have recently been proposed to deal with service
memory availability. The composition manager uses a semarmatching and composability. Paolucci et al. [30] proposes a
tic service discovery mechanism to select component servicesolution-based on DAML-S for semantic matching between
This mechanism is based ®@Reggie a Jini-based semantic service advertisements and capabilities. The matching algo-
discovery framework [11]. The matching mechanism focusegithm defined in [30] is limited to comparing inputs and out-
mostly on comparing service attributes. In contrast, the matchputs of the advertisement with inputs and outputs of the re-
making algorithm proposed in this paper is based on a set ofjuest. LARKSdefines five techniques for service matchmak-
composability rules that compare the structure of messagesg: context matching, profile comparison, similarity match-
their business function, the semantics and data types of theing, signature matching, and constraint matching [37]. Those
parameters, qualitative properties, and the soundness of cortechniques mostly compare service text descriptions, signa-
posite services. tures (inputs and outputs), and logical constraints about in-
WSMF (Web Service Modeling Framework) combines the puts and outputs. Th&TLASmatchmaker defines two meth-
concepts of Web services and ontologies to cater to Semareds for comparing service capabilities described in DAML-S
tic Web-enabled services [7]. WSMF is still in its early stage.[31]. The first method compares functional attributes to check

Fig. 9. Number of generated plans
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whether advertisements support the required type of servictirly limited to a small number of services. IONA's Orbix
or deliver sufficient quality of service. The second comparesE2A [20] includes theOrbix E2A Web Services Integration
the functional capabilities of Web services in terms of inputsPlatform It provides a set of tools for business integration
and outputs. No evaluation study is presented to determinesing Web service standards. Developers create Web services
the effectiveness and speed of the ATLAS matchmaker. Lifrom existing applications including EJBs and CORBA ob-
and Horrocks [22] describe the design of a service matchjects. Itis unclear how Web services would be composed. Sun
maker that uses DAML-S-based ontology. It uses technique©®NE (Sun Open Net EnvironmgiB6] is a platform for Web
from knowledge representation to match service capabilitiesservices developed by Sun. Sun began its Web services efforts
In particular, it defines a description logic (DL) reasoner; ad-only recently, and few details have so far emerged.
vertisements and requests are represented in DL notations.
Baina et al. [1] present a composability property that com- )
pares service categories. However, features such as operati§rfconclusion
purposes, modes, message data types, and soundness are noh. .

In this paper, we propose a rigorous framework for compos-

considered. No algorithm is proposed to check composabil: Web . Wi laorith icall
ity or to automatically generate composite services. In [24],'”9 eb services. We present an algorithm to automatically

an algorithm for checking Composability is presented. Unlikegenerate composite_ §ervices fro_m high-level specificqtions of
our approach, this algorithm is limited to checking syntacticthe desired composition. We define a model for checking ser-

features (input and output events of component services). jyice composability. This quel provides aset ofcomposability
rules that compare syntactic and semantic features of Web ser-

addition, it only checks composability on an a posteriori ba-'" Wi id ol onofth d h
sis to replace a component service by another. Composers af&-€s- We provide animplementation of the proposed approac

still responsible for providing detailed descriptions of their " the WebDG prototype. Finally, we conducted experiments to

services. Heuvel et al. [15] define composability properties td!lustrate the scalability of our approach. Future work includes
tending our composability model to include additional se-

compare service categories and messages. This method ot en : L
seem to consider properties such as mode, purpose, bindi antic features such as temporal and spatial availability of

protocol, and composition soundness. More importantly, it'VeP Services and operation preconditions and effects. Other
does not seem to provide algorithms for the automatic gen_extensmns would be to consider XML S(_:h_gmas user-defined
eration of composite services. data types and define data type compa_tlblhty among message
parameters in terms of XML Schema inference. Finally, we
are investigating the definition of an “optimization” model for
composite services based on our quality of composition (QoC)

7.3 Standards and commercial platforms
parameters.

Standardization efforts are ongoing to enable service composi-

tion [39]. Theseinclude XLANG [28], WSFL [18], BPELAWS AcknowledgementsThe authors would like to thank the anonymous
[2], and XL [13]. XLANG [28] and WSFL [18] extend WSDL  reviewers for their valuable comments on earlier drafts of this paper.
language to provide constructs for combining Web services
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